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FOREWORD 

Fission studies have developed rapidly and significantly since the first 
IAEA Symposium on the Physics and Chemistry of Fission, held in 1965 in 
Salzburg. Several surprising discoveries and some excellent experimental 
results have given rise to many new theoretical investigations. From the 
individual theoretical models, laboriously improved and carefully fitted to 
the experimental data, a more general theoretical picture has begun to take 
shape and this has provided fresh ideas for experimental work. 

The Second Symposium on the Physics and Chemistry of Fission, held 
at the IAEA Headquarters in Vienna from 28 July to 1 August 1969, was a 
short pause in the rapid flow of developing theoretical concepts and new 
experimental investigations; it was devoted to the discussion, comparison 
and analysis of the recent achievements, and to a glance at the way fission 
studies are likely to develop in the near future. Two facts, the emphasis 
on theory and the important interplay of theory and experiment, left a 
strong mark on the contributions and discussions. The number of papers 
dealing with theoretical aspects is substantially larger than at the earlier 
symposium; this points to the fact that with increased efforts the theo
reticians have succeeded in narrowing the wide gap between the large 
amount of empirical data and the theoretical understanding of it. 

The titles of individual sessions indicate the new trends in fission 
research. Theories of fragment distribution, shell structure effects in 
fissioning nuclei, intermediate structure, and isomeric fission are topics 
which were discussed with a great deal of uncertainty at the Salzburg sym
posium. At the present meeting, they were far more prominent and they 
were argued with great confidence and with the intensity and enthusiasm 
that only such exciting ideas can arouse. 

From the extensiveness of the discussion records the vivid interest of 
the participants is clearly seen; the pertinent problems still to be solved 
are also revealed. These problems are a challenge for the coming years. 

A considerable amount of work originally submitted for consideration 
for inclusion in the Symposium could not be presented orally. The main 
reasons for this were the obvious time limitations imposed by a week-long 
symposium, and the need to keep the Proceedings down to a reasonable 
size. However, abstracts of this work - sometimes in slightly extended 
form - are included at the end of this book, and readers interested in the 
work summarized in this section should apply to the individual authors for 
further details. 



EDITORIAL NOTE 

The papers and discussions incorporated in the proceedings published 
by the International Atomic Energy Agency are edited by the Agency's edi
torial staff to the extent considered necessary for the reader's assistance. 
The views expressed and the general style adopted remain, however, the 
responsibility of the named authors or participants. 

For the sake of speed of publication the present Proceedings have been 
printed by composition typing and photo-offset lithography. Within the limi
tations imposed by this method, every effort has been made to maintain a 
high editorial standard; in particular, the units and symbols employed are 
to the fullest practicable extent those standardized or recommended by the 
competent international scientific bodies. 

The affiliations of authors are those given at the time of nomination. 
The use in these Proceedings of particular designations of countries or 

territories does not imply any judgement by the Agency as to the legal status 
of such countries or territories, of their authorities and institutions or of 
the delimitation of their boundaries. 

The mention of specific companies or of their products or brand-names 
does not imply any endorsement or recommendation on the part of the 
International Atomic Energy Agency. 



CONTENTS 

THEORIES OP FRAGMENT DISTRIBUTION (Session A) 

The pr inciple of kinetic dominance for rapid collective motion 
(LAEA-SM-122/200) 3 
J . J . G r i f f i n 
Discuss ion . 20 

An adiabatic model of a symmet r i c f ission (IAEA-SM-122/45) 25 
F . D i c k m a n n a n d K. D i e t r i c h 
Discuss ion 31 

Influence of shel l energy on the dynamic model of a s y m m e t r i c 
f ission (IAEA-SM-122/28) • 33 
R .W. H a s s e 
Discuss ion 39 

Mass and charge dis t r ibut ions in fission (IAEA-SM-122/15) 41 
V . S . R a m a m u r t h y a n d R. R a m a n n a 
Discuss ion 50 

Theory of m a s s y ie lds , kinetic ene rg ies , and fragment excitation 
energ ies as functions of the compound excitation energy 
(IAEA-SM-122/30) 51 
W. N ö r e n b e r g 
Discuss ion 65 

A model for fragment m a s s - v e r s u s - e n e r g y cor re la t ions in 
fission (IAEA-SM-122/122) 67 
H.W. S c h m i t t 
Discuss ion 79 

TERNARY FISSION (Session B) 

T e r n a r y fission (IAEA-SM-122/201) 83 
N. F e a t h e r 
Discuss ion 106 

T e r n a r y f ission of 240pu* a n < j 242pu* (IAEA-SM-122/99) 107 
M . L . M u g a a n d C R . R i c e 
Discuss ion 113 

Cor re la ted emiss ion of light nuclei and neutrons in 235u a n ( j 252cf 
fission (IAEA-SM-122/68) 115 
J . B l o c k i , J . C h w a s z с z e w s k a , M. D a k o w s k i , 
T . K r o g u l s k i , E. P i a s e c k i , H. P i e k a r z a n d J . T y s 

P r o p r i e t e s des pa r t i cu les alpha de t r ipar t i t ion de l ' u ran ium-235 
p a r les neut rons the rmiques (IAEA-SM-122/80) 119 
С. C a r l e s , M. A s g h a r , T . P . D o a n , R. C h a s t e l 
e t С. S i g n a r b i e u x 
Discuss ion 129 



Statistical theory of nuclear fission: a-particle emission 
(IAEA-SM-122/108) 133 
P . F o n g 
Discussion 139 

Trajectory calculations in light-particle fission (IAEA-SM-122/ll). 143 
E. N a r d i , Y. B o n e h and Z. F r a e n k e l 
Discussion 151 

SHELL-STRUCTURE EFFECTS IN FISSIONING NUCLEI (Session C) 

Shell-structure effects in the fissioning nucleus 
(IAEA-SM-122/203) 155 
V.M. S t r u t i n s k y and H.C. P a u l i 
Discussion 177 

Single-particle calculations for deformed potentials appropriate 
to fission (IAEA-SM-122/109) 183 
M. B o l s t e r l i , E.O. F i s e t and J .R. Nix 
Discussion 195 

Fission barr iers and saddle-point shapes (IAEA-SM-122/96) 197 
H.J. K r a p p e and U. W i l l e 
Discussion 210 

Mass and inertia parameters for nuclear fission 
(IAEA-SM-122/62) 213 
J . D a m g a a r d , H.C. P a u l i , V.M. S t r u t i n s k y , 
C.Y. W o n g , M. B r a c k and A. St e n h o l m - J en s en 
Discussion 226 

Niveaux d' energie dans un puits de potentiel deforme ä bords 
abrupts (IAEA-SM-122/89) 229 
M. G a u d i n et A.M. S a j o t 

INTERMEDIATE STRUCTURE IN FISSION (Session D) 

Structure phenomena in near-barr ier fission reactions 
(IAEA-SM-122/204) 249 
J . E . L y n n 
Discussion 280 

Statistical tests for the detection of intermediate structures in v-~-
the fission cross-sections of 235ЦГ and 239Pu (IAEA-SM-122/121) . /283 
R.B. Perez, G. de Saussure and M.N. Moore ^ -
Discussion 304 

Structure intermediaire dans les sections efficaces de fission ^—N 
du neptunium-237 et du plutonium-239 (IAEA-SM-122/90) (307, 
D. P a y a , J . B l o n s , H. D e r r i e n et A. M i c h a u d o n V ^ 
Discussion 319 

Effective К quantum numbers in fission of oriented 235U 
(IAEA-SM-122/123) 321 
J .W.T. D a b b s , C. E g g e r m a n , B. C a u v i n , 
A. M i c h a u d o n a n d M. S a n c h e 
Discussion 330 



Двугорбый барьер в квазиклассическом приближении 
(IAEA- SM-122/13 2) 337 
Е . В . Г а й , A . B . И г н а т ю к , Н . С . Р а б о т н о в и 
Г . Н . С м и р е н к и н 
Discuss ion 347 

INTERMEDIATE STRUCTURE IN FISSION AND ISOMERIC FISSION 
(Session E) 

Analysis of r e sonances observed in (d, pf) - react ions 
(IAEA-SM-122/74) 351 
B . B . B a c k , J . P . B o n d o r f , G.A. O t r o s h e n k o , 
J . P e d e r s e n a n d B. R a s m u s s e n 

A high-resolut ion study of the 239Pu(d, pf)-reaction 
(IAEA-SM-122/128) 363 
H . J . S p e c h t , J . S . F r ä s e r , J . C D . M i l t o n 
a n d W.G. D a v i e s 

F i s s ion induced by the М 0 Ри(р , p ' f ) - r eac t ion (IAEA-SM-122/102) . . 375 
H . C . B r i t t , S .C. B u r n e t t a n d J . D . C r a m e r 

Discuss ion to papers IAEA-SM-122/74, IAEA-SM-122/128, 
IAEA-SM-122/102 387 

Corre la t ion analyses of the tota l and f ission c r o s s - s e c t i o n s of 
239Pu (IAEA-SM-122/52) / 39l" 
G.D. J a m e s a n d B . H . P a t r i c k 
Discuss ion 401 

Channel analys is of neutron-induced fission of 236U 
(IAEA-SM-122/118) 403 
J . R . H u i z e n g a , A . N . B e h k a m i a n d J . H . R o b e r t s 
Discuss ion 417 

Угловая анизотропия и структура барьера деления 
(IAEA-SM-122/134) 419 
Х . Д . А н д р о с е н к о , С . Б . Е р м а г а м б е т о в , A . B . И г н а 
т ю к , Н . С . Р а б о т н о в , Г . Н . С м и р е н к и н , A . C . С о л -
д а т о в , Л . Н . У с а ч е в , Д . Л . Ш п а к , С . П . К а п и ц а , 
Ю . М . Ц и п е н ю к и И . К о в а ч 
Discuss ion 436 

Spontaneous f ission i s o m e r s with ve ry shor t half - l ives* 
(IAEA-SM-122/110) 439 
R. V a n d e n b o s c h a n d K . L . W o l f 

Charged-pa r t i c l e s tudies of i s o m e r i c f ission (IAEA-SM-122/29) . . . 449 
V. M e t a g , R. R e p n o w , P . v o n B r e n t a n o a n d J . D . F o x 

Discuss ion to p a p e r s IAEA-SM-122/110 and IAEA-SM-122/29 457 
О вариации кинетической энергии осколков при делении U нейтро

нами с энергией 0,006-20 эв (IAEA-SM-122/73) 465 
С . Б о ч в а р о в , Е . Д е р м е н д ж и е в и Н . К а ш у к е е в 

PROMPT NEUTRONS AND GAMMA RAYS (Session F) 

Neutron mult ipl ici ty m e a s u r e m e n t s for 2 3 3U, 23SU and 2 3 9Pu 
r e sonance f ission (IAEA-SM-122/113) /^ 477 
S. W e i n s t e i n , R. R e e d a n d R . C . B l o c k ( •—" 
Discuss ion 486 



Etude de V emission neutronique des fragments de fission du 
californium-252 en fonction de leur charge (IAEA-SM-122/78) . . . 491 
H. N i f e n e c k e r , J. F r e h a u t e t M. S o l e i l h a c 
Discussion 503 

Neutron emission in the fission of 213At (IAEA-SM-122/124) 505 
F . P l a s i l , R.L. F e r g u s o n and H.W. S c h m i t t 
Discussion 516 

A study of the prompt gamma rays of 252Cf-fission 
(IAEA-SM-122/21) 519 
K. R u m p o l d , F . S e m t u r s and P. W e i n z i e r l 
Discussion 526 

-Prompt gamma rays emitted from individual fragments in neutron-
/ i induced fission (IAEA-SM-122/44) 527 

F . H o r s c h and W. M i c h a e l i s 
Discussion 535 

Mass dependence of anisotropy and yield of prompt Y-rays in 235ц-
thermal fission (IAEA-SM-122/23) 545 
P . A r m b r u s t e r , F . H o s s f e l d , H. L a b u s and 
К. R e i c h e l t 
Discussion 558 

Angular distribution of gamma rays from the fission of 235u 
induced by 14-MeV neutrons (IAEA-SM-122/10) 561 
L. J e k i , Gy. K l u g e and A. L a j t a i 

DELAYED NEUTRONS AND GAMMA RAYS (Session G) 

/ D e l a y e d neutrons in fission (IAEA-SM-122/205) 569 
S. A m i e l 
Discussion 588 

Delayed neutron precursors in fission of 235U by thermal neutrons 
(IAEA-SM-122/22) 591 
H.D. S c h ü s s l e r , H. A h r e n s , H. F o l g e r , H. F r a n z , 
W. G r i m m , G. H e r r m a n n , J .V. K r a t z and K . L . K r a t z 
Discussion 604 

Search for long-lived delayed neutron groups: photofission caused 
by fission-product gamma-rays (IAEA-SM-122/60) 605 
L. T o m l i n s o n and M.H. H u r d u s 
Discussion 619 

Emission de neutrons retardes: calcul des spectres d'energie et 
des probabilites d' emission des precurseurs 
(IAEA-SM-122/85) 621 
H. G a u v i n e t R. de T o u r r e i l 
Discussion 635 

Some investigations of high-energy gamma rays from short-lived 
fission products (IAEA-SM-122/59) 637 
N.R. L a r g e a n d R.J . B u l l o c k 
Discussion 645 

Fundamental fission signatures and their applications to 
^ ^ n u c l e a r safeguards (IAEA-SM-122/109) 647 
/ /L .V . E a s t and G.R. K e e p i n 

/ ' Discussion 665 



ENERGY, MASS AND CHARGE DISTRIBUTION (Session H) 
Mass, energy and charge distribution in fission 

(IAEA-SM-122/206) . 669 
A.C. P a p p a s , J. A l s t a d and E. Hagebf i 
Discussion 700 

Nuclear charge dispersion in the fission of heavy elements by 
medium-energy protons (IAEA-SM-122/3) 701 
L. Yaf fe 
Discussion 714 

Dependence of fission-fragment total kinetic-energy and mass 
distributions on the excitation energy and angular-momentum 
distribution of the fissioning nuclide 210Po (IAEA-SM-122/58) . . . 717 
J . P . U n i k , J .G. C u n i n g h a m e and I .F . C r o a l l 
Discussion 728 

Distribution of mass and charge in the fission of 227Th 
(IAEA-SM-122/l) 731 
K.P . F l y n n a n d H.R. Von G u n t e n 
Discussion 739 

Fission yields and recoil ranges determined by a Ge(Li) detector 
(IAEA-SM-122/97) 741 
S.P. D a n g e , H.C. J a i n , S.B. M a n o h a r , 
K. S a t y a p r a k a s h , M.V. R a m a n i a h , A. R a m a s w a m i 
a n d К . R e n g a n 
Discussion 757 

Деление возбужденных компаунд-ядер в районе Z2/A > 37 
(IAEA-SM-122/130) 759 
С . А . К а р а м я н , Ю . Ц . О г а н е с я н , Б . И . П у с т ы л ь н и к 
и Г . Н . Ф л е р о в 

High-resolution studies of K X-ray emission and the distribution 
of mass and nuclear charge in the thermal-neutron-induced 
fission of 233U, 235U and 239Pu (IAEA-SM-122/114) 781 
L.E. G l e n d e n i n , H.C. G r i f f i n , W. R e i s d o r f 
a n d J . P . U n i k 
Discussion 800 

Application de nouvelles separations chimiques rapides ä. la 
determination de la distribution en charges dans la fission 
ä basse energie (IAEA-SM-122/88) 803 
J. B l a c h o t , L.C. C a r r a z , P . C a v a l l i n i , A. G a d e l l e 
e t А. Мои s s a 
Discussion 811 

Products from thermal-neutron-induced fission of 235U: 
a correlation of radiochemical charge and mass distribution 
data (IAEA-SM-122/116) 813 
A.C. W a h l , A.E. N o r r i s , R.A. R o u s e and 
J . С W i l l i a m s 
Discussion 841 

The effects of nuclear excitation of prompt fragments on the 
independent yields and neutron yields in fission 
(IAEA-SM-122/50) 845 
K.S. T h i n d , B.L. T r a c y , H.G. T h o d e and 
R.H. T o m l i n s o n 
Discussion 859 



Use of angular -d is t r ibut ion m e a s u r e m e n t s of fission f ragments 
emitted from single c rys t a l s for determining the l ifet imes 
of excited compound nuclei (IAEA-SM-122/129) 861 
W.M. G i b s o n a n d K . O . N i e l s e n 
Discuss ion 877 

Summary of the Symposium 879 
J . C D . M i l t o n 

ABSTRACTS AND SHORT CONTRIBUTIONS 

Session A 887 
Session В 890 
Session С 902 
Sessions D and E 908 
Session F 927 
Session G 936 
Session H 942 

Organizing Committee, Chairmen of Sessions and Secre ta r ia t 965 
List of Pa r t i c ipan t s 967 
Author Index 981 
Trans l i t e ra t ion Index 983 



THEORIES OF FRAGMENT DISTRIBUTION 

( Session A ) 



Chairman: E. R. Rae 



IAEA -SM-122/200 

THE PRINCIPLE OF KINETIC DOMINANCE 
FOR RAPID COLLECTIVE MOTION * 
A Review 

J.J. GRIFFIN 
University of Maryland, 
College Park, Maryland, 
United States of America 

Abstract 

THE PRINCIPLE OF KINETIC DOMINANCE FOR RAPID COLLECTIVE MOTION. Rapid collective motion 
during the late stages of fission is proposed as the means whereby the nucleus can "remember" saddle-point 
properties, such as the angular distribution of its symmetry axis. It is argued that for very rapid collective 
motion a principle of kinetic dominance prevails, under which the collective inertia determines the trajectory 
of the motion. The author shows that collective inertia may vary by an order of magnitude among various 
trajectories, and that nucleonic adjustment to independent particle level crossings is a major source of this 
variation. The author shows also that the minimal trajectory which kinetic dominance selects can lead to 
scission mass ratios of the magnitude observed in heavy element fission. 

1. Collective Motion Towards Fission: Rapid or Slow? 

A basic assumption which divides into two groups all attempts 
to calculate the properties of fission fragment distributions is whether 
or not the motion proceeds slowly enough that statistical equilibrium 
prevails (at least approximately) during the motion. Indeed, "Statis
tical Theories" of fission assume explicitly that the probability 
distributions of all the various properties of fragments (e.g. masses, 
excitation energies, etc.) mirror directly the equilibrium state at 
scission.I1] Other studies aim at the calculation of more limited in
formation, such as excitation energy (to compute the number of neutrons) 
vs. fragment mass,[2] t o l°l by assuming at scission an equilibrium 
described by several selected parameters. Finally, we note that with 
a few recent exceptions'- JI , studies of the classical liquid drop 
implicitly restrict themselves to slow collective motion, by consider
ing only the potential energy of deformation, and neglecting the 
kinetic energy associated with the fluid flow. 

Difficulties with the Equilibrium Assumption 

It should be emphasized that the equilibrium assumptions often 
achieve a remarkable measure of success. So much so that the ultimate 
theoretical description of fission, if it should turn out to involve 
rapid collective motion, must certainly provide also an explanation 
of how the equilibrium assumption is able in some respects to- pro
vide such good agreement with observation. One can think of possi
bilities for such an explanation, such as partial equilibrium within 
subset(s) of coordinates or strong effects of level densities which 
might be stimulated by equilibrium distributions. It is much more 
difficult to understand how a description based upon equilibrium at 
the scission point can allow a "memory" of saddle point properties, 

* 
Research supported in part by the US Atomic Energy Commission. 
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4 GRIFFIN 

as the fission fragment angular distributions seem to do in reflect
ing KQ values which correspond to excitation energy in excess of the 
saddle point energy. 

This single case of "memory" of a saddle point property exhibits 
the unhappy lose or no-win choice which the question of equilibrium 
offers to equilibrists: A scission equilibrium strictly precludes 
any memory of an earlier stage, whereas a lack of memory fails to 
verify the equilibrium. For this reason, the fragment angular distri
bution data provides a serious problem for the assumption that total 
equilibrium prevails at scission. One is therefore led to consider 
the possibility that the collective motion, at least during (the 
latter) part of the fission process, is so rapid as to prevent the 
realization of equilibrium. 

Rapid Collective Motion and Collective Inertia 

Such a viewpoint has been proposed by the author l"-" as a basis 
for incorporating the effects of reflection symmetrylЮJ111J into a 
description of the post-barrier fission process. We review this pro
posal in the next section, and then discuss the interpolation of 
collective dynamics between the extremes of slow and rapid collective 
motion. From this discussion the collective inertia is identified as 
the crucial parameter for rapid motion, and the following principal 
of Kinetic Dominance emerges as the basis for predicting rapid 
collective motion: In the limit of high collective velocity, nuclear 
shape changes are described by a potential energy surface defined by 
the energies of nuclear configurations which are deformed into one 
another with a minimal collective inertia. 

2. Implications of Reflection Symmetry for Rapid Collective Motion 
Collective Velocity and Level Crossings 

Zener'1 ' first provided the complete solution 
[13] 

(See Appendix 
I ) to the problem (See Fig. 1) of a system (here, a nucleus) involving 
an external parameter, (shape: a) driven at a constant rate of change 
(&) through a value (ct=0) at which the levels would cross, except for 
a small constant coupling between the two levels. The result provides 
a basic distinction between slow and rapid collective motion: When 
the shape changes through the value where a filled independent particle 
level is crossed by an unfilled level, the excitation of nucleons (to 
the excited orbit Ea) has a probability of one if the shape changes 
very rapidly and zero (particles remain in Eiow) if the shape change 
is slow. 
Distinct Potential Surfaces for Slow or Rapid Motion 

In the extreme of rapid motion, then, one can obtain a very 
simple description of the nuclear energy after any shape change away 
from that at which the lowest energy state last had been realized. 
The nuclear energy, V^a ^j(a), exceeds the Liquid Drop -^' energy, 

(1) By "Liquid Drop" energy surface, we mean here simply the surface 
describing the energy of the lowest energy nuclear configurations vs 
shape, including all suitable improvements over the simplest liquid 
drop description, e.g. shell effects, both spherical and generalized, 
pairing correlations, etc. Also, for the remainder of the discussion 
vRapid an<* V si o w will be simplified to VR and Vg. 
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DEFORMATION, a 

FIG. 1. A level crossing split by a non-diagonal interaction, V, leads to eigenvalues Ejow and E which 
depend on the external parameter, a, as shown. If a varies slowly with time then a system in Ea at a= - « 
will follow Ejow into Ej, at + «°. For rapid motion, however, the system will "jump" and arrive at <x= + « 
still in the level Ea (see Appendix I for a more detailed discussion). 

saddle point 

« scission 

(b) 

ЧЦ£. 
8 — 

°* ' -0*0scl«lon 

8 — 

FIG. 2. The study of the potential surface for rapid motion, VR, which applies when the "jump" probability 
in Fig. 1 is unity, is especially simple for reflection symmetric shapes, Fig. 2a, and for scission (disjoint) shapes, 
Fig. 2d. Fig. 2c shows an intermediate cut of the potential surface which is conjectured from the behaviour at 
a and amission. The liquid drop surface, Vg, on which reflection symmetric shapes have always the least. 
energy,is shown for comparison (the figure is schematic only,) 

Vgiow(a), by the total excitation energy associated with all the 
level crossings which occurred during the motion. This difference 
may (and does) vary with shape, with the result that a valley in 
Vslow(a) may be a ridge in VRapid(a). Then rapid motion proceeds 
over paths quite unpredictable from a knowledge of Vgiow(a) alone. 
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Reflection Symmetry 

In particular, in previous discussions one has focussed on 
the spatial reflection symmetry of the nucleonic orbitale as the pro
perty which is expected to determine the fission mass distribution, 
and overlooked all other details of these orbitals. 

— Neck Constriction ( a ) — w 

FIG. 3. Schematic contour plots of VR and Vg are shown together with the trajectories, TR and Tg, which 
follow their respective valleys. As in Fig. 2, the properties of the surfaces are conjectured from their behaviour 
along the line ct=0, and along the scission line, a=l. 0. 

Mass Ratio Implied 

Then it is easy to calculate VR(a) for a simple statistical 
nucleus along a line of reflection symmetric shapes and also along a 
line of scission shapes of varying degrees of reflection asymmetry 
(i.e. varying right-left volume ratios). In this way the value of 
VR(a) is traced out along a line and an edge of a two dimensional 
shape-parameter space. (See Fig. 2 and Fig. 3.) 

One assumes that the rapid motion commences at the fission 
barrier shape and proceeds to the lowest energy scission point on VR, 
which occurs at the mass ratio given by 

M, Heavy / M L : ight N,/ N (1) 

where N+ (N_) is the number reflection symmetric (asymmetric) orbitals 
occupied at the (saddle point) shape wherethe collective motion first 
became rapid. (For slow co.llective motion, of course, the liquid drop 
potential exhibits a,valley leading to a symmetric, scission shape as 
indicated in Fig. 3a.) The ratip (1) is plotted vs Z2/A in Fig. 4. 
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We note that the minimum energy scission configuration is also 
a ground state configuration, and so the surface VR is tangent to the 
surface Vg at the scission point, at the saddle point and (presumably) 
along a curve joining these two points. That is, the valley trajec
tory, TR of VR lies in both surfaces, VR and Vg. 

3. Connection Between Trajectories Favored by Slow Motion and by 
Rapid Motion; Kinetic Dominance 

In the above description, two separate and distinct potential 
surfaces occur for the two extremes of slow and rapid collective 
motion. On each surface there exists a maximum gradient trajectory 
from saddle point to scission which would describe the most probable 
path for a classical motion. An interesting question is then how to 
understand the change from the slow trajectory (Fig. 3a) to the rapid 
trajectory (Fig. 3b) as the collective velocity increases from zero 
to a large value. The answer to this question is not completely avail
able as yet. Nevertheless, we would like to suggest the general out
lines which that answer is likely to take, and to present some partial 
results. 

Role of Kinetic Energy 

In the first place we consider the situation from the point of 
view of Vg. In this limit the collective kinetic energy in the Hamil- ' 
tonian, 

H „ = J И., в. a. + V(ct) (2) 
coll . . lj i j 

13 
is zero since a=0. As one considers the effect of gradually increasing 
&, the variation occurs in just this kinetic energy term, focusing the 
attention upon the collective inertia tensor, Mjj , which summarizes 
all the influences of the internal nucleonic dynamics upon the collec
tive motion. In particular, if the trajectory, Tg, along the line of 
symmetric shapes is to lose its preferred status as the collective 
velocity increases then it must be the collective inertia which intro
duces the requisite effects via the Hamlltonian, (2). 

Structure of the Inertial Parameter 

Specifically, we suggest (on the basis of the discussion to 
follow) that Tg is a trajectory along which the inertia is great, 
whereas the valley trajectory of VR, TT>, viewed as a trajectory in 
Vg is a trajectory of minimal inertia. Thus one is able to understand 
from the point of view of the liquid drop potential surface, Vg, why 
the preferred trajectory shifts away from Tg towards TR as the collec
tive velocity increases: The inertia decreases with such shifts, so 
that for any fixed finite collective velocity the energy is less along 
some path intermediate between Tg and TR than it is along Tg. For 
very rapid collective motion, T R is the preferred trajectory. In that 
limit, from the point of view of the liquid drop potential, we have 
realized Vg, the limit of Kinetic Dominance wherein the physical tra
jectory is dictated entirely by the properties of the collective inertia 
and the influence of liquid drop potential energy is negligible. 

From the viewpoint of the rapid motion, on the other hand, we 
suggest below that the potential surface, VR) is everywhere a surface 
of minimal inertia. As such, it is the appropriate replacement in the 
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limit of Kinetic Dominance for the liquid drop surface, Vg, which is 
the surface of minimal potential energy and describes the motion in the 
limit of what we might now call Potential Dominance (i.e. negligible 
kinetic energy). The difference VR-Vg is then a measure of the inter
nal nuclear excitation energy which it costs to maintain throughout 
the motion a nuclear configuration with a minimal collective inertia, 
as compared with allowing the nucleons to readjust to the lowest energy 
configuration and accepting the increase in the inertia which such 
adjustments imply. 

4. Collective Inertial Parameters 

Hill and Wheeler^ display an approximate solution of the time 
dependent SchrBdinger equation which describes the collective motion 
of a nucleon whose wave function adjusts continuously and without topo
logical alteration of its nodal surfaces to the changing shape of the 
nucleus. This discussion is reviewed in Appendix I, and it is sug
gested in addition that such distortions are those which occur under 
rapid nuclear shape changes. On these grounds we propose that the 
collective inertia appropriate for motion on V^, and, in particular, 
along the trajectory, Tj,, is roughly equal to the inertia associated 
with irrotational motion of a classical fluid of the same density. 

In contrast, motion on the potential surface Vg generally in
volves a continual readjustment of nucleons so that the lowest energy 
orbitale remain occupied at every shape. It is shown in Appendix I 
that the level crossings which dictate such readjustments involve also 
a significant contribution to the collective inertia, as calculated by 
the cranking model. Indeed, the average contribution to the inertia 
from such crossings may, along some paths, exceed the irrotational 
value by a large factor. 

Thus, we conclude that paths with many crossings (such as the 
symmetric path Tg, favored by Vg) will involve inertial parameters far 
exceeding the irrotational value which is expected for minimal inertia 
paths (such as Тт>). This conclusion, in turn, forces a reassessment 
of the predictions of fragment mass ratios made on the basis of the 
reflection symmetry of nucleonic orbits, which we discuss in the 
following section. 

5. Mass Ratio Predictions: Minimal Inertia vs Reflection Symmetry 

In the earlier discussions ["] of fragment mass ratios and re
flection symmetry of nucleonic orbitals, all the properties of the 
orbitals were suppressed except for the reflection symmetry. Thus, 
it was assumed in obtaining the trace of the potential surface, VR, 
along the line of symmetric shapes only that the number of nucleons 
in reflection symmetric orbits was conserved, and that the lowest 
energy configuration consistent with this value would be realized. 
Although natural enough when the emphasis is upon the symmetry pro
perty, these assumptions are oversimplified for a description which 
identifies the minimal inertial path as that expected in the limit of 
Kinetic Dominance. 

Indeed, minimal inertia requires that at every crossing the 
evolution of the nucleonic configuration preserve its spatial topo
logical properties, whereas the restriction to N+=constant imposes 
this condition only at crossings of levels with different reflection 
symmetry, and allows the system to follow Eiow at any crossing of 
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two levels of the same symmetry. In Appendix II, we consider a crude 
model to describe this effect and obtain the estimates summarized in 
Fig. 4 for the mass ratio M^/M.• 

Comparison of Results 

One sees in Fig. 4 that the "Minimal Inertia" mass ratios are 
higher than the "Reflection-Symmetry" mass ratios for all Z^/A, and 
in much better agreement with the values observed in the heavier 
nuclei. On the other hand, the trend towards symmetric fission at 
lower Z^/A which was a significant basis for encouragement in the 
earlier results has practically disappeared. 

1.5 

1.4 

MH ..3 

ML 

1 « 
i.i 

1 1 

MASS RATIOS FOR RAPID DESCENT 

^—MINIMAL 
(MODEL E 

1 I 

1 \^-~~~ 

INERTIA ^"^ 
ISTIMATE) s^ 

-REFLECTION SYMMETRY 
N + / N -

1 1 

-

-

-

(X = Z/A)—• -

FIG. 4. The mass ratio at the lowest energy scission configuration is exhibited as a function of Z2/A for the 
"Reflection-Symmetric" trajectory, TR, and for the "Minimal-Inertia " path, Tj^. The former is appropriate 
when "jumps" are assumed to occur whenever levels of different symmetry cross; the latter applies when 
"jumps" are assumed to occur at every crossing. The "Minimal Inertia " mass ratios are based on a very 
schematized model (Appendix II) and should be considered semi-quantitative at best. 

Another feature of the "Minimal Inertia" path is that it leads 
at scission not to a ground state configuration but to a configuration 
involving many particles and holes. Whereas the lowest energy "Re 
flection Symmetry" path, T^, lay in the liquid drop surface, the lowest 
energy minimal inertial path, TJJ, is realized only by moving off the 
liquid drop potential surface into excited configurations. The ques
tion of whether motion along such a path might require potential energy 
in excess of that available in low or moderate energy fission requires 
here even more emphasis than in the "Reflection Symmetry" case. For 
both trajectories, this question is, so far, unanswered. In seeking 
an answer to it, the influence of the generalized shell effects dis
cussed by Strutinsky, et all"-' might puay an important part. One 
might also find that the sudden shift to symmetric fission, which 
occurs for nuclei below Thorium sets in when the potential energy 
along the minimal inertial path begins to increase from saddle to 
scission. 
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It must be emphasized, however, that there is no theoretical 
freedom to choose between the "Reflection Symmetric" and the "Minimal 
Inertial" descriptions of the process. The latter is merely a more 
detailed inference based on the same physical principles. Within the 
framework of present knowledge there exist no grounds on which to re
ject "minimum inertia" without also rejections the "reflection symmetric" 
description. 

6. Overview 

One can summarize by stating the basic principle of kinetic 
dominance which we here propose: That the differences in the collec
tive inertia along various trajectories to scission play a dominant 
role in determining the properties of fission fragments. 

This paper, however, provides no conclusive defense of this 
proposition. It does provide some supporting arguments: (a) that 
the magnitude of collective inertia is strongly influenced by level 
crossings, (b) that its variation among various trajectory may span 
an order of magnitude, and (c) that the minimal inertial path which 
kinetic dominance predicts exhibits a mass ratio of the rough magni
tude observed for heavy element fission. 

The development discussed here seems, on the other hand, to 
lose one promising feature of the earlier (narrower) focus on reflec
tion symmetry; viz. a built-in tendency for symmetric fission at 
lower Ъ1Ik. 

APPENDIX I. Irrotational and Level-Crossing Contributions to Collective 
Inertia 
Irrotational Inertia Applies on V 

Hill and Wheeler consider the effect of a time dependent 
nuclear shape on a wave function which distorts continuously as the 
deformation proceeds. Consider the irrotational motion of a classi
cal fluid inside a container of the same shape. That motion can be 
described by a velocity potential ф, such that 

v = -Vr(i, (1-1) 
V2* = 0, (1-2) 
|£- l/2(V*)2+£ (I_3) 

and 

where 

51 
St + v • VB = 0 (1-4) 

B[a(t), r] = 0 (1-5) 

describes the moving boundary. And let 

H (a) U.(a) = e.(a) U.(ct) (1-6) 

describe for fixed a an eigenfunction of the independent particle 

Hamiltonian 

H (a) = T + V(a). (1-7) 
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Then, if p/p (proportional to acceleration ä) is negligible, the wave 

function 

*±(t) = и±{а(г)]- exp - i [j* e1[o(t)] dt - Нф] (1-8) 

satisfies the time dependent Schrödinger equation 
• in* = H f Cl-9) 

о 
if only the total derivative approximation 

DU (o)/Dt = 0 (1-10) 

i.e. a-^-V. = Vi|i • VU. (I-10a) 
Эа i l 

is valid. 
The energy of the nucleon described by (1-8) is equal to 

<U±(a) | f (£ + v ) 2 + V(a) | U±(a)> = е±(а) + f <v2> (I-U) 
where p is the nucleon momentum operator and v is the classical irrota-
tional fluid velocity. For the entire nucleus, therefore, the collective 
kinetic energy is equal simply to the energy of irrotational flow for 
a classical fluid of the nuclear density p=E JU^| : 

f S /(V<M2 К |2 dx = f / W ) 2 pdr (1-12) 
i=l i . • .. 

It follows that the inertia also has the classical irrotational value. 
Then when is (1-10) a good approximation? One can see at once 

that for an infinite square well potential (1-10) is always satisfied 
exactly at the nuclear boundary: An acceptable choice for the boundary 
function В would be simply B=U.; then Eq. (1-4) specifying the boundary 
condition on ty becomes identical to Eq, (1-10). This argument extends 
also to the interior nodal surfaces of U., if only the integrated 
probability of finding the nucleon in each of the elementary volumes 
enclosed by the nodal surfaces of U remains constant with deformation. 

The approximation (1-10) can also be shown to be exactly true 
for the ellipsoidal deformations of a 3-dimensional oscillator poten
tial. 
Total Derivative Approximation Invalid for "&. at Level Crossing 

On the other hand, it is manifestly inaccurate whenever the 
topology of the nodal surfaces of an independent particle state 
changes in the course of the motion, as happens when E.. is followed 
at the level crossing in Fig. 1. We therefore assume that Eq. (1-10) 
is a good approximation whenever the nuclear configuration follows 
the shape change by retaining the occupation of the "same" single 
particle orbitale (i.e. the single particle orbitale which evolve 
continuously in such a way as to maintain the nodal topology of those 
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originally occupied). But this is exactly the response which occurs 
in rapid collective motion when the "jump" probability of Fig. 1 
approaches unity. Thus, we conclude that the potential surface V 

л 
is a surface on which the irrotational value of the collective inertia, 
M, } is everywhere approximately the correct value. Moreover, 
motion on any potential surface other than V must involve the reit 
adjustment of independent particle orbitale at level crossings, and 
their consequent positive contributions to the collective inertia, 
as discussed below. It follows, therefore, that the collective 
inertia is minimal for motion on the surface V . 

к 
Adjustment at Level Crossings Implies Large Inertia Increases 

We turn now to consider the effect on M of the nuclear configura
tion's following E. of Fig. 1. The idea here is essentially the same W Г151 as that proposed by Primack in his discussion of the inertial 
parameters for the calculation of spontaneous fission lifetimes. 

Zener - Landau Problem 
Consider in Fig. 1 the topmost filled level, E , being crossed 

at the point a=0 by the downsloping level E, . Each line is meant to 
represent a degenerate pair of nucleonic orbitals related to one 
another by time reversal. If a residual two-body interaction, V ,=V, 
exists which mixes the two levels, then the eigenvalues of the system 
for fixed d will follow the arcs E, and E rather than the crossing 

low up * 
which would apply in the absence of residual interactions. Zener 
and Hill and Wheeler calculate the probability that a system in 
which level E is occupied at a= -» with a probability of 1 and for 
which a=constant will arrive at cc= +•» with the system in the lower 
of the two levels E, and the complementary probability that the system 
will have made the jump to the higher of the two levels, E , at ot= -H». 
The latter jump probability is equal to 

J = exp - 2ITY (1-13) 
w n e r e

 Y = |V|2 /-fid [djea - ebJ/da] (1-14) 

Correction to Inertia for Level Crossing 
We wish to calculate the collective inertia M when the nucleons 

remain in the lowest eigenvalue, E. . For this purpose we shall use 
the cranking model formula and assume for simplicity that the cranking 
perturbation matrix element between levels a and b vanishes: 

<a | r I b> 5 0 (1-15) 
1 Эа ' 
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We first write down the inertia for the large & situation where level a 
remains occupied rather than E (that is, where the jump is made from 
the eigenvalue E1 to the eigenvalue E ). The inertia is then 

^ = 2h2 I И Ы И = M±rrot (1-16) 
^ b £i"S1 

We have inserted here the result already argued above that this sum is 

approximately equal to the classical irrotational inertia. 

We now consider the inertial parameter appropriate to the situa
tion where the level E, remains filled and no jump occurs to the 

low J 

level E for a=°°. The inertial parameter in this case is identical up r 

to that in Eq. (1-16) except for the terms involving i=a or j=b, since 

the levels a and b are now replaced by the levels E. and E . These 

have wave functions (for fixed a), as follows: 

|low> = A(a)|a> + B(a)|b> (I-17a) 

|up> = B(a)|a> - A(a)|b> (I-17b) 
where 

and 

A(a) = -V/[(e8 - E l Q w )
2 + V 2 ] 1 / 2 (I-18a) 

ВС.) = (га - Elow)/[(£a - E l o w )
2 + V 2 ] 1 / 2 (I-18b) 

We note that in the cranking model expression, Eq. (1-16), a term 

with i«a, j=b has been assumed in Eq. (1-15) to vanish identically. 

However, when levels a and Ъ are mixed by an interaction, V, and when 
E1 remains occupied during the collective motion then the corres
ponding term no longer vanishes, but assumes the value 

[ Э ... „ г 2 i„ ЭА . ЭВ.2 
A ^ « 2 < U P | ^ | 1 0 W > I „ ,2 ' B Э^ - A 8^1 (1-20) 
A<«) = 2* _ = 2ft E _ 

up low up low 

Average Value of Crossing Contribution, AM 

For two levels which vary linearly with a, and which cross at 
a=0 with relative slope c, one can evaluate (1-20) to obtain 

2 2 
A - c [1 - ™ a 2 + ...] (1-21) 

2K2 8V3 2 V 2 

If we neglect higher terms and assume that the (positive definite) 
quantity, A, vanishes when the approximation (1-21) would give a 
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negative value, then the following underestimate of the average value 
of Д results 

2 ox2 2 . с , Ш -г —о- for 
i 8V 

2V2 

5c2 >| 

2 
^j (1-22) 
5c 

If along an extended deformation path, p level crossings occur per 
unit ct, then one expects an average contribution to the collective 
inertia equal to 

ДМ = Д p с 
•i 

2V2 1 П Г с Jl ,T „,. 
—ö = T T ~n P ^ (1=23) с 2 5 э „/ с 5c J V 

For quadrupole deformations, as described e.g. by the Nilsson model 
2 with a=e=0.95B, one can estimate cs20 MeV, and p «10 per unit e. 

If V"0.1 (a typical value for a nuclear pairing force matrix element) 
then 

ЛМ * (4 xl04>fi2 - 103 M. (1-24) 
irrot 

Other Corrections are Unimportant 
Besides the contribution (1-20), the mixing of levels a and b 

also effects modifications in other terms of the cranking model sum 
(1-16) . On the average the changes are due to increases in the 
energy denominators when e , e, are replaced respectively by E 
and E . In general, such corrections are expected to result in at 
most 50% changes in the terms concerned, and, therefore, to perhaps 
~10% changes in the estimate of M . Since nowhere in our present 
discussion are we concerned with such small effects as this, we shall 
omit further discussion of these additional corrections. 

One sees, therefore, that the single term in the cranking 
model formula associated with the two-level mixing far exceeds the 
entire remaining sum of Eq. (1-16). Moreover, Eq. (1-24) shows that the 
possible range of values for M along different paths may cover several 
orders of magnitude. 
Estimation of Pairing Effects 

It is also true, however, that the pure independent particle 
estimate, (1-24), is not very realistic because nuclear pairing 
forces act coherently to mix together the several single particle 
states near the Fermi surface and to generate a pairing gap of the 
order of 1 MeV in heavy even-even nuclei. We turn now to the con
sideration of such effects in terms of an Idealized model. 

(1) This result agrees with the similar conclusion of Primack, reference [15] 
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The model for pairing which we wish to consider is the follow
ing: N pairs of orbitals, (i=l, .. .N), degenerate at the Fermi energy 
(taken as the energy scale zero for this discussion)» interact with 
constant matrix elements -V. Then the ground state is the coherent 
equal amplitude superposition of these with energy -NV, and N-l 
excited states are degenerate at energy 0. 

We consider the analog of a two-level crossing to occur when 
one of the N levels (e.g. i=l) increases rapidly in energy out of 
degeneracy with the ground state group while a new level (i=0) de
creases rapidly to replace it. Then one can estimate crudely the 
factors which must be applied to the expression (1-22) to describe the 
following modifications: (a) only a fraction 1/vN of the ground state 
amplitude is involved in the variation with a, and (b) the energy 
denominator is increased to NV instead of V. The resulting estimate 
is 

Д - Д' = [(-^-)2-- hh «Д/N 2 (I-25) 
/N N 

Likewise 

Ж+Ж* = [(-4r)2 * h Ж^Ж/N2 (I-26) 
Ж N 

We therefore estimate roughly that a pairing correlation among, 
say, N=10, levels with pairing matrix elements |v|=0.1 MeV which des
cribes an energy gap equal to NV«1 MeV, would diminish the contribu
tion (1-24) of level crossings to the collective inertia by a factor 

2 of N =100 to the value 

Ж ' » ( 4 x 103)h2» 10 M., (1-27) 
irrot 

We conclude, therefore, that pairing effects, although they 
seriously complicate the problem technically, and effect quantitative 
modifications, are insufficient to destroy the predominance of the 
level crossing contributions to the collective inertia for paths 
involving many level crossings. 

APPENDIX II. Mass Ratios for Minimal Inertial Path 
In this Appendix, we attempt to estimate the effect on the 

mass ratio of considering every level crossing in tracing out the 
surface V, instead of just crossings of levels of different reflec
tion symmetry. The latter procedure results naturally when attention 
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is limited only to the reflection symmetry of the nucleonic orbitals, 
Г 9 1 as in previous discussions of this problem, but must be considered 

somewhat arbitrary from the viewpoint of the minimal inertial path. 

Trajectory, T , Does Not Lie in V 
We note in the first place that the present considerations will 

surely lead to particle-hole excitations among both the reflection 
symmetric and the reflection anti-symmetric subsets of orbitals. In 
general, therefore, one cannot expect the minimal energy scission 
configuration any longer to represent a ground state configuration; 
nor will the maximum gradient trajectory, T , in V lie in the 
liquid drop surface, V„. 

Potential Energy of Excitation Not Considered Here 
This circumstance emphasizes the possible importance of the 

corresponding increase in potential energy for moderate energy fission 
of this type. This question is not discussed in this paper. In
stead, we focus our attention on the limit of high collective velocity, 
assuming that the available energy is adequate to follow the Kinetically 
Dominated path. 
Excitations Increase ЕЦМт 

We note also that, in general, particle-hole excitations will 
increase the mass ratio of the lowest energy scission configuration. 
This is an immediate consequence of the expansion of Symmetric-Asym
metric independent particle orbitals into localized Right-Left 
orbitals at the scission shape. For any scission configuration, every 
reflection-symmetric (+) orbital is exactly degenerate with a "partner" 
reflection-asymmetric (-) orbital. If both (+) and (-) partners 
are filled, then the expansion in localized Right (R)-Left (L) orbitals 
certainly leads to one nucleon in each fragment. But if only one of 
the (+) and (-) partners is filled, then the independent probability 
at the reflection-symmetric shape is 1/2 that the nucleon appears in 
either fragment. This is true whether the vacancy of the partner 
orbital results from a scarcity of nucleons in (-) orbitals (i.e. 
N >N ), from a hole state of either type or from a particle of either 
symmetry excited to an orbital. 
Loose Particles Go into Heavy Fragment 

Also independent of how one partner state came to be vacant is 
the result that the lowest energy volume-asymmetric configuration 
occurs when every particle not certainly localized either R or L is 
placed into the Heavy fragment. This conclusion follows at once by 
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POSSIBLE CONFIGURATIONS FROM A 
SINGLE NUCLEON IN TWO "PARTNER" STATES 

-®^ >§> 

(a) 
(o) 

REFLECTION SYMMETRIC 
SCISSION SHAPE 

ASYMMETRIC SHAPE 
WITH VL/V„ • MH/ML 

о о о о 
FIG. 5. This figure illustrates the statement that for any singly occupied pair of partner states in a reflection 
symmetric well, a lower energy will result at the asymmetric scission shape if the particle is placed into the 
heavy fragment, and the hole excitation, if any, into the light fragment (see text for more detail.) 

inspection of Fig. 5. Consider a single nucleon in a pair of partner 
levels which (a) is below the Fermi energy A for both the Heavy and 
the Light fragments, (b) is below A , but above X , or (c) is above 

H 1» both A and A 
n L 

Case (a) offers the choice of a hole excitation in 
L or H. Clearly, when the R/L volume ratio has been allowed to shift 
to Мц/М, the excitation energy of the light hole will be less on the 
average Chan that of the heavy. For case (b) one can choose either a 
particle excitation in L and a hole in H, or neither. Again, the 
energy is less if the particle goes into H. Finally, case (c) offers 
the choice between a particle excitation in H or a more highly ex
cited one in L, and also favors placing the particle into H. 

Model to Estimate Crossing Excitation 
We consider a smoothed model of the nuclear level scheme to 

estimate the number of crossings which result from a quadrupole 
deformation of the order of those involved in fission (ДЕЯЮ.З), and 
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SCHEMATIC MODEL FOR LEVEL CROSSINGS 

(260) / P,=0 

P [ . 38(0.0)^29 (0.41) , 0 | 8 

p | . 22(1.0)^29(0.41). 0 6 7 

P,- 'в (1 .0 )«2(1 -0 ) . 1 Х , 
o8 

FIG. 6. Schematic model used in Appendix II to estimate the average occupation probabilities, Pj, which 
might result from a rapid quadrupole deformation, such as that which occurs between saddle point and 
scission (see text for more detail.) 

a distribution of the excitation energies of the resulting particles 
and holes. In this model, each major shell is considered a continuum 
of states which spreads out from degeneracy at spherical to a width 
of 2fiw at e«0.3. (See Figure 6). The number, N, of nucleons in 
each major shell fixes the occupation probability P.(o), for each 
level in that shell at the spherical shape. Then at larger values 
of the deformation the continua of the major shells overlap and an 
occupation probability can be calculated for the various regions of 
the combined continuum from the occupations and relative weights of 
the constituents. 

Figure 6 exhibits the model for N=150. At spherical the 82 
and 126 shells have occupation probability 1.0, the 184 shell has 
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24 neutrons in 58 levels for a probability of 0.41. At e=0.3 we 

assume each shell has spread out over 2Kw of energy. The weighted 

occupation probabilities at e=0.3 are then as indicated on the graph. 

In this way, we have generated, as blindly as possible, an estimate 

of the occupation probabilities of the single particle levels which 

might result if a spherical ground state were deformed to e=0.3 in 

such a way (rapidly!) as to make all the particles "jump" at each 

level crossing. 

This estimate is assumed to be "typical"; specifically, we 

assume that the same occupation probabilities would describe both the 

(+) and (-) level sets for the reflection-symmetric scission shape if 

the rapid motion had begun in the ground state at the saddle point 

shape. 

N+/N_ Specified 

Having thus estimated occupation probabilities, we now incor

porate reflection symmetry by the straightforward assumption that in 

every interval, the levels divide into (+) and (-) in the proportion 

defined by N /N_ at the saddle point. (This assumption guarantees 

e.g. that the no particle - no hole state at scission would have the 

ratio N+/N_.) 

Thus e.g. for N /N » 1.21, the first 104 levels would include 

57 (+) levels and 47 (-) levels, occupied with a probability of 1.0. 

The next 51 levels include 28 (+) and 23 (-), occupied with a proba

bility of 0.67. And the last 67 levels include 38 (+) and 29 (-), 

occupied with a probability of 0.18. 

Calculation of KL, M-

We can now calculate the lowest energy mass ratio, since the 

light fragment mass is given by the number of (+-) "partners" both 

occupied. 

«L -' £ Pt Pi 

Here P is the probability that the (+) partner of the i pair is 

occupied. The heavy fragment mass is equal to the number of level 

pairs in which both partners are occupied, plus the number in which 

only one partner is occupied: 

Мд = S[P+ P~ + P+(l - P~) + (1 - P+)P~] - N - M,. 

In this way we obtain a rough indication of the Minimal Inertial 
mass ratio M^/M, for each value of N /N . 



20 GRIFFIN 

Clearly this is the crudest kind of estimate and should not be 
taken quantitatively. On the other hand, it does indicate that mass 

2 ratios sufficiently larger than N /N to fit the data on high Z /A 
fission might be obtained from the principle of Kinetic Dominance. 
It also suggests that the explanation for the symmetric fission of 

2 elements of lower Z /A is not contained in the present simplified 
discussion. 
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D I S C U S S I O N 

L. WILETS: I have a few comments. Firs t , the qualitative behaviour 
of the mass yield presented is in disagreement with experiment. The ratio 
is 1 for small Z2 /A, is discontinuous and then decreases with A(Z2/A). 
Second, adiabaticity also leads to asymmetry. The liquid-drop model is 
irrelevant, and one should talk about the adiabatic model. Third, angular 
distributions do preserve the quantum number К (as you implied), but this 
does not mean that other quantum numbers could not be destroyed. Fourth, 
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pairing (which implies superfluidity) should have a very large effect in r e 
ducing mass parameter. Can you offer any numerical estimates? Fifth, 
the placing of degenerate unpaired particles on one side is not self-consistent. 
Indeed, this implies too high a density in terms of the original well. 

J. J. GRIFFIN: In regard to your first comment, I agree. As to the 
second, if by "adiabaticity" you mean "liquid drop plus shell corrections", 
then that is what I called "liquid drop", so that I was talking about the adia-
batic model when I used the words "liquid drop". I consider it an open 
question whether slow motion over such a potential surface does lead to 
asymmetry, as you claim. It may indeed, but it may also develop that the 
energy lowering due to shell effects provides only a local depression in the 
potential surface, which might never be reached during a slow collective 
motion from the saddle point. In reply to your third comment, I know no 
reason in principle why К should be preserved. Moreover, I would expect 
that in a slow enough collective motion, it would not, in fact, be preserved. 
I agree that different aspects of the saddle point situation may require 
different degrees of rapidity for their memory, i. e. a given collective velo
city may be fast enough for some properties to be remembered and too slow 
for others. My reply to your fourth question is yes. The estimate (described 
in the Appendix to my paper) is that pairing reduces the level crossing contri
bution to the inertia by a factor of about 102, from 103 times to 10 times the 
irrotational value. Lastly, much of the excitation energy (VR - Л& in Fig. 2 
of the paper) along the line of reflection symmetric shapes (6 =0) is due to 
density fluctuations away from the average density, which arise because 
some nucleons are free to pass back and forth between the two fragments. 
It is just this energy which is regained by allowing more particles to be in 
one fragment and allowing as well a larger volume for this fragment, i. e. 
by moving to a reflection-asymmetric shape. 

J. R. NIX: I agree with the author that in principle it is necessary to 
consider the kinetic-energy term in the Hamiltonian. However, recent con
siderations of the effect of single particles on the potential energy suggest 
that between the saddle point and scission there are ridges and valleys in the 
potential energy as a function of over-all distortion and mass asymmetry. 
I find it more reasonable to consider that the experimental mass distribution 
is determined primarily by the system evolving along the valleys of the po
tential energy. 

J. J. GRIFFIN: I was not aware that anyone had traced out a valley in 
the potential surface leading all the way from saddle point to scission. So 
long as such depressions as shells (and generalized shells) imply are loca
lized, one still has to verify that they can be reached during a slow defor
mation process, before being certain that they suffice to explain the mass 
asymmetry. Furthermore, I did not intend to suggest that the potential 
energy surface is unimportant in the actual fission processes but merely 
that the "gedanken" limit where the collective velocity is so large that the 
kinetic energy dominates is a useful limit conceptually. 

C. Y. WONG: I think I can throw some light on the problem of mass 
asymmetry. I have calculated the single-particle states for two overlapping 
ellipsoids of different sizes and shapes at various separations, including the 
spin-orbit interaction. This can be done very easily by making use of the 
cylinder parabolic functions and matching the wave functions at the plane 
where the two ellipsoids meet. It is found that there are groupings of single-
particle states at an asymmetry of about 1. 4. These groupings give r ise to 
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the formation of generalized shells in the sense of Strutinsky. Whether a 
shell occurs with a particular nucleon number at this asymmetry depends on 
the shapes of the two fissioning parts. At a separation of 14 fm and with the 
ratios of the major to minor axis for both ellipsoids equal to 1.7, we find 
a shell at an asymmetry of 1. 3 to 1. 4 for the neutron number N ~ 146-148. 
It is , therefore, quite evident that the single-particle structure effects can 
give r ise to a potential minimum at large asymmetry. Consequently, an 
adiabatic model will predict asymmetry. 

J. J. GRIFFIN: I would agree entirely if only the word "will" in the 
last sentence were replaced by "may". After it has been shown that gene
ralized shell effects give such a minimum for an asymmetric configuration 
near scission, there still remains the question whether that minimum will, 
in fact, be reached by a slow collective motion which starts at the saddle 
point. A valley which runs from scission all the way back to the saddle point 
would be much more convincing than the more restricted property you 
describe. 

С SYROS: We have heard two different points of view: the kinetic 
dominance theory and the dynamic dominance theory. I would like to mention 
a third point of view, which takes account of these two theories. Dr. Griffin's 
Fig. 1 reminds us of thepredissociation theory of diatomic molecules. We 
went a step further and considered the nucleus in the scissioning state as a 
system of two clusters moving in a Morse potential. The results relating 
to the mass distributions agree well with the data on the assumption that the 
range of the collective forces depends on the fragment masses. As regards 
the shell effects on mass distribution, I would like to point out that the 
nucleus of the scissioning state has a good memory and also a vision of its 
future. This is expressed by the difference between the initial- and final-
state energies, which gives the mass distribution the well-known fine 
structure. 

A. C. PAPPAS: My question concerns Fig. 4 where you plot 
X = (Z2/A)/(Z2/A)CIit . We know that the mass ratios of the observed mass 
distributions decrease with increasing X, i. e. go in the direction opposite 
to that shown in your figure. How do you explain this? 

J . J . GRIFFIN: This description is certainly not able, at this stage, to 
give the kind of detail you mention. 

S. BJ0RNHOLM: In connection with the applicability of Prof. Griffin's 
views, I would like to call attention to the experiments on heavy-ion fission 
by Yu. C. Oganessian et al. at JINR. They suggest, as I understand them, 
that for fission at high temperatures the transition point from adiabatic to 
rapid fission lies beyond the scission point, if Z 2 /A £ 37. As Z2 /A r ises 
above Z2 /A * 37, the transition point (aj in Fig. 2) begins to move in from 
the scission point towards the saddle point. This is based on the observed 
steep r ise in the width of the mass (and charge) distributions. 

J. J. GRIFFIN: I really do not know the work you mention well enough 
to comment. If it provides an experimental basis for measuring whether 
the late stages of fission are fast or slow, then it is certainly very impor
tant. I do not know of any other experimental data which give such infor
mation unambiguously. 

S.A. KARAMYAN: I do not quite understand why Dr. Griffin places the 
emphasis on the very high velocity of the fission process. If, indeed, the 
process occurs very fast, then the collision approximation should operate -
the approximation assuming a sudden switch-on of the interaction, in which 
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event the potential energy may not play any part and the final mass of the 
fission fragments will be determined exclusively by the initial conditions -
the initial momentum of deformation of one or other type. So far as our 
results at Dubna are concerned, we did not confirm that at some Z 2 /A 
values the process became very fast. We only noted that the conditions of 
statistical equilibrium may differ if we take account of different aspects of 
the process. The process may be fast in respect of rotation but slow, let 
us say, in respect of dipole oscillations, which are responsible for the 
establishment of equilibrium in charge distribution. This is treated in 
detail in my paper (SM-122/130). 

J. J. GRIFFIN: Dr. Karamyan points out that my "gedanken" extra
polation to very high collective velocities would, if it were actualized, r e 
quire a reassessment of the nuclear dynamical assumptions underlying the 
whole description. Of course, I do not wish to consider collective motions 
so rapid as that. "Rapid" here actually means that J я» 1 (Eq. 1.13) in the 
Zener-Landau problem and "kinetic dominance" means that changes in the 
liquid-drop potential energy have a negligible effect compared with charges 
in the inertial parameters. Either or both may or may not be realized in 
actual fission processes. 

I agree entirely that the time scales to distinguish "fast" and "slow" 
may differ for different nuclear properties such as reflection symmetry, 
rotation, etc. Such differences will come into the problem via differences 
in the dimensionless parameter, у = [ V | 2/b.ac, of the Zener-Landau 
problem (see Eqs 1.14 and 1.21). 
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Abstract 

AN ADIABATIC MODEL OF ASYMMETRIC FISSION. It is assumed that, in the process of fission, 
a potential barrier develops at a position Z=Z0 (the symmetry axis of the nucleus is chosen as Z-axis). 
Consequently, a neck is formed in the nuclear shape which leads to the final separation of the fragments. 
We represent the barrier by a repulsive 6-function which is added to the single-particle potential. We 
determine the position z„ of the neck by requiring that the energy E(Z) needed to insert the barrier should 
have its smallest value. This picture presupposes an adiabatic fission process at the time of neck formation. 

Preliminary calculations have been performed for the nuclei M6Cf, 2S6U, and 228Ra using a cylindrical 
box as a highly simplified single-particle potential. For M6Cf and 236U the absolute minima of E(Z) were 
located at asymmetric positions z corresponding to the mass ratios 1.33 and 1.43, respectively. For 226Ra, 
the absolute minimum of E(Z) was obtained for symmetric fission. However, a secondary minimum, only 
slightly larger in energy, was observed for the mass ratio 1.55. The ratio of the diameter to the length 
of the cylindrical box was 0.35 for the case of the above-mentioned results. 

1. FORMULATION OF THE MODEL 

Recently, one of the authors (K.D.) proposed a s imple model [1] 
for the explanation of s y m m e t r i c and a s y m m e t r i c fission: 
1) It is assumed that the division of the nucleus is connected with the 
formation of a potential b a r r i e r between the nascent f ragments . F o r 
s implici ty, th is b a r r i e r is descr ibed by a repuls ive 6-potential Cn6(Z-Zo) 
which is added to the average she l l -model potential U^s' (X, Y, Z). We 
choose the Z-axis to be the nuclear symmet ry axis and the origin at the 
cen t re of the nucleus . The var iab les Z0 and Co > 0 give the location and 
the weight of the б-function. The se t of shape p a r a m e t e r s i s designated 
by s . 

As the nucleus p a s s e s from the saddle to the sc i ss ion point the b a r r i e r 
i n c r e a s e s from an initially smal l per turbat ion to a l a rge b a r r i e r which 
s epa ra t e s the f ragments . 
2) The p r o c e s s leading from the saddle (or possibly some shape i s o m e r 
nea r the saddle) to the sc iss ion point is believed to be adiabatic to a 
fa i r extent so that the coupling between collective and in t r ins ic degrees 
of freedom can be omitted in a f i rs t approximation. Following this adia
bat ic p ic tu re , we de te rmine the location Zo of the b a r r i e r by the r e q u i r e -

25 
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ment that the increase E(Z0) of total intrinsic energy due to the barrier 
CO6(Z-ZQ) should be a minimum: 

ЭЕ „ дгВ_ 
•I bzr0-°-' IzT>0 (1) 

3) Furthermore, we assume that the location Z0 of the barr ier is to 
be determined with the nucleus at its saddle point or possibly at some 
shape-isomeric state near the saddle point. In this way, the parameters 
s of the shell-model potential Tj(s' are, in principle, well-defined quantities. 
4) Finally, it is assumed that the location Z0 should be determined from 
relations (1) for the case of a small barr ier C06(Z-Z0) which can be 
treated in lowest order of perturbation theory. Then Z0 turns out to be 
independent1 of the strength parameter C0 . 

On the basis of a single-particle model, the energy increase E(Z0) 
for a nucleus of A nucleons is given by 

E(Z0) = \ Ф ( 3 ) 
A 

ECoMz^Zo) 
i = l 

Ф<8)4 (2) 

where Ф^ is a Slater determinant of the A lowest occupied single-particle 
states <p& . 

Equation (2) can be rewritten.in the form 

A 

E(Z0) = C0 E Pf (Z0) (3) 
i = l 

where the single-particle density p^ is defined by 

pf (Z 0) = JfdX dY? f *(X, Y, Z 0) <p W (X, Y, Z0) (4) 

A 

The expression E P'$) (^o) c a n be interpreted as the number of nucleons 
i = l * 

in a disc perpendicular to the Z-axis with thickness 1 around Z= Z0 . 
The prediction of the model is thus that the barr ier is formed at a 

local minimum of the density distribution. A closer discussion (see 
Ref. [l]) shows that the solution Z0 of Eq. (1) is determined by the number 
of occupied even ("gerade") and odd ("ungerade") single-particle states. 
In the case of a cylindrical box the density p(s' of an odd single-particle 
state <p{s> is zero at the centre Zo = 0, the density of an even state is at its 
maximum at the centre Z0 =0. Therefore, in our model, the odd states 
favour symmetrical, the even states asymmetrical fission. The outcome 
of this competition depends on the number of occupied even and odd states. 

1 Calculations for larger barriers without the use of perturbation theory have shown that the dependence 
of Z0 on C0 is small. 
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Once the location Z 0 of the b a r r i e r is given, the most probable ra t io 
of the heavy to the light m a s s f = m H / m L i s obtained from the ra t io of 
nuc lea r volumes at both s ides of the b a r r i e r 

' ( Z o ) - ^ 

£ JdZpf'(Z) 

Z) /dzp«(z) 

(Z 0 > 0) (5) 

At presen t , we cannot answer the del icate question of whether our a s s u m p 
t ions a r e justified. We only p resen t r e s u l t s obtained from the model in 
specific examples . 

2. . RESULTS 

The liquid-drop model (LDM) p red ic t s nea r ly cyl indr ica l nuc lear 
shapes at the saddle point for nuclei heav ie r than about Ra and dumb
bel l shapes for nuclei l ighter than Ra [2]. There fore , we choose a s a 
s ing le -par t i c le potential U(s> a cyl indr ica l box for the nuclei ё Ra and 
a cyl indr ica l box with a reduced cen t r a l depth for nuclei < Ra (see F i g . 1). 
We per fo rmed calculat ions with infinitely high and finite walls of the 
cyl indr ica l we l l s . 

F i g u r e 2 shows the energy difference 

A E ( Z 0 ) = E ( Z 0 ) - E ( 0 ) (6) 

a s a function of the m a s s - r a t i o f(Z0) = m H / m L which cor responds to the 
location Z 0 of the 6-function (see Eq. (5)). We show the r e su l t for t h r ee 

FIG. 1. The nuclear potential used for calculating the Z-components of the single-particle wave functions. 
Even ("gerade") wave functions for energies below and above the central barrier W and an odd ("ungerade") 
wave function for an energy above the barrier are shown. 
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representative nuclei. A cylindrical box potential is used with infinitely 
high walls. It is determined by the ratio q = а/с of diameter a and length 
с of the cylinder and by the volume of the box. The value of q is kept fixed 
for the various nuclei of Fig. 2; the volume is chosen to be proportional 
to the mass number A. 

Mass ratio 

FIG.2. Difference ДЕ = E(Z„) - E(0) of the energies required to insert a small 6-barrier at the location 
Z = Z0 and the central location Z =0. Instead of Z 0 , we plot the mass ratio f(Z0) on the abscissa. Curves 
are shown for mRa (O), 236U (x), and 246Cf (V). The single-particle potential u ( s ) is chosen to be a 
cylindrical box with infinitely high walls and q = a/c = 0.354. The energy E(0), i . e . number of particles 
in a central disc of thickness 1,1s shown in the plot. 
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FIG.3. The same as Fig.2, but for a cylindrical well of finite depth V =45 MeV. 

Figure 3 shows the same function for the case of a finite cylindrical 
well. The depth of the potential was chosen to be 45 MeV. 

Figure 4 shows AE(Z0) for the one nucleus (236U) but for different 
shapes q of a finite cylindrical box. The value E(0) is given for each 
curve in the figure. 
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In all our plots the strength constant Co is equal to 1 MeV-10"13 cm. 
As a consequence, the quantity E(Z0) is directly equal to the average number 
of nucleons in a disc perpendicular to the Z-axis and of thickness of 10"13 cm 
around Z0.. AE(Z0) gives the difference between the average number of 
particles in a disc at Z 0 compared to a disc at the nuclear centre Z0 =0. 

The results show generally a competition between a symmetrical 
(Z0 = 0) and an asymmetrical (Z0 f 0) solution. The results of the model 
depend strongly on the shape q of the potential and less strongly on the 
particle number A. This is to be expected, because the number of "gerade" 
and "ungerade" states is a function of the nuclear shape. 

AEIMeV) 

ал 

02 

0 

-Q2 

1.0 1.5 2.0 Mass ratio 

FIG.4. Difference ДЕ = E(Z0) - E(0) as a function of the mass ratio f (Z0) for different shapes q of a finite 
cylindrical well (V =45 MeV): g= 0.316 (O), 0.354 (x), 0.388 (V). The mass number (2S6U) is kept 
fixed. 

For a potential with infinitely high walls the density fluctuates more 
strongly as a function of Z than in the case of a finite potential. As a 
consequence, our model may exhibit more than one asymmetric solution. 
This undesirable feature disappears for the case of the finite potential 
(compare Figs 3 and 2). 

The mass ratios predicted by the model are of reasonable magnitude. 
The shape q of the cylindrical potential could, of course, be adjusted for 
each nucleus so as to give the correct value of the most probable mass 
division (see Fig. 4). This would not be meaningful as long as we discuss 
a primitive box potential without spin-orbit coupling. 

If the nucleus at the saddle point or at a strongly deformed metastable 
state is dumb-bell shaped, we describe the central neck by reducing the 
depth of the potential by a quantity W in the central region. The single-
particle densities pf> (Z) of odd states continue to be zero at Z =0. 
If the energy e^ of an even single -particle state is lower than the height W of 
the barr ier the corresponding single-particle density p<,s,(Z) has a mini
mum at Z = 0 (see Fig. 1). Therefore, not only the odd single-particle 
states but also the even states with e^ < W favour symmetrical mass 
division [1]. The total single-particle energies e„ for a cylindrical box 
potential are composed of the contribution ej in Z-direction and the energy 
e„ >л in the p and ^-directions (Z, p,<p = cylindrical co-ordinates) 
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The quantum number Л is the Z-component of the orbital angular momentum 
and v<i counts the number of nodes in p-direction. 

The smaller the energy ej in Z-direction, the more frequently it 
occurs as a contribution to an occupied level ev. Thus,, because of the 
high degeneracy of low-lying e z

: , even a small reduction W of the central 
depth should have a strong influence on the results of our model. 
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FIG.5. Energy E(Z0) as a function of the mass ratio f(Z<,) for a finite cylindrical well (V = 45 MeV) with 
its central depth reduced by different amounts W. The curves have been calculated for q = 0.316 and s26Ra. 
The following values of W were used: W = 0 ( O ) , W = 1 MeV (X), W = 5 MeV (V) and W = 10 MeV ( D). 
The width of the central barrier was 0.2 - c i . e . Ч.Щ» of the length of the nucleus. 

This is indeed borne out by the numerical results presented in Fig. 5. 
Here, the energy E(Z0) for 226Ra is shown as a function of the mass ratio 
f(Zo) for different values W of the central depth. The ratio q is kept 
fixed: Even a small reduction of the central depth leads to a strong pre
ference of symmetric mass division. 

Let us summarize the results: For the case of simple cylindrical 
wells, our model predicts in general a competition between symmetric 
and asymmetric mass division. The mass ratios depend rather sensi
tively on the nuclear shape and have a reasonable magnitude. 

For the case of dumb-bell-shaped nuclei, our model predicts sym
metric fission, even for rather gentle central necks. It thus offers a 
simple explanation for the sudden transition from asymmetric to sym
metric fission as one passes from cylindrical to dumb-bell-shaped nuclei. 
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A very important feature of asymmetric fission is the stability of the 
heavy mass peak near mH = 135. So far, we have applied the model 
only for potentials without spin-orbit coupling which therefore do not pre
dict the correct magic numbers. Furthermore, we chose the potentials 
to be symmetric against reflection at a central plane perpendicular to the 
nuclear symmetric axis. In this simple case, we cannot hope to obtain 
quantitatively meaningful mass ratios. 

The validity of our model, therefore, depends upon what it will pre
dict when more realistic shell-model potentials are available for the des
cription of the saddle point or a metastable shape isomer near the saddle 
point. 

It is very likely that the model can only predict a strong preference 
for asymmetric fission if the nucleus displays already a certain asym
metry at the saddle point or at some metastable state close to it. 
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D I S C U S S I O N 

C. SYROS: I would like to observe that a very important feature of 
your model is the 6-function barrier. This barrier has the peculiar proper
ty of actually attracting all nucleons in a plane perpendicular to the Z-axis 
at the point Z = Zo. Furthermore, this density distribution (disk) does not 
change if you take a positive or negative б-function barrier . There are also 
other similar models, for example, Professor Greiner's model, which, 
however, assumes a break of the "disk" rather than division of it by a plane 
perpendicular to the Z-axis. Can you please comment on this? 

K. DIETRICH: When I spoke of the average number of particles in a 
disk of unit thickness around Zo and perpendicular to the symmetry axis, 
I just wanted to interpret formula (3). 

The fact that the wave-functions are not affected by the 6-barrier is due 
to our treating the 6-barrier in the lowest order of perturbation theory. 

U. MOSEL: As a comment on Professor Dietrich's paper, I would like 
to mention that, as indicated by Dr. Syros, a similar calculation but with a 
barr ier of finite dimensions has been performed by P. Holzer, W. Greiner 
and myself (to be published). Our model consists of two touching oscillator 
potentials which just lead to this energy barrier at the Z = 0 plane. In an 
an earlier paper (Z. Physik 222 (1969) 261, section 5) we have shown that 
the difficulties which arise in the pure microscopical Nilsson- type single-
particle calculations, namely the increase of the total energy at large de
formations, come from the strong increase of the quantum-mechanical 
zero-point energy at large deformations. This is a direct consequence of 
the restriction to one-centre potentials only. A barrier at Z = 0 in the 
potential changes this quite drastically and, we have, in fact, shown that 
our two-centre potential gives the right qualitative behaviour of the potential-
energy surface at large deformations. A two-centre potential has, further-
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more, the advantage that it can describe the ground state of the fissioning 
nucleus as well as that of the two separated fragments and has, therefore, 
the correct physical boundary conditions for the whole fission process. In 
our model we obtain the wave functions analytically by a matching procedure. 
These two-centre functions can therefore serve as an excellent basis for 
further studies of the more refined (Saxon-Wood type) two-centre potentials. 
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Abstract 

INFLUENCE OF SHELL ENERGY ON THE DYNAMIC MODEL OF ASYMMETRIC FISSION. The 
recently investigated dynamic model with a shell correction added to the liquid-drop potential allows the low-
energy fission process of heavy nuclei to be described. The shell-correction term was taken to be the sum of 
the Myers and Swiatecki shell energies of two clusters in the compound nucleus undergoing fission, multiplied 
by an arbitrary attenuation factor which is equal to unity at the scission point and vanishes approximately 
at the saddle point. 

In this paper, the influence of the shell-energy correction term is studied, with special reference to the 
effect of its attenuation factor on results such as the mass distribution. For a vanishing shell correction the 
mass distribution is symmetric, whereas a full shell correction (attenuation factor equal to unity everywhere) 
yields the most asymmetric mass distribution. 

DESCRIPTION OF THE MODEL 

In a paper entitled "Studies in the Liquid-Drop Theory of Nuclear 
Fission," Nix and Swiatecki [x] have shown how to calculate some experi
mentally well known fission distributions, such as fragment mass and ki
netic energy distributions. In their method, it is necessary to para
metrize the nuclear surface, and to construct a liquid-drop potential, 
which, in general, consists of surface and Coulomb energies. A liquid-drop 
kinetic energy is also required, and is obtained Ъу the assumption of 
ideal hydrodynamic flow of nuclear matter. The classical Hamiltonian of 
the system (consisting of the sum of the potential and the kinetic energies) 
is constructed, and the equations of motion are solved. The calculations 
are carried out with various initial values of the generalized coordinates 
(which specify the nuclear surface) and their time derivatives. The way in 
which the system reaches the saddle point from the ground state is not 
relevant and it is sufficient to follow the motion from the saddle point 
to the scission point and to configurations of widely separated fragments. 
If the potential energy is sufficiently smooth in its dependence on the 
various coordinates, the final distributions can he obtained by solving 
equations of motion for some particular values of the generalized co
ordinates, and by using the results to determine correlations between 
initial and final values of the coordinates. With such correlations it 
is possible to transform initial distributions into final ones. 

Unfortunately, however, the calculations predict mass distribu
tions peaked at symmetry, and the method is, therefore, applicable only 
to symmetric fission cases, i.e., to the fission of nuclei lighter than 
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radium or to the fission of heavier nuclei at high excitation energies. 
This limitation is due to the fact that the liquid-drop model intrinsically 
favors symmetric configurations [s] and it is likely that asymmetric 
fission results from shell structure effects [3J. 

To make this dynamic model also applicable to the low energy 
fission of heavy elements, we have added a simple shell-energy term to the 
liquid-drop potential and carried out the calculations [k] as described 
above. In addition to the shell energy term, we have also included a 
curvature energy [5J in the liquid drop potential. Unfortunately, shell 
energies based on single particle levels in highly deformed nuclear po
tentials are now known. We have, therefore, made use of a modified form 
of the Myers and Swiatecki [öjshell energy which is based on the sequence 
of magic numbers. It also contains a phenomenological attenuation factor 
to allow for nonspherical ground states. 

Our modification consists of making the Myers and Swiatecki shell 
energy, which vanishes near the saddle point, applicable to the region 
beyond the saddle and to the vicinity of the scission point. This was 
achieved by defining two "clusters" in the nucleus undergoing fission. 
The proton and neutron numbers of the clusters are ZJJ, Z^ and Wg, N^ 
respectively, where subscripts H and L refer to heavy and light clusters. 
We now have assumed that in the region between the saddle and the scission 
point, the sum of the shell energies of the clusters applies, multiplied 
by an arbitrary attenuation factor. Thus the definition of the total shell 
energy is as follows: 

exp(-bZp/R ) pre-scission 

1 post-scission 
In this equation the attenuation factor, exp(-bZp/R ), contains the con
striction coordinate Zp of the parametrization о i t8e nuclear surface in 
cylindrical coordinates, and a semiempirical constant b which is discussed 
below, RQ = rQA~V3 is the radius of a sphere of equal volume. The 
cylindrical parametrization of the nuclear surface is given by [4J : 

F2(Z) = RJ x fzz
o - (z+zs)2] / z 2 | z 2 l + (z+Zg-z^2! 

where Z is the elongation coordinate (half of the total length), and Z. 
the asymmetry coordinate which describes deviations from reflection 
symmetry about the plane Z = 0 and is related to the mass ratio of the 
fragments. The constriction coordinate Zp was mentioned above, the factor 
X guarantees volume conservation, and Zs shifts the center of mass to 
Z = 0. The total shell energy defined above also vanishes approximately 
at the saddle point (Z^&X.5 R Q ) . It includes the Myers and Swiatecki 
shell energies of the scission point .fragments (Zp = 0) and of separated 
fragments (Zg < 0). 

RESULTS AMD DISCUSSION 

In our case, the potential energy surface has too much structure 
to allow the establishment of simple correlations between initial and 
final coordinates. We have, therefore, applied the Monte-Carlo method 
by starting at the saddle point with random initial values and then 
generating the required final distributions. At the saddle point, the three 
modes of elongation, constriction, and asymmetry are converted into normal 
modes by means of the method of small oscillations. This yields two oscil
lator modes, asymmetry and vibration, and one fission exponential mode 
arising from the fission barrierj their normal coordinates are called V., 
У[у, and >£F, respectively Ik]. 

Eshell = { W W + WW) 
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Let us first review the results for the reaction ^^U(ath>f) 'with an 
intermediate value of the attenuation constant Ъ = 1. The mass distribution 
of 100 events can be seen in Fig. 1. It shows a clear peak in the neigh
borhood of the doubly magic heavy fragment ^2® n50* T'l:i-S nucleus is 
energetically favored by the Myers and Swiatecki shell energy. The shell 
energy used in this calculation (i.e., the sum of the Myers and Swiatecki 
shell energies of the clusters or fragments) does not take any interaction 
between the nuclear potential wells of the clusters or of the fragments 
into account. Maybe, this is the reason that not the experimental most 
probable mass Ag = 140 is yielded. We hence see that calculations in
volving a realistic potential of a highly deformed nucleus (which auto
matically includes the interaction between the two clusters or fragments) 
are of great importance at present. 

"^Fragment 
FIG. 1. Theoretical (solid line) and experimental [7] (dashed line) mass yield curves of the fission of 235U with 
thermal neutrons. The histogram in the light-fragment region was obtained by rounding off the resulting A 
values to the nearest whole number, while the histogram in the heavy-fragment region was obtained by rounding 
the proton and neutron numbers individually. The theoretical distributions have been normalized to equal peak 
height with the experimental distribution. The attenuation constant is b = 1. 

In Fig. 2, the total and individual fragment kinetic energies are 
shown as a function of fragment mass. These have been obtained in the 
usual way: After the integration is stopped a short time following scission, 
the kinetic energy of motion is divided into translational kinetic energy 
of the center-of-mass and the vibrational kinetic energy of the fragments. 
The total kinetic energy of the fragments at infinite separation is then 
obtained by adding the fragment translational kinetic energy obtained 
above to the Coulomb-interaction energy. The calculated distributions 
agree rather well with the experimental results [ "j]. 

Let us now discuss the dependence of the most probable mass on the 
arbitrary attenuation constant b. In Fig. 3t the attenuation factors, 
exp {-Ъ JQ)'-, are plotted for various values of b. The parameter *p is 

defined by f 2 = Z^/R0» These attenuation factors determine the way in 
which the total shell energy of the nucleus increases between its saddle 
and scission configurations. Thus b = 0 means that the total shell energy 
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FIG. 3. Attenuation factors of the total shell energy from saddle to scission for various b-values. Here, 
i, = Z /R is the dimensionless construction co-ordinate. 

consists of the full sum of the Myers and Swiatecki shell energies of the 
clusters or fragments, while Ъ = oo means that there is no shell energy at 
all. In Fig. h-, the most prohable values of the asymmetry coordinate 
I £^l =1 Z^I/RQ and the most prohable heavy masses Ag are shown for various 
sets of initial values of the normal coordinates and velocities (>fр> ?д> 
^V* *?р> 4t> 7 v b plotted versus the attenuation constant t>. For example, 
Section (4J shows the results for initial values of 0.1 of the fission and 
asymmetry coordinates and for an initial velocity of 0.1 in the asymmetry 
direction. The lowest section, (7)» gives the average over all other six 
sets. From the figure it can be seen that the value of the resulting most 
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probable mass appears to be very sensitive to changes of Ъ in the region 
O i l > ~ 0.75» These apparent fluctuations are, however, caused by poor 
statistics (only six events have been considered) and no strong trend can 
be established. On the other hand, for larger b-values, there is a 
systematic fall-off of the most probable mass for all sets of initial con
ditions, leading as expected, to the symmetric value of Ag = 118 for 
b-*oo (no shell energy). The results of Fig. k- show that there appears 
no heavier most probable mass than about 152 for any b-value. Thus the 
influence of the doubly magic nucleus is overestimated by our 
treatment of the total shell energy. This is probably due to the absence 
of any interaction between the two clusters or fragments. The distribu
tions of the total kinetic energies are insensitive to changes in Ъ because 
of the small absolute value of the total shell energy (ft# - 2 MeV at the 
scission point). 

Finally, we would like to make a few remarks about the times in
volved. The time required for the system to descend from saddle point to 
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FIG. 5. The scission times in natural units of t0 = 4. 37 X10"22 s, plotted versus b. The inital conditions of 
each section are the same as in Fig. 4. 

scission decreases from 5'10-2;l- to 3-10-21 sec as Ъ decreases from oo to 
0, (see Fig. 5). The reason for this effect is that as the total shell 
energy increases with decreasing b the canal-like perturbations of the 
smooth liquid-drop potential become deeper. Thus the path of the nucleus 
becomes more and more restricted and it has less freedom to oscillate in 
the total potential. This results in a net decrease of transit time. 

The calculations described above, Carried out with the simplified 
total shell energy, are only the first step towards obtaining a description 
of the fission process of heavy elements with low excitation energies, but 
they show that most probable fragment mass divisions which are asymmetric 
can be predicted, and that experimentally known quantities can be repro
duced. Hopefully, the experimentally determined most probable value of AH 
of Ik) for the neutron-induced fission of 255TJ c a n ioe reproduced theoret
ically by making use of a more realistic shell energy. 
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D I S С U S S I ON 

E. R. H. HILF: Having presented Dr. Hasse's paper, I wish now to 
make some observations of my own. The main discrepancies between the 
experimental results and those of the dynamical model in the version pre
sented are: (1) The heavy fragment mass distribution does not peak at the 
experimentally observed A <* 140 but at A <* 128-118, depending on the value 
of the attenuation factor. I do not think that this discrepancy is due to the. 
neglected nuclear interaction of the two clusters, but to the fact that the 
magic numbers seem to be shape-dependent, as is known from Strutinsky's 
work; (2) The experimental hump at symmetric fission of the total kinetic 
energy is not reproduced by the model. This results, in my view, from 
neglecting the polarization of the two fragments by the interacting nuclear 
and Coulomb forces. With regard to the latter, S. Trepulka has shown that 
this can be a considerable effect, ranging up to several MeV. 

The decrease of fission time with increase in the shell correction term 
is a purely mechanical effect in that the shell term digs a valley into the 
potential surface, so that the nucleus gains additional kinetic energy when
ever it passes through the "magic" valley. The turning points are more 
pronounced also because of the "anti-magic" ridges of the shell correction 
term used. 

H. Ch. PAULI: With reference to Dr. Hasse's paper, I should like to 
point out that the shell energy does not disappear at larger deformation, 
contrary to what Myers and Swiatecki (Ref. [6] of the paper ) assume. 

E. R. H. HILF: The Hasse shell energy correction term does not contra
dict that of Myers and Swiatecki but is just the simplest adaptation of the 
latter for the high deformations between saddle and scission. For the saddle 
shape it is approximately zero and, in the case of two infinitely separated 
fragments assumed to be spherical, it is the same as the sum of the Myers 
and Swiatecki shell terms of the two fragments. Thus, for the border cases 
the two shell-correction terms are the same. The Myers and Swiatecki 
term itself is not applicable to, and was not meant to be a prediction for, 
higher non-ellipsoidal deformations. A reasonable shell correction term 
for highly deformed and constricted shapes has not been proposed so far. 
The calculation presented is worthwhile, since it shows in what way the 
dynamic model links a shell correction ansatz to the fragment properties 
(mass asymmetry, kinetic energies). So this method may serve as a test 
for any proposed shell-correction term. The results of the dynamical cal
culations suggest that there should be a constricted "magic" shape between 
the saddle and scission points containing 140-144 nucleons on the heavy 
side of the neck-in line. 

H. Ch. PAULI: What is the connection between Hasse's work and that 
of Vandenbosch? 

R. VANDENBOSCH: First of all, my work, which was done quite some 
time ago, did not consider any dynamics. In the notation of Hasse's work, 
b was taken to be a function of fragment mass. We can now do much better, 
as we now know that b is really an oscillatory function of fragment defor
mation as well as a function of mass. 

H. Ch. PAULI: Lastly, what mass parameters did Dr. Hasse use? 
They should carry also some wiggles due to the nuclear shell structure. 

E. R. H. HILF: The mass parameter is essentially a tensor, the ele
ments of which are shape-dependent. All this information has been given 
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by Hasse et al. in Ref. [4], working on the assumption of irrotational, 
frictionless, incompressible, hydrodynamical flow. 

I agree with you that there should be wiggles due to the shell structure 
in the mass tensor too, but at the moment no ansatzes for this shell effect 
are known for the highly deformed and constricted shapes necessary for 
describing the fission process. 

S.S. KAPOOR: Were the constants of the Myers-Swiatecki mass formula 
re-determined after the curvature correction had been incorporated into the 
surface energy? 

E. R. H. HILF: Yes, of course. In fitting the ground-state masses, we 
take the curvature term as a correction to the surface term, since only 
near-spherical shapes are considered. So, taking a curvature tension into 
account, the surface tension is re-determined in such a way that the sum of 
both terms gives the same ground-state fit as with the surface term alone. 
A detailed consideration of the different actions of the curvature tension and 
surface tension is given in von Groote's paper (Ref. [ 5] of the paper). 
Thus, it is not possible to fit the ground-state masses and threshold energies 
simultaneously without taking account of the curvature tension, which affects 
not only the binding energy of highly deformed nuclei but also the saddle-
point shape. 
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Abstract 

MASS AND CHARGE DISTRIBUTIONS IN FISSION. During the last stages of the fission process, the 
fissioning nucleus can be very well approximated by two nuclei in close proximity, and the Hamiltonian 
of the system at this stage can be written as the sum of the Hamiltonians of two independent nuclei and a 
time-dependent interaction term. The wave function of the fissioning nucleus at any instant can be ex
panded in terms of base states, each representing a given mass configuration of the nascent fragments. 
The non-diagonal elements of the energy matrix in this representation give the probability that the 
fissioning nucleus goes from one base state to another. When the nascent fragments are sufficiently apart 
as to give a vanishingly small interaction term, changes in the mass configuration are not possible. This 
quantum-mechanical description of the division process is analogous to a classical stochastic process where 
the state space corresponding to the transition probabilities is given in terms of the non-diagonal elements 
of the energy matrix and the statistical weights associated with the transitions. In the present model, the 
authors have simplified the description by replacing the time dependence with an average time-independent 
transition probability matrix. The final distribution of mass and charge is evaluated as the steady-state 
solution of the above stochastic process. 

The probability of transition from one configuration to an adjacent configuration was calculated from 
the transmission probability of the last nucleon through the potential barrier separating the nascent frag
ments. The deformation of the nascent fragments for a given mass configuration was determined by the 
condition of potential energy minimization. The excitation energy of the nascent fragments is small and, 
on the average, assumed to be equally divided between all the nucleons. 

It is shown that the asymmetric mass distribution in the low-energy fission of various heavy nuclei 
and the distribution of nuclear charge for fragments of given mass are well reproduced by using two ad
justable parameters. The physical implications of these parameters are discussed. 

1. INTRODUCTION 

Studies of liquid-drop model of fission [1] have shown that the model 
in its present form is inadequate for a complete understanding of the 
fission process, especially the asymmetric distribution of fragment mass 
in the fission of heavy nuclei at low excitation energies. This inadequacy 
arises mainly as a result of neglecting the internal structure of the 
nucleus [2]. Attempts have been made 13] to include explicitly the in
ternal structure of the nucleus in the description by a study of the single-
particle levels in a deformed shell-model potential. The method acquires 
enormous mathematical complexity, once the fissioning nucleus crosses 
the saddle point, when it goes through a series of more complicated de
formations (in contrast to the simple ellipsoidal deformations one dis
tinguishes between the compound nucleus stage and the saddle point) and 
dynamical effects start playing an important role. 

The statistical model of fission [4] exploits the very fact that the 
process is complex and asserts that the process is sufficiently quasi-
static as to lead to statistical equilibrium among the various scission 
modes of the fissioning nucleus. In spite of the remarkable conceptual 

41 
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simplicity and a quantitative method of including shell effects into the 
formalism with essentially no free parameters, the model has not been 
investigated further, since the results are very sensitive to the input 
data, some of which are to be extrapolated out of the range of observa
tion, and are thus subject to great arbitrariness. 

In the present work it is shown that considerable simplification can 
occur in our understanding of the division process of the fissioning nucleus 
if one recognizes the fact that during the last stages of the process the 
fissioning nucleus can be very well approximated by two nearly independent 
nuclei in close proximity. In the semi-classical limit when one can separate 
the relative motion of the nascent fragments and the nucleon rearrangement 
among the fragments, the process can be treated as a stochastic process [5]. 
It is also shown that with certain simplifying assumptions regarding the 
interaction between the nascent fragments the observed distributions of 
fragment mass and charge in fission of a wide range of nuclei as well as 
their dependence on the excitation energy of the fissioning nucleus can be 
explained quite satisfactorily. 

2. DESCRIPTION OF THE PRESENT MODEL 

Near the initial compound nucleus stage and till the nucleus reaches 
the saddle point in the case of heavy nuclei, the Hamiltonian of the 
system has the simple form of that of a deformed nucleus. As the nuc
leus passes over the saddle point and starts descending the energy barrier 
towards the scission point, the process becomes more complicated. How
ever, near the scission point, where the fissioning nucleus tends to divide 
into two fragment nuclei, certain simplifications take place. The 
Hamiltonian of the system can then be written as the sum of the Hamil-
tonians of two independent nuclei and an interaction term. The interac
tion term, in general, consists of a nuclear part plus the coulomb inter
action between the nascent fragments. After the scission point, as the 
fragment nuclei start flying apart under the action of their mutual Coulomb 
repulsion,the nuclear part of the interaction term vanishes and ultimately 
the total Hamiltonian of the system is just equal to the sum of the 
Hamiltonians of two independent nuclei moving relatively to each other. 
A time description of the process can therefore be given as follows. In 
the beginning of the process, the nuclear potential as seen by a nucleon 
is that of a deformed nucleus. The shape of the potential then goes through 
a series of complicated shapes and during the last stages of the process 
an energy barrier develops separating two regions or clusters (the de
velopment of a neck in the language of the liquid drop model). However, 
as the barrier grows, continuous rearrangement of nucleons can take 
place between the two regions. Ultimately, when the fragments pass the 
scission point, the barr ier is large enough to suppress all nucleon ex
changes and as a result, the mass and charge of the nascent fragments 
can no longer change. If one makes the semi-classical approximation 
that the relative motion of the clusters is sufficiently slow compared to 
the characteristic time for a nucleon transfer, the probability for the 
transfer of a nucleon from one of the clusters to the other at any instant 
depends only on the configuration of the nucleus at that instant and is 
independent of the previous history of the fissioning nucleus. The pro-
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cess can therefore be treated as a stochastic one. Since the configura
tion of the nucleus is itself changing in time, the process is also to be 
treated as time-dependent. 

We now make the assumption that the division process is quasi-
static. That is , at each instant, as the deformation of the fissioning 
nucleus changes, a rearrangement of the nucleons inside the nucleus also 
takes place to leave the nucleus in its equilibrium state. This will imply-
that such simple thermodynamic criteria as the uniformity of tempera
ture over the entire volume of the nucleus will apply. As the system 
approaches the scission point, it becomes more and more difficult to 
transfer mass from one nascent fragment to the other and the mass ratio 
approaches a constant value. The assumption of statistical equilibrium 
at all stages also implies that not only the fragments are in thermo
dynamic equilibrium within themselves, but also they attain mutual 
equilibrium among themselves with respect to nucleon and energy trans
fers. The observed distribution of fragment mass and charge should 
therefore correspond to the equilibrium distribution near the scission 
point. For a calculation of the final distribution of fragment mass and 
charge, we introduce the following simplifications: 

(1) At any instant the condition of minimum potential energy is assumed 
to hold with respect to the shape of the nucleus. That is , near the 
scission point, for a given relative separation of the nascent fragments 
and given numbers of protons and neutrons on either side, the deforma
tions of the fragment pairs adjust themselves to satisfy the condition of 
minimum potential energy. One can, therefore, define the configuration 
of the fissioning nucleus near the scission point by specifying the number 
of nucleons (protons and neutrons) on either side, the respective de
formations of the fragments being uniquely defined. 

(2) Since the nascent fragment pairs are in thermodynamic equilibrium 
till the scission point is reached, they should have the same temperature. 
The absolute value of the temperature depends on the available excita
tion energy for each configuration of the nucleus. With the above simpli
fications, the observed distributions of fragment mass and charge will be 
given by the steady-state probability distributions of the corresponding 
quantities with respect to nucleon transfers near the scission point. 

3. EVALUATION OF THE STEADY-STATE PROBABILITY DISTRIBUTIONS 

Let us assume, for the sake of illustration, that the nucleus consists 
of only one type of particles, the nucleons. Let us also neglect Coulomb 
effects. Then the configuration of the fissioning nucleus at any instant 
near the scission point can be defined by specifying the number of nucleons 
on either side. Let x (MH, ML) be the configuration at instant t, MH and 
ML being the number of nucleons on the heavy and on the light side, 
respectively. 

Let wm be the probability that the fissioning nucleus has a configuration 
X (m, Mo - m) where M0 is the mass of the nucleus and m is the number 
of nucleons on the heavy side. Let Pm,n be the probability that a configura-
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tion x (m, M0 - m) goes over into the configuration x (n, M0 - n) in a sma l l 
in te rva l of t ime . Then one has 

wn (t = t0 + At) = E m w m (t = t 0) Pm - n (1) 

When steady s ta te has been reached, we have 

w (t = t 0 + At) = w (t = t 0) (2) 

Hence 

n mm m,n \al 

If the unit of t ime At i s sufficiently smal l , one can neglect mult i -nucleon 
t r a n s f e r s , so that 

pm, n = 0 for m / n, n ± 1 (4a) 

Pm m+i = PL->H ( m ) — probabil i ty of a nucleon t rans fe r from the 
light to the heavy s ide in configuration m. 

Pm,m-1 = PH->L ( m ) — probabil i ty of a nucleon t r ans fe r from the 
heavy to the light s ide in configuration m. 

In the case of symmet ry one has a lso 

(4b) 

Equation (3), together with the r e s t r i c t ions (4a) and (4b), yields 

(5) 

w m s - l = W m s + l 

m s , mg- l = n^s" m S + : L 

' m + 1 m, m+ 1 

w m P m + 1, m 

Thus , the ra t io of the yields of f ragments of m a s s m+1 and m is s imply 
re la ted to the nucleon t r ans fe r probabil i ty in the direct ion m -» m+1 and 
the probabil i ty for inverse t r ans fe r . 

An extension of the above arguments for the case when the nucleus 
consis ts of two types of par t i c les (protons and neutrons) is s imple and 
s t ra ight forward . A general izat ion of Eq.(2) in two dimensions gives 

w t = t 0 + A t (N.Z) = £ £ w t = t() ( N ' , Z ' ) 
FN'Z\ NZ 

(6) 
N ' Z< 

The s teady s ta te solution of w i s given by 

w (N, Z) = £ )T w (№ Z') PN^,f NZ (7) 
N* Z-
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The probabi l i t ies w and P a r e a l so subject to the cons t ra in ts 

1 

1 (8) 

N' f N, N ± 1 
Z ' f Z, Z ± 1 

We have to solve Eq.(9) numer ica l ly to obtain the probabil i ty distr ibution 
w, provided the t rans i t ion probabi l i t ies a r e known. 

4 . NUMERICAL EVALUATION OF THE NUCLEON TRANSFER 
PROBABILITIES AND THE RESULTS 

Since the nucleons a r e F e r m i p a r t i c l e s , for ze ro excitation energy 
of the f ragments the nucleons occupy an energy band up to a cer ta in 
maximum energy, the F e r m i energy. Let E H and EL be the F e r m i 
energies for the heavy and the light f ragments , respec t ive ly . If E H is 
g r e a t e r than E L , it i s seen that the direct ion of spontaneous t r ans fe r of 
nucleons i s from the heavy to the light s ide . When the nascent f ragments 
have some excitation energ ies , a tendency for a p re fe ren t ia l t r ans f e r of 
nucleons in one direct ion p e r s i s t s , but to a l e s s e r extent because of the 
m o r e random population of the nucleon energy l eve l s . An es t imate of 
the re la t ive probabi l i ty of nucleon t r a n s f e r s in a given direct ion can be 
made by using the express ions 

fH (E)] dE 

(9) 
fL (E)] dE 

gL (E) and gn(E) a r e the s ing le -par t i c le energy level densi t ies in the 
light and heavy fragment, r espec t ive ly . fL (E) and fH (E) a r e the F e r m i -
Dirac dis t r ibut ion functions, namely the probabil i ty that a quantum s ta te 
with energy E is occupied in the light and heavy fragment, respect ive ly . 
The net pa r t i c le cu r r en t from the light to the heavy fragment at an energy 
level E i s equal to the number of pa r t i c l e s in the light fragment gL (E) 
f L (E) t imes the number of available unoccupied s t a tes in the heavy frag
ment gH(E) [1 - fH(E)] t i m e s the probabil i ty for a par t i c le t r ans f e r from 
the light to an identical energy level in the heavy fragment. The tota l 
pa r t i c le cu r r en t for the nucleon t r ans fe r probabil i ty P is obtained by 
integrat ing over a l l nucleon l eve l s . 

The probabi l i ty of nucleon t r ans fe r from one fragment to an identical 
energy level on the other may be assumed to be equal and independent of 
energy , i . e . 

T L - H = T H - L = constant 

L, Z_, N'z'' NZ 

N Z 

N ' Z ' , NZ 

P L - H ~ J к (E) SL (E) V H (E) gH (E) [ 1 -

р н - L ~ Л н (E) §H (E) T H _ L (E) gH (E) [ 1 -
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For a numerical evaluation of the nucleon transfer probabilities 
from Eq.(lO) one has to calculate g(E), the density of the single-particle 
energy levels in a nucleus, and f(E), the Fermi-Dirac distribution 
function. 

The density of single particle levels g(E) depends on the nuclear 
model and is shell-dependent. If one regards the nucleus as an assembly 
of non-interacting Fermions confined to a given volume g(E) will be a 
simple function of E. If, however, one has taken account of nuclear shell 
effects, g(E) should be suitably modified to include the bunching of nucleon 
levels. In the present calculations, we make use of the Fermi gas model 
of a nucleus, in conjunction with a semi-empirical mass formula given by 
Myers and Swiatecki [6] to estimate the relative disposition of the nucleon 
energy levels in the fragment pairs. 

Let us consider a nucleus of mass A containing N neutrons and Z 
protons. With respect to removal of particles, a nucleon with separa
tion energy Es can be assumed to have an energy -E s in the potential of 
the daughter nucleus. The separation energy of the last nucleon can be 
calculated using the semi-empirical nuclear mass formula. If the dis
tribution of kinetic energies of the nucleons in the nucleus can be assumed 
to be that of an assembly of Fermions moving in a volume equal to that 
of the daughter nucleus, corrected suitably to include the bunching of 
levels, the depth of the potential well V is given by 

where V0 is the depth of the average nuclear potential well, A is the r e 
arrangement energy associated with the rearrangement of the particles 
in the daughter nucleus on the removal of the nucleon, and TN is the 
kinetic energy of the last nucleon. From the calculated last nucleon 
separation energy and the kinetic energy, one can calculate V. The re
lative position of the other nucleon levels in the nucleus, can be cal
culated using this value of V assuming that the rearrangement energy 
Д is the same for all particles. This assumption is valid because for 
low excitation energies only a few particles on the top of the Fermi sea 
take part in the transfers. 

Two further corrections are also necessary in the above calculations. 
(1) In the case of protons, all proton levels are raised by an amount kZ' 
where Z' is the charge of the complementary fragment. An estimate of 
к can be made from the average kinetic energy of fission fragments. A 
value of к = 0.042 was used in the present calculations. Also because of 
the high Coulomb field in the region between the nascent fragment pairs, 
the transmission coefficient for proton could be less than that for neutrons. 
(2) Secondly, it is known that shell nuclei remain nearly spherical in the 
scission configuration and non-shell nuclei have a larger deformation. As 
a result of the deformation for non-shell nuclei, shell effects are assumed 
to have been washed out and also as a result of the deformation, there is 
an increase in the energy of particles in these nuclei. In the absence of 
an exact calculation of the deformation of these nuclei, it was assumed 
that the energies are increased by a constant С. С is treated as a para
meter in the calculations. The Fermi-Dirac distribution function f(E) 
is given by 1 

f(E) = 
1 + e (E ' " ) / T 
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where ц is the chemical potential and T is the temperature of the fragment. 
ß is to be determined from the condition that the integral of f(E) g(E) over 
all energies should give the total number of particles. The assumption of 
statistical equilibrium between the fragment pairs implies equal temperature 
ture of the fragment pairs. We make the further assumption that one can 
represent the situation by an average temperature T for all fragment 
pairs. The transfer probabilities PL-»H

 a n d ^H-* L were further weighted 
with factors Ш]} and Мнз, respectively, where ML and M H are the masses 
of the light and heavy fragments, in order to ensure a symmetric mass 
distribution in the absence of single-particle effects at high temperatures. 
Figures 1, 2 and 3 show some of the calculated distributions for some 
typical values of the parameters С and T. 

60 90 100 110 120 130 140 150 160 

FRAGMENT MASS NUMBER 

FIG. 1. Calculated fragment mass yield curves for different fissioning nuclei. 
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22,Ac 

- 211Po 

Fission for С = 0.5 

fission for С = 0.5 

fission for С = 0.5 

T = 1.0 

T = 3.0 

T = 3.0 

5. DISCUSSION 

It is seen that in spite of the drastic simplifications we have intro
duced in the assumed structure of single-particle levels in a nucleus as 
a function of the proton and neutron numbers and also its dependence on 
the deformation of the nucleus, most of the experimentally observed 
systematics in the distributions of fragment mass and charge in the 
fission of medium and heavy nuclei are well brought out by the present 
model. The pronounced asymmetry in the mass distribution of the case 
of low-energy fission of heavy nuclei arises as a result of the bunching 
of single-particle levels in the nucleus corresponding to different shell 
numbers. At higher excitation energies the mass asymmetry arising as 



48 RAMAMURTHY and RAMANNA 
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FIG.2. Calculated fragment mass yields in JS6U fission for two values of the parameter T. 

С = 0.05 T = 1.0 

С = 0.05 T = 2.0 

Experimental yields in thermal fission of !35U [ 8] 
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FIG.3. Experimental and calculated mean primary charge 2(M) in the fission of 23^U. 

Calculated С = 0.5 T = 1.0 

Experimental [ 9] 
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a result of the bunched single-particle levels is washed out as a result 
of the more random population of the levels in the pair fragments. These 
conclusions are in very good agreement with the qualitative speculations 
made by Nix [1] regarding the role of single-particle effects in fission 
dynamics. 

Regarding the physical significance of the two parameters used in 
the calculations it has to be pointed out that no attempt was made to 
optimize them to give the best fit, because of the limited practical 
utility of such a procedure. The present calculations are only intended 
to bring out the essential validity of the model proposed. A more use
ful program will include the determination of the shape of the nascent 
fragment pairs near the scission point by a potential energy minimiza
tion calculation, similar to the work of Dickmann and Dietrich [7]. Such 
a calculation will also provide the relative disposition of the single-
particle energy levels in the fragment pairs, and the present model can 
then be used to calculate the fragment mass and charge distributions. 

The values T = 1 to 3 used in the present calculations are higher 
than the values expected on the basis of fragment excitation energies. 
For T ~ 0.5, the present calculations predict a very high asymmetry. 
This discrepancy can arise as a result of our simplifying assumption 
that all nuclei near the shell region retain their full shell strength near 
the scission point. It is , however, known that even these nuclei have 
some deformation near the scission point and hence are expected to have 
a reduced shell strength. This assumption will also account for the 
arbitrary normalization which we have made to ensure a symmetric mass 
distribution for high temperatures. The present calculations, however, 
demonstarte that if we start from the assumption of statistical equilibrium 
near the scission point, it is possible to understand the fission process 
satisfactorily. The present model differs from the traditional statistical 
model of Fong in that we include the dynamical effects and employ a dif
ferent method of evaluating the equilibrium distribution without having 
to use many arbitrary parameters. 
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D I S C U S S I O N 

P. ARMBRUSTER: Did you calculate the width of the charge distribu
tion? This quantity depends to a considerable extent on the level density 
and temperature used, and would be a good additional test for the agreement 
of your calculations with the experimental results. 

V. S. RAMAMURTHY: The present calculations give a width of about 
1. 2 charge units for the charge distribution for a given mass. In view of 
the approximations in our numerical calculations, no further detailed study 
of the distribution width was made. 

J. J. GRIFFIN: One might have expected A = 132 to be predicted as the 
most probable fragment mass, when shell effects are incorporated in the 
manner you describe. Can you say what feature of the calculation leads to 
the prediction that the most probable fragment mass is sometimes greater 
than A = 132? 

V. S. RAMAMURTHY: The most probable fragment mass will indeed be 
A <* 132 if the temperature of the fragment pairs is assumed to be very small 
or zero. When the temperature of the fragment pairs is not very small, the 
peaking near A ^ 132 is less exact and the reduction in the nuclear separation 
energy in the light fragment due to the latter 's deformation tends to shift the 
peak towards higher masses. 
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Abstract 

. THEORY OF MASS YIELDS, KINETIC ENERGIES, AND FRAGMENT EXCITATION ENERGIES AS FUNCTIONS 
OF THE COMPOUND EXCITATION ENERGY. A first step towards a unified theory of fission is proposed in a 
simple model which allows the mass yield, the kinetic energies, and the fragment excitation energies to be 
described as functions of the compound excitation energy. The main assumptions of this model are: (1) a full 
statistical equilibrium of all degrees of freedom at the saddle point, and (2) strong coupling between collective 
degrees of freedom and weak coupling to non-collective degrees of freedom on the way from saddle to scission. 
The dependence of the various features: of fission on the compound excitation energy comes in through the 
number of quasi-particle (qp) excitations at the saddle point and the collective temperature which characterizes 
the assumed statistical equilibrium of the collective degrees of freedom at the scission point. 

In particular the so-called molecular model of fission is .used. In this model the compound nucleus is 
described by two interacting fragments. The centre-to-centre distance of the fragments is assumed to be large 
enough to treat the compound nucleus as a "molecule" bound by. the outer nucleons. From the above assump
tions for the motion from the saddle to the scission point the eigenenergies of the mass-asymmetry motion 
are a linear function of the number of (qp)-excitations at the saddle point. From a simple Boltzmänn distribu
tion one obtains the energy dependence of the ratio of symmetric-to-asymmetric mass yield. This1 ratio in
creases with increasing compound excitation energy. The mean kinetic energies of the fragments are deter
mined by the Coulomb energy at the scission point. The scission-point distance depends on the deformability 
of the fragments which, in turn, is a function of the number of quasi-particle excitations. The difference of 
the mean kinetic energy at two different compound excitation, energies turns out to be approximately zero for 
symmetric fission and linear in the difference of the number of (qp)-excitations for asymmetric fission. For 
increasing compound excitation energies trie mean kinetic energies of the fragments in asymmetric fission ' 
decreases. The loss in kinetic energy mainly appears as excitation energy of the heavier fragment which is 
nearly magic. : 

The dependence of the mean number of (qp)-excitations on the compound excitation is explicitly > 
given in a simple statistical model of level densities. Some experimental data are analysed according to 
the theory and found to be in rather good agreement with the theory. . " 

1. INTRODUCTION 

Several exper iments [1-8] (for a review see Ref. [9] ) deal with the 
dependence of fission p roper t i e s on the excitation energy of the compound 
nuc leus . The main r e s u l t s of these exper iments a r e : 

(a) The ra t io of s y m m e t r i c - t o - a s y m m e t r i c m a s s yield i nc r ea se s with 
inc reas ing excitation energy. 

(b) The mean kinetic energy of the f ragments d e c r e a s e s with increas ing, 
excitation energy for m a s s spl i ts with one fragment near magic 132Sn. 
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(с) The energy which is lost as kinetic energy appears mainly as excitation 
energy of the near magic fragment. 

These effects have been most frequently discussed in terms of two 
modes of fission, the liquid-drop mode for the symmetric component and 
the asymmetric mode which is dominated by the shell structure of the 
fragments. It is desirable to develop a theory which can explain the ex
periments in a more unified way including the possibility of a two-component 
mechanism. In this paper, a first step towards a unified theory of fission 
is proposed and tested by the experimental results on the dependence of 
mass yield, kinetic energies, and fragment excitation energies on the 
compound excitation energy. 

The most frequently used models of fission are the adiabatic and the 
statistical models (for a review see Wilets [10]). The adiabatic model 
(the liquid-drop model is a semi-phenomenological approach to this model) 
is characterized by the assumption that the single-particle motion follows 
the collective motion adiabatically. This assumption is valid if the collec
tive'motion is slow compared to the single-particle motion. From liquid-
drop model calculations (see Ref. [11]) one obtains 10"21 to 10~20 s for the 
time which is needed by the compound system to get from the saddle to the 
scission point. A rather opposite assumption is made by Fong [12] in the 
statistical model. Fong postulates strong mixing of all (collective and 
non-collective) degrees of freedom. It seems to be likely that the fission 
process is somewhere in between the two opposite assumptions. There
fore, to increase our understanding of the fission mechanism, we have to 
weaken the assumptions in both models. In the adiabatic model we have to 
take non-collective degrees of freedom into account (that means at least 
viscosity in the liquid-drop model), and in the statistical model we have 
to study the consequences of an incomplete statistical equilibrium. The 
adiabatic model seems to be more general and, therefore, more suited 
as a basis for the understanding of fission than the statistical model. 

The purpose of this paper is to show how the introduction of non-
collective degrees of freedom in a simple "almost adiabatic" model leads 
to a description of the experiments mentioned above. The experimental 
facts turn out to be mainly related to the number of quasi-particle (qp) 
excitations at the saddle point. In section 2 a simple model is introduced 
where collective and non-collective degrees of freedom are incorporated. 
Then, from plausible assumptions the mass yield, the mean kinetic ener
gies, and the fragment excitation energies as functions of the mean number 
of (qp)-excitations at the saddle point are derived in sections 3, 4, and 5, 
respectively. In section 6 the dependence of the mean number of (qp)-
excitations at the saddle point on the compound excitation energy is discussed 
in some detail to obtain the ratio of symmetric-to-asymmetric mass yield, 
the mean kinetic energies, and the fragment excitation energies as functions 
of the compound excitation energy. In section 7 the theory is compared 
with experiments. 

2. THE MODEL 

Before discussing the fission process at higher excitation energies, 
let us first consider the low-energy fission when the compound nucleus 
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has practically no excitation energy at the saddle point. If we are con
cerned with the case of a two-hump barrier [13] the second barr ier maxi
mum should be called the saddle point in connection with the following dis
cussion. At the saddle point the excitation energy of the compound nucleus 
is converted into deformation energy. In the calculation of mean primary 
charges and moments of inertia, the molecular model of fission [14, 15] 
has been considered most suited for a discussion of the fission process in 
the region between the saddle and the scission point. In this model, the 
compound nucleus is pictured as consisting of two interacting deformed 
fragments separated by the centre-to-centre distance a. The energy V(a) 
of the ground state is assumed to depend on the fragment distance a as 
given in Fig. 1. The scission barrier which has been suggested by Schmitt 
[16] is indicated in molecular model calculations [16] for 240Pu: At some 
distance between the saddle and the scission point, the absolute value of 
the derivative 3Vn/9CT of the attractive nuclear interaction between the 
fragments becomes larger than the absolute value of the derivative 3Ve/3cr 
of the repulsive Coulomb interaction since the nuclear interaction is strong 
and short-range. The assumption of the scission barrier is,of course, 
hypothetical. But in any case the potential energy V{cr) should at least 
be flattened in that region. With the optical potential employed by Auerbach 
and Porter [18] for the heavy-ion scattering 197Au (1 60, 16 О) 197Au, a valley 
does develop inside the barr ier . Calculations by Brueckner et al. [19] 
and Imanishi [19] as well as experimental evidence of quasi-molecular 
states in the elastic scattering [20] of 12C on 12C lends plausibility to the 
picture of a scission valley as in the schematic diagram of Fig. 1. 

The ordered fission motion from the saddle to the scission point is 
expected to be strongly damped by the coupling to other collective degrees 
of freedom. Additional damping of collective excitations is due to the coupling 
to non-collective degrees of freedom. Wilets (see Ref. [10] , section 5) has 
considered this damping in detail and concluded that this damping is strong 
enough to give support to the statistical model of fission. But he did not 

Coulomb 
interaction 
energy Ve(o-) 

between fragment 
centres -of- mass 

FIG. 1. Schematic diagram of the potential energy V (o) of the compound nucleus as a function of the 
distance о between the fragment centies-of-mass. 
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consider the effect of the pairing gap for non-collective excitations. Be
cause of this energy gap and since the coupling of collective states is 
generally stronger by one or two orders of magnitude compared to the 
coupling of non-collective states, it is expected [21] that a full statistical 
equilibrium at iscission is established only between collective degrees of 
freedom, in contrast to the statistical model introduced by Fong [12] who 
assumes a statistical equilibrium between all states. If the picture of a 
scission valley is correct, the statistical equilibrium of collective degrees 
of freedom is most probably established in the scission valley. This . 
equilibrium should not be seriously altered during the rapid passage of 
the scission barr ier . Collective states with energies greater than the 
energy gap of approximately 2 MeV are more strongly coupled to non-
collective states than low-lying collective states. Because of this damping, 
the collective temperature which characterizes the quasi-statistical equi
librium of the collective degrees of freedom is expected to be less than 
2 MeV and approximately the same for all heavy fissioning nuclei. 

Experiments on the angular distribution of fission1 fragments [22] have 
shown that the component of total angular momentum along the symmetry 
axis (K) selected at the saddle point is approximately conserved during 
the fission process from saddle to scission. This was first pointed out 
by A. Bohr [23] . The coupling of different degrees of freedom past the 
saddle point is therefore restricted to states with equal quantum numbers 
K. Note that theCoriolis coupling of states with different values of К is 
rather weak because of the large moment of inertia of the compound nucleus 
(see Ref. [15]). • ' 

Up to this point the discussion of the fission process has been res t r ic
ted to low energies at the saddle point. At higher excitation energies E* 
(measured from the fission threshold) a mean number P (E*) of non-
collective (qp)-excitations will be present at the saddle point. Since it 
takes the compound nucleus a long time (* 10"17 s, see Ref. [24] ) from the 
initial excitation to reach the saddle point, the number v (E#) will be 
determined on statistical grounds (see section 6). On the way from the 
saddle to the scission point an additional number iy. of non-collective 
(qp)-excitations is generated by the coupling between collective and non-
collective degrees of freedom. This number vx should be approximately 
independent of the compound excitation energy E*. Now at scission the 
total mean number of (qp)-excitations is 

M(E*) = i/'(E*) +vx (1) 

These (qp)-excitations are distributed on both fragments, fragment 1 gets 
a fraction pj and fragment 2 a fraction p 2 = 1 - p r рг and p2 are expected 
to be approximately independent of the compound excitation energy E*. 

In concluding this section let us repeat the assumptions and state
ments of the model: 

(a) A mean number y(E*) of (qp)-excitations at the saddle point. 
(b) Statistical equilibrium between collective degrees of freedom at the 

scission point. 
(c) Additional number ij; (independent of E*) of (qp)-excitations on the 

way from the saddle to the scission point. 
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(d) Distribution of total number ц (E#) on both fragments with fractions 
Pj, p 2 (independent of E * ) . 

3 . RATIO OF SYMMETRIG-TO-ASYMMETRIC MASS YIELD 

One of the collective degrees of freedom in fission is the m a s s -
a s y m m e t r y motion. It was shown in molecular model calculations [14] 
that the mixing of proton s ta tes belonging to different fragments is on the 
average much sma l l e r at sc iss ion than that of neutron s t a t e s . Therefore 
the fragment charge Z F, with F = 1 or 2, is a r a t h e r good quantum number 
of the m a s s a s y m m e t r y motion. To make the following more t r ansparen t 
the e igenenergies of the collective degrees of freedom a r e approximately 
wri t ten in the form 

неге \(р.,гР)~ v(f>,fz,z.)+ у(Ргр,гг) 
(2) 

denotes the eigenenergies of the m a s s a s y m m e t r y motion which in turn 
is approximately equated to the sum of fragment energies V. The r e 
maining eigenenergies of collective motions a r e r epresen ted by em(|u). 
Because of the assumed s ta t i s t ica l equilibrium of the collective degrees 
of freedom, the probabil i ty P(/u,ZF) of finding the charge split ZF at the 
sc i ss ion valley is given by the Boltzmann factor 

(3) 

where ßeoli - kTco l ] and к i s the Boltzmann constant. This probabili ty is 
expected to be not se r ious ly a l te red on the rapid passage of the sc iss ion 
b a r r i e r . 

At this point it i s in teres t ing to note how the model explains the rapid 
change from main symmet r i c fission to main a symmet r i c fission when 
going from light to heavy fissioning nuclei ac ross 2 2 6 Ra. We assumeV{fi, Z F) 
to have two minima as a function of the fragment charge Z F , one for the 
symmet r i c charge split Zs^m and the other for the a symmet r i c charge 
split ZF with one fragment near magic number Z = 50. Then from Eq. (3) 
the ra t io of s y m m e t r i c - t o - a s y m m e t r i c m a s s yield i s 

Since ßc6U is of the o rde r of 1 MeV,. the rat io С is a sensi t ive function of 
the re la t ive position of the two minima. Only if the val leys a r e equal 
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within 1 MeV, symmet r ic and a symmet r i c m a s s yield have s imi l a r p ro 
babi l i t ies . Therefore , a rapid change from symmet r i c to a symmet r i c 
fission is expected from Eq.(4) at a definite nucleus which has been 
determined as 2 2 6Ra. 

Let us now study the dependence of the rat io a s a function of the 
number of (qp)-excitat ions. The potential energy V(^,ZF) can be ex
panded in the vicinity of a value fi0= Д(Е*) at the excitation energy E ^ . 
Up to f i r s t - o rde r t e r m s we get 

V ^ ^ ) = ' % ( 2 F ) + ( v - v 0 ) F ( ^ y 
IP 

where vQ = 1/(Е*). Since v is independent of E * the_difference of (qp)-
numbers at the saddle point v-u0 is equal to jl -ß0. Eq p(^0 , Z F ) denotes 
the mean (qp)-energy which is given by 

(5) 

(6) 

We want to r e s t r i c t our discussion to the energy dependence of the 
mass -y ie ld rat io defined in Eq. (4) . Therefore it is sufficient to consider 
the rat io of 5 -values for different excitation energies or different mean 
numbers of (qp)-excitations 

Only the factor v -щ depends strongly on the compound excitation energy 
E * . The r e s t 

-^{V^^b^^jj (7a) 

should be approximately independent of E * . Since E q p(Z| s) > E (Z^"1) , 
from Eq.(7) it follows that the symmet r i c fission yield i n c r ea se s , and the 
a symmet r i c fission yield d e c r e a s e s with increasing excitation energ ies . 
It can be shown that the crude approximation (2) is not n e c e s s a r y for a 
derivat ion of Eq . (7) . In the general case we only have to wr i te , instead 
of Eq.(5) , 

Е т ( Д , г г ) « Е т ( Д 0 , ZF) + [v -й0) E^&Q, Z F ) 

In a s imi la r way the energy dependence of the fragment kinetic energies 
can be d iscussed . 
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4. MEAN KINETIC ENERGIES OF THE FRAGMENTS 

The mean kinetic energies of the fragments are determined by the 
mean scission point distance asp which is expected to lie close to the top 
of the scission barrier (see Fig. 1). The main part of this energy is the 
Coulomb energy of the monopole-monopole interaction 

E (г ; = JLdiLf_ (8) 

Because of the assumed statistical equilibrium at the scission valley 
approximately no translation energy of the fission mode is expected at 
the scission point. 

The scission point distance strongly depends on the deformability 
of the fragments which in turn depends on the number of (qp)-excitations. 
Similar to V{fi, ZF) in section 3 the scission point distance cr (£,ZF) can 
be expanded in the vicinity of ß 0. Up to first-order terms one gets 

V ^ } " V Ä ' 5 ^ ^ + с?-^ч<л>г^ (9) 

and with Eq. (8) 

^лЛ>= ^fa^t*-<*'*•) *ifa,b)J (i 0) 

It is rather unclear how the deformability varies with the number of (qp)-
excitations for non-magic fragments. In any case it is reasonable to ex
pect this dependence to be rather weak. On the other hand the deformability 
of fragments close to magic 132Sn should strongly increase with increasing 
number of (qp)-excitations. Therefore, n should be significant and positive 
for asymmetric fission and approximately independent of the fissioning nucleus. 
The value of rj should only depend on characteristic parameters of the magic 
fragment. 

In the remaining part of this section the parameter r)(Mo> ZF) is calculated 
in a simple model. Taking the surfaces of the two fragments of the form 

RCju,*. }SZ)= R9(i}) [^1+ 1«к(^,2.)ТкСа^^)] 

we get for the scission point distance 

with , r- , L C3- i ) 
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With these definitions the difference between the sc iss ion point d is tances 
for two different numbers of (qp)-excitations is 

<f>v-%cf.,K> - £№)tr%z>)- rfo^J (11) 

Thus we have to calculate the equil ibrium deformation a s a function of 
the number of (qp)-exci tat ions. The potential energy ^/i is now expanded 
up to second-order t e r m s for each fragment (\Г; is defined in Eq.(2)) : 

1 /^oi^o /olio 

r 'rol)(o r ifoito ЛОТ* 

where у = т(В") and y0 = у(рц0). Since 70 i s the equil ibrium deformation 
for ^0(qp)-excitat ions we have [dV/dy)^ = 0. According to Eq. (6), with 

and neglecting the quadrat ic t e r m (BCS approximation) in p. -p0 we find 

V(rr,r>*)-y(PM.)*).-- f ( E ; ( r h f us) 

F o r 7 = 7 0 , Eq. (13) reduces to the form of Eq. (5). The f irst t e r m on the 
r ight-hand side is a quadrat ic approximation to the energy dependence 
on deformation. The second t e r m on the r ight-hand side includes the 
coupling of the equil ibrium deformations to the number of (qp)-exci tat ions. 
The constant ß is obviously positive for magic fragments (y0 ~ 0, if Д0 not 
too l a rge ) . It is obscure how ß changes for non-magic f ragments . Since 
we deal with equil ibrium deformations we have approximately 
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Evaluating these equations the difference between the scission point distance, 
Eq.(ll), becomes 

and, according to Eq.(9), 

, ,_ , л _ J I piß (frei) Ечр(ро&) 
(14) 

For symmetric fission there are two equal but small contributions from 
deformed fragments . . 

ГГ"г?~>- *Ь - ° (15) 

For asymmetric fission there is only one contribution from a deformed 
fragment. The main contribution comes from the near-magic fragment: 

у(го,г?)- 7*+г*.ж V (16) 

Thus we expect approximately -

0 for sym. fission 

;ЕкЛрс)*е) [ ^ C v - y 0 ) . f o r asym. fission 
(17) 

where чш is determined by parameters of the magic fragment alone, ac
cording to Eqs (14) and (16). 

5. FRAGMENT-EXCITATION ENERGIES 

As we have discussed in section 4 we expect a considerable decrease 
of mean kinetic energy with increasing number of (qp)-excitations for asym
metric fission with one fragment near magic 132Sn. This effect is completely 
attributed to the increasing deformability of the magic fragment. This, in 
turn, implies that the energy which is lost as kinetic energy should mainly 



60 NORENBERG 

appear as excitation energy of the magic fragment. This excitation energy 
is measured by the mean number of neutrons n emitted by the magic 
fragment: 

№ , С ь WMT4 « ъ [*(**)-*&*)] 

where Bn is the neutron binding energy, and p is the part of extra compound 
excitation energy carried by the magic fragment. 

6. MEAN NUMBER OF QUASI-PARTICLE EXCITATIONS AT THE 
SADDLE POINT 

The probability of finding v (qp)-excitations at a given excitation energy 
E is proportional to the level density |0„(E) of states with v quasi-particles. 
Here E is measured from the ground state of the even-even nucleus. For 
calculating the level density pv (E) the following assumptions are made: 
(a) The level density of (lpq)-states (neutrons and protons together) is 
approximated by 

{ 0 for E < A 

§ =const for E > A 
(19) 

where Ais the pairing gap (equal for both neutrons and protons). 

(b) The Pauli principle for quasi-particles is neglected. 
(c) Spin is neglected. 

From these assumptions the level density of (2qp)-states is 

Ъг<е) = \c(e'\ci£"%(e')^(B") S (£-£'-£") ( 2 0 ) 

f О for E < 2 A 

1 %* (E-2A) for E > ZA 

and the level density of (v qp)-states is 

{ O for E < vA (2i) 

„ v - f 
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In Fig. 2 this density is plotted as a function of v for two different values 
of Е/Д. The energy dependence of pv is similar to the spin-independent 
density function given by Ericson [25] in a more general theory. Since 
Ericson deals with level densities of states with definite numbers of broken 
pairs, a detailed comparison with the densities pv is impossible. 

The mean number of (qp)-excitations is defined by 

v(e ) = (22) 

FIG. 2. The level densities pjß) as functions of the number v of (qp)-excitations for E = 8Д and 16Д 
according to Eq.(21) with рД = 2. 

even - even 
odd-odd 

even-odd 
" odd - even 

6 8 Ю 
Е/Д 

12 14 16 

FIG.3. The mean number v of (qp)-excitations as a function of the compound excitation energy E measured 
from the ground state of the even-even nucleus, according to Eq. (22) with рД= 2. 
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The sum runs over all even values of v for even-even and odd-odd nuclei 
and over all odd values of v for the even-odd and odd-even nuclei . F igure 3 
shows the mean number of (qp)-excitations a s a function of E, calculated 
from Eq.(22) . The curves have a significant s t ruc tu re for E < 4Д because 
of the energy gap for (qp)-excitat ions. By rounding the sharp edges of the 
level density рг (Е), Eq.(19) , we get a m o r e rea l i s t ic model of the level 
dens i t i es . With this cor rec t ion the s t ruc tu re in the mean number of 
(qp)-excitations as a function of E is weakened to a cer ta in degree as 
indicated in F i g . 4 . Here the difference Дг/ s i/(E*) - v ( E * = 0) is plotted 
for even-even, odd-odd, odd-even, and even-odd nuclei . E * is the excita
tion energy measu red from the par t icular ground s t a t e s . According to 
Eqs (7) and (17) we see that the express ions 

should va ry a s Ai7(E*) plotted in F ig . 4. 
It is not quite c lear if it is possible to observe the s t ruc tu re shown in 

F i g . 4 for excitation energies E * * 2 Д . Collective s ta tes which lie in the 
gap E * < 2 Д can a l te r the dependence of Дг/ on E* significantly. But 
probably an effect of this s t ruc tu re should be observed when experimental 
r e su l t s on adjacent even-even, odd-even, even-odd, and odd-odd fissioning 
nuclei a r e compared . It has , of course , to be mentioned that these effects 
may be hidden to some extent by channel effects (for a review see Refs [9, 26] ) 
which have been observed by seve ra l authors [27] . 

7 

6 

5 

4 
Av 

3 

2 

1 

0 2 4 6 8 1 0 12 1 4 1 6 

E"/A 
I 

FIG. 4. The difference Д v - u(E-^ - й(Е''' = 0) as a function of the compound excitation energy E* measured 
from the particular ground states for even-even, odd-even, even-odd, and odd-odd nuclei (рД= 2). The 
dashed curves indicate the effect of taking into account an increase of pl in the region Д < E < 2Д which 
is a more realistic case. 

7. COMPARISON WITH EXPERIMENTS 

In the fission of 238U (Ref. [7]) , and 235U (Ref. [8]) by neutron capture 
t he r e is some indication of a s tep- l ike behaviour of the m a s s yield ra t io 
a s indicated in F ig . 4 for E * ~ 2 A . But these effects may also be due to 
different fission channels . The theory is compared with exper iments only 
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TABLE I. PARAMETERS к AND r)m EXTRACTED FROM EXPERIMENTS* 

Fission reaction 

226Ra(p,f) 

232Th(p,f) 

233U(p,f) 

235U(p,f) 

238u(P,f) 

238u(P,f) 

239Pu(p,f) 

Ref. 

[2] 

[5] 

[28] 

[1] 

[3] 

[1] 

[1] 

П] 

[28] 

E* ME P (MeV) 

9-13 

11-15 

9-12.5 

7-12 

8.5-13 

7-12 

8-12 

6-16 

8-12.5 

к 

0.32 

0.52 

0.52 

0.40 

0.42 

0.54 

0.49 

0.45 

"m 

0.014 

-

»0.010 

0.006 

»0 .010 

«0.010 

-

«0.008 

Notes 

from neutron 
emission 

corrected for 
. second- and third-
chance fission 

* Note: Е is the incident proton energy. 

in a relatively small region of E * well above 2 A in order to avoid further 
complications. From Eqs (7) and (10) including the approximations (15) and 
(16), the parameters к and rjm are calculated from experimental data. The 
mean number of (qp)-excitations are taken from Fig. 4 with Д = 1 MeV. The 
values are compiled in Table I. The parameters are approximately equal 
within the experimental er rors for different experiments. The collective 
temperature can be determined from a mean value for к =»0.45 according 
to the definition (7a). Taking the difference of the mean (qp)-energy for 
asymmetric and symmetric mass split of the order of 1 MeV, the collec
tive temperature kTcoll is approximately 2 MeV. The value of the parameter 
r7m is seen to be also approximately independent of the fissioning nucleus as 
is expected from theory. The rather large value of r)m for 226Ra(p, f) may 
be attributed to a contribution from the symmetric component as discussed 
by Konecny and Schmitt [29] . 

In conclusion, it must be emphasized that the available experimental 
data do not allow the theory to be tested in more detail. From this point 
of view it is , therefore, desirable to study more extensively the various 
properties of fission as functions of the compound excitation energy. 
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D I S C U S S I O N 

W. JOHN: In his oral presentation Dr. Nörenberg mentioned the need 
for more measurements of kinetic energy distributions. I would like to 
call attention to some new information from four-parameter measurements 
made at Livermore on the gamma-rays from the spontaneous fission of 
252Cf (John, Nasolowski and Guy, unpublished). By sorting the data on a 
given gamma-ray, we can obtain the kinetic energy distribution from events 
where one fragment is a given isotope. I would like to know how this kind 
of detailed information can be used for testing theories, and what additional 
kind of data of this type might be desirable. 

W. NÖRENBERG: I did not mention in my talk how the distribution of 
kinetic energies might be explained in the proposed model. Instead of taking 
only the mean value of the quasi-particles at the scission stage, one has to 
use a distribution of quasi-particle excitations. Therefore, in addition to 
the collective part of the width of the kinetic energy distribution, there is 
another part which is generated by the distribution of quasi-particle excita
tions. Thus the data on the distribution of kinetic energies can be used for 
testing the theory, but only at a later stage of development. I want to empha
size in particular the importance of knowing the dependence (if any) on com
pound excitation energy. 
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Abstract 

A MODEL FOR FRAGMENT MASS-VERSUS-ENERGY CORRELATIONS IN FISSION. A detailed investi
gation of the two-spheioid model of the scission configuration in fission, including the study of both the classical 
and quantum-mechanical properties of the system, is given. The most probable total fragment kinetic energy 
as a function of mass division is calculated from minimization of the total potential energy of the system. The 
root mean square width of the kinetic energy distribution is calculated from the quantum mechanical properties 
of the system. 

The local effective stiffness r as a function of fragment mass m required for these calculations was obtained 
solely from correlated fragment kinetic energy measurements for thermal-neutron fission of 239Pu, 241Pu, and 
Z35U, together with the minimum potential energy hypothesis. Strong shell effects in the function т ( т ) were 
found to occur in the region of m = 132, where Z = 50, N = 82; however, no shell effects seem to occur in the 
region of m es 83, where N = 50. We may interpret this result to indicate that for N = 50 proton-deficient 
nuclei, the ground-state well in the nuclear potential is relatively shallow, so that when these nuclei occur in 
fission they occur with distorted shapes outside the ground-state well, where the effective stiffness is reduced. 
Effective stiffnesses obtained for fragments of mass 82 £ m Й, 112 are within ~ 20% of the liquid-drop-model 
value. 

The stiffness parameters т ( т ) are used together with minimization of the potential energy to calculate 
EJJ (m), the average total fragment kinetic energy as a function of mass. In all cases examined to date, the 
calculated and experimental energies agree to within about 37o. 

The root-mean-square width OEJ; (m) of the total kinetic energy distribution as a function of fragment 
mass is determined from quantum-mechanical properties of the system. Normal modes of the system are 
derived, and a harmonic approximation to the potential is used. Calculated and measured widths agree within 
about 20% for a wide range of fissioning nuclei. Discussions of the sensitivity of these results to the stiffness 
parameters, to the nuclear vibrational mass parameter, and to nuclear temperature are included. 

I. INTRODUCTION 

The various models of nuclear fission may be broadly classified, as 
suggested by Wilets [lj, according to the value of the adiabaticity parameter 
assumed. If this parameter, defined as the ratio of the characteristic fre
quency of collective motion to that of particle motion in the nucleus, is 
small, then an adiabatic model applies; for higher values the statistical 
model is more appropriate. 

Among adiabatic models, the liquid drop model has been most thor
oughly investigated. The well-known successes of these studies include the 
early description of some general features of fission £2j later description 
of the systematics of normal spontaneous fission lifetimes [з], and more 
recently the description of mass, kinetic energy, and excitation energy 
distributions and correlations in medium-excitation fission of nuclei 
lighter than radium [U,5). 

In these last-mentioned studies it was shown that for values of the 
fissility parameter x, defined as the ratio of the Coulomb energy to twice 
the surface energy of a spherical compound nucleus, smaller than about 0.7, 
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the saddle point and scission point are quite close together. For higher 
values of x, corresponding to nuclei heavier than radium, the scission 
point is farther removed from the saddle point. Wilets £l/ gives reasonable 
arguments which indicate that the assumption of adiabaticity should break 
down in the descent from saddle to scission; however, the question as to 
where this breakdown occurs, relative to the formation of the fragments and 
the eventual determination of their masses and energies, remains open. 

If the assumption of adiabaticity breaks down only very late in the 
fission process, i.e., just at or just before the moment of rupture but 
after the individual fragments have taken shape, then a relatively simple 
model results. Even so, detailed dynamical calculations on the basis of 
such a model are difficult and would involve serious extrapolations of 
known nuclear properties as functions of deformation, particularly for the 
large nuclear deformations occurring in fission. 

However, if one is willing to assume further that the velocity of 
the system in the phase space of shape (position) and momentum coordinates 
is small just prior to scission, i.e., that the scission configuration only 
(and not the history of the process prior to scission) determines the sub
sequent properties of the system, than a "static" model of the scission 
configuration may be constructed and some observable quantities calculated. 

Indications that such a model deserves serious study are present in 
several types of fission data, from which it appears that properties of the 
fragments influence experimental observables more so than properties of the 
fissioning system. Examples of such indications are shown in Fig. 1, where 
the pre-neutron-emission mass distribution is plotted for a number of low-
excitation fission cases, and in Fig. 2, where the average total pre-
neutron-emission fragment kinetic energy is plotted vs. heavy fragment 
mass for the same low-excitation fission cases. Salient features of these 
figures are: the almost precise congruence of the heavy-fragment peaks 
(except for 252cf) in the mass distributions, and the occurrence of a peak 
at about 132 amu (where Z = 50, N = 32) in all of the average total kinetic 
energy curves. 

Various calculations based on static models, with particular atten
tion to low-excitation fission, have been carried out by Vandenbosch [6j, 
Terrell 17], Ferguson and Read [8j, Norenberg [9] and by the present author 
in an earlier paper fio]. Similar considerations were used by Bruner and 
Paul fllj. Such calculations, of course, depend on unknown properties of 
deformed nuclei - in this case the fragments, and these authors, as well as 
Fong £12] in connection with his statistical model calculations, have used 
various methods to estimate the deformability or stiffness parameters re
quired. All have exhibited partial success in describing the systematics 
of fragment kinetic or excitation energies. 

It is the purpose of the present work to investigate more completely 
a simple static model of the scission configuration and to determine to what 
extent such a model is useful in predicting relationships between the 
various measureable quantities in fission. The scission shape will be 
approximated by two tangent spheroids, and we shall investigate in detail 
both the classical and quantum mechanical properties of the system. The 
motion of the system will be restricted initially to the subspace of tangent 
spheroids, and the actual separation of the fragments will be assumed to 
occur at random in time with respect to the motion. 

In the subspace of tangent spheroids, the potential energy and 
kinetic energy of the system in the vicinity of equilibrium may be approxi
mated by quadratic functions of the coordinates and their derivatives, 
respectively. Thus, the system takes on the character of a multi-dimen
sional harmonic oscillator and might appropriately be called by the name 
"scission-point oscillator." 

The system is unstable in the fission direction (corresponding to 
separation of the tips of the spheroids), and the attractive oscillator 
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FIG. 1. Compilation of fission-fragment mass distributions. These are pre-neutron-emission distributions 
obtained from the data of Rets [17,18, 20]. Labels are compound nuclei. 
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FIG. 2. Compilation of average total fragment kinetic energies versus heavy-fragment mass. These are 
pre-neutron-emission energies and are obtained from Reft [17,18,20] . 

potential exists only in coordinates normal to the fission coordinate. 
Therefore, although the "motion" of the system in the oscillator potential 
will he discussed, we should perhaps think of the elements of this motion 
as descriptive of the configurations through which the system may pass on 
its way to complete separation of the fragments. 

There is some possibility that a molecular potential of some sort 
is operative as the separation of the fragments takes place. If this were 
the case, we might expect either an extended transition region at the top 
of the barrier or, in those cases where the scission point lies appreciably 
below the barrier top, a leveling out or even a shallow minimum on the side 
of the potential energy curve for the system in its decomposition coordi
nate. Either of these occurrences would give rise to a more nearly static 
scission configuration. 
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We shall derive the normal coordinates and eigenstates of the 
system. The properties of these states, together with simple considera
tions of reaction energetics,will Ъе seen to determine the general features 
of the mass-vs-energy correlations observed in asymmetric fission. (All 
masses and energies discussed in this paper are pre-neutron-emission 
quantities.) 

II. THE MODEL 
As indicated by Nix and Swiatecki [k] and by Vandenbosch [6J, the 

two-spheroid approximation for the scission configuration is not chosen for 
its close approach to realistic shapes. It is chosen because it provides 
an unambiguous, well-defined framework within which all relevant quantities 
and distributions may be calculated. One might hope that the results would 
indicate the degree of usefulness of more refined calculations. 

The present investigation, although based on the same model as that 
of earlier studies mentioned above, differs significantly in its approach. 
In the studies of both Terrell [ 7J and Vandenbosch [6] the effective stiff
ness parameters needed to describe the potential energy were determined 
largely from fragment excitation energies deduced from measured neutron-
emission data. In the present paper, we shall obtain these parameters 
solely from measured fragment kinetic energies; the fragment shapes and 
stiffness parameters resulting from this procedure differ in their behavior, 
as will be seen, from those of Vandenbosch and Terrell, particularly in the 
light fragment mass region. 

A. Potential Energy 

Consider now a static, co-linear two-spheroid configuration. The 
shapes of the spheroids are specified by p, and p2, respectively the major-
axis/minor-axis ratios of the two spheroids, and t denotes the separation 
of centers of the spheroids. (The effects of angular momentum will be 
neglected, and only axially symmetric shapes will be considered for the 
present.) The total potential energy of the system may be written: 

v = v ^ ) + V2(P2) + vc(Pl,p2) (i) 
and the conditions of minimum potential energy are given by 

= 0 (2) 

= 0 (3) 

with 

<3v 
^ p i 

<3V 
ЭР2 

vx = 

- ЭРХ 

~ dV2 

c l 
b l ' 

9*i 

+ ЭР2 

< 
P 2 = i bf ' t = 0i + °2

 W 

Hie semi-major axes are denoted by c. and c?,. the semi-minor axes by b. at 
bp. In Equations (l-3) the variables are tne shape parameters p and p_; 
these equations contain, in addition, two effective stiffness parameters 

The semi-major axes are denoted by cn and с9,. the semi-minor axes by bn and 

1Г, and -f2 for the fragments. 
The nuclear potential energy as a function of deformation has been 

the subject of much study recently [l3j, £147,and in fact the two-spheroid 
potential has recently been studied in the Strutinski formulation by 



IAEA-SM-122/122 71 

Dickmann and Dietrich [15]. Because this entire subject is currently under 
development, however, it appears worthwhile to obtain the shape of the po
tential energy of a fragment semi-empirically in the very limited range of 
deformations occurring in fission. Note from Equations (1-5) that we 
require only the shape of the potential vs. deformation curve; we heed not 
consider its absolute value at all. Because the range of deformations for 
any given fragment nucleus occurring in fission is small (as will be seen), 
almost any function may be used to describe this small portion of the 
curve, e.g., a quadratic function, or any other function containing the 
shape p. and a deformability or stiffness parameter If. (i = 1 or 2, cor
responding to fragment 1 or 2). 

In view of the notion [Xh-] that the average behavior of nuclei, 
particularly at large deformations, is likely to be describable in terms of 
the liquid drop model, we shall use the liquid drop form for the potential, 
i.e., 

Vi = S i r i + VCi (5) 

where S. is the surface area of a spheroid, "£*. is then an effective surface 
tension, and V_. is the Coulomb potential energy of the spheroid. For any 
mass for which the liquid drop model closely describes the nuclear potential 
in the limited region of deformation occurring, our value of *C will be 
close to the liquid drop value; where it does not, deviations from the 
liquid drop value will be expected and may be analyzed, perhaps in terms 
of shell effects or other effects. 

Expressions for Sj_ and V^j are given in earlier publications [l6,10) . 
These expressions contain the radius R, = r A. 1/5 

of a sphere of the same 
volume; in this work r =1.2 fermis is used as the radius constant. 

The mutual Coulomb repulsion of tangent spheroids of charge Z.e and 
Z_e are given by Cohen and Swiatecki fl6j: 

Vc = (ZxZ2e
2/t)F (6) 

where F is a shape factor also given in the papers referenced above. 
Given the parameters T, for fragment Z., A., and Tp for fragment 

Z„, A-, Equations (2) and (3) may be solved simultaneously for the fragment 
shapes p.- and p . corresponding to the condition of minimum potential 
energy. JSquilibrium values for the other shape variables may then also be 
obtained from the appropriate geometric relations, and the value of V_n, the 
Coulomb repulsion potential energy at equilibrium, may be calculated from 
Equation (6). The value of V~0 thus determined may be compared directly 
with the experimentally observed value of the most probable total fragment 
kinetic energy for a given fragment pair, since we assume that the velocity 
of the system is small just prior to scission. 

B. Determination of the Tf's 

A bootstrap method for determination of the Ẑ 's from measured 
fragment total kinetic energies was described in an earlier paper [10J. In 
the interim, further investigations have been made to study the uniqueness 
of the solution reported. 

Since it is our purpose to study asymmetric fission, several arbi
trary values of t for the fragment Z = 50, A = 132 were used to begin the 
bootstrap procedure, thereby developing corresponding sets of t's for 
asymmetric mass divisions, as shown in Figure 3« Measured total fragment, 
kinetic energies for thermal-neutron fission of 235u [yj], 25?pu, and 2 ^ P u 
^l8j were used in the calculation; values of *t are not included for masses 
in the region of symmetry where the mass yield is low, and where tails of 
the resolution functions of near-by high-yield, more asymmetric mass 
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FIG. 4. Separation of fragment centres and major axis/minor axis for fragments formed in thermal-neutron 
fission. 

divisions may affect the energies unduly. Even when the bootstrap procedure 
is begun at symmetry, however, the high X values and near spherical shapes 
which occur in the heavy-fragment group early in the bootstrap calculations 
limit the region of possible gross errors in X to that from symmetry up to 
about Aj. = 128 amu and from symmetry down to the corresponding light-
fragment masses. 

In Figure 3 we see that the X values throughout the light fragment 
group are very nearly the same for all four beginning values. In the heavy 
group, the values themselves are somewhat different from one curve to 
another, but the trend is similar in all four cases. 
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The curves for which -£"(132) = 20.0 and V{X$2) = 1.8 MeV/fermi2 were 
used to obtain the equilibrium fragment shapes and the corresponding sepa
rations of centers for the four low-excitation cases shown in Figure k. 
Essentially no differences in I are observed. The p's for the "stiffer" 
heavy fragments (left-hand graph, lower section) are slightly smaller than 
those for the "softer" heavy fragments (right-hand graph); the light-
fragment shapes show compensating behavior, being slightly higher in the 
left-hand graph than in the right-hand graph. 

We may conclude, then, that the X values are not completely un
ambiguous, but the choice of one value determines the entire curve to be 
used in a calculation. No choice of qualitatively different trends is 
available, and we shall carry out the calculations with the curve for which 
t (Ад = 132 amu) = 1.8 MeV/f . Further discussion on this general subject 
is contained in Section III. 
C. Classical Considerations 

To study the motion of the system in the neighborhood of its 
equilibrium configuration, let us consider a fragment pair specified by 
Z., A . and Z„, A . Let us define two coordinates: 

*1 = Cl " °10 X2 = C2 " C20 <7> 
where these represent deviations from equilibrium. 

We may expand the total potential energy of Equation (l) about С-.., 
c - , terms involving the first derivatives vanish, therefore 

V = | I P2VP с^сД xiXj = | X h i x i X j (8) 
The k, . are obtained by numerically differentiating Equation (l), making 
use ol"^Equation (5), and are the elements of the potential energy matrix V. 

The kinetic energy of the system of tangent spheroids may be written 
exactly: 

1 .2 1 .2 1-2 T " 2 1 Cl + I m2 C2 + I •** 
(9) 1/ ,ч .2 1, ,\ -2 - - I V • • = 5<ц + ni») xx + g(u + mp x2 + м х ^ = 2 £, ш ц xiXj 

where ml and ml are the vibrational effective masses for fragments 1 and 2, 
ц = A A„/(A + Ap) is the reduced mass, and the m.. are elements of the 
kinetic energy matrix T. 

The equations of motion then are the usual coupled-oscillator equa
tions. The eigenfrequencies CAJ and <±> are obtained from the secular 
equation, and in the solution the ratios of the amplitudes of terms con
taining each eigenfrequency are respectively 

Pi - a2l/all = [*!! " ^ + K ^ l l ^ l - *12> 
Г РЧ P (10> 

f2 = a
22/ai2 =[kii - { » + "VS^i - v 

The a. . may be formed into a matrix A which then diagonalizes both T and V̂ . 2 its The diägonalized potential energy matrix contains <*> f and л»| as 
elements. Normalization requires that the diägonalized kinetic energy 
matrix be A 5? A = jL, from which we obtain expressions for the amplitudes in 
terms of p.~ р 2, ц,пи and mi. 
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If у., and y 0 are the normal coordinates of the system, the potential 
and kinetic energies are given by 

у = !^л + !^2' T = !*i + H '<"•> 
x 

with y1 and у , whose dimensions are (mass)2 ( length) , given Ъу: 

y1 = (x2- p2x1)/[a11(f1 - f2)j 

y2 = (x2- р Л ) [ а 1 2 ( р 2 - рх)] 
The lower-frequency mode corresponds to Nix's [ki stretching oscillation, 
the higher-frequency mode to his distortion-asymmetry mode. 
D. Quantum Mechnaics and Statistical Mechanics 

In the quantum mechanical problem the normal coordinates may be 
treated independently, with later transformation and combination of results 
to obtain observable quantities. The у probability distribution for the 
zero point motion is then gaussian, with the variance #-2 = -Й/2 cd' . In 

У * 0 momentum representation the probability distribution for the zero-point 
motion is also gaussian, with the variance <?~2 = (&/,-tf/2). 

p 0 J ' 
If it is assumed that the system is in"statistical equilibrium at 

temperature & , the normalized probability distribution may be written as 
an infinite sum which, for harmonic oscillator wave functions, may be ob
tained in closed form. The probability distribution in y* is gaussian; 
the variance is 

<T-y = (ft/2^) coth^o/j/2 0 ) , (13) 
J 

о 
which approaches the c lass ica l l imi t & feu for &»&AJ and approaches 
the zero-point l imi t -41/2 cu fov&^-^-'d^o. Similarly, tne momentum d i s 
t r ibu t ion i s gaussian; the"variance is J 

(T-2 = k Ъсол coth ( - r f W 2 0 ) (lU) 

which approaches the classical limit в for &» Xi<U and approaches the 
zero-point limit Л1 aj /2 for &< г. -h A> . J 

Within the framework of the model the final total fragment kinetic 
energy ÜU. (at infinite separation) for the normal mode j in the two-
spheroid system is given by 

where I. is the instantaneous relative velocity of separation of fragment 
centers in the subspace of tangent spheroids, and V is the Coulomb re
pulsion potential energy. The variance of the distribution of total kinetic 
energies is then 

Ну - <^v+ <^4))2 (i6) 
2 2 

The variance (T~ (V-,) is obtained numerically from a~ ( O , which in turn 
is obtained from a ̂ projection of the distributions in y"| onto the t-
direction. We find ^ 

ö^(tj) - i f a w m (eff) tanh^^/20)]"1 (1?) 
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w h e r e m j ( e f f ) = H + (ш{ + m^p)/(f> + 1 ) . S i m i l a r l y 

< r a ( * j ) = ^ ^ j c o t h (**y2^)/2mj(eff) ( l8) 

The total variance of the distribution of EL. is taken to be the 
sum of the variances for the two normal modes 

^h'ih^v (19) 
and we may compare the values thus calculated with experimental values. 

E. Temperature and Vibrational Mass Parameters 

A systematic study of the sensitivity of the calculation of 0~^v to 
the temperature and vibrational mass parameters was carried out. Examples 
of the results are shown in Figure 5. Various multiples of the liquid-drop 
vibrational mass were assumed for each mass division, and values of 'TLr 
were calculated in each case for a number of temperatures. The upper sec
tion of Figure 5 indicates that the resulting <3X», values are essentially 
independent of the vibrational effective mass for a given temperature. The 
lower section of the figure shows the sensitivity of <7~EK to temperature. 
It was found that the temperature which should be considered as an effective 
collective temperature, is proportional to the characteristic energy (45 ̂ 0 
of the normal mode of higher frequency, and the proportionality constant 
appears to be linear in A, the mass of the compound nucleus. The equation, 
based on and 2̂ -*-Pu thermal-neutron data, is 

6>= 0.0б9(А - 218) ^CJ (20) 

12 

> 10 

bS 8 

с 

AH 

_ . .L 

AL
 c 118, 

«•1.6 MeV-
t.4 
1.2 
1.0 

0.6 -
1 1 1 

118 132,104 

«•1.6 M«V 

1.0 . 
0.8 

0.6 

- 1 - 1 1 

140,96 

S.1 .6M«V-
1.4 
\£ 
1.0 " 
o.e -

- Об -
1 1 1 1 

148,88 

» • 1 . 6 M e V -
1.4 
1.2 
1.0 

0.6 -
1 1 1 1 

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
m ' / m, „ 

12 

I 10 

Ь1" 8 

6 

AH ,A L = 118,118 132,104 140,96 148,88 
T—1—1—r~r~i—'—1—1—i ill—1—1—1—1—гут—i—1—1—1—r 

I 1 i l l 1 1 1 1 1 I 1 I I I I L 
0.6 1.0 1.4 0.6 1.0 1.4 0.6 1.0 1.4 0.6 1.0 1.4 

9(iVleV) , m ' / m L D * 4 

FIG. 5. Root-mean-square width o E K of the total fragment kinetic energy distribution as a function of 
vibrational effective mass (expressed as a multiple of the liquid-drop vibrational effective mass) for several 
9 values (upper section), and as a function of 9 for m ' / m L D = 4. See text, 



76 SCHMITT 

where & and Ж <*̂  are in MeV, and A is in amu. This relation is intended 
to apply only to low-excitation fissionj indeed it is relevant only for 
A > 218, where low-excitation fission occurs. A term containing the compound-
nucleus excitation energy should Ъе added when medium- or high-excitation 
fission is considered. 

III. RESULTS AMD DISCUSSION 

The average total fragment kinetic energy is obtained as a function 
of mass from minimization of the potential energy as described in Section 
IIA. Since the % values are obtained from combinations of fragment masses 
which occur in the thermal-neutron f_ission of 255u \xij, 239pu, and 2^1Pujl8], 
it is expected that the calculated E^ values should agree reasonably well 
with the data for these cases. The comparison is shown in the left-hand 
section of Figure 6. In the calculations to date, we have used only the 
energetically preferred charge ratio Zg/Zj, corresponding to each mass di
vision ATJ/AL, i.e., the charge distribution has not been taken into account. 
The effect on the observed systematics should be small, however. The com
parison of calculated and observed O^v values is shown in the right-hand 
section of Figure 6. 

Recent measurements of fragment kinetic energies for a number of 
other low-excitation fission reactions have been carried out by Bennett 
and Stein [l9j» Their average kinetic energies are plotted together with 
the calculated energies as functions of heavy fragment mass in Figure 7. 

Results for other cases are shown in Figure 8. Calculations for 
252Cf are limited to the heavy-fragment masses above XkK amu, for the 
reason that the t -values are given only up to 108 amu in the light-
fragment region. For 253u thermal-neutron fission, the average total 

120 130 150 120 130 140 
A„ , HEAVY FRAGMENT MASS (AMU) 

FIG. 6. Measured and calculated values of Ёк, the average total fragment kinetic energy versus heavy-
fragment mass (left-hand portion), and measured and calculated values of oEK, the rms width of the total 
fragment kinetic energy distribution as a function of heavy-fragment mass (right-hand portion), for thermal -
neutron fission of "su, 239Pu, and M1Pu. Smooth curves were drawn through the data (Refs [17,18]); the 
calculated values are shown as points. 
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FIG. 8. Measured and calculated values of E^, the average total fragment kinetic energy versus heavy-
fragment mass (left-hand portion), and measured and calculated values of oE K , the rms width of the total 
fragment kinetic energy distribution as a function of heavy-fragment mass (right-hand portion), for 226Ra(p, f), 
238U(ntj1,f), and 252Cf (spontaneous). In the case of radium, the asymmetric and symmetric components of the 
data (Ref. 21) functions are dashed. In the case of 233U(nth, f), data of both Ref. [19] (BS) and Ref. [20] (P) 
are shown. The data for 252Cf are those of Ref. [17]. Calculated values are shown as points. 
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kinetic energies of both Bennett and Stein [19 J and Pleasonton [20 J are 
shown; the (Г'щ data are those of Pleasonton. The 226Ra(p,f) data were ob
tained by Konecny and Schmitt f2l7, and were decomposed into asymmetric and 
symmetric components, as indicated in the figure. In the case of E^(AJJ) 
the comparison of the asymmetric values with the calculated values in
dicates reasonable agreement. The calculated values of <^v> although 
showing the same trend vs. A„ as the asymmetric component of the measured 
values, are somewhat lower - as expected on the basis that no contribution 
to the temperature was included for increased compound-nucleus excitation 
energy at 13-MeV proton bombarding energy. 

Thus it appears that a relatively simple picture is constructed, 
which provides a relationship between the variance (or rms width) of the 
total fragment kinetic energy distribution and the average total fragment 
kinetic energy. (No distinction is made in these discussions between the 
most probable and average values of the total kinetic energy for a mass 
pair.) The average total kinetic energy, equal to the coulomb repulsion 
potential energy, is obtained directly from the minimization of the total 
potential energy, depending in the present formulation only on the local 
effective stiffnesses of the fragments. In this work the local effective 
stiffnesses are obtained semi-empirically and are used only to describe 
the shape of the nuclear potential in small regions about the deformations 
occurring at scission. The effect of the N = 50 closed shell, expected to 
occur at fragment masses 82 - 8k amu, is seen to be absent in T (A) (Fig. 
3). This may be a result of the weaker shell-correction term occurring 
in the mass formula \lk] for these nuclei,that is, they may occur in 
fission with deformations outside the range of the shell correction term. 
Such a possibility would still be consistent with the low number of 
neutrons observed to be emitted in this mass range [22], provided only 
that the shell-correction term has a sufficiently small amplitude. 

Calculations of a realistic nuclear potential energy as a function 
of deformation, based on the Strutinski [13} formulation, have recently 
been carried out for fragment nuclei and applied to the static two-
spheroid model by Dickmann and Dietrich [l5jf, with apparent success with 
regard to fragment kinetic and excitation energies. 
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D I S C U S S I O N 

J. R. NIX: I have two objections concerning your calculations. First , 
since a scission point is not a position of equilibrium, it cannot be deter
mined by simply minimizing the potential energy - it is necessary to calcu
late the dynamical descent from the saddle point to scission. That your 
results are at all reasonable stems from your restriction to spheroidal 
shapes for the fragments. The position of the minimum potential energy of 
two touching drops is two spherical fragments at infinity separated by an 
infinitesimal neck, and your fragments would approach this configuration if 
more freedom were permitted. 

Second, since the deviations from normalcy of the stiffnesses of nuclei 
arise from single-particle effects, it seems unreasonable for you to corre
late stiffnesses in terms of effective surface tensions. 

H. W. SCHMITT: If the motion from saddle to scission is highly damped, 
or is viscous, the velocity of the system in phase space may be small enough 
to justify the static assumption as a first approximation. This does not 
imply an equilibrium configuration at scission, although even that cannot be 
excluded, as we have seen in Nörenberg's paper (SM-122/30). Inclusion of 
more degrees of freedom for the fragment shapes would, in fact, not change 
the results qualitatively, simply because the т values are determined from 
the condition that Vc = Ек along with potential energy minimization in co
ordinates normal to the fission direction. 

As regards your second point, we have indicated in the paper that we 
are concerned with the shape of the potential energy curve in only a small 
region of fragment deformations, and any simple function may be used to 
represent this curve over a small range. We have chosen the form of 
Eq. (5) for its simplicity and in order to see whether the fragments may 
have liquid-drop properties when they are formed at scission. A proper 
description of the deformation energy for all deformations, such as that of 
Dietrich and Dickmann, is certainly to be preferred, but the present results 
may indicate qualitatively what may be expected from the theory. 
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U. MOSEL: I have performed preliminary calculations for the scission 
point, which was assumed to consist of two touching spheres, in order to 
get a feeling for the magnitude of the different parts of the total energy at 
this point. This calculation was carried out in the framework of the Thomas-
Fermi theory and its application to ion-ion interaction problems, which was 
developed by A. Bruckner et a l . , in Anneaux de Collisions ä Electrons et 
Positons (Symp. Int. Saclay, 1960) Presses Universitaires de France, 
Paris (1966) and W. Scheid and W. Greiner [Ann. Phys. 48 (1968)] at 
Frankfurt-am-Main last year. This calculation for two touching Pd nuclei 
has shown that there is still a nuclear interaction between the fragments at 
the scission point of about 20-30 MeV. Even if this quantity is lowered by 
taking into account the deformation of the fragments, it is still expected to 
have the same order of magnitude as the deformation energies VD in Dr. 
Schmitt's model. Therefore, this effect should be considered in further 
studies, since it leads to a decrease of the total interaction energy at 
scission and hence also of the total kinetic energy. Furthermore, this effect 
will simultaneously change the deformation energies also. 

H. W. SCHMITT: A very important point in this connection is that such 
an effect would help to retard the motion of the system through the scission 
point, and thereby provide a more sound theoretical basis for the relative 
success of "molecular model" calculations such as those reported here. 
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Abstract 

TERNARY FISSION. Experimental results In the field of light-particle-accompanied fission (including fission 
accompanied by ' scission neutrons') - and in relation to fission into three fragments of comparable mass - are 
reviewed over the last four years. These results are set against the background of previously ascertained fact, 
and certain empirical regularities are noted. 

1. GLOSSARY AND DEFINITIONS 

Normally, fission is a 'binary1 process: only two particles, the 
'primary fission fragments', are formed when the fissioning nucleus 
divides. These primary fragments effectively attain their full energy of 
motion within a time interval of 10-18 s, having separated by some 
2X10-11 m. Less frequently, more than two particles appear within 
10"18 s of the instant of scission. If precisely three particles appear within 
this time interval, the fission event may be classified as a ' ternary' event. 
If precisely four particles should appear, we might speak of 'quaternary 
fission',, and similarly for higher multiplicities. 

This review is concerned only with ternary fission - and is based upon 
the definition indicated above. Clearly, this is a definition which it is im
possible to realize 'operationally', but at least it is conceptually precise. 
It will be noted that it includes the whole spectrum of three-particle events, 
from the extreme mode in which a 'scission neutron' accompanies two 
primary fragments which otherwise share the whole mass of the fissioning 
nucleus, to the other extreme in which three, primary fragments of not very 
dissimilar mass are involved. By far the most intensively studied mode of 
ternary fission is that in which an alpha particle accompanies two heavier 
fragments. Many writers have used the term 'alpha-particle-accompanied 
fission' to describe this mode. Possibly there is some justification for 
distinguishing 'light-particle-accompanied (ternary) fission' (in which the 
lightest of the three particles has Z< 10) from 'true ternary fission' (in 
which Z ^ 10 for the lightest of the three primary fragments produced). 
Both these types of fission are reported on in this review. 

Our knowledge of light-particle-accompanied fission modes, other than 
the alpha-particle-accompanied mode, has.been gained almost entirely 
since the Salzburg symposium of 1965. This period has seen a consider
able revival of interest in the phenomenon of ternary fission, made pos
sible by the development of more powerful methods of experimentation, in 
particular with respect to multi-parameter data-recording. From the 
theoretical side, it has frequently been said that a study of light-particle-
accompanied fission affords a unique opportunity of acquiring an insight 
into the properties of nuclear matter in a non-equilibrium configuration. 

83 
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In a sense this is a truism, once it is accepted that the light particle is 
emitted from the region of maximum deformation of the emitting nucleus 
(from the 'neck' region of the fissioning nucleus at the instant of scission, 
or, immediately thereafter, from the collapsing 'protuberance' with which 
one or other of the primary fragments is 'born'). This much may be 
agreed, but the fact is that the significant break-through to a dynamical 
understanding of the process has yet to be achieved. 

For the purpose of this review, it will be profitable to deal first with 
the experimental results concerning alpha-particle-accompanied fission, 
then with the corresponding results for the other light-particle-accompanied 
modes. Afterwards, the challenge which these results present to the 
theorist will be briefly explored; finally, the present position with respect 
to 'true' ternary fission will be summarized. 

2. ALPHA-PARTICLE-ACCOMPANIED FISSION 

Four years ago the basic facts regarding alpha-particle-accompanied 
fission were already securely established - at least in relation to spon
taneous fission, and neutron-induced fission at relatively low (< 10 MeV) 
energies of excitation. Admittedly, these facts related almost entirely to 
the fission of even-even nuclei, but the pattern was so nearly constant over 
the whole range, from Z = 92 to Z = 98, that it was natural to assume that 
this mode of ternary fission would be found to occur with similar charac
teristics in all cases in which the initial excitation of the fissioning nucleus 
was low. Briefly, it was known that the fractional yield of the alpha-
particle mode did not vary by as much as one order of magnitude (say from 
1.5X10"3 to 4X10"3) over all the cases investigated, that the kinetic energy 
spectrum of the alpha particles was very closely the same in each case 
(a Gaussian spectrum with a most probable energy of about 16 MeV), and 
that the angular distribution of the particles was strongly peaked, presum
ably with azimuthal symmetry around the fission axis, in a direction roughly 
at right angles to that axis. In one case (that of 2|fU*, formed by thermal-
neutron capture in 2g|U) it had been convincingly established that the distr i
bution in mass of the residual fragments of the alpha-particle-accompanied 
mode was hardly distinguishable from that of the primary fragments of 
binary fission of the same nucleus (once the overall deficit of 4 units of 
mass had been allowed for); also, on average, the total kinetic energy of 
the three charged particles in this ternary mode was the same, to within 
a few MeV, as the total kinetic energy of the primary fragments of the 
binary fission of this nucleus. In relation to all these findings there was no 
essential disagreement between the results of workers in various labora
tories - except, perhaps, in the matter of the possibility of a non-trivial 
variation of alpha-particle yield with energy of initial excitation of the 
fissioning nucleus. 

In this section we survey the results of the more recent work on the 
various aspects of alpha-particle-accompanied fission mentioned above -
and we shall take them in turn. We shall deal first with the question of the 
fractional yield, as it varies with A and Z and with the energy of initial 
excitation of the compound nucleus concerned. 

Fractional yield. Experiments have been performed by various 
methods, and with different degrees of statistical accuracy, by Atneosen 
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et al. [1], Thomas and Whetstone [2], Loveland et al. [3], Nagy et al. [4] 
and Adamov et al. [5], the results of which are now almost entirely con
cordant. The systems studied have been 232xh+n, 232xh+p, 232Th+a, 
235U+n, 235U+a, 238U+n, 233TJ+p, 238U+a and ^ N p + d, the initial ex
citation of the fissioning nucleus varying from some 6 MeV to nearly 40MeV. 
Broadly, the conclusion of Loveland et al. that the fractional yield 'has the 
nearly constant value 2.1 X10"3 for all of the species . . . for initial com
pound nucleus excitation energies above about 6 MeV1 may be taken as r e 
presentative. For spontaneous fission, the fractional yield of the alpha-
particle-accompanied mode appears to be generally greater than this, and 
to vary somewhat from species to species. For 252Cf, the species most 
frequently used for calibration purposes in other experiments, Thomas and 
Whetstone [2] have given a 'best' value of (3. 27+ 0. 10)X10-3. 

As indicated by Loveland et a l . , the near-constancy of the alpha-
particle yield over a wide range of energies of initial excitation, correlates 
directly with the near-constancy of the mean total kinetic energy of the 
fragments of binary fission over the same range of excitation of the fis
sioning nucleus. This latter constancy is simply interpreted on the hypo
thesis that the scission configuration (or the compound nucleus deformation 
at scission) is very nearly the same at all excitations (the 'internal' ex
citation varying, whilst the energy of deformation remains much the same). 
According to this train of association of ideas, alpha-particle emission, in 
the fission process, is a function of the total deformation of the "fissioning 
nucleus at the instant of scission. 

Energy spectrum and angular distribution of the alpha particles. It will 
be advantageous, at this point, to survey recent investigations on the kinetic 
energy spectrum, and on the angular distribution of the alpha particles, 
under one head rather than two. The most significant work in this field, 
certainly, has been that in which energy-angle correlations have been 
sought. Obviously, any experiment on alpha-particle-accompanied fission 
is conditioned, at the design stage, by considerations of angular dis tr i 
butions - and almost any such experiments, nowadays, necessarily yields 
some information regarding the energy spectrum. Here we shall be con
cerned only with those experiments in which the collection of new informa
tion on these matters was a primary aim. 

The most difficult part of the energy spectrum to investigate is the low-
energy region - if only because the fission fragments and the natural alpha 
particles from the target material effectively blanket the first few MeV of 
this region1. Most workers, in fact, have been content to disregard the 
first 10 MeV of the spectrum, both on this account and in order to avoid 
other spurious effects. Recently, however, Chwaszczewska et al. [6] 
have paid particular attention to the energy range 6-17 .5 MeV of the fission 
alpha-particle spectrum of 236TJ# (235u +thermal neutrons), and combining 
their results with those of Dakowski et al. [7] obtained in the same labo
ratory, they have shown that the whole of the accessible spectrum 
(6 MeV S Ta s 27 MeV) 2 can be represented satisfactorily by a single 
Gaussian of full width at half-maximum of 10± 1 MeV. 

1 This blanketing effect would be reduced by several orders of magnitude if an electromagneücally 
separated target of 241Pu could be used with slow-neutron irradiation. 

2 In this review we use the symbol T for kinetic energy throughout, reserving E for energy of excitation. 
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Recent energy-angle correlation experiments have been carried out by 
Fraenkel [8], Raisbeck and Thomas, [9] and Nadkarni [10], the first two in
vestigations using 252Cf, the third employing slow-neutron-irradiated 235TJ, 
as fission source. Of the three, the most detailed was that of Fraenkel. 
All three investigations agree in showing that the average energy of the 
alpha particles increases as the observed emission direction with respect, 
to the fission axis becomes more distant from the most probable direction 
(roughly 82° inclined to the light-fragment direction). According to 
Fraenkel, this increase is itself considerably more rapid as the alpha-
particle direction moves towards the direction of the heavy-fragment 
motion than it is when the change in alpha-particle direction is in the r e 
verse sense. Again, all three investigations agree that the angular dis
persion of alpha-particle directions is greater, the greater the energy of 
the alpha particles. Fraenkel1 s results appear to show conclusively that 
the essence of this last-mentioned change is a gradual 'flattening' of the 
originally peaked distribution characteristic of alpha-particle energies less 
than 20 MeV, so that ultimately, for 25 MeV s Ta 5 30 MeV, the angular 
distribution function has a minimum at an angle of about 90° . Nadkarni has 
advanced less direct evidence for the same conclusion. 

Having carried out a triple-coincidence experiment, Fraenkel [8] was 
able to pursue his analysis one stage farther, investigating the way in 
which the general conclusions outlined above require to be modified when 
the data are divided into groups corresponding to different values of R, 
the mass-ratio of the residual fragments. He discovered that even in 
respect of the alpha-particle energy range Ta < 20 MeV, when the overall 
angular distribution shows little variation with Ta, there are significant 
variations,with R. For Ta < 15 MeV, in particular, the angular distr i
bution broadens very considerably as R decreases below 1.1 (these values, 
of course, represent the relatively rare near-symmetrical modes) - and 
that the overall breadth of the angular distribution for Ta > 20 MeV is oc
casioned largely through the abnormally broad distributions which are 
characteristic of the near-symmetrical and the widely asymmetrical 
modes. 

Trajectory computations. The investigations of Fraenkel [8] and 
Raisbeck and Thomas [9] were carried out specifically to .provide experi
mental data, for use in trajectory computations. The aim of such a com
putation is to arrive at a (distributed) set of 'initial' dynamical parameters 
(by a method of iteration) out of which the 'final' distributions in energy, 
and the angular relationships of the three particles, in light-particle-
accompanied fission emerge naturally as in accord with experiment. The 
first preliminary essay towards this aim was made by Tsien [11] in 1948 
in relation to the alpha-particle-accompanied mode (and was the basis of 
the subsequently accepted view that the alpha particle is released in the. 
space between the primary fragments at about the instant of scission). 
Halpern [12] in 1963, and Geilikman and Klebnikov [13] in 1965 elaborated 
these calculations, and more recently more ambitious computer programs 
have been run by Boneh et al. [14] and Blocki and Krogulski [15], also by 
Raisbeck and Thomas [9] in relation to their own experiments. Essentially, 
the computations of Boneh et al. were devised so as to employ to the full 
the detailed information concerning energy-angle correlations obtained by 
Fraenkel for the alpha-particle mode; the computations of Raisbeck and 
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Thomas, on the other hand, were primarily concerned with matching the 
energy spectra of the alpha particles and the other light particles 
accompanying the fission of 252Cf, using a coherent set of initial para
meters. Similarly, Blocki and Krogulski were more directly concerned 
with the energy spectra than with the angular distributions of the various 
light charged particles accompanying the fission of 23би*. Here, then, we 
are immediately interested in the computations of Boneh et al. rather than 
in the others (though we shall have occasion to refer to these later). In 
all three computations, it hardly needs to be said, non-relativistic classical 
mechanics and classical electrostatics provided the necessary theoretical 
basis, a point-charge model being used. Of necessity, conservation of 
angular momentum was observed, but no consideration of effects involving 
changes of intrinsic angular momentum of the interacting particles was 
possible within the scope of the model. 

According to the model of Boneh et al. [14], the alpha particle 
'materializes' at the scission point, as the neck breaks, with an initial 
kinetic energy belonging to a Maxwellian distribution, and an initial direc
tion which is isotropically distributed. The actual point of scission is 
symmetrically distributed about the point of minimum electrostatic potential 
between the fragments, with a maximum probability (per unit distance) at 
this point, and half this probability at points some 5X10"15 m on each side 
of this point. The mean energy of the Maxwellian distribution is assumed 
to vary inversely as the square of the electrostatic potential at the actual 
point of scission. It is concluded that the 'best' account of the experimental 
facts concerning energy-angular correlations is obtained' if the distance 
between the centres of the fragments at scission is 26XKH5 m and the 
most probable mean value of the initial kinetic energy of the alpha particle 
is 3. 0 MeV. On this basis the mean value of the total kinetic energy of the 
separating fragments is some 35 MeV at the instant of scission. Admitted
ly, using these initial parameters, not all aspects of the experimental 
results are faithfully reproduced, and, in particular, the overall spectrum 
of kinetic energies is significantly narrower than the spectrum deduced from 
experiment. 

Raisbeck and Thomas [9] obtained a good fit with the experimental • 
kinetic energy spectrum of the fission alpha particles of 252cf in terms of 
a model in which the alpha particle 'materialises' at a point on the line of 
centres between the fragments at a time t after binary scission has oc
curred. At the instant of scission the fragments are assumed to have zero 
velocity, and, when the alpha particle appears, it does so with an initial 
kinetic energy belonging to a Gaussian distribution, and an initial direction 
which is isotropically distributed. (In the computation, attention is paid 
to the conservation of mass and momentum in this process of alpha-
particle 'materialization'). As in the model of Boneh et al., it is assumed 
that the most probable point of appearance of the alpha particle is at the 
electrostatic potential minimum point between the fragments. Around this 
point, Raisbeck and Thomas assume a Gaussian distribution of appearance 
probability. They obtained their 'best' fit with the overall energy spectrum 
in terms of the following parameters: t = 0.4X10-21 s (unique value); 
standard deviation of position of appearance point, 1.5X10"15 m; mean-
initial kinetic energy of alpha particle, 2. 0 MeV. Oh this basis the mean 
separation of fragment centres at scission is 20. 5X10"15 m, and, at the 
instant of alpha particle 'materialization', 21.5X10-15 m. At that time the 
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mean value of the total kinetic energy of the large fragments is some 
7.5MeV. 

For many reasons, the detailed investigation of the alpha-particle-
accompanied mode is more difficult when fission is produced by charged-
particle bombardment of a target than it is, either when thermal neutrons 
are used, or when spontaneous fission is in question. Nevertheless, 
Atneosen et al. [1] succeeded in determining the energy spectrum of the 
fission alpha particles of 239^р* (22.4 MeV excitation, induced by 17. 5 MeV 
protons on 238U) - and Thomas and Whetstone [2] successfully studied the 
angular distribution of these alpha particles in relation to the fission axis, 
using protons of 11, 15, 17 and 21 MeV for the target bombardment. In 
each case comparison was made with the corresponding feature of the 
alpha-particle-accompanied mode of 252Cf spontaneous fission. Within the 
limited accuracy of the first experiment, the energy spectra of the fission 
alpha particles appeared to be identical for. 239Np* and 252Cf; with greater 
confidence, the results of the second experiment showed that for 239Np# 
the angular distribution of these particles was essentially the same at all 
energies of proton bombardment, and that it differed only from the angular 
distribution of the fission alpha particles of 252Cf by being characterized 
by a somewhat greater Gaussian breadth (standard deviation 14. 7± 0.4°, 
as against 12. 0±0.4°). In the light of the trajectory calculations of 
Boneh et al. that we have just considered, these results provide additional 
confirmation for the view that any initial excitation of the fissioning 
nucleus is largely irrelevant at the instant of scission: the critical scission 
configuration is essentially independent of the degree of internal excitation 
of the nucleus concerned. 

Mass and kinetic energy distributions of the fragments. As already 
mentioned, before 1S65, the distribution in mass of the primary fragments 
of alpha-particle-accompanied fission had been investigated only in the case 
of 236u*. Since such an investigation almost necessarily involves use of a 
triple-coincidence arrangement in which the energies of the 'coincident' 
(post-neutron-emission) fragments are separately determined, we may 
usefully consider the more recent work on the total kinetic energy release 
along with that on the fragment mass distribution in the alpha-particle-
accompanied mode. 

In the ultimate analysis, each of these investigations is beset with the 
same difficulty. In binary fission, on the assumption that the prompt 
neutrons are emitted isotropically from the fully accelerated fragments, 
the ratio of the measured kinetic energies of the post-neutron-emission 
fragments, for a unique mode of mass division, has a most probable value 
(AH/AL)2 (AL -v^ ) /(AH-yHL whereas the ratio of the measured velocities 
of these fragments has a most probable value (AH/AL). Here AH, AL are 
the mass numbers of the primary (pre-neutron-emission) heavy and light 
fragments, respectively, and vH and vh are the numbers of prompt 
neutrons emitted by these fragments. For a given value of the most prob
able energy ratio, the standard deviation of this ratio is greater as vH 
and/or vL i-s greater. Again, if T'H and T{_ are the most probable values 
of the kinetic energies of the two post-neutron-emission fragments, for a 
given mode of mass division, the most probable kinetic energies of the p r e -
neutron-emission (primary) fragments are Тн =ТнАн / (Ан ~^ н ) and 
TL = T{ A L / (A L -v L ) , respectively. Demonstrably, if we wish to deter-
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mine the distribution characteristic of the total kinetic energy (TL + TH) 
for each mass-division mode (AL, AH) - and we do - we cannot do this in 
terms of energy measurements alone. 

So far our statements refer only to binary fission; in that case the 
technical difficulties involved in time-of-flight (velocity) measurements on 
the fission fragments have long since been successfully overcome. How
ever, no one, as yet, has been sufficiently optimistic to apply this tech
nique in the triple-coincidence experiments which are necessary if 
similarly detailed information is to be obtained in relation to ternary 
fission. Considerations of intensity are almost prohibitive. In light-
particle-accompanied ternary fission, there is, in addition, the compli
cation introduced by the recoil of the light particle, but that is the least of 
the experimenter's worries. 

Having regard to the difficulties that we have just exposed, Fraenkel 
[8] has expressed the view that it is premature to make any precise state
ment concerning the distribution of fragment mass in alpha-particle-
accompanied fission. From his own experiments with 252cf it is clear that 
the distribution characteristic of the kinetic energy ratio T' /T ' is very 
nearly the same for the alpha-particle-accompanied mode as it is for the 
binary fission of this nucleus. Fraenkel is prepared to leave the matter 
there, for the present. He does not consider it possible, at this time, to 
derive the mass distribution of the residual fragments of the alpha-
particle-accompanied mode with sufficient precision for a comparison 
with the corresponding mass distribution of the primary fragments of 
binary fission to be profitable according to the method of Schmitt and 
Feather [16] (see, also Feather [17]). In spite of this salutary caution, 
we may still assert, on the evidence of Fraenkel's results, that the frag
ment mass distribution for the alpha-particle-accompanied fission of ^^Cf 
is very little different (when the loss of 4 units of mass has been allowed 
for) from the corresponding distribution for the binary fission of this 
nucleus. Very recently, Fraenkel's experiment on the energy spectrum 
of the paired fragments of alpha-particle-accompanied fission has been 
repeated by Nardi et al. [18] with full confirmation of his findings. 

In relation to any formal discussion of the 'differential energetics' of 
alpha-particle-accompanied and binary fission (see below), as already im
plied, we are interested in comparing, for corresponding modes of mass 
division, the mean values of the total kinetic energies associated with the 
product particles in the two 'final state configurations' some 10-18 s after 
the respective instants of scission. Although it was already evident, by 
1965, that these two quantities 'are the same, to within a few MeV, for 
236U* fission, the difficulties that we have here exposed make full precision 
in this matter as yet unattainable. Extending our previous notation, we may 
say that it is possible to determine the values of (T£ +T^ )b and 
(T' +T|j + T a ) t by direct experiment; what we wish to know is the dif
ference (TL +TH +T„) t -(TL +TH)b . 

Since the Salzburg symposium, values of (T[ +T^ +T a ) t - {T[ +T„ )b , 
averaged over all modes of mass division, have been reported by 
Schröder [19] and Nadkarni [20] for 236U* (6.4 MeV) fission, and by 
Fraenkel [8] and Nardi et al. [18] for the spontaneous fission of 252Cf. 
These values, slightly adjusted to common values of Ta , are 2. 8± 1.0, 
2 + 2, 4 .6±0 .3 and 5.7±0.5 MeV, respectively. Nadkarni has also r e 
ported, though with diminished statistical accuracy, a value for 236u* 
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(9.4 MeV) fission indistinguishable from the quoted value for 236ц-* 
(6.4 MeV) fission. For the purpose of record, we shall adopt 
2 .5±1.0 MeV and 5.0± 0.5 MeV as 'accepted' values of this kinetic energy-
difference for the fission of 236ц- ancj 252cf; respectively. 

Fraenkel has shown that Ta , the mean kinetic energy of the alpha par
ticles in 252cf fission is strikingly independent of the mass-ratio R( = AH/AL). 
Similarly, Nardi et al. have demonstrated that [T[ +Т^)Ь - (T£ +Тц )t is ef
fectively R-independent for the alpha-particle mode in this case. So far, 
no other case of alpha-particle-accompanied fission has been investigated 
to this degree of detail. Tentatively accepting it as representative, how
ever, we shall assume that in general the mean difference of the overall 
kinetic energy of the product particles, as between alpha-pa rticle-
accompanied and binary fission, is independent of the mode of mass divi
sion, when corresponding modes are in question. 

We may estimate a crude first-order approximation to the correction 
that has to be applied to the measured difference (T[ +T'H + T a ) t - (T [ + T^)b 
by considering the most probable mode of mass division (when the mass -
ratio is R0) and assuming that the prompt neutrons are emitted equally 
from the two fragments. Then if Pb and vt are the mean numbers of 
prompt neutrons emitted (from the two fragments) in binary and alpha-
particle-accompanied fission, respectively, this correction is 
approximately 

, ^ъ-vt Л, , I \ ( T ! +ТЬ)Ь+(Т! , +Т'„Ь 
2A V K° Roy 2 

A being the mass number of the fissioning nucleus. Taking v\, - vt = 0. 6 
(see below), A = 252, R0 = 1. 3, we obtain, for the spontaneous fission of 
252Cf, an estimated correction of +0.44 MeV. Although more extreme 
assumptions might lead to slightly larger estimates, it is evident that in 
this case (in which the experimental evidence is most precise) the cor
rection is still hardly significant having regard to present experimental 
uncertainties. 

Prompt neutrons and gamma rays. A direct estimate of the degree of 
excitation of the residual fragments in alpha-particle-accompanied fission 
can be made if the yield of prompt neutrons and gamma rays, in this mode, 
is determined by experiment. Before 1965, only one report had appeared 
of such an investigation. Apalin et al. [21] had compared the prompt 
neutron yields in the binary and alpha-particle-accompanied ternary fission 
of 236u# (6.4 MeV). Using a neutron detector with a solid^angular 
acceptance of almost 4л-, and adopting the value Pj, = 2.45, they obtained 
values o f l . 7 7 ± 0 . 0 9 and 1. 79 ± 0. 13 for vx when alpha particles of energy 
greater than 9 MeV and greater than 22 MeV, respectively, were recorded 
in coincidence. Later, Nefedov and his co-workers [22-24] confirmed 
and extended these results, showing that whether the neutrons were r e 
corded in directions about the fission axis, or about an axis perpendicular 
to this, vb/vt = 1. 38+0. 08. Furthermore, it appeared that the energy 
spectra of the neutrons were almost identical in the two modes. 
Adamov et al. [25], about the same time, reported somewhat different 
results in relation to the spontaneous fission of 254Cm. Again using large 
solid angles for acceptance of fission fragments and neutrons, these 
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workers obtained vi =1.6 ±0.2 on the basis of vb =2.82 (a much larger 
fractional decrease in overall yield than for 236U*), and they provided con
vincing evidence for a negative correlation of vt with alpha particle 
energy: {Bvt/dTa ) =-0.08 per MeV over the range 15 MeV s Ta й 25 MeV. 
In relation to the prompt gamma rays they found no such correlation, and 
the overall yield appeared to be scarcely significantly different in the two 
modes (fjt /f/b = 0. 88±0. 09). 

Important information concerning the prompt neutrons associated 
with the alpha-particle-accompanied fission of ^2Ci has more recently 
been reported by Nardi and Fraenkel [26]. Using neutron detectors aligned 
along the fission axis, these workers obtained an overall value of 
3. 11 ±0. 06 for vt , assuming vb = 3. 71. They were able to analyse their 
results so as to give both the variation of neutron yield with fragment mass 
number and its variation with total kinetic energy of the fragments. In 
the latter respect, they found a negative correlation between v and 
(T[ + T*H) which was insignificantly different for binary and alpha-particle-
accompanied fission, and, in the former, they showed that the fractional 
decrease in yield, as between the binary and ternary modes, is effectively 
constant over all mass numbers. This second result almost certainly dis
poses of an earlier suggestion (Feather [17]) that the alpha particles are 
emitted predominantly, or exclusively, from the heavy fragments. 

Very recently the work of Nardi and Fraenkel has been extended by 
Piekarz et al. [27]. For 252Cf spontaneous fission, vt is reported as 
3. 10 + 0.08, the angular distribution of these neutrons is stated to be 
'quite similar' to that of the neutrons of binary fission, the distribution of 
yield between light and heavy fragments is 'similar ' in the two cases, and 
it is found that the yield decreases as the kinetic energy of the coincident 
alpha particle increases - on the average by 0. 04±0. 01 per MeV. 

Characteristic X-rays. Characteristic X-rays are emitted among the 
prompt radiations of fission as a result of the internal conversion of prompt 
gamma rays. Since the X-rays are characteristic of the charge number of 
the nucleus of the emitting atom, their quantum energies are determined 
by the Z values of the primary fragments, prompt neutron emission being 
of no consequence. On the other hand, the intensities of the X-rays are 
not directly representative of the primary-fragment yields (reckoned ac
cording to Z values), being significantly dependent on the nature and scale 
of the spectrum of low-lying excited states of the post-neutron-emission 
fragments, from which most of the prompt gamma rays originate, and on 
the variation of internal conversion coefficients and Auger coefficients 
with Z. Over a small range of A and Z the spectrum of low-lying excited 
states may be of very different character for different nuclei. In spite of 
these considerations, a close comparison of the characteristic X-rays 
emitted 'promptly' in binary and ternary fission must provide information 
of considerable interest. The first detailed comparison of this character 
was reported by Kapoor et al. [28] in relation to the spontaneous fission 
of 252Cf. Somewhat earlier, Rochette et al. [29] had carried out a very 
similar comparison, using the same material, but had not published an 
account of their work. 

In broad outline, these two groups obtained essentially concordant 
results. The doubly-peaked energy spectrum of the X-rays proved to be 
very little different for the binary and ternary modes. The peaks were less 
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broad in the ternary mode, but the ratio of the peak heights was closely 
the same in each, the decrease in breadth being occasioned by a loss of 
intensity of the higher-Z X-rays of each peak. Naively interpreted, it was 
as if alpha-particle emission resulted in loss of charge predominantly by 
the heavier light fragments and the heavier heavy fragments. In respect 
of absolute yield, Kapoor et al. deduced values of 0. 568±0.006 quanta per 
binary fission and 0.66±0.03 quanta per alpha-particle-accompanied 
fission. If this difference is substantiated, it will pose an interesting 
problem in detailed interpretation. A possible approach lies in the con
sideration that the nucleon-parity types of the residual (ternary) fragments 
may be differently distributed as compared with those appropriate to the 
primary fragments of the binary mode (see below). On this basis there 
could conceivably be a greater preponderance of even-Z nuclei amongst 
the post-neutron-emission fragments of the ternary mode than amongst 
the corresponding fragments of the binary mode. 

A short account of a comparison of the characteristic X-rays emitted 
•in coincidence' with the fragments of binary and alpha-particle-accompanied 
fission of 236u* (6.4 MeV) has very recently been given by Solovev and 
Eysmont [44]. Results entirely analogous to those for 252Cf fission were 
obtained, but the statistical accuracy was no better than to fix the ratio of 
ternary to binary X-ray yield as 0. 9 + 0. 2. 

3. OTHER LIGHT-PARTICLE ACCOMPANIED MODES 'SCISSION 
NEUTRONS' 

The term 'scission neutrons' has latterly been applied to the residue 
of prompt neutrons which appear, under detailed analysis, to have an 
angular distribution which is isotropic in the laboratory space, after the 
majority of the prompt neutrons of binary fission have been accounted for 
in terms of velocity distributions characteristic of the light and heavy 
fragments from which they are emitted, the centre-of-mass motion of the 
fully accelerated fragments having been allowed for. Even today, the most 
convincing evidence for the existence of these 'central ' neutrons comes 
from the pre-1965 investigation of Bowman et al. [30] with 252Cf. The 
basic conclusion of these investigators, that it is impossible to account for 
all the prompt neutrons of fission in terms of post-scission emission from 
fully accelerated fragments was shortly afterwards supported, in relation 
to 236u* (6.4 MeV) fission, by Kapoor et al. [31] and by Skarsvag and 
Bergheim [32]. It appeared that some 10-15% of all prompt neutrons 
belong to this central group, and that the average energy of these neutrons 
is somewhat greater than that of the prompt neutrons generally. To refer 
to them as 'scission neutrons', obviously implies that they are emitted at 
or about the instant of scission - and, if this view is taken, then, of 
necessity, the process of neutron-accompanied ternary fission is in 
question. It is for that reason that we deal with the matter here. Essen
tially, there is no difference between this particular light-particle-
accompanied ternary mode, and any other such mode of fission, except 
that the light particle, in this case, is an uncharged particle, and that the 
fractional yield is of the order of 0. 35 of all fissions, if the conclusions 
drawn from the experimental results are accepted. 
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In 1965 Sargent et al. [33] published the results of a detailed, but less 
than comprehensive, survey of the prompt neutrons from the photofission 
of 232Th. These investigators looked for the effect of a central component, 
but were unable to demonstrate its existence with any measure of confidence 
(0. 07± 0. 09 of all prompt neutrons). On the other hand, in the same year, 
at the Salzburg symposium, Milton and Fräser [34], reporting on an un
finished experiment on the thermal-neutron induced fission of 235u and 
239Pu, concluded that in each case it was impossible adequately to represent 
the experimental results simply "by assuming that all the neutrons arise 
from the moving fragments'. 'Some neutrons more nearly isotropic in the 
laboratory system are needed'. In a later account of the same work (which 
has yet to be published in detail) Milton [35] was more specific: 'There is 
thus no doubt that fragment emission alone cannot account for the fission 
neutron distribution. Good agreement can be obtained by assuming a 
central component, but the details of this component are obscured by our 
lack of understanding of its origin and by experimental difficulties. . . ' . 
However, the results reported for 240pu* fission were of sufficient statis
tical accuracy for analysis in four intervals of fragment mass ratio and 
three intervals of total fragment kinetic energy. This analysis showed 
that 'in all cases an acceptable fit could be obtained only if a central com
ponent was assumed'. Overall, it appeared that the proportion of central 
neutrons was significantly greater for 240pu>ii fission than for 236u# fission. 

In 1966 Blinov et al. [36] reported a detailed comparison of the energy 
spectra of the prompt neutrons from the thermal-neutron induced fission 
of 233U and 235U, and of the intensities of these neutrons, at three angles 
to the fission axis. Thick targets had-to"b'e employed, involving the 
necessity of very fine adjustments in discrimination, but these workers 
satisfied themselves that the energy spectra were indistinguishable at all 
three angles, and that the angular distributions were essentially the same 
(from their figure, the ratio of the intensities at 90° and 0° to the fission 
axis was 2. 5±2% greater for 234U* fission than for 236U* fission). They 
concluded that if scission neutrons are in fact emitted in the one case, then 
they occur with essentially the same fractional yield in the other. 

The most recent publication to deal with the problem of the scission 
neutrons is that of Cheifetz and Fraenkel [37]. Primarily concerned with 
a possible central component in the prompt neutrons arising from the 
fission of 238u induced by 12 MeV protons, these investigators calibrated 
their time-of-flight arrangement using a source of 252cf. Incidentally, 
in the course of this calibration, they obtained a value of 0. 25±0. 20 
neutrons per fission for the central component from this source. For 
239NP* (17 MeV) they found a central component of 0.62+0.25 neutrons 
per fission. Earlier work having led to the expectation that there would 
be some 0.34±0.10 central neutrons per fission associated with second-
stage fission (p, nf), it is possible to see in these results a marginally sig
nificant indication of a small component of scission neutrons also. 

In summary, it has to be concluded that the problem of the reality of 
the scission neutrons still poses a serious challenge to the experimenter. 
There would be added confidence, perhaps, if under the same experimental 
conditions the distribution of prompt neutrons from one mode of fission 
were to be found not to need the central component for its full description, 
whilst the distribution relative to another mode required such a component. 
Possibly a more extended comparison than has hitherto been achieved of 
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the distributions relative to alpha-particle-accompanied fission and binary-
fission of the same nucleus might provide such a situation. Pik-Pichak [38] 
was probably the first to express the opinion that 'there appears to be little 
likelihood that non-evaporation neutrons will be emitted in ternary fission 
along with the alpha particle' . 

Light charged particles other than alpha particles. The first indication 
that light charged particles other than alpha particles might be emitted in 
the fission process was provided by the discovery of tritium in neutron-
irradiated uranium by Albenesius [39] in 1959. Using a source of 252Cf, 
Watson [40] was the first to identify the tritons as particles, and to obtain 
a rough energy spectrum, employing а ДТ, T double detector to distinguish 
these long-range particles from the alpha particles. By 1965, it was 
generally accepted that triton-accompanied ternary fission is a regular 
mode, having a fractional yield somewhat less than 10% of that of the alpha-
particle mode. 

In confirming the results of Watson with 252Cf, and using essentially 
the same method, but with greater statistical accuracy. Whetstone and 
Thomas [41], in 1965, established the presence of protons in smaller yield 
(deuterons were not observed) and of 6He particles with a yield of about 
1.5 per hundred alpha particles. They reported indications of 8He par
ticles, and of particles of charge numbers 3 and 4, though with less con
fidence. Further investigations of the light charged particles from 236U* 
(6.4 MeV) were carried out by Marshall and Scobie [42], Chwaszczewska 

TABLE I. MEASURED RELATIVE YIELDS OF LONG-RANGE 
PARTICLES IN 252Cf SPONTANEOUS FISSION (FROM COSPER et al. [45]) 

Particle 

Measured relative yield 

Kinetic energy interval 
(MeV) 

Particle 

Measured relative yield 

Kinetic energy interval 
(MeV) 

Particle 

Measured relative yield 

Kinetic energy interval 
(MeV) 

>H 

l . l O i 0.15 

7.3 -18 .8 

3He 

<7 .5 x l (T 3 

14.2 -21 .3 

«He 

6.2 ± 0 . 8 xlO"2 

9.3 - 2 7 . 7 

гН 

0.63± 0.03 

5.3 ±21.5 

4He 

100 

8.3 - 37.7 

Li isotopes 

0.126± 0.015 

15.2 -37 .3 

3H 

6.42± 0.20 

6.5 -24 .3 

6He 

1.95± 0.15 

10.0 -33 .3 

Be isotopes 

0.156± 0.016 

23.0 -49 .1 
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et al. [43] and Dakowski et al. [7]. The Warsaw groups, in particular, 
obtained evidence for the emission of all the particles reported by-
Whetstone and Thomas with 252cf, and were the first to identify the weak 
deuteron component with any certainty. Dakowski et al. investigated the 
kinetic energy spectra of protons, deuterons, tritons, alpha particles and 
6He particles, showing that the spectra were of Gaussian shape, with the 
peak energies very little different for the Z = 1 particles, though markedly 
less for the 6He particles than for the alpha particles. For the tritons and 
alpha particles they quoted peak energies of 8. 6±0. 3 MeV and 
15.7±0.3MeV, respectively. 

In February 1967 groups at Los Alamos and Berkeley reported their 
more detailed findings with 252Cf. Essentially, their results are in full 
agreement, though the Berkeley workers, Cosper et al. [45], used equip
ment of greater discrimination (an array of four detectors, ДТХ, ЛТ2, 
Ti and T2) and were able to claim higher statistical accuracy than the 
others (Whetstone and Thomas [46]). For sake of the record, we 
reproduce here the central part of the summary table of Cosper et a l . , 
indicating the measured relative yields of particles of the various types 
and the kinetic energy intervals to which these 'uncorrected' yields apply. 
We have omitted from this table the relative yields of the individual 
lithium and beryllium isotopes: these were studied only over the upper
most intervals of kinetic energy (> 25 MeV and >40 MeV, in the two cases, 
respectively). Only in the case of the lithium isotopes was the information 
obtained in this way sufficient to indicate individual yields with some con
fidence. It appears that the yield of 7Li is, in fact, at least five times as 
great as that of 6Li, 8 Li or 9Li, though all these isotopic particles were 
separately identified. 

Very recently, the Warsaw group (Blocki et al. [47]) has published 
the results of yield determinations for the total lithium and beryllium iso
topes in 236U* (6.4 MeV) fission. Recording only those particles having 
kinetic energies greater than 11.5 MeV and 17.1 MeV, in these two groups, 
they quote relative yields of 0. 088+ 0. 002 (Li) and 0.185±0.002 (Be) per 
hundred alpha particles. 

A first detailed determination of relative yields of the light charged 
particles from 24opu* (6.4 MeV) fission has just been reported by 
Krogulski et al. [48]. Only the Z = 1 and Z = 2 particles were identified, 
but the measured yields were almost identical with those quoted in 
Table I. A similarly recent report by Cambiaghi et al. [49] refers to 
234u* (6.7 MeV). These workers find fewer tritons and deuterons, and 
fewer 6He particles, relative to the alpha particles, than would correspond 
to the entries in Table I - and they are the first to claim a significant yield 
of 3He particles. It will be interesting to see whether these results for 
234u* fission are substantiated. 

All the investigations so far mentioned refer to the emission of light 
charged particles in thermal-neutron-induced or spontaneous fission. 
Adamov et al. [5] have compared the relative yields of protons (after cor
rection for background effects), tritons (together with unresolved 
deuterons) and alpha particles in the fission of 235U induced by thermal 
and 14 MeV neutrons, respectively. The relative yields appear to be in
distinguishable at these two energies, within the uncertainty of the experi
ment, and the overall ratio of ternary to binary modes appears to be the 
same to within 5%, or thereabouts. 
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The relative yields (occurrence probabilities') of the various light-
particle-accompanied modes will eventually be crucial for any dynamical 
theory of the fission process; currently, however, the simple energetics 
of the process is of more immediate interest. It has already been stated 
that the trajectory calculations of Raisbeck and Thomas [9] and Blocki and 
Krogulski [15] were concerned primarily with matching the kinetic energy 
spectra of the alpha particles and the other light particles involved. In 
this connection the experiments of Raisbeck and Thomas provide certain 
essential data. These workers were the first to observe any of the light 
charged particles, other than the alpha particles, in coincidence with the 
fission fragments. They were thus able to investigate the angular dis tr i 
butions of these particles relative to the fission axis as well as the kinetic 
energy spectra (concerning which abundant information was already avail
able). Their demonstration that all the various particles with the possible 
exception of the protons, 'are strongly peaked at 90° with respect to the 
major fragments', was the first objective verification of the generally held 
belief that all 'are probably released by a common mechanism'. This had 
been the obvious hypothesis ever since it had been shown that the kinetic 
energy spectrum of the tritons was almost the same as that of the alpha 
particles, once the energy scale had been reduced by a factor 0. 5 
(Watson [40]). 

We have already listed the set of initial parameters which Raisbeck 
and Thomas found adequate, in their trajectory calculations, to describe 
the observed energy spectrum of the alpha particles: these workers found 
that the same set of initial parameters, with the same value of the mean 
energy of particle release, was equally satisfactory as a basis for the de
scription of the energy spectrum of the tritons which they directly deter— 
mined. For the other particles they had to rely on the energy spectra ob
tained by other workers (specifically Cosper et al. [45]). In those cases 
the agreement between the calculated and the observed spectral shapes was 
not so precise, but the general decrease in the peak energy with increase 
in mass number of the Z = 2 particles was faithfully reproduced. Overall, 
the belief in a common mechanism of release for all light charged particles 
was greatly strengthened by these investigations. Blocki and Krogulski [15] 
compared the results of their trajectory calculations with the experimental 
energy spectra of the Warsaw groups [43, 44] and reached conclusions very 
similar to those of Raisbeck and Thomas. In each set of calculations dif
ficulty was found in satisfactorily matching the angular distributions and 
the energy spectra of the various particles simultaneously. This difficulty 
is probably to be ascribed to the extreme simplification of the models used. 

Apart from trajectory questions, the other aspect of the energetics of 
the less probable modes of light-particle-accompanied fission that has 
recently come within the scope of experiment is that of light-particle/frag
ment kinetic energy correlation. Nardi et al. [18] have extended this type 
of investigation from the alpha particles to the tritons and protons in the 
case of 252cf spontaneous fission. In a four-parameter correlation experi
ment, these workers obtained for each recorded event, a light-particle-
type signature, the kinetic energy of the particle, and the kinetic energies 
of the two residual fragments in coincidence with it. On this basis they 
were able to conclude that the distribution in mass of the residual frag
ments of triton-accompanied fission is almost identical with that of the 
alpha-particle-accompanied mode, and the overall distribution of total 
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fragment kinetic energy almost the same in all three modes (proton-, 
triton-, and alpha-particle-accompanied modes). In greater detail, they 
showed that the variation of mean total fragment kinetic energy with frag
ment mass ratio, R, follows the same general trend in all three modes. 
Only in two aspects did the proton-accompanied mode appear somewhat 
anomalous. The distribution in mass of the residual fragments was more 
markedly different from that of the primary fragments of binary fission 
than in the other cases (possibly indicating a preponderance of proton-
accompanied events with near-symmetrical mass division), and the inverse 
correlation between the kinetic energy of the light particle and the total 
kinetic energy of the residual fragments (characteristic, equally, of the 
triton- and alpha-particle-accompanied modes) was not in evidence. These 
are matters on which further research will clearly be profitable. 

In summary, it is now well established that fission involving light-
charged-particle emission occurs in many modes: particles having charge 
numbers 1 to 4 (Z = 5 and Z =6 particles have been tentatively reported [9]), 
and mass numbers 1 to 10, have been definitely identified. With some 
slight reservation in respect of protons, it appears that the release pro
cess is of the same character for all these particles. 

4. CHALLENGE TO THE THEORIST 

In a contribution to the Salzburg symposium, Halpern [50] posed the 
essential problem which the theorist has to encompass if he is to provide 
a dynamical description of the phenomenon of light-particle-accompanied 
fission. 'Generally', he wrote, 'the [energy stored in the collective de
grees of freedom associated with the distortion of the fissioning nucleus] is 
handed on to the distortions of the individual [binary] fragments, but on rare 
occasions it is made available to a third particle' . The problem for the 
theorist is to provide a formal description of this process of 'handing on' 
of energy. An important 'boundary condition' is the extreme shortness of 
the time scale - of the order of 10"21 s. Broadly speaking, no real pro
gress towards a solution to the problem has been made in the last four 
years . Halpern himself concluded 'that the release of the [light particle] 
is a sudden rather than an adiabatic process ' . The matter has effectively 
rested there, ever since. 

In relation to this theoretical problem, it is obviously important to 
know how much energy is available, and how much has to be concentrated 
on the emitted particle in the act of separation. In respect of the alpha-
particle-accompanied fission of 236u* (6.4 MeV), information in respect of 
the first point is provided by the detailed investigation of Schmitt et al. [51]. 
These workers determined the total kinetic energy distribution for the 
fragments of binary fission of this nucleus as a function of the fragment 
mass-ratio R. Over the range of values of R significant for the alpha-
particle-accompanied mode, they found the roöt-mean-square width of 
this distribution to vary monotonically (R increasing) from + 10. 5 MeV to 
± 7 MeV. On the basis of energy conservation, these values give the cor
responding spread of the energies of initial deformation-excitation of the 
binary fragment pairs. Making use of information concerning the variation 
of prompt neutron yield with R, and checking their conclusions against 
Q-values calculated from tabulated masses, Schmitt et al. also deduced the 
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mean values of the total fragment deformation-excitation energies in their 
dependence on R. The picture that finally emerges is that the total initial 
deformation-excitation energy of the paired fragments in this case varies 
from 29±10.5 MeV for the mode of mass division (107/129), through a 
minimum of 22±10 MeV for the mode (102/134) to a greatest value 
30. 5±7 MeV for the more asymmetrical mode (85/151). 

Concerning the amount of energy that has to be concentrated on the 
emitted particle in the act of separation, the estimate generally adopted 
is that of Halpern [50]. Halpern's estimate is based on a much simplified 
model of the separation process, and in the published account, at least, 
he has given numerical values only in relation to equal division of mass 
and charge between the fragments. Effectively, Halpern starts with these 
binary fragments 'at rest at infinity', then he considers the different 
amounts of work that have to be done (a) to bring the fragments reversibly 
to the scission-separation D, (b) first to separate the light particle from 
one of them and then bring the three resultants of the ternary mode r e 
versibly into a linear configuration in which the (ternary) fragments are at 
separation D and the light particle is mid-way between them. The amount 
by which the work in (b) exceeds that in (a), is taken by Halpern to provide 
a measure of the energy that has to be concentrated on the light particle, 
at or shortly after the instant of scission, in the ternary mode. In estimat
ing the electrostatic potential energy component of this energy total, 
Halpern used the point-charge (or spherical nucleus) approximation. If 
the binary fragments are of charge number Z, and the light particle is an 
alpha particle, Halpern's treatment leads to the result 

E R =B a + ^ V 0 

where Ц* is the energy required to separate the alpha particle from one 
of the fragments in (b) and V0 is the mutual electrostatic potential energy 
of the binary fragments at separation D - or, to a sufficient approximation, 
to 

E R = B ö + | v a (1) 

Va being the mutual potential energy of the alpha particle and the binary 
fragment from which it separated, at separation D/2. Taking 5 MeV as a 
representative value for Ba, and adopting 2.0X10-14 m for D, Halpern 
obtained 24 MeV for ER, the energy which has to be concentrated on the 
alpha particle to effect its release (with zero kinetic energy) in the space 
between the fragments in the ternary mode. 

Although it is clear that Halpern's result must be correct as to order 
of magnitude, it is open to doubt whether it can be more reliable than this. 
This doubt focuses on the approximations inherent in the model. It must 
be admitted, on the weight of all the evidence, that the light-particle-
accompanied mode 'develops out' of the binary mode at a late stage in the 
process. It is highly unrealistic, therefore, to employ a model which 
describes the process of light-particle separation as the abstraction of 
charge (ornucleons) from a spherically-symmetrical binary fragment: it 
must be the case that the constituents of the alpha particle (for example) 
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are already present in the neck of the fissioning nucleus at the stage when 
the 'decision' between binary or ternary fission is effected. This criticism 
has already been expressed by Fraenkel [8], and the present reviewer has 
recently explored the matter from this point of view (Feather [52]). The 
basic assumption is that at two succeeding instants, the one immediately 
before, the other immediately after; the light particle 'becomes identifiable 
(in thought) in the space between the fragments', the distribution of charge 
in the system is essentially the same. The pertinent question is: by how 
much must the energy of deformation-excitation of the fragments be 
suddenly reduced (in the interval between these two instants) if the light 
particle is to be set free exoergically? In general, different numerical 
answers are obtained, depending upon the fragment mass-ratio R, and upon 
the way in which the constituent nucleons of the emitted particle are a s 
sumed to be drawn from the two 'nascent' binary fragments. If these frag
ments are denoted by (AL, ZL), (AH, ZH), and if the light particle is an 
alpha particle, there are nine ways in which the four nucleons can be a s 
sembled from the fragments (Feather [53]). The nucleons drawn from the 
nascent light fragment may be 0, In, lp, 2n, 2p, lnlp, 2nlp, ln2p or 2n2p, 
the remaining nucleons being drawn from the heavy fragment. In this case, 
if we label these various modes of alpha-particle assembly using subscript 
r (r = 1, 2, . . ., 9), and if ДЕГ is the amount by which the deformation-
excitation energy must be reduced if an alpha particle is to be released in 
the rth mode, we obtain 

•ДЕГ £ B t(L)+B r(H)-B(*)+Vj(L t)+V r (H t)-V r(a) (2) 

Here Bt(L) denotes the total energy which has to be supplied to separate, 
one by one, from the nucleus (AL, Z^) in its ground state, the various 
nucleons contributed by this nascent light fragment to the alpha particle in 
mode r, similarly for Br(H), and Ща) denotes the total energy necessary 
to separate the alpha particle into its four constituent nucleons. Vr(Lr) 
denotes the energy which has to be expended (against purely electrostatic 
forces), tobring, from infinity, into suitable conjunction with the residual 
ternary light fragment L r , the nucleons which, in mode r, separate from 
the nascent binary fragment L - similarly for Vr (Hr). In this connection, 
'suitable conjunction' implies that, the residual ternary fragment having 
the initial deformation of the ternary mode, the separated nucleons are 
brought up to it in such a way as to reconstitute the configuration of the 
nascent binary fragment with initial deformation appropriate to the develop
ing binary mode. Vr {a) is the corresponding work performed (against 
purely electrostatic forces) in assembling the alpha particle out of the two 
groups of nucleons of mode r (Vr (a) is different from zero only when one 
proton is contributed by each of the nascent binary fragments). It will be 
noted that inequality (2) has precisely the same form as Halpern's 
equation (1), the right-hand member involving the sum of contributions of 
particle binding energy and electrostatic potential energy, respectively. 
However, the individual contributions are not the same. 

In Table II numerical values are given, calculated on the basis of in
equality (2), using the same value of D as Halpern used, setting 
Vr {a) =0. 9 MeV for those modes in which this quantity is not identically 
zero, and taking values of the relevant binding energies from the compilation 
of Zeldes et al. [54]. The entries in the table relate to four reference 
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modes of binary fission of 236U, chosen a s nea r -mos t -p robab le modes, 
and as r epresen t ing the four poss ibi l i t ies in respec t of nucleon-par i ty type 
for the paired f ragments . F o r an (e, e) fissioning nucleus, such a s we a r e 
he re concerned with, the two complementary fragments of binary fission 
must always be of the s a m e nucleon-par i ty type (Fea ther [53]). 

Two conclusions emerge d i rec t ly from the data presented in Table II. 
In the f irs t place, the values of the minimum 'expense in energy ' of a lpha-
par t i c le separat ion a r e consistently l e s s , by a considerable margin than 
the value est imated by Halpern. Secondly, even for this compact sample 
of ' cor responding ' binary modes of mass and charge division, the minimum 
energy expense va r i e s a lmost by a factor of two, depending on the nucleon-
par i ty type of the binary mode, and on the mode of assembly of the four 
nucleons of the alpha par t ic le from the nascent binary f ragments . Only 
when al l four nucleons a r e taken from the same fragment (modes 1 and 9), 
or two neutrons from one fragment and two protons from the other 
(modes 4 and 5), is the energy expense re la t ively insensi t ive to the nucleon-
par i ty type of the binary fragments concerned. Taking these four a lpha-
par t ic le assembly modes together , the l eas t expense is incur red when a 
p re - fo rmed alpha par t ic le sepa ra te s ent i re from the heavy fragment in 
an (e,e) binary mode. Amongst the other modes, however, t he r e a r e 
s eve ra l for which the energy expense is considerably l e s s than th i s . P r e 
eminent is the case in which (r = 6) one proton and one neutron a r e c o n t r i 
buted by each of a pa i r of complementary binary fragments of type (о, o); 
next in o rder of 'profitabil i ty ' a r e those in which (r = 3) a single proton is 
contributed by an odd-Z light fragment and one proton and two neutrons 
by the complementary heavy fragment. F o r the modes of m a s s and charge 
division represen ted in Table II, these th ree leas t unprofitable modes of 
a lpha-par t ic le r e l e a s e a r e charac te r ized by values of minimum energy 
expenditure of 11 .5 , 12.8 and 13.4 MeV, respect ive ly . 

TABLE II. CALCULATED MINIMUM VALUES (IN MeV) OF THE 
REDUCTION IN DEFORMATION-EXCITATION ENERGY OF THE FRAG
MENTS NECESSARY TO PERMIT SEPARATION OF AN ALPHA 
PARTICLE IN THE FISSION OF 236{j. VARIOUS MODES OF ASSEMBLY 
OF THE ALPHA PARTICLE SPECIFIED BY r (SEE TEXT). NASCENT 
BINARY LIGHT FRAGMENT (AL, ZL); NUCLEON-PARITY TYPE OF 
NASCENT BINARY FRAGMENTS GIVEN IN TERMS OF NEUTRON AND 
PROTON NUMBERS (N, Z) . 

^Ч г 

(93,37) 

(94,37) 

(95,38) 

(96,38) 

1 

16.8 

16.2 

16.2 

15.7 

2 

19.8 

15.4 

15.8 

19.3 

3 

12.8 

13.4 

17.1 

17.7 

4 

19.7 

18.5 

20.0 

19.0 

5 

17.4 

18.3 

16.3 

17.4 

6 

15.4 

11.5 

16.3 

20.2 

7 

14.2 

14.1 

19.4 

19.5 

8 

18.8 

16.1 

14.4 

19.5 

9 

17.2 

17.5 

17.1 

П . 6 

(N.Z) 

(e,o) 

(o,o) 

(o,e) 
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From a detailed examination of the experimental evidence, it has been 
estimated (Feather [55]) that the mean initial deformation-excitation energy 
of the residual fragments of the alpha-particle-accompanied fission of 
236U* (6.4 MeV) is less than the corresponding quantity for the fragments 
of binary fission of that nucleus by 6.5±2 MeV. This difference, on any 
view, is considerably smaller than the mean amount of nascent binary 
fragment deformation-excitation energy which has to be expended in alpha-
particle'release. To fix a value for this latter quantity on the basis of in
equality (2), it would be necessary to extend Table II to cover the whole 
range of binary fragment mass and charge, and to know, in much 
greater detail than we do, the relative weights to assign to the division-
modes of the different nucleon-parity types. In the absence of such 
knowledge, we can only guess what the 'correct ' value should be. Accept
ing 15 MeV as such a guess, and allowing an additional 2 MeV for the mean 
energy of alpha-particle release, we conclude that the alpha-particle-
accompanied ternary mode develops out of the binary mode, in this case, 
only when the total deformation-excitation energy of the nascent binary 
fragments is, on average, some 10 MeV greater than the mean value for 
binary modes generally. These developing binary modes, being modes of 
unusually large deformation, are, by the same token, modes involving 
greater-than-normal fragment separation at scission, and less-than-normal 
fragment kinetic energy. In accordance with the numerical values that we 
have already adopted, we may conclude that the separation at scission, for 
those binary modes which develop into ternary modes through alpha-particle 
release, is some 1. 3X10"15 m greater than the average separation for all 
binary modes, in this case. It may be noted that, if Halpern's estimate of 
ER (Eq. (1)) were used in this argument, we should have to conclude that 
20 MeV greater-than-normal nascent binary fragment deformation charac
terizes those fission events which exhibit the ternary mode. This is too 
large a value to be plausible, having regard to the findings of Schmitt et al. 
[51] which we have already discussed. 

This section is entitled 'Challenge to the theorist1. The essence of 
that challenge is to provide a formal description, within the framework of 
accepted theory, of the process of binary scission, and from that descrip
tion to educe the naturally inherent features which anticipate the possibility 
of the sudden collapse of deformation leading to light-particle release. If 
such a description can be achieved it may, perhaps, provide a clear answer 
to the question whether deformation collapse of this sudden type is more 
likely at the instant of scission, abstracting energy from the over-stretched 
neck of the fissioning nucleus, or slightly later, in the tip of a more-than-
usually prominent protuberance on a newly formed fragment. Alternatively, 
the successful theoretical account of the process may well indicate that 
this particular distinction is devoid of all meaning. It is not for a non-
theorist to hazard a guess in this respect. 

5. 'TRUE' TERNARY FISSION 

Basically, there are only three experimental methods available for the 
study of the phenomenon of ' true' ternary fission: the nuclear emulsion 
method, the method of triple coincidence between individual particle detec
tors, and the method of radiochemical analysis. Effectively exploited, the 
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last-mentioned method can give unambiguous, negative, answers to certain 
specific questions ('does the radioactive species X occur as a fission pro
duct with yield greater than у per cent?')- On the other hand, it is much 
more difficult to extract unambiguously positive conclusions from observ
ations made by either of the other techniques. The ternary yield being 
small in any case, the difficulty lies in distinguishing the genuine from the 
spurious event, the particle ranges being short. 

The nuclear emulsion method provided the earliest indications of the 
possible occurrence of ternary fission leading to three fragments of not 
very disparate mass, but it is now largely superseded by the other methods 
listed. Benisz and his colleagues [56], however, have continued to employ 
this method, and have recently reported ternary-to-binary ratios between 
5X10-4 (for 239u* (19 MeV) fission) and 3X10"3 (for 233Th* (8 MeV) fission) -
having in each case rejected some 85% of all observed three-pronged tracks 
as spurious. It must be stated that there is no confirmation of any sort for 
an overall yield of ternary fission events of this order of magnitude. 

By far the most sustained investigation of true ternary fission has been 
that initiated by Muga some eight years ago, of which a progress report [57] 
was given to the Salzburg symposium in 1965. Using three semiconductor 
detectors arranged, in coincidence, with their axes symmetrically disposed 
in a plane, so as to converge on the fission source, Muga and his 
colleagues have reported [58, 59] positive results, and a ternary yield of . 
the order of 10"6 per binary fission, with 252Cf, 242 P u*> 240Pu*j 236u* and 
234U*. Much importance is attached to the empirical result that the crude 
pulse-height spectra of the triple coincidences is significantly different for 
236u* and 234u*( ancj again for 242pu* a n t j 240pu* fission. (In each case, the 
excited compound nucleus is that formed by thermal-neutron capture.) 
Moreover, the spectral differences are of the same nature for these two 
isotope pairs. The argument is that if the coincident events were spurious 
(arising from binary fragment scattering), then there should be no ap
preciable difference between the triple-coincidence energy spectra for two 
fission sources of which the physical dimensions and chemical composition 
were precisely the same (only the isotopic compositions being different). 
At face value, this argument appears convincing - though it has to be ad
mitted that the authors' view, that the differences in question, which are 
correlated with a difference of two neutrons in the constitution of the fis
sioning nuclei, exhibit 'the dominant effect of underlying shell structure in 
forming the product fragments', seems much less securely based. 

Not content to rely on the internal evidence just mentioned, Muga et al. 
[58] made an independent experimental (and theoretical) investigation of the 
scattering of fission fragments incident normally on a UF4 target. Their 
arrangement reproduced that of their primary experiment as nearly as 
possible, and they were able to. show, in relation to the symmetrical 
(120° -120° -120°) disposition of detectors, that scattering effects were in
significant. This was not the case for a less symmetrical (130° -100° -130°) 
disposition (for which their theoretical estimates, also, predicted signifi
cant scattering). As a result of these various checks, this group of 
workers is led to claim positive evidence for true ternary fission recorded 
by detectors in the 120°-120° -120° configuration, but no such unambiguous 
evidence when the configuration is slightly changed to 130° -100° -130°. 
On the basis of their theoretical estimates, Muga et al. recognize that the 
detector configuration 140° -80° -140° should be significantly 'safer', .in 
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relation to scattering effects, than the fully symmetrical configuration 
which they have traditionally employed. It would seem that further work 
with this 'safe1 configuration would be desirable. In the only comparison 
for which figures are published, ternary yields appear to be smaller, by 
a factor between 3 and 7, when this particular configuration is used, than 
they are with the fully symmetrical (equiangular) configuration of particle 
detectors. 

In summary, Muga et al. claim to have evidence for true ternary 
fission, with a yield of about 10-6 per binary fission, with several nuclei 
at low excitation (< 7 MeV), the phenomenon being sharply restricted as to 
relative spatial orientation, and probably sharply defined in relation to the 
identity of the lightest fragment (mass number somewhere in the range 
28 to 38, or, alternatively, in the range 50 to 60). 

The last-mentioned restriction does not arise directly out of the ex
perimental results of the coincidence experiments (in which mass-number 
resolution is of the order of several units); it is essentially imposed by 
consideration of the work of the radiochemists. There would be a glaring 
inconsistency between the two sets of experimental findings if it were not 
accepted: over the whole range of mass numbers from 28 to 60, the radio-
chemists have consistently failed to identify radioactive products of low-
energy fission in appropriate yield - whenever they have been able ade
quately to test for their presence. An appearance of consistency between 
the radiochemical and the instrumental findings would be impossible to 
maintain if the hypothesis of certain sharply defined light-fragment mass 
numbers (preferably those of stable species) were not invoked. Representa
tive of the more recent radiochemical work on low-energy fission is that 
of Stoenner and Hillman [60]. For 23би*( these investigators report ap
parent yields as follows: 42A (1.1±1.7)X Ю-", 4lA(2.8±0.2)X10-1:L, 
39A(3.10+0.02)X10-9, 37A(8 + 2)X10-10, 56Co (4±4) X10"10 per binary 
fission - and they are not entirely convinced that even these low figures do 
not represent residual impurity effects. 

One positive result from radiochemical studies derives from the work 
of Iyer and Cobble [61] - but it does not refer positively to low-energy 
fission. Under conditions of extreme stringency in respect of chemical 
purity, these workers have collected radioactive fission products of low 
mass number (and have failed to identify products in the complementary 
range of high mass number), by the method of recoil, when 238u is bom
barded by helium ions of energy up to 120 MeV. In the case of individual 
products (MNa, 28Mg and 33S) they have investigated the variation of yield 
with the energy of the bombarding particle. For 28Mg (the most thoroughly 
investigated product) the yield decreases steadily by a factor of 104 as 
the bombarding energy is decreased from 120 MeV to 24 MeV - by which 
stage it is no more than 10"7 in comparison with that of 89Sr, a high-yield 
binary fission product which was similarly studied as a reference standard. 
Putting together this new evidence with that from earlier studies, by the 
same group, of the binary-fragment mass-yield curve obtained under bom
bardment with helium ions of 39 MeV, it appears that the smallest yield in 
the low mass-number range is for A =47, or thereabouts. For A<47 the 
yield increases again as A decreases (unmatched by a similar increase 
with increasing A for A > 195). This general result, and other detailed ob
servations, lead the authors to conclude that true ternary fission (with a 
light fragment having A< 47) begins to be appreciable when the excitation 
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energy of the fissioning nucleus (242Pu*) exceeds 19 MeV. If it occurs at 
sma l l e r excitations than this , then they have no evidence of it in t e r m s of 
the low-A products which they invest igated. There we must leave the 
question of t rue t e r n a r y fission at low excitations for the present - with 
many pert inent questions st i l l unanswered. 

It is a lmost outside the scope of this review to re fe r to exper iments 
at higher energies and relat ing to heavier compound nuclei, but it may be 
mentioned that F l e i she r et a l . [62], in an exploratory study of the fission 
of 232Th induced by bombardment with 400-MeV argon ions, have repor ted 
a t e rna ry yield as high a s 1/30 of the binary yield - and by more con
ventional methods, Karamyan et a l . [63], using neon and argon ions having 
energies up to 8 MeV per nucleon, have obtained positive r e su l t s with 
t a rge t s of 209Bi (40Д ions, 310 MeV) and 238[J (22Ne ions, 183 MeV; 
40A ions, 270 and 310 MeV), and negative resu l t s with 197Au (22Ne ions, 
185 MeV). Their detection l imit was something be t te r than 10"5 pe r binary 
fission, and the l a rges t positive effect observed (238U + 40A, 310 MeV) r e 
presented a t e rna ry - to -b ina ry rat io of (1 . 3 ± 0 . 3)X10"3 . In considering 
these r e su l t s , Muzychka et a l . [64] have concluded that they a r e more 
likely to be evidence for a two-stage p rocess of t r ipar t i t ion (a highly ex 
cited heavy fragment undergoing second-s tage binary fission), r a the r than 
for ' t rue 1 (instantaneous) t e r n a r y f ission. 
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DISCUSSION 

R. VANDENBOSCH: Could you explain to me why, for the configuration 
in the right-hand sketch of Fig.A,the energy is lower when the alpha par
ticle is close to one fragment than for a similar configuration with the 
alpha particle midway between the two fragments ? 

FIG.A. Fragment configurations. 

N. FEATHER: I do not make that assertion. On the other hand, I do 
assert that Halpern1 s model, which postulates a large change in Coulomb 
energy at the instant of alpha-particle appearance, is an unrealistic one. 
I prefer to go to the other extreme and postulate that the change of Coulomb 
energy is zero (the constituents of the alpha particle ' a r e there already1). 

R. VANDENBOSCH: I believe your estimates of B a are based on mass 
equations. Is that correct? 

N. FEATHER: Yes. 
R. VANDENBOSCH: I think that if you perform a consistent analysis 

of the energies you will find that you must use a scheme more like Halpern1 s. 
The mass equation from which B a is calculated accounts for the change in 
Coulomb energy for removing an alpha particle from an isolated fragment 
to an infinite separation from the residual nucleus. 

N. FEATHER: The B a deduced from the mass equation certainly in
volves an electrostatic potential energy component, but I am prepared to 
argue that this component appears a second time when the problem of alpha 
particle release is treated according to the model now proposed. A full 
treatment has been accepted for publication in the Proceedings of the Royal 
Society, Edinburgh. 

C. SYROS: As is known from heavy ion reactions, alpha-clusters and 
even heavier clusters are formed on the surface of nuclei. The separation 
of an alpha particle from a fission fragment does not therefore appear 
surprising. If, however, ternary fission is a sequential process, some 
angular correlation should exist between two of the three fission fragments. 
Have you any experimental evidence to show such a correlation? 

N. FEATHER: The angular distribution of alpha-particles with respect 
to the fission axis is satisfactorily explained by the trajectory calculations, 
independently of any assumption about the precise mode of appearance of 
the alpha particle. All that is assumed (in the calculations made to date) 
is that the 'appearance point' lies between the fragments and not far from 
the fission axis. 
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Abstract 

TERNARY FISSION OF M0Pu* AND M2Pu*. Using the facilities of the Brookhaven Graphite Research 
Reactor (BGRR) continuation of ternary fission investigations has been made by extending previous ex
periments to cover the fissioning systems и0Ри* and 24! Pu*. The experiment involves fission fragment 
detection and energy analysis by three solid-state detectors positioned 120* apart in a plane about a fission 
source. The output pulse from each detector is digitally analysed and recorded event by event whenever 
a parallel triple coincidence circuit is satisfied. Earlier data, indicating clear distinctions in the ternary 
fission of these two nuclei, have been confirmed with much greater statistical confidence. The frequency 
of occurrence is approximately one per 106 binary-fission eventst the total-kinetic-energy release is slightly 
less than that for binary fission, about 150 MeV and 165 MeV for the systems 2«Pu* and M2Pu*, respectively. 
In general, we find that the characteristics of this fissioning pair (M0Pu* and M2Pu*)are in many respects 
remarkably similar to the features observed for the comparable fissioning pair, **u* and **u*. The dif
ferences between members in each pair closely parallel each other; this is especially true when the indi
vidual fragment-kinetic-energy spectra and the fragment mass distributions are compared. The distinction 
between the individual fragment-kinetic-energy spectra clearly rules out the possibility of Coulomb scatter
ing, accidental, or spurious events as probable causes of the triple-coincidence data. Evidence of light-
mass fragment production in or near the range 30-40 amu and 50-60 amu is also observed. The fission 
type ratio (I/II) defined in previous work has been evaluated as 0 . 6 i 0.1 for M0Pu* and 2 .7±0 .8 for »JPu* 
further emphasizing the distinction between the two fissioning systems and reconfirming, in our interpretation, 
the extensive role which underlying shell-structure effects exhibit with respect to the tripartite mode of 
fission. 

1. INTRODUCTION 

In a previous publication [1] on the fission of heavy nuclei into t h r ee 
l a rge f ragments , c l ea r dist inctions in the t e r n a r y fission fea tures of the 
sy s t ems 240рц* a l K j 242 рц* W e r e repor ted . The total numbers of events 
were few, however; accordingly, we have continued the investigation, 
using the faci l i t ies of the Brookhaven Graphite Resea rch Reac to r (BGRR) 
in o r d e r to confirm the repor ted t r ends with much g r e a t e r s ta t i s t i ca l 
confidence. 

* Denotes excited compound nucleus system. 
T Work supported by the US Atomic Energy Commission through contract AT(40-l)-2843 Report 

ORO-2843-14. 
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TABLE I. PERCENT COMPOSITION OF DIFFERENT PLUTONIUM 
SAMPLES USED AS FISSION SOURCES IN THIS WORK 

Isotope mass 2S9Pu 241Pu 241Pu 

238 - 0.001 

239 99.18 0.552 1.25 

240 0.81 0.134 5.12 

241 0.01 99.25 92.67 

242 <0.01 0.061 0.96 

244 - 0.001 

2. THE EXPERIMENTAL METHOD 

The exper imenta l method, previously descr ibed [2,3] cons is t s of th r ee 
so l id - s t a te de tec tors positioned 120° apar t in a plane about the plutonium 
fission sou rce . The so l id -s ta te si l icon de tec to r s , of the surface b a r r i e r 
type and 5 m m X 5 mm in act ive a r ea , we re placed at a rad ia l dis tance 
of 1. 5 cm from the sou rce . The physical p roper t i e s of the sou rces w e r e 
essent ia l ly identical and consis ted of a plutonium te t raf luor ide deposit on 
20 pig/cm2 VYNS film support; a r e a l densi t ies var ied around 100 jug/cm2; 
isotopic composit ion of the plutonium, obtained from the Oak Ridge National 
Laboratory , i s shown in Table I. Calibrat ion against the b inary- f i ss ion 
fragment spec t rum was made for each foil before and after each exper i 
ment . The output pulse from each detector was digitally converted and 
recorded event-by-event on punched paper tape whenever a pa ra l l e l 
t r ip le -coinc idence c i rcui t (20 ns resolution) was sat isf ied. Energy 
cal ibrat ion was achieved by comparing the b inary- f i ss ion fragment spec 
t r u m with that f rom t ime-of-f l ight data [4] in o r d e r to locate the energy 
posit ion of the average light and heavy m a s s e s . A mass-dependent ca l ib ra 
t ion [3, 5] was then applied to obtain individual fragment ene rg ie s . 

3. RESULTS AND DISCUSSIONS 

The fissioning sy s t ems repor ted on in this paper a r e : 

239pu + n th-*(240pu*)-. T F (!) 

and 

2 4 1 Pu + n t h - (242Pu*) - T F (2) 

where T F stands for t e r n a r y f ission. 
The frequency of occur rence of t e r n a r y fission was 4 ± 1 and 3 ± 1 

t e r n a r y f iss ions pe r 106 b inary f iss ions , respect ive ly , for the sy s t ems 
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240 рц* a n t i 242py*_ These values a r e comparable (but significantly lower) 
to the figures of 15 ± 2 and 7± 2 pe r 10 6 binary fissions reported [3] for 
the systems 234U* and 236U*. Because of the fixed experimental arrange
ment, the rate of angular dependence was not studied; hence, these 
values represent lower limits for the ratio TF/BF (BF represents binary 
fission). 

The energy distributions of the individual fragments are shown in 
Fig. 1. A distinct difference is evident for these two spectra. Specifically, 
the ratio of the number of fragments in the 60-70-MeV range to the 
number having energies in the 90 - 100 MeV interval is different; also, 
the relative number of lower-energy fragments (10 - 30 MeV) is much 
greater for the 240рц* fissioning system. Overall, these differences 
closely parallel similar variations in the fragment kinetic energy spec
tra observed for the two comparable fissioning systems, 234u* and 
236U* [1, 3]. This distinction between the individual fragment kinetic 
energy spectra clearly rules out the possibility of Coulomb scattering 
as a probable mechanism for the following reason. Coulomb scattering, 
as applied to fission fragments colliding with heavy nuclei, depends pre
dominantly on two factors: a) mass, energy and charge of scattered 
fission fragment, and b) mass, energy and charge of the recoil nucleus, 
mainly 239,241 pu. Since for both fissioning systems (240Pu* and 242pu*) 
these two factors are essentially identical, Coulomb scattering should 
result in virtually identical energy spectra. Hence, the clear differences 
in the two individual fragment-kinetic-energy spectra (Figure 1) pre
cludes the possibility that the observed events originate from a scattering 
process. Also excluded is the possibility that the triple events arise 
from instrument malfunctions or other spurious causes. 

On the other hand, we interpret the marked difference in these two 
spectra (Fig. 1) as being associated with the two-neutron difference in 
fissioning systems (240Pu* vs 242Pu*) and as indicative of the extensive 
role which underlying shell structure effects exhibit with respect to the 
ternary fission mode of decay. 

The total fragment-kinetic-energy release is somewhat less than for 
binary fission as evidenced in Fig. 2. Again we find a similarity in com
paring the two plutonium systems with the two uranium isotopes previously 
studied (Table II). 

T AB LE II. TOT A L-KINETIC - ENER GYRE LEASE 

Fissioning system 

2 « p u * 

240pu* 

236Ц* 

2»U* 

Ternary fission 

165 ± 3 

149 i 9 

155 i 5 

144 ± 4 

Etotal (MeV) 

Binary, fission 

174 

174 

168 

167 
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For each pair, the lower mass member (240Pu*, 234 TJ*) releases 
much less total kinetic energy relative to the higher mass member (242Pu*, 
236U*) and also relative to binary fission. The lower total kinetic-energy 
release for the ternary fission mode indicates that a larger amount of 
energy is tied up at an intermediate stage (scission configuration in the 
fission process) as distortion energy and subsequently becomes available 
as excess excitation energy within the newly formed fragments. Exces
sive neutron evaporation and gamma emission should be experienced by, 
at least, one of these three fragments, possibly resulting in stable (non
radioactive) fragment products. 

The mass distributions computed from these experimental data are 
shown in Pig .3 . The significant aspect here is the observation of low-
mass fragments outside the binary-fission fragment mass range. The 
distinctive features of each fissioning system are shown in more striking 
form in Fig. 4 which shows the mass spectra of the lightest mass frag
ment only. Again, as in earlier work on uranium fission [l, 2], the pre
sence of two low-mass peaks is suggested; a lower one in the 30-40-amu 
region and a higher one in the 50-60 amu range; the spectra for the two 
fissioning systems (240Pu* and 242Pu*) are, nevertheless, quite distinct. 
Furthermore, these mass peaks may be considerably narrower than 
shown here, the observed width accounted for by the uncertainty (±10°) 
in the angular resolution of each detector which in turn is reflected into 
a mass uncertainty. 

Following the procedure of earlier reports, we distinguish events 
as to type I or II based on the mass value of the lightest fragment. Using 
the mass 39-40 cut to separate the two types (type I corresponds to the 
higher range, and type II to the lower range), the ratio of type I to type II 
(If 11) is taken as a measure of the effect of underlying shell structure 
in influencing the trivision (division into three parts). This ratio is 
listed in Table III along with results from other fissioning systems. 
The difference in the ratio (I/II) is quite distinct within each of the two 
pairs (Pu and U) of fissioning nuclei and the lower mass member (within 
each pair) has the lower value for the ratio (I/II). 

It should be pointed out that the graphical data reported herein are 
composites from multiple series of identical experiments for which, 
typically, 5-25 triple events were recorded per experiment. In all 

TABLE III. RATIO OF TYPE-I TO TYPE-II EVENTS 
AS FUNCTION OF FISSIONING SYSTEM 

Type 1 Fission parameter Neutron excess 
Fissioning system ^ - ^ Z , / A N . z 

252Cf 15 ± 4 3 9 . l l 56 

M2Pu* 2 . 7 ± 0 . 8 ; 36.66 54 

240 Pu* 0.6 ± 0 . 1 36.97 52 

236U* 0.9 ± 0 . 1 36.02 52 

J MU* 0.3 ± 0 . 1 36.33 50 

http://39.ll
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cases, for a given set of experimental conditions, the results from in
dividual runs were consistent and reproducible within statistical limits. 

These experiments were all performed with a symmetrical arrange
ment of the three detectors about the fission source, i .e . at 120° apart. 
Hence, all data presented and conclusions drawn pertain to tripartite 
division in which the three fragments are mutually repelled at approxi
mately 120° from each other. 

In summary, we find that the triple coincidence data from the experi
ments on 240pu* ancj 242pu* a r e s i m i i a r in some respects (total kinetic-
energy release, frequency of occurence) to that from the comparable pair, 
234U* and 236u*. On the other hand, we note the difference (individual 
fragment kinetic energy, mass ratio I/II) between members in the plu-
tonium pair closely parallel similar differences between the uranium 
fissioning pair of isotopes. More importantly, these experimentally 
reproducible differences are inconsistent with an interpretation based on 
a Coulomb scattering mechanism, instrumental malfunctions or other 
spurious causes. Finally, the apparent effect of a two-neutron difference 
(in the fissioning pair of isotopes, 240pu* a n ( j 242 pu*j in producing dis
tinctly different tripartite mass and energy distributions is advanced as 
evidence of the dominant role of underlying shell structure in the ternary-
fission process. 
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DISCUSSION 

N. FEATHER: Is it a fact that the counter configuration 140-80-140 is 
1 safer' in respect of spurious (scattering) events than the 120-120-120 
configuration used in the experiments? Very few results using the 
140-80-140 arrangement have been reported. Do you believe that true 
ternary fission is predominantly symmetric in laboratory space, even 
though the mass spectrum is so broad? 
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M.L. MUGA: Yes, the 140-80-140 is slightly better as far as scat
tering with heavy nuclei (U, Pu, Cf) is concerned, but not when lighter 
nuclei (e.g. CI, Ni) might be the culprits. 

We have collected data from U-236* ternary fission at several 
angular configurations, but have concentrated on the 120-120-120 a r 
rangement since our first objective is to establish firmly the existence 
of this phenomenon and not to elucidate its character. However, we do 
not believe the mass spectrum in the low-mass region is so broad; indeed, 
we have clear experimental evidence for more narrow peaks as the angular 
resolution of the detectors is improved. And in fact some very, very pre
liminary data from a time-of-flight mass spectrometer experiment suggest 
the possibility of unique mass formation. 

R. ARMBRUSTER: Do the data which you obtained rule out the pos
sibility of a two-step fission mechanism as a description of ternary fission? 
One of the fission fragments of binary fission could be formed as a shape 
isomer which has (compared to ground-state fission) a highly increased 
fission yield. The half-life of this isomeric state has to be shorter ~10~1<> s 
(0.1 cm of flight path) in order to be taken as ternary fission. 

M.L. MUGA: No, not directly, since the detectors still "see" all 
fragments as coming essentially from the same origin. I would think 
such a mechanism as you suggest to be unlikely because it would require 
the subsequent second fission of a medium-mass nucleus, which we know 
to have rather high fission barr iers . It would have to be already very 
highly deformed. 
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Abstract 

CORRELATED EMISSION OF LIGHT NUCLEI AND NEUTRONS IN 235U AND 252Cf FISSION. The 
yields of protons and tritons in relation to the a-particle yield were measured in coincidence with the 
prompt fission neutrons from spontaneous fission of 252Cf and thermal neutron fission of " 5 U . A con
clusion on the relation between the average number of prompt neutrons and the type of charged particles 
involved was made by making assumptions on the angular and energy distributions of the neutrons. 

High excitation of fission fragments is a well-established fact. But 
it is not yet clear whether there is any difference between the excitation 
energies of fragments in binary and in various kinds of ternary fission 
(with emission of various types of charged particles). The excitation 
energy of fission fragments is released mainly in the neutron evaporation 
process. The average number of prompt neutrons emitted v is therefore 
regarded as a measure of fragment excitation. More precisely, this 
energy is determined by the product уЭЕ*/95/ rather than merely by v. 
The excitation energy of the fragments in binary and ternary fissions 
was compared in Refs [1, 2] by determining the values of 9E*/dv and v 
independently. As a next step, it is interesting to compare various 
types of tripartition. In this paper, a comparison of v has been carried 
out for tripartition in which nuclei with Z = 1 or Z = 2 are emitted. 

The average number of neutrons emitted in proton, triton and alpha 
tripartitions may be compared by measuring the neutron yield in proton 
and triton tripartitions related to the neutron yield in alpha tripartition. 
This relative neutron yield can be defined from the ratio of proton or 
triton yields to that of a -particles if it is measured with and without 
coincidence with the neutrons. Such an experiment was performed for 
the 252Cf spontaneous fission and the thermal neutron fission of 235TJ. 

A diagram of the experimental arrangement is presented in Fig. 1. 
A 2 mg/cm2 U3Os target (enriched in 235U to 95%) 16 mm in diameter 
was irradiated with a neutron beam of 6X108 n/cm2 s flux. In the case 
of 252cf measurements a source with ~107 decays/min and 7 mm in dia
meter was used. The telescope counter consisted of a 50jum ДЕ t rans
mission detector and of an E detector with the sensitive region of 1. 5 mm. 

. The particles could be identified by registering the signals from both 
of these detectors in a two-parameter 40X40 channel analyser. The 
telescope was protected from the fragments by an aluminium foil 4 mg/cm 
and 6. 5 mg/cm2 thick in the case of 235U and 252Cf, respectively. 

115 
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TABLE I. RELATIVE PARTICLE YIELDS 

2S2Cf 

2 3 5 j j * 

Particle 

tritons 

protons 

tritons 

pa nicies 

^min 
(MeV) 

6 

8 

5 

13 C 

15 <• 

b 
Relative yields 

without 
coincidence 

9.3 ± 0 . 3 

0.96 i 0.02 

8.0 ±0 .05 

100 

with coincidence 

non corrected corrected 

8.2 ± 0 . 6 8.3 ± 0 . 6 

0.77 i 0.10 0.86 ± 0.10 

7.3 ± 0 . 3 7.4 ± 0 . 3 

100 100 

without coincidence 

with coincidence 
(corrected) 

1.12 ± 0.09 

1.11 ± 0.13 

1.08 ± 0.04 

a Only the parts of spectra higher than Е т ; п are taken into account. 
Ь The errors given are statistical ones. 
c For 252Cf measurements. 
d For 235U measurements. 

The neutron counter consisted of a stilbene crystal 30X5 mm/40X40 mm 
in 252Cf measurements, coupled with a 56-AVP photomultiplier. To re 
duce the intensity of low-energy gamma rays the crystal was shielded by 
a 15-mm lead sheet. The separation of gamma rays from neutrons was 
effected with a pulse-shape discriminator. The admixture of gamma-ray 
pulses to the neutron pulses was estimated to be less than 5%. The neutron 
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registration threshold was set at about 0.5 MeV. The highest efficiency 
of the neutron counter corresponded to about 0. 7 MeV neutron energy. 

The axes of the neutron counter and the telescope counter were per
pendicular to one another. Besides, in the case of 252Cf, spontaneous 
tripartition measurements were performed, in which the telescope and 
the neutron counter had a common axis, which entails the registration of 
the events of neutrons and charged particle emission in opposite directions. 

A typical fast-slow coincidence system was used. The fast coinci
dence (2т = 30 ns) between the signals from the photomultiplier and the E 
detector opens one gate of the analyser. The neutron signal from the 
pulse-shape discriminator opens the second gate. The random coincidences 
did not exceed 5% of the true ones. 

In the measurements of 236U tripartition the time of the runs in which 
charged particles were registered with and without coincidence with fission 
neutrons was 140 and 21 hours, and the average rates were 1. 8/min and 
560/min, respectively. Accordingly, in the case of 252Cf the measure
ments lasted 120 and 8 hours and the rates were 0.7/min and 215/min. 

i i i i 

FIG.2. Angular distributions of ot-particles (upper curves) and neutrons (lower curves). 
The dashed lines represent the registered parts of the distributions. 
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The relative yields of tritons (with an admixture of non-distinguished 
deuterons) and protons with respect to the emission of 100 о-particles 
were calculated for coincident and non-coincident measurements. The 
results are presented in the fourth and fifth columns of Table I. In the 
sixth column the results of coincidence measurements, with corrections 
providing for the difference between the angular distributions (with r e 
spect to the fragments) of a.-particles, tritons and protons [3] are pre
sented. The results of the measurements performed with collinear coun
ters , which are not included in this table,: are quite consistent with the 
remaining ones within the error limits. 

The finite sizes of the target and both detectors were taken into ac
count, and the angular distribution of prompt neutrons was assumed to 
be independent of the type of light charged particle. In Fig. 2 the parts 
of angular distributions of the neutrons and a;-particles registered when 
the axes of the detectors were perpendicular are shown. However, the 
efficiency of our neutron counter depended on the energy of neutrons. . 
Hence, when interpreting the results of our experiment it should be as 
sumed that the energy distribution of prompt neutrons does not depend 
significantly on the type of particles considered, or- that the differences 
between the distributions for various types of tripartition are not larger 
than those for the binary fission and о-tripartition of 236U (see Ref. [4]). 

It was calculated that the probability of two neutrons being simul
taneously registered is as small as 2% - 4% of the probability of a single 
neutron being registered. Having this in mind, we can conclude, on the 
basis of the results listed in Table I, that the amount of prompt neutrons 
accompanying the proton and triton tripartition of 236u and 252Cf is smaller 
by about 10% than that in the о-tripartition. This difference lies within 
the limits of a single and two standard deviations for the protons and 
tritons, respectively. 

The present results seem to indicate that if the values of 9E*/9v 
are the same for the types of tripartition investigated the amounts of 
excitation energy released by prompt neutrons do not differ very much 
(not more than 10%). 
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Abstract — Resume 

PROPERTIES OF THE ALPHA PARTICLES EMITTED DURING THE TRIPARTITION OF URANIUM-235 
BY THERMAL NEUTRONS. Using the charged nuclear.emulsions method,the authors studied the emission 
of alpha particles during the tripartition of 235U by thermal neutrons. About 3000 events were analysed. 

The main aim of the experiment was to obtain a very high precision (±2°) in the measurement of 
the angle between the alpha particle and the light fission fragment. However, the accurate measurement 
of the range of the two fragments (± 1 urn) enables the authors to find the ratio of the fragment masses 
with an accuracy of about 10%. It was, thereby, possible to study the variation of a certain number of 
parameters as a function of this ratio. 

We obtained the following main results: 1. The most probable value of the energy of the alpha 
particle seems to be independent of the ratio between the fission fragment masses. 2. The most probable 
value of the angle between the alpha particle and the light fission fragment grows with the ratio of the 
fission fragment masses. This curve shows discontinuities corresponding to fragments having a magic 
number of nucleons. 3. The most probable value of the kinetic energy of the alpha particle varies very 
strongly with the final emission angle of this particle with respect to the light fragment and shows a mini
mum in the neighbourhood of the most probable value (~83°). 4. The angular distribution of the alpha 
particles with respect to the light particle increases with the kinetic energy of these particles. 

These results are compared with existing data on other fissile nuclei and an attempt is made to 
interpret them phenomenologically. 

PROPRIETES DES PARTICULES ALPHA DE TRIPARTITION DE L'URANIUM-235 PAR LES NEUTRONS 
THERMIQUES. Les auteurs ont etudie remission de patticules alpha de tripartition de Turanium-235 par 
les neutrons thermiques, par la technique des emulsions nucleaires chargees. Environ 3000 eVenements ont 
ete analyses. Le but principal de T experience etait d'obtenir une tres bonne precision (±2°) dans la mesure 
de Tangle entre la particule alpha et le fragment leger de fission. Cependant, la mesure precise du par-
cours des deux fragments (±1 urn) permet d'obtenir une precision d'enviton 10<$> sur le rapport des masses 
des fragments, ce qui donne la possibility d'etudier la variation d'un certain nombre de parametres en 
fonction de ce rapport. 

Les principaux resultats obtenus sont les suivants: 1. La valeur de l'energie la plus probable de la 
particule alpha semble independante du rappört des masses des fragments de fission. 2. La valeur la plus 
probable de l'angle entre la particule alpha et le fragment leger de fission crott avec le rapport des masses 
des fragments de fission. Cette courbe presente des discontinuites correspondant aux fragments possedant 
un nombre magique de nucleons. 3; La valeur de l'energie cinetique la plus probable de la particule alpha 
varie tres fortement avec Tangle d'emission final de cette particule par rapport au fragment leger et prä
sente un minimum aux alentours de la valeur la plus probable (~ 83°). 4. La distribution angulaire des 
particules alpha par rapport au fragment leget s'elargit lorsque l'energie cinetique de ces particules augmente. 

Ces resultats sqnt compares avec les donnees existant sur les autres noyaux fissiles et les auteurs essaient 
de donner une interpretation phrSnomenologique de ces resultats. 
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1. INTRODUCTION 

L' etude de la tripartition dans laquelle une particule legere (une parti-
eule a dans ä peu pres 95% des cas) est emise ä partir du col joignant les 
deux fragments de fission peut donner des informations complementaires 
et plus precises que 1' etude des neutrons de fission sur la forme et le 
comportement dynamique des fragments de fission et du col. 

La presente etude porte sur la mesure de la variation de 1' energie 
cinetique finale la plus probable de la particule legere en fonction de 
1'angle final entre cette particule et le fragment leger, Qai, et en fonc
tion du rapport des masses des gros fragments R. Nous avons egalement 
mesure la variation de 1'angle 0 4 en fonction du rapport R des masses 
des gros fragments. 

Alors que les mesures effectuees ä l 'aide de detecteurs a. semi-
conducteurs donnent une meilleure precision sur les energies cinetiques 
des fragments, la technique des emulsions nucleaires chargees permet 
d'effectuer des mesures plus precises de distributions angulaires. En 
effet, dans ce cas, les angles sont mesures avec une grande precision. 
De plus, il est possible de tenir compte du recul impose aux gros frag
ments par la particule legere, ce qui est t res difficile avec les semi-
conducteurs. En outre, les resultats concernant la mesure des energies 
des particules legeres sont egalement bien precis, car aucun ecran n 'es t 
interpose sur le parcours de celles-ci, contrairement ä ce qui a lieu 
lorsqu'on utilise les detecteurs ä semi-conducteurs. 

2. DISPOSITIF EXPERIMENTAL 

Des plaques photographiques dont 1' emulsion etait chargee avec de 
1'uranium enrichi a 93% en 235U servaient ä la fois de cible.et de detec-
teur. Ces plaques etaient impregnees durant 45 minutes dans une solu
tion tamponnee de nitrate d'uranyle. De cette maniere nous avons intro-
duit environ 2, 5X1018 noyaux d'uranium par cm3 d'emulsion, repartis 
d'une maniere homogene. Nous avons ainsi un detecteur An ayant une 
efficacite de 100% pour le phenomene que nous nous proposons d' etudier. 

Ces plaques etaient irradiees dans un faisceau de neutrons ther-
miques fournis par la pile EL3 du CEN de Saclay. Le flux etait de 1' ordre 
de 107 n / sXcm 2 . Etant donne ces caracteristiques une irradiation de 
3 minutes procurait un nombre süffisant d'evenements. 

Le bruit de fond etait du principalement aux particules alpha de la 
radioactivite naturelle de 1'uranium-234 qui entre pour 0, 7% dans la com
position de l'uranium utilise et qui a une activite t res importante. Pour 
diminuer 1'importance de ce bruit de fond, nous avons du reduire le 
plus possible la duree de toutes les operations effectuees pendant que 
l1 emulsion est sensible. Les conditions dans lesquelles nous avons opere 
nous ont permis d'obtenir un bruit de fond tout ä fait acceptable. 

3. MESURES EFFECTUEES 

La recherche des evenements et leur mesure sont effectuees ä l'aide 
du microscope. Nous avons mesure 3000 evenements environ. 
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On u t i l i se , pour r e c h e r c h e r l e s evenements , un g r o s s i s s e m e n t de 
500 fois, et pour effectuer les m e s u r e s , un g ros s i s s emen t de 1000 fois . 
Ces m e s u r e s sont les suivantes: 
- longueur de la project ion hor izontale de chaque t r a c e , 
- longueur de la project ion ve r t i ca l e de chaque t r a c e , 
- angle en t re chacune des project ions hor izonta les . 

Un cer ta in nombre de t e s t s sont effectues [l] pour e l iminer l es 
evenements p a r a s i t e s . 

4. PRECISION DES RESULTATS 

Nous devons dis t inguer la p rec i s ion des m e s u r e s de la p rec i s ion des 
r e su l t a t s , puisque nous effectuons des m e s u r e s dans un plan et nous les 
t rans formons en r e su l t a t s dans 1' espace en tenant compte du coefficient 
de contract ion de l1 emulsion ä la suite de son t r a i t emen t . 

Les m e s u r e s sont effectuees avec les p rec i s ions suivantes: 
- 0 ,5 mic rons sur les project ions hor izonta les , 
- 0, 5 mic rons su r l e s project ions v e r t i c a l e s , 
- 1 degre sur les angles . 

II en r e su l t e les p rec i s ions suivantes sur les r e su l t a t s b r u t s : 
- 0 , 7 mic rons su r l e s longueurs des p a r c o u r s , 
- en t re 1 et 2 degres su r l es angles . 

De се fait la resolut ion en energie des par t icu les alpha se t rouve 
e t r e de 1' o rd re de 300 keV, et celle des f ragments de f ission de 7 MeV 
(се qui entra ine une e r r e u r d' environ 10% sur la va leur du rappor t des 
m a s s e s R des g ros f ragments de t r ipar t i t ion) . 

II es t important de noter que not re methode de m e s u r e nous pe rme t 
de ten i r compte de facon exacte du r e c u l impose p a r la par t i cu le alpha 
aux g ros f ragments de t r ipar t i t ion , a l o r s qu 'on ne peut effectuer qu 'une 
cor rec t ion moyenne l o r s q u ' o n u t i l i se des semi -conduc teu r s . En effet, 
s i on neglige ce r ecu l , on obtient la relat ion suivante: 

M 1 E 1 = M 2 E 2 (1) 

ou Mj et E[ sont respec t ivement la m a s s e et 1' energie du fragment i . 
Si on t ient compte de 1' impulsion de la par t icu le alpha, la re la t ion (1) 

devient: 

M 1 E 1 = c 2 M 2 E 2 

avec 

_ sin(ß + T) 
sinjS 

ou les angles ß et у sont ceux indiques su r la f igure 1. 
L1 e r r e u r su r la m e s u r e des angles etant t r e s faible, 1' angle 6aj> 

en t re la par t i cu le alpha et le f ragment leger de f ission est , en pr inc ipe , 
bien m e s u r e . Toutefois, lo rsque le rappor t des m a s s e s R des g ros 
f ragments de t r ipar t i t ion es t voisin de 1'unite, 1 ' imprecis ion su r la 
connaissance de 0 ^ devient t r e s g rande . En effet, l1 e r r e u r s u r la 
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mesure des parcours peut faire que 1' on inverse le rapport des masses 
et que 1' on attribue une masse superieure au fragment leger et inferieure 
au fragment lourd. Dans ce cas, au lieu de mesurer l1 angle Bai , on 
mesure un angle qui est proche de son supplement. 

Nous appellerons ces cas-lä des cas douteux et nous avons recherche 
la proportion de tels cas pour divers domaines de valeurs de R. Nous 
estimons qu'un cas est douteux lorsque la difference des parcours me-
sures est inferieure ou egale a lf erreur commise sur la mesure de cette 
difference. Nous obtenons alors les resultats suivants: 

1 « B < 1 , 1 77% de cas douteux 
1,1 S R < 1 , 2 23% de cas douteux 
1 , 2 S E < 1 , 3 5% de cas douteux 

RS 1,3 moins de 1% de cas douteux. 

2 FIG. 1. Composition des impulsions en tripartition. 
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FIG.2. Spectre en enetgie des particules alpha. 
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Nous pouvons done penser que les 'resultats des mesures de 6ац que 
nous obtenons pour 1 s R < 1,1 ne sontpas significatifs; lorsque 1, 1 s R < 1, 2 
nous pouvons penser que le spectre est legerement elargi, mais la valeur 
du maximum est exacte; pour tous les autres cas, les spectres sont 
corrects. 

5. RESULTATS 

Le spectre des particules alpha que nous obtenons est porte sur la 
figure 2, il possede un maximum assez large situe aux environs de 16 MeV 
et la valeur maximale est situee vers 3 2 MeV. Ces resultats sont en 
accord avec ceux dejä obtenus par divers auteurs [2-7], mais nous de-
vons remarquer que nous n'avons pas eu besoin d' effectuer de correction 
d'ecran, contrairement a la plupart des auteurs cites ci-dessus, et que 
nous avons mesure un nombre relativement important d' evenements, ce 
dont decoule la precision de nos resultats. 

Sur la figure 3, nous pouvons voir la distribution de 1' angle в cd entre 
la particule alpha et le fragment leger de fission; nous avons discute 
plus haut la precision de cette distribution. La valeur la plus probable 
se trouve a 83° et la largeur ä mi-hauteur est de 29°; cette largeur rela
tivement faible est due ä notre bonne resolution angulaire associee ä une 
assez bonne statistique. 

Sur la figure 4, nous avo.ns porte la valeur la plus probable de 1' ener-
gie de la particule alpha en fonction du rapport R des masses des gros 
fragments de tripartition. Nous pouvons constater que cette energie ne 
varie pratiquement pas dans les limites de precision des mesures d' ener
gie des particules alpha. Notons que nous avons trouve un resultat simi-
laire au cours d'une etude realisee a 1'aide de detecteurs ä semi-conducteurs 
dans laquelle la precision sur la valeur du rapport de masse etait supe-
rieure, mais celle sur 1'energie de la particule alpha etait moins bonne [1]. 

Sur la figure 5 est tracee la variation de 1' energie la plus probable 
de la particule alpha en fonction de l1 angle вац . Nous voyons que cette 
courbe possede un minimum d'une valeur un peu inferieure ä 16 MeV aux 
alentours de 1'angle le plus probable et qu'elle accuse une legere dis-
symetrie par rapport а с et angle. 

Nous avons porte sur ce meme diagramme deux points mesures par 
Schneeberger [8] ä des angles egaux a 20° et 60°. Ces resultats s ' ac -
cordent bien avec les nötres. Nous pouvons neanmoins noter que la va
riation que nous trouvons est plus rapide que celle trouvee par Fraenkel 
[2] dans le cas de la fission spontanee du 252Cf, dont les resultats sont 
portes sur le meme graphique. 

Si nous tracons la distribution de 1' angle 6a!L pour differents domaines 
de valeurs du rapport R des masses des gros fragments de tripartition, 
nous obtenons des histogrammes ayant tous ä peu pres la meme largeur, 
lorsque R est superieur a 1,1. Nous avons vu plus haut que les resultats 
n'etaient pas significatifs lorsque 1 s R < 1,1. 

Sur la figure 6, nous avons porte la valeur la plus probable de 1' angle 
0aS en fonction du rapport des masses des gros fragments de tripartition. 
Nous obtenons une courbe dont la pente est plus .faible pour des valeurs 
de R comprises entre 1,3 et 1,8 qu' aux deux extremites. 
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FIG. 3. Distribution angulaire des particules alpha par rapport au fragment leger. 
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de l'energie la plus probable des particules alpha en fonction du rapport des masses 
de tripartition. 
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FIG.6. Variation de Tangle 6aJ2 le plus probable en fonction du rapport des masses des gros fragments. 

En nous referant aux calculs de Milton [9] dormant la charge la plus 
probable d'un fragment de fission de masse donnee, nous constatons que 
lorsque R = 1, 3, l 'un des fragments est le ^ S m , qui est un noyau «double-
ment magique»; lorsque R = 1, 8, l 'un des fragments est le | |Se , qui possede 
un nombre magique de neutrons. 

La figure 7 montre la distribution de 1' angle 0^ pour divers domaines 
de 1» energie cinetique de la particule alpha. Nous constatons que les trois 
premiers spectres ont des formes assez semblables bien que la largeur 
semble augmenter legerement lorsque 1' energie cinetique de la particule 
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FIG.7. Distribution de Tangle вац pour divers domaines de l'energie cinetique de la particule alpha. 

alpha augmente. Lorsque cette energie est t res grande (E a > 24 MeV), la 
distribution de вей devient t res large. Ces resultats sont en accord avec 
ceux dejä obtenus par Perfilov et al. [10] sur le 235U et par Fraenkel [2] 
sur le 2S2Cf. 

6. DISCUSSION 

Nous allons essayer de donner une explication des differentes distribu
tions que nous avons montrees au paragraphe precedent. 

EtUdions tout d1 abord la distribution de 1' energie de la particule alpha 
en fonction du rapport des masses des gros fragments (fig;4). 
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Les caleuls effectues par divers auteurs [11-16] montrent que 1'energie 
finale de la particule alpha depend principalement des deux parametres 
suivants: energie initiale de la particule alpha et energie potentielle de 
cette particule due ä l1 influence coulombienne des deux gros fragments 
sur celle-ci. Dans l'hypothese du modele de l 'haltere dissymetrique 
de Whetstone [17] et Vladimirski [18], les dimensions du col joignant 
les deux gros fragments ne dependent pas du point de rupture du col. Si 
la particule alpha se trouve ä 1'Interieur du col, Halpern [13] a montre 
que 1' energie cinetique initiale de la particule alpha est donnee par la 
relation suivante: 

« 2 M a V L / 
avec 

L 8 - — r 3 A „ 

AN represente le nombre de nucleons dans le col qui est suppose etre 
constant dans le modele cite ci-dessus. Done, l1 energie E„ ne depend 
pas du rapport des masses des gros fragments R. 

D1 autre part, Doan et al. [12,19] ont montre que 1' energie potentielle 
varie t res peu en fonction du rapport R. 

II en resulte que 1' energie finale de la particule alpha doit varier 
t res peu en fonction de R puisque les deux principaux parametres qui 
determinent cette energie sont eux-memes presque constants en fonction 
de R. 

Examinons maintenant la variation de l1 energie la plus probable de 
la particule alpha en fonction de 1" angle 6^ que fait cette particule avec 
le fragment leger (fig. 5). 

Lorsque la particule alpha passe pres d'un des fragments (6^ petit 
ou grand) eile doit vaincre une repulsion coulombienne importante. Par 
consequent, dans ce cas, son energie initiale doit etre elevee et supe-
rieure ä la valeur la plus probable de la distribution de 11 energie cine
tique initiale. Or, Halpern [13] montre que la valeur de 1' energie cine-
tiquefinale des particules alpha augmente quand l1 energie cinetique initiale 
crolt. II en resulte que, dans les regions ou 9<& a des valeurs voisines 
de 0° ou de 180°, 1' energie finale des particules alpha doit etre assez 
elevee. 

De plus, la repulsion coulombienne que doit vaincre la particule 
alpha est plus elevee si sa trajectoire passe pres du fragment lourd que 
si eile passe pres du fragment leger. Done son energie initiale doit aussi 
etre plus elevee dans ce cas. Ceci explique que 1' energie cinetique de 
la particule alpha crolt plus rapidement du cote des grandes valeurs de дей • 

Remarquons que ее т ё ш е raisonnement permet de comprendre que 
lorsque 1* energie de la particule alpha est grande, la distribution de 1' angle 
вдл est large (fig. 7). En effet, une energie finale grande provient d'une 
energie initiale grande. Or, si son energie initiale est grande, la particule 
alpha a la possibilite de passer pres de 1'un des fragments (1' effet de foca-
lisation a 90° est moins important). 

La pente de la courbe de variation de 1' angle 0<rf en fonction de R 
change pour des valeurs de R correspondant au cas oü l 'un des fragments 
possede un nombre magique de nucleons (fig. 6). 
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Le fait que la pente soit plus faible pour 1, 3 < R < 1, 8 resulte du fait 
que, dans ce domaine des valeurs de R, la distance entre les gros frag
ments diminue en mime temps que le point d' emission se rapproche du 
fragment leger: ces deux effets sur 9^ tendent ä se compenser. En 
effet, 1'angle 6^ depend, d'une part, de la position initiale de la particule 
alpha par rapport au fragment leger, et, d1 autre part, de la distance 
entre les deux fragments. 

La figure 8 permet de comprendre ce phenomeme. Bien que la dis
tance entre la particule alpha et le centre du fragment leger soit la meme 
dans les deux cas, 1' angle 0^ est plus grand dans le premier que dans 
le second a cause de la variation de 1' importance de la repulsion coulom-
bienne due au fragment lourd. 

FIG.8. Influence de la distance entre les fragments sur 1'angle 6 a { . 

Le changement de pente se produit quand la variation de la distance 
entre les fragments devient t res rapide par rapport ä la distance entre 
la particule alpha et le fragment leger. Or, la variation rapide de,dis
tance entre les fragments se produit dans les regions ou 1'un des frag
ments est spherique, done dans les regions ou R est proche soit de 1,3 
soit de 1, 8 {intervention des nombres magiques). 

7. CONCLUSION 

Nous avons pu expliquer d'une maniere coherente les resultats ob-
tenus au cours de ce travail moyennant les hypotheses suivantes: 

- La forme du noyau fissionnant, au moment de la scission, est cor-
rectement decrite par le modele de l 'haltere de Whetstone [17] et 
Vladimirski [18] si l1 on tient compte de 1" influence des couches fermees 
sur la forme des fragments. 

- La particule alpha est emise ä partir du point de rupture du col ä 
un instant tres proche de la scission. 

- L' energie cinetique initiale de la particule alpha, au moment de 
son emission, possede une distribution autour d'une valeur la plus pro
bable. 

Toutefois, le probleme important du mecanisme d' emission de la 
particule legere reste pose. En effet, aussi bien le processus adiabatique 
de Geilikman et al. [16] que le processus de «sudden approximation» de 
Halpern [13] permettent d' expliquer les resultats que nous avons obtenus. 
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DISCUSSION 

G. BEN-DAVID: Speaking as an old emulsion physicist I fear that 
I can discern some discrepancies between the results of this paper and 
a similar experiment carried out at the Soreq reactor using solid-state 
detectors. We have analysed some 105 long-range alpha events in thermal 
fission of U. The most serious discrepancy seems to be in the most 
probable angle of alpha emission. Our work shows (see Fig. A of this 
Discussion) emission of alpha particles towards the light fragment with 
increasing mass ratio, in contrast to the results reported in this paper 
by the Bordeaux group using emulsions. 

The source of the discrepancy ought to be resolved before final 
conclusions can be drawn from trajectory calculations. Using calculations 
similar to those carried out by Boneh et al. , we find that the angular and 
energy distributions of our experiment are best fitted by the following 
initial scission parameters: 

Fission-fragment separation 23 F 
Alpha-particle energy 2 MeV 
Fission-fragment energy 25. 5 MeV 

http://CAEU.ES
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T h i s l a s t r e s u l t i s in e x c e l l e n t q u a l i t a t i v e a g r e e m e n t wi th the l i q u i d -
d r o p c a l c u l a t i o n s c a r r i e d out by J . R . Nix for 2 3 6 U . Would you c a r e t o 
c o m m e n t ? 

M . ASGHAR: P e r h a p s I m a y r e p l y to D r . B e n - D a v i d ' s o b s e r v a t i o n s . 
H i s r e s u l t s on 6^ (R) , w h e r e R i s t he f r a g m e n t m a s s r a t i o , d i s a g r e e 
s e r i o u s l y w i t h o u r s . L e t m e poin t ou t , h o w e v e r , t h a t w i th t h e u s e of 
s e m i - c o n d u c t o r d e t e c t o r s i t i s q u i t e d i f f i cu l t to m e a s u r e w i t h h i g h p r e c i 
s i o n t he a n g u l a r d i s t r i b u t i o n of t he t e r n a r y - f i s s i o n a l p h a p a r t i c l e s ; t h i s 
i s due to t h e fac t t h a t h e r e t h e a n g u l a r r e s o l u t i o n i s v e r y m u c h w o r s e 
t h a n w h a t c a n b e o b t a i n e d wi th e m u l s i o n s . M o r e o v e r , in t he c a s e of 
e m u l s i o n s , o n e c a n t a k e e x a c t a c c o u n t of t h e a l p h a - p a r t i c l e r e c o i l e f fec t , 
w h i c h i s not so wi th s e m i - c o n d u c t o r d a t a . 

Cartes et al ( SM 122/80 ) 

FIG. A. Emission of alpha particles towards the light fragment. 

F i g u r e В s h o w s the a l p h a p a r t i c l e e m i s s i o n p r o b a b i l i t y , P a ( M ) , 
b a s e d on o u r m e a s u r e m e n t on t h e 235TJ t a r g e t n u c l e u s wi th t h e u s e of 
t h e r m a l n e u t r o n s . T h i s m e a s u r e m e n t c o v e r s t he c o m p l e t e m a s s r a n g e . 
T h e c u r v e of P a ( M ) s h o w n h e r e h a s a s h a p e w h i c h i s s t r i k i n g l y s i m i l a r 
t o t he w e l l - k n o w n n e u t r o n d a t a . T h i s s i m i l a r i t y s h o w s t h a t t h e f a c t o r s 
t h a t p l a y a n i m p o r t a n t r o l e in t h e e m i s s i o n of n e u t r o n s , v[M), a r e a l s o 
i m p o r t a n t for t h e e m i s s i o n of t he a l p h a p a r t i c l e . 

W e know t h a t t h e W h e t s t o n e d u m b - b e l l m o d e l v e r y a d e q u a t e l y e x 
p l a i n s t h e f o r m of t h e v(M) d a t a and s h o u l d , t h e r e f o r e , e x p l a i n P a ( M ) 
t o o . T h e s a m e m o d e l g i v e s a c o n s i s t e n t e x p l a n a t i o n of o u r d a t a o n 
0*(M) . 
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FIG. В. A l p h a - p a r t i c l e emission probabil i ty P a ( M ) versus mass M. 

N. FEATHER: Is it possible that the process of rejection of spurious 
events (2000 out of 5000) has left in the 'accepted' class some events of 
large R (or R " 1) which are not genuine? The equal error bars on the 
figure showing the most probable alpha particle energy as a function of 
R suggest that roughly the same number of events was measured in each 
range of R. Was this in fact the case? 

C. CARLES: As explained in the paper, these events were rejected 
after completion of various tests that were carried out on these measured 
events. When R те 1, there is a difficulty in deciding which of the two 
fragments is the light one; this arises because the ranges of the two 
fragments in this region are almost identical. However, there is not dif
ficulty in comparison when R is large. 
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The error bars on the most probable kinetic energy of the alpha particle 
as a function of R are not statistical er rors , but depend on the precision 
with which the fragment range curves are known and the accuracy of the 
microscope measurements. We found that this amounted to about 0. 5 MeV 
for the most probable masses and we took the same value for all R. 

S. S. KAPOOR: May I comment that the validity of the dumb-bell 
model in predicting the angular distribution of alpha-particles for various 
mass ratios necessarily assumes that these particles are emitted prior 
to the actual breaking of the neck, i. e. before the neck collapses and the 
fragments acquire equilibrium configuration. The basis of application of 
the dumb-bell model is therefore quite different from that underlying all 
those models of ternary fission in which the alpha-particle is assumed 
to be emitted as a result of sudden collapse of the neck. 

C. CARLES: In invoking the dumb-bell model to order to explain the 
behaviour of 0^(R), one does not need to assume the emission of the alpha 
particle before the breaking of the neck; one could identify the point of 
emission of the alpha particles with the point of scission (break). 

J. GRIFFIN: Would it be convenient to list the values of the parameters 
for a scission configuration which would give your results and to compare 
them with those which Dr. Ben-David said would describe his data? 

C. CARLES: We have not carried out calculations concerning the scis
sion configuration. However, using the trajectory calculation results of 
Kataze (J. Phys. Soc. Japan 2j> (1968) 933) in conjunction with our experi
mental data on 0a(R) we obtain a value of about 3 MeV as the alpha-particle 
initial kinetic energy; this value is consistent with the results obtained 
by Boneh (Fraenkel and Nebenzahl, (Phys. Rev. Г5_6(1967) 1305) and 
Raisbeck and Thomas (Phys. Rev. Г72 (1968) 1272). 
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Abstract 

STATISTICAL THEORY OF NUCLEAR FISSION: a-PARTICLE EMISSION. Experimental information 
on angular correlation of the long-range a-particle emitted in ternary fission with the main fission fragments 
has recently become available. The results may be compared with theoretical predictions and, as it turned 
out, provide a very sensitive test of the theory of the fission mechanism. The moving apart of the two frag
ments and the a-particle under the action of the Coulomb forces between them is a classical three-body 
problem; it can be solved numerically by a high-speed computer if the initial conditions, i . e . the initial 
positions and velocities of the three particles at the scission point, are given. The initial conditions are so 
numerous and the dependence of the angular correlation on these conditions is so sensitive that it is impossible 
to reconstruct the initial conditions from the final experimental results. The statistical theory of nuclear 
fission dealing with the mechanism of fission leads to a complete specification of the initial conditions of the 
present problem and the computer calculation of the angular correlation based on them may be compared with 
the experimental results in a critical test of the theory. The calculated results are in good agreement with 
the experiments. In asymmetric fission in which the heavy fragment involves the 82-neutron shell, the 
a-particle is emitted veering towards the light fragment as expected from shell-effect considerations of 
nuclear deformability. On the other hand, in far asymmetric fission in which the light fragment involves the 
50-neutron shell, the simple shell-effect argument predicts the a-particle veering towards the heavy fragment 
initially, but detailed dynamical calculation shows that this initial movement leads the a-particle into a 
region of retarding field and the a-particle is eventually pushed back and emitted veering towards the light 
fragment as experimentally observed. This reversal occurs only when the inital kinetic energy of the : 

a-particle takes a value as small as that predicted by statistical theory {about 0.5 MeV). AH dynamical 
theories are likely to lead to a higher value of this energy and it is/therefore, more difficult to account for 
the angular correlation observed. 

Introduction 

Fraenkel and Thompson [1] published in 196*+ early results of angular 
correlation of the long-range a-particle emitted in spontaneous fission 
of Cf252 with the main fission fragments. The interesting feature is that 
in the most probable asymmetric fission modes in which the heavy fragment 
completes the 82-neutron shell (mass ratio R ~ 1.1), the o/-partic1e is 
emitted veering towards the light fragment, whereas in the far asymmetric 
fission modes in which the light fragment completes the 50-neutron shell 
(R ~ 2 . 0 ) , the cY-particle is emitted veering towards the heavy fragment. 
They correlated this variation of angular correlation with the prompt 
neutron distribution and offered the following explanation: The fission 
fragments that have completed the 82- or 50-neutron shell are very stiff 
to deform and therefore assume nearly spherical shapes with the conse
quences that the number of prompt neutrons emitted by them is very smalT 
and the Coulomb force exerted by them on the a-particle, presumably lo
cated at the scission point between the two nascent fission fragments, is 
larger than that of the other fission fragment (which has nucleon con
figurations between two closed shells and thus is easily deformed and 
assumes a highly elongated configuration) so that the cv-particle is emit
ted veering away from the closed shell fragments as observed. 
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However, Fraenkel [2] has later corrected the earlier results by 
incorporating a recoil correction. The corrected results show that the 
a-particle is emitted always veering towards the light fragment, making 
an angle B\_ with it of about 80" with a variation of ±2" as the mass ratio 
of splitting R increases from 1 (symmetric fission)to 2 (far asymmetric 
fission). How, then, can we reconcile the result of a-particle angular 
correlation with that of prompt neutron emission in the far asymmetric 
fission region involving the 50-neutron shel1? The results of Fraenkel 
[2] have been analyzed extensively by computer calculation by Boneh, 
Fraenkel and Nebenzahl [3] in many other respects but this important 
point has not been dealt with adequately. 

The present author [4] has previously performed a statistical-theory 
calculation on the distributions of fission products, taking the empirical 
dependence of the nuclear stiff constant on"the closed shell effect into 
consideration. The theory predicts the most probable deformation shapes 
for various mass ratios of splitting. Indeed, the deformation parameters 
for the closed-shell fragments calculated are small and those of the 
complementary fragments are large as expected on the above qualitative 
discussion. On this basis one can calculate the prompt neutron distribu
tion v(A) and explain its saw-tooth shaped distribution curve. Moreover, 
one can calculate the kinetic energy distribution of the fission fragments 
and explain the drastic dip of the kinetic energy distribution curve at 
symmetric fission. 

It is obvious that the results of the most probable deformation 
shapes may also be used to calculate the a-particle angular distribution. 
Indeed all necessary information for such a calculation is contained in 
previously published papers [4,5] and no adjustable parameters need to be 
introduced. We are interested in knowing how the theoretical predictions 
of the statistical theory agree with experimental results and how the 
apparent discrepancy between the a-particle angular correlation and the 
prompt neutron distribution is to be resolved. 

The Classical Three Body Problem 

The angular correlation of the cu-particle with the main fragments is 
determined by the dynamics of the motion of the three bodies, the two 
fragments and the a-particle,under the action of the Coulomb force among 
them. The three bodies can be reasonably approximated by three charged 
mass points and thus the problem is reduced to the well-known classical 
three body problem which has no exact solution. 

Nevertheless, with the help of high speed computers, the dynamical 
problem may be integrated numerically. Once a set of initial conditions 
is specified we are in a position to predict the complete future history 
of the three particles. As the Coulomb force is a central force it is 
reasonable to approximate the problem as a two-dimensional problem. Each 
particle is thus specified by two rectangular coordinates (x,y) and two 
equations of motion may be set up according to Newton's second law with 
two Coulomb forces acting on it by the two other particles. The dynamical 
problem is thus formulated by a set of six simultaneous second-order 
differential equations. The six equations are interlocked because the 
forces entering into the equations of motion are dependent on the six 
position coordinates of the three particles themselves. 

Once the initial conditions of position and velocity of the three 
particles;at t0 are given we can calculate the positions and velocities 



IAEA-SM-122/108 135 

of the three after an infinitesimal time increment ut by assuming the 
acceleration to be uniform in the infinitesimal time interval. The in
formation at time t0

 + At may now be used as initial condition to calcu
late the position and velocity of the three particles at time t + 2At, 
and so on, ad infinitum. In practice we choose At = 10"^ sec and re
peat the.calculation 200 times within which period the crucial dynamical 
changes would have taken place so that the remaining calculation will not 
chanqe the main feature of the results obtained. Accordingly at the end 
of the 200 iterations the time interval ut is changed to 10 " sec and 
the calculation is repeated for another 100 times, at the end of which 
At is changed to 10"2l s e c and the calculation is repeated another 100 
times, and so on, until a total of 1000 iterations have been carried out 
corresponding to a total time of integration of 10-'3 s ec. The directions 
of the velocity vectors of the three particles at that time determine 
the angular correlation of the »-particle with the main fragments. The 
magnitudesof the velocities determine the kinetic enemy distribution of 
the fission fraqments and the a-partide together with their correlation. 
These may be compared with experimental results. 

The Initial Condition According to Statistical Theory 

The whole dynamical calculation is based on a knowledge of the initial 
condition of position and velocity at time t0. We take the initial time 
tQ to be the scission point, i.e., the moment the two fragments and the 
oz-particle separate from one another. Previous studies have established 
that the Q-particle is emitted during the breaking up of the fissioning 
nucleus (not a post-fission effect). The scission point represents the 
time at which the three-body problem begins. 

The scission point also represents the time at which the fission 
process ends. The initial condition of the three body problem is thus 
the final condition of the fission problem which should be predictable 
from a systematic theory of the fission process. The statistical theory 
[5] of the fission process is in a position to give a complete specifi
cation of the final condition of the fission process. In fact the 
essence of the statistical theory is that the fission product distribu
tions of mass, charge, kinetic energy, prompt neutrons and so on are 
determined by and thus derivable from the final condition of the fission 
process rather than the initial condition. This prediction on the final 
condition can now be used as the initial condition of the three body 
problem. Verification of the three body calculation by the a-particle 
experimental results may be taken as an independent experiment proof of 
the statistical theory of the fission process. 

The initial position of the three particles are taken to be along 
the same straight line (taken as the x-axis) with the o/-particle in the 
middle (taken as the origin of the coordinate system). The o—particle 
is assumed to be a sphere of radius 1.2 x 10~'3 x %k cm (1.904 x 10"^3cm). 
Though the sphere acts as a point charge concentrated at the center, the 
extension does affect the initial position of the two main fragments for 
they are now not in contact with each other as in binary fission but are 
separated by an additional distance of 3^08 x 10"'3cm. The two main frag
ments are assumed to have the same deformation shapes as in binary fis
sion. The statistical theory calculated deformation parameters of binary 
fission fragments \_W] are taken over and assumed here. From the defor
mation shape the charge center of the deformed nucleus may be calculated 
[5]« The initial position of the three mass points are thus determined. 
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The initial velocities of the three particles are determined as 
follows: According to the statistical theory [5] the two fragments in 
binary fission are expected to have a total kinetic energy at the 
scission point of about 0.5 MeV. The same is assumed for the two main 
fragments in ternary fission. The velocities corresponding to such an 
energy are so small, as previous computer calculation [6] shows, that they 
can be safely neglected in the three body problem calculation. Thus we 
take the initial velocities of the two main fragments to be zero. The 
statistical theory also leads to the conclusion that the o—particle is ex
pected to have a most probable kinetic energy at the scission point of 
about 0.5 MeV. Previous computer calculation [6] shows that this energy 
of the a-particle not only cannot be neglected but also plays a crucial 
role in determining the outcome of the three-body problem. This energy 
determines the magnitude of the initial velocity of the a-particle (4.91 
x 10°cm/sec). The direction of the initial velocity is assumed to be in 
the y-direction, perpendicular to the line joining the three particles 
initially. The reason is that, if the o/~particle has a sizable initial 
velocity component in the x-direction, it will soon move into one of the 
main fragments, as previous computer calculation shows, and the a-particle 
will not be emitted. Thus the initial position and velocity of the three 
particles are specified. 

The computer integration of the three-body problem in ternary fission 
has been carried out by a number of authors. The present work is a con
tinuation of that of Ertel [6], who first used statistical theory deter
mined initial conditions, with the following differences: 1. Extended 
»/-particles is assumed here whereas point o/-partic1e was assumed in the 
earlier work. This change affects the calculated total kinetic energy. 
2. The small effect of the forces the a-particle exerts on the two main 
fragments was neglected in the earlier work but is now included here for 
completeness. The present result thus will show to what degree this 
recoil effect changes the kinetic energy of the fission fragments; this 
information will be useful in making the "recoil correction" in the ex
perimental determination of the masses of the main fragments such as ap
plied by Fraenkel [2]. 

Results of Calculation 

The calculated results of angular correlation are shown in Fig. 1 
in which the angle в the cc-particle makes with the fission fragments 
(light and heavy) is plotted as a function of the mass number A of the 
fragment in the continuous curve. The experimental resul ts of d\_ [2] are 
plotted in horizontal bars, (9^ for heavy fragment obtained by reflection). 
The agreement is satisfactory. The calculated a-particle kinetic energy as 
a function of mass ratio R,shown in Fig. 2,agrees well with that of experi
ment.The detailed results of kinetic energy distribution and correlation 
of the three particles will be reported later. 

Discussion 

The agreement between the calculated and experimental angular cor
relation of the or-particle lends support to the predicted scission con
figuration by the statistical theory. Still, we want to know why in 
the far asymmetric fission region the closing of the 50-neutron shell in 
the light fragment, while making the number of prompt neutrons emitted 
from the light fragment small, does not cause the o—particle to be emitted 
veering towards the heavy fragment as discussed by Fraenkel and Thompson 
[1]. 
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FIG. 1. Angular correlation of 
«-particle with fission fragments. 
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Of-particle is eventually emitted veering towards the light fragment as 
experimentally observed. 

The reversal of the sign of the x-component velocity of the a-parti~ 
cle will be called a reflection of the o/-particle. The detailed dynamical 
history obtained by computer calculation for fission modes in the peak-
yield asymmetric fission region, where the heavy fragment completes the 
82-neutron shell, shows that there is no such reflection. Thus the a>-
particle emission correlates with the prompt neutron emission as previous
ly expected. In the far asymmetric fission region reflection takes place 
once and no second reflection follows thus giving rise to the apparent 
discrepancy. 

The occurrance of the reflection and the number of reflections de
pend largely on the initial velocity of the су-particle which determines 
how fast the o-particle escapes the accelerating field of the two main 
fragments - a very fast escape does not allow time for a reflection to 
develop. Computer calculation [6] shows that if we assume the initial 
kinetic energy of the cv-particle at the scission point Eao to be 2 MeV 
or more there would be no reflections for all fission modes of any mass 
ratio of splitting (very fast escape realized). The or-particle in the 
far-asymmetric fission modes would be emitted veering towards the heavy 
fragment, contracting experimental results. If Ea0 were less than 0.5 
MeV, a reflection might take place in a fission mode in the peak-yield 
region, again contradicting experimental results. Each reflection changes 
the direction of the arparticle from veering towards one fragment to to
wards the other and the onset of the reflection differs from one mass 
ratio to another so that it is nearly impossible to adjust the value of 
E a 0 as a parameter to fit the experimental data. Therefore the verifica
tion of the angular correlation curve becomes a very sensitive test to 
the value of Eff0. The value of 0.5 MeV for Ea0 according to the statis
tical theory represents the energy of the «-particle on the "noise level" 
and so is not likely to be reducible any further. Any dynamical theory 
involving a specific dynamical mechanism for the fission process is like
ly to endow to the or-partide an extra amount of k'netic energy above 
the energy of the noise level at the scission point. Otherwise the theory 
is likely to be indistinguishable from the statistical theory. Yet an 
increase of E from 0.5 MeV (to the neighborhood of merely 2 MeV, for 
example) is likely to lead into disagreement with experimental results of 
о—particle angular correlation unless we change the initial condition 
on the position drastically. In that case there is little hope of being 
able to explain the prompt neutron and kinetic energy distributions at the 
same time. Thus the very sensitive test of the value of EaQ by the a-
particle angular correlation strongly supports the statistical theory. 
Any reasonably complete theory of fission should yield a prediction on 
Ea0 and thus should be tested by the experimental information of су-parti
cle angular correlation. 

Boneh, Fraenkel and Nebenzahl [3] tried to reconstruct the initial 
condition at the scission point by making use of the experimental infor
mation of a-particle distributions. This turns out to be a tremendously 
difficult task because there are so many parameters involved in the 
initial conditions and the number of combinations of possible parameters 
is so larqe that it is impossible to try out all sets by performing a 
three body calculation for each of them (to find a needle in a hay stack). 
As a result they determined the value of Eao to be 3 MeV by other con
siderations which they admitted are open to question. Their computer cal
culation program is hinged on this choice. As discussed before when EQ,0 
is set at 3 MeV there are no reflections at all. Thus they were expl or-
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ing an area beyond the "storm center" of the three,body problem and miss
ed many interesting features of the dynamic system. They calculated 
several distributions but left out the most sensitive part,the angular 
correlation. Even the set of initial parameters representing best fit 
turns out to be in a position difficult to reconcile with the experimental 
results of prompt neutron distribution. Moreover their calculation makes 
use of a At that increases in length as iteration goes on. This procedure, 
while safe for E 0 = 3 MeV, is dangerous when a reflection is involved -
when the x-coordinate returns to the initial value zero by reflection, the 
time increment in iteration At should be taken as small as the At at the 
initial time tQ, which they took to be 10"23 sec, but in their procedure 
it takes a value somewhat longer; this may introduce significant computa
tional errors which may be compounded through iterations. In the present 
calculation the "storm center" is covered by the first 200 iterations 
with a uniform At of 10"" Sec for all 200 iterations. 
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D I S C U S S I O N 

E. NARDI: I would like to comment on the model used in your cal
culations, in which you assume very low initial kinetic energies and a 
very "short" neck. It seems that the two most prominent features of 
alpha-accompanied fission are the wide distributions of both angular 
distribution and energy spectrum of the alpha particles. The trajectory 
calculations by Boneh et al. and Raisbeck and Thomas show that the 
width of the angular distribution cannot be obtained using low initial 
kinetic energies like the ones you propose, especially if the neck is a 
very short one. 

Another comment on your model in which no reference to trajectory 
calculations is made is the following: If you insert a triton instead of an 
alpha particle between the fragments and calculate the total energy of the 
system using point charge approximation, you get in your model about 
10 MeV more potential energy for alpha fission than for t-fission. The 
experimentally determined total energy of the three particles would there
fore be 10 MeV higher in alpha fission. We have measured this difference 
and obtained 7.4 ± 0.45 MeV. According to your model this would give a 
distance of 28. 5 F at scission between both fragments. 

How do you deal with these two problems in your model? 
P . FONG: In my approach, the distribution width is to be determined 

by the distribution of the deformation slopes of the fission fragment deter
mined by the statistical theory. The nature of the three-body problem 
is that no one can predict the outcome until the computer finishes the 
calculation. This is a painfully learned experience! The conclusion 
that Eao must be large is premature. 



140 FONG 

According to my model the scission distance D will certainly not be 
28. 5 F. This would make the energy difference in the two cases several 
times larger than both values quoted. I see no reason why my calculation 
on t-fission cannot be in agreement with measured values. 

E. NARDI: May I also make a few observations on the so-called 
"opposite behaviour" in the variation of the most probable angle of emission 
of the alpha particle as a function of R, the mass ratio? Analysing Fraenkel's 
experimental data, Boneh et al. found that the scission point actually moves 
in the direction of the light fragment as the mass ratio increases. This is 
in qualitative agreement with the behaviour of the deformation energy of the 
fragments as derived from measurements of the average number of neutrons 
as a function of fragment mass. We can use these deformation energies 
together with the radii of the fragments at scission (obtained from the data 
of Boneh et al.) to derive "stiffness coefficients" of the fission fragments. 
It has been found (and will be published in a forthcoming paper) that these 
coefficients do not essentially vary with mass. I do not think that this is 
unreasonable, since it seems that shell effects should be washed out at 
the very large deformations obtained for the fragments in calculations of 
the type done by Boneh et al. To summarize, I do not therefore feel that 
the behaviour of the most probable angle as a function of R obtained by 
Fraenkel is unreasonable. 

P . FONG: The conclusion that the stiffness constant does not change 
with mass number at large deformation should be tested by experimental 
evidence before being used as the basis to prove a point. I have never said 
that Fraenkel' s most probable angle as a function of mass ratio is un
reasonable. On the contrary, I have taken it as an established experimental 
fact, and emphasized the point that this fact is very difficult for any dynami
cal theory of fission to explain and, therefore, favours the statistical theory. 

J .R. NIX: There are two questions I should like to ask. First , how 
have you determined the initial distance between the centres of charge of 
the fragments? Second, what would happen if you tried to "improve" your 
calculations by including more terms in the expansion of the fragments' 
radius vectors ? 

If you did try to do this, you would surely find that the centres of charge 
of the fragments would separate to infinity. As discussed earlier, this is 
associated with the impossibility of determining a scission configuration 
by minimizing the potential energy. There is therefore an underlying 
arbitrariness in your initial conditions. 

P. FONG: We established the initial distance between the centres 
of charge of the fragments by determining the most probable deformation 
shapes of the fragment from first principles and experimental nuclear data 
(without adjustment of the parameters). The shape determines the charge 
centre. 

As far as the second question is concerned, we are interested in 
realistic deformation parameters which would explain all related experi
mental results. When more terms of expansion are used, the agreement 
in kinetic energy distribution becomes worse; this means that the liquid-
drop model is not realistic and should not be used as the basis for investi
gating other related problems such as alpha-particle distribution. 

Regarding your last comment, this is a difficulty of the liquid-drop 
model, not of the fissioning nucleus. 
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H.W. SCHMITT: The effect of the finite sizes and non-spherical 
shapes of the fragments could perturb the results of such trajectory-
calculations appreciably. Have any estimates been made of this effect? 
Also, how does the time of interaction of the three particles, i . e . the 
time of separation to "large" distances, compare with the estimated 
vibration periods of the fragments ? 

P. FONG: The effect of the extended alpha particle is to lower the 
total kinetic energy to a value comparable to the experimental level. The 
trajectories are sensitively dependent on the deformation shapes of the 
fragments. The important point here is that the set of deformation shapes 
previously determined to explain kinetic energy and prompt neutron distri
butions is one that also explains ternary fission well. Any change of the 
shapes will lead to disagreement in all three experiments. As to the point-
particle approximation, the validity has been discussed by previous authors 
in this field. 

The estimated vibration period is of the order of 10-20 s . In trajectory 
calculations the angular distribution no longer changes after 10"21 s. Thus, 
the "interaction" is over long before 1/10 of the vibration period has elapsed. 
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Abstract 

TRAJECTORY CALCULATIONS IN LIGHT-PARTICLE FISSION. Trajectory calculations based on a 
three-point-charge model were carried out for fission accompanied by IH, 2H, 3H, 4He, fiHe, 'He 
emission. The calculations were carried out with the intent of obtaining for each of these modes of fission 
the initial conditions which best fit the experimental results. The results indicate that both the initial 
distances between the fission fragments at scission and the initial kinetic energies of the particles tend to 
decrease as the mass of the light particle increases. In addition it was found that the experimental results 
could be better fitted by assuming that the particles are emitted off the axis connecting both fission fragments 
rather than on this axis. 

1. INTRODUCTION 

The emission of light nuclei in the fission process has recently been 
the subject of several experimental investigations [1-5]. These studies 
were mainly concerned with the emission probability and with the kinetic 
energy spectrum of the various light nuclei emitted in the fission of 252Cf 
and 235TJ*. 

Of the light nuclei emitted in fission only alpha-particle-accompanied 
fission (LRA fission) has been extensively studied [6-8]. A most important 
feature of LRA fission is the great similarity in the characteristics of 
the fission fragments and of the neutrons evaporated from the fragments 
in this mode of fission and binary fission [7, 8]. On the basis of this 
similarity, it was postulated that the characteristics of the binary and 
LRA scission configurations be essentially the same [7, 8]. Alpha-particle 
emission in fission can, therefore, serve as a powerful tool in the in
vestigation of the scission process. Trajectory calculations of the LRA 
fission process have been carried out by Geilikman and Khlebnikov [9], 
Halpern [10], Boneh, Fraenkel and Nebenzahl [11], and, more recently, 
by Katase [12]. By comparing the results of these calculations with the 
experimental data, these authors were able to obtain the initial conditions 
at scission. The more important conclusions of the calculations of 
Halpern [10] and of Boneh et al. [11] were that at scission the fission 
fragments are already moving with an appreciable part of their final 
kinetic energy. 

143 
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It is reasonable to assume that, just as in the case of LRA fission, 
the scission characteristics of fission accompanied by other light particles 
do not differ essentially from those of binary fission. It is, therefore, of 
great interest to attempt to calculate the initial conditions at scission for 
light-particle-accompanied fission, on the basis of the available experi
mental information. Such a program has recently been carried out by 
Raisbeck and Thomas [4] for the spontaneous fission of 252Cf and Blocki 
and Krogulski for 236U [13]. Raisbeck and Thomas observed that the ex
perimental data cannot be fitted satisfactorily by using the same initial 
conditions for the various particles. It is the purpose of our calculations 
to obtain for each of the particles the initial conditions which fit best the 
experimental data, and to see if any trends could be observed in the 
initial conditions. 

In section 2 of this paper we discuss the model used in the calculations, 
and in section 3 the calculations are described. The results are pre
sented in section 4 and discussed in section 5. 

2. THE MODEL 

Detailed trajectory calculations have been carried out by Boneh, 
Fraenkel and Nebenzahl [11] (tobe referred to in the following as BFN) 
for the long-range-alpha (LRA) fission of 252Cf. These calculations were 
based on the experimental properties of the alpha particles and fission 
fragments as determined by Fraenkel [7] for the LRA fission of 252Cf. 

Following essentially the method of BFN, we shall attempt here to 
obtain the initial conditions at the scission point for 252Cf fission ac
companied by *H, 2H, 3H, 6He and 8He. The experimental data for these 
processes presently available are the following: the kinetic-energy 
spectra of these particles [1, 2,4], the kinetic energies and mass distri
bution of the fission fragments for гН and 3H fission [5], the widths of 
the angular distribution of the particles in XH 2H 3H and 6He-accompanied 
fission [4]. The shapes of the energy spectra of the Li and Be isotopes 
are not clear at this stage since the results of Cosper et al. [1] and of 
Raisbeck and Thomas [4] are in substantial disagreement. The trajec
tory calculations were therefore not carried out for Li and Be. 

The trajectory calculations of BFN were based on a three-point-
charge model. For sake of simplicity, the momenta of three particles 
were assumed to lie in one plane, i. e. , the calculations were two-
dimensional. The trajectory calculations gave the final values of the 
kinetic energies and the final directions of the alpha particles. These 
results were compared with the experimental values and the initial con
ditions were varied until agreement with experiment was achieved. In 
this manner, the initial conditions at scission were obtained. Obviously, 
this method can be used for other charged particles emitted in fission. 
The only two parameters to be changed are the charge and the mass of 
the emitted particles. 

The initial dynamical variables used in the calculations of this paper 
are listed as follows (Figure as in BFN): 

1. E po , the initial kinetic energy of the light particle. 
2. EF 0 , the sum of the initial kinetic energies of both fission 

fragments. 
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3. D, the distance between the fission fragments (which are r e 
presented by point charges). 

4. 9, the angle of emission of the light particle relative to direction 
of the light fission fragment. 

5. x, the distance of the point of emission of the light particle from 
the heavy fragment along the fission axis (x-axis). 

6. Y, the initial distance of the point of emission of the light particle 
from the fission axis. 

The distribution of the initial kinetic energy of the emitted light par
ticle was assumed to be of Maxwellian form, i. e. 

N(Ep0)=EP0 exp(-E P 0 /T) (1) 

The average initial kinetic energy of the fission fragments EF0 used 
in the calculations was given by 

EFO = Е т " vo " EPO (2) 

where Ej is the average total final kinetic energy of the three particles, 
Vo is the total potential energy at scission which depends among other 
things on the quantity D, and E^o is the average initial kinetic energy of 
the light particle (see Eq. 1). ET was assumed to be equal to the average 
value of the final kinetic energy of the fission fragments, EF , plus the 
average final energy of the light particle EP . The latter values are known 
for the light particles. However, EF was measured for LRA [5, 7] and 
for triton- and proton-accompanied fission only [5]^ In deuteron-accompanied 
fission we assumed that the experimental value of EF is equal to that value 
in triton-accompanied fission while for 6He and 8He-accompanied fission 
this value was assumed to be equal to that of LRA fission. The value of D, 
was held fixed in the calculation while EF0 was assumed to have a Gaussian 
distribution. The standard deviation of EF0, a(Efo) was determined on the 
basis of the experimental results for l"H, 3H and LRA fission while for 
the other light particles for which the fragment kinetic energy distribution 
has not been measured, the magnitude of this value was assumed on the 
basis of the results for 1'H, 3H and a-particles (see section 4). 

The angular distribution of the emitted light particle was assumed to 
be isotropic. However, because of the presence of the fission fragments, 
0 is confined to the region 30° < в < 150°. In BFN, on the other hand.it 
was assumed that the particles are emitted only at 90° with respect to 
the direction of the light fission fragment. 

The distribution of the point of emission of the light particles along 
the fission axis N(xp) was derived on the basis of the distribution N(xa) 
found by BFN for LRA fission. The values of x a and x_ denote, respec
tively, the distance of the point of emission of the alpha particle and light 
particle from the centre of the heavy fission fragment. The distribution 
of N(xp) assumed here was based on the assumption that fission accompa
nied by light particles does not differ substantially from LRA fission. 
It was pointed out by Raisbeck and Thomas [4] that the N(x) distribution 
has a relatively weak effect on the final energy distribution of the light 
particles. 

In BFN it was postulated that the alpha-particles are emitted from 
the "neck" of the scissioning nucleus. It was assumed that the "neck" 

http://hand.it
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TABLE la . INITIAL CONDITIONS GIVING SATISFACTORY AGREEMENT 
WITH EXPERIMENTAL DATA, Y=0 

Particle 

'H 
гн 
3H 

"He 
6 He 
8He 

Epo (MeV) 

1.6 

2.4 

2.0 

3.0 

1.2 

1.0 

D x 10"13 (cm) 

34.0 

26.0 

24.0 

24.0 

22.0 

21.0 

EF0 (MeV) 

71 

40 

29 

28 

15 

7 

o(EF0) (MeV) 

9.3 

8.5 

8.2 

TABLE lb. INITIAL CONDITIONS GIVING SATISFACTORY AGREEMENT 
WITH EXPERIMENTAL DATA, Y = 3 

Particle 

'H 
2H 
3H 
4 He 
6He 
sHe 

Epo (MeV) 

2.0 

3.0 

2.4 

3.8 

1.8 

1.8 

- 1 3 
DX10 (cm) 

38.0 

29.0 

26.0 

26.5 

25.0 

25.0 

EF0 (MeV) 

83 

60 

46 

40 

34 

34 

a(EF 0) (MeV) 

9.4 

8.7 

8.8 

extends from the point which is at a dis tance of 6F from the cen t re of 
the heavy fragment to the point at 6F from the cent re of the light f ragment . 
It will be seen in Table I that the values of D p , the init ial dis tance b e 
tween the fission f ragments at sc iss ion for light par t i c le fission, a r e not 
neces sa r i l y equal to the D a of LRA fiss ion. The N(x) distr ibution of BFN 
was there fore adjusted to that of l ight -par t ic le fission by assuming that 
N(xp) =N(xa) for the value of x a which sat isf ies 

x p - 6 _ D P - 1 2 
x a - 6 " D a - 1 2 K ' 

The distance Y of the point of emiss ion of the light pa r t i c l e from 
the axis connecting the fission f ragments was kept constant . At the f i r s t 
glance, it might seem that ini t ial conditions with Уф 0 evolve from s tar t ing 
conditions in which Y = 0. However, it should be s t r e s s e d that the ini t ial 
configuration i s by definition that configuration for which the init ial ki
netic energy dis t r ibut ions of the t h r ee pa r t i c l e s a r e uncor re la ted with each 
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other. Since the "Maxwellian" shape of the initial particle kinetic energy-
spectrum is not conserved as the three particles separate, the initial con
ditions at Y/O do not evolve from a starting configuration in which Y = 0. 

Summarizing, we can say that the initial variables that were_obtained 
by comparing the calculations with the experimental results are EP0, D 
and cr(E F 0 ) . 

3. THE CALCULATION 

The trajectories of the two fission fragments and the light particle 
were calculated using the BFN trajectory computer program. The initial 
conditions in our calculations were picked up by means of a Monte-Carlo 
method which used the distributions discussed above as weighting functions. 
Each set of initial conditions gave rise to final values of the three particles, 
and upon repeating the process a distribution of the final values was ob
tained. "With the exception of protons, the experimentally determined 
energy spectra of the light nuclei with which we compared our calculations 
were not correlated with the direction of the fission fragments. Hence, 
a weighting factor of sin 0 was given to each event in which the light nucleus 
was emitted at an angle в with respect to the final direction of motion of 
the light fission fragment. Each final distribution was obtained from ap
proximately 3000 trajectory calculations. The calculations were per
formed on the "Golem" computer of the Weizmann Institute and each 
trajectory calculation took about 1/5 of a second. 

4. RESULTS 

We carried out the calculations in order to obtain the initial conditions 
fitting best the experimental data for each particle. For 2H, 3H, 4He, 
6He and 8He-accompanied fission the calculated results were compared 
with the experimental data of Cosper et al. [1], which have the best sta
tistical accuracy. The spectral shapes of these particles are well ap
proximated by Gaussian distributions. In proton-accompanied fission the 
data of Raisbeck and Thomas [4] were used. The background in the measured 
proton spectrum is probably lower in the results of Raisbeck and Thomas [4] 
than in the results of Cosper et al. [1]. 

The final spectrum of the light particles depends on D, the initial dis
tance between the fragments, and on Ep0 the initial average kinetic_energy 
of the particle. For a given value of D, an increase in the value of EP0 
will result in a larger value of the width of the particle kinetic energy 
spectrum and, to a lesser extent, in an increase of the most probable 
final kinetic energy of the_particle. Similarly, lowering the value of D 
and keeping the value of Ep0 constant results mainly in a higher value 
of the most probable particle energy and, to a lesser extent, the particle 
energy spectrum is broadened. The value of a(Ep), the standard deviation 
of the final total kinetic energy spectrum of the fission fragments is , to a 
first approximation, determined by cr(EF0), the standard deviation of the 
initial fragment kinetic-energy distribution. The values of a(Ep ) were 
obtained experimentally for LRA [5, 7j_ triton-and-proton-accompanied 
fission [5]. For 6He and 8He cr(EF0)/EF0 was assumed equal to the value 



TABLE II. COMPARISON BETWEEN CALCULATED AND MEASURED ENERGY SPECTRA OF LIGHT 
PARTICLES AND PROPERTIES OF PREDICTED ANGULAR DISTRIBUTION 

Particle 

' H 
гн 
SH 
4He 
$He 
8He 

Most probable energy 
(MeV) 

Calculated Measured [1] 

Y=0 Y=3 

6.5 6.5 ~ 6 . 5 [4] 

8.0 8.4 8.0 ± 0 . 5 

8.2 8.2 8.0 ± 0 . 3 

16.0 16.2 16.0 ± 0.2 

11.8 12.2 12.0 ± 0 . 5 

10.0 10,4 10.2 ± 1 . 0 

HWHM of kinetic energy distribution 
(MeV) 

Calculated Measured [1] 

Y=0 Y=3 

2.7 2.5 ~ 2 . 5 [ 4 ] 

3.1 3.6 3.6 ± 0 . 5 

3.3 3.1 3.1 ± 0 . 3 

5.4 4.9 5.1 ± 0.2 

4.5 4.2 4.0 ± 0 . 5 

4.9 4.4 4.0 ± 1.0 

Most probable angle 
(degrees) 

Calculated 

Y=0 Y=3 

80 85 

82.5 83.0 

80 83.0 

81 82.0 

80 81.0 

80 79.0 

FWHM of angular 
distribution 
(degrees) 

Calculated 

Y=0 Y=3 

35 39 

32 40.0 

25 35 

25 33.0 

15 28.0 

15 28.0 
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in LRA fission while for 2H this ratio was assumed equal to that obtained 
in 3H-accompanied fission. 

Table la shows the initial conditions for the various light particles 
which give the best fit to the experimental particle kinetic-energy spectra. 
These calculations were carried out for the condition Y = 0, i . e . the par
ticles were emitted from points along the axis connecting the fission 
fragments. In Table II the experimental and calculated most probable 
energies and widths of the different light-particle spectra are compared. 
The predicted properties of the angular distribution are also given in 
Table II. 

The agreement between the calculated and experimental energy spectra 
is satisfactory. We note, however, that the calculated widths of the 4He, 
6 He and 8He kinetic-energy spectra tend to be somewhat wider than the 
experimental results; such a behaviour was also observed by Raisbeck 
and Thomas [4]. The value of D in Table I for LRA fission is lower than 
that obtained by BFN. This follows from the fact that in the present cal
culations the particles were emitted in all directions and not only at 90° 
with respect to the direction of the fission fragments as in BFN. As a 
result the final kinetic energy of the particle is lower than for the same 
event in the BFN calculations, and the value of D must be decreased in 
order to obtain the correct experimental result. Because of the lower 
value of D and also of Ep0 the calculated angular distribution in LRA 
fission is also narrower here than that obtained by BFN^ 

Table la shows that the calculated values of D and EP0 for 6He-
accompanied fission are substantially lower than these values in LRA 
fission. As a result the calculated angular distribution of sHe is much 
narrower than that of LRA fission. On the other hand, the experimental 
results of Raisbeck and Thomas [4] indicate that both these angular dis
tributions are of equal width. We find that, although the particle energy 
spectra are in satisfactory agreement with the calculations, the angular 
distributions of 6He do not agree with the experimental results. 

On the basis of the results presented above it can be concluded that 
for 4He, 6He and 8He the values of Epo (which affect the width of the 
final particle kinetic-energy spectrum) tend to be somewhat too large. 
However, if we lowered EP0 in order to obtain a narrower distribution, 
the peak value of the particle spectrum would also decrease to give a 
value which is too_low. The situation can be improved by choosing Y ф 0. 
In the latter case Epo can be lowered to give a narrower final kinetic-
energy distribution while the value of the peak of the spectrum would not 
be lowered, since for Y ^ O a larger fraction of the initial particle potential 
energy is transformed into final particle-kinetic energy than for Y = 0. 
It was found that there is essentially no difference in the agreement that 
can be_obtained when Y is in the range of 2 to 5 f, however, the values of 
D and Epo are different for the different values of Y. The calculations 
described here were carried out for Y = 3F. 

The initial conditions obtained for Y = 3 are listed in Table lb and in 
Table II the experimental and calculated results for the different light 
nuclei are compared. It is seen that good agreement could be obtained 
within the framework of the present model. As an example the calculated 
and measured kinetic-energy distributions of the tritons are plotted in 
Fig. 1. The predicted angular distributions of the particles which are 
given in Table lb are observed to be wider here than those obtained for 
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the calculations with Y = 0. F o r LR A fission the calculated width is 
equal to that of BFN. The angular distr ibution of 6He is somewhat n a r 
rower than that of 4 He, however, the a g r e e m e n t i s much be t te r than for 
Y = 0. 

The calculations for both Y = 0 and Y = 3 show that the width of the 
angular distr ibution d e c r e a s e s as the m a s s of the par t ic le i n c r e a s e s . 
This t rend has been confirmed by the r e su l t s of Raisbeck and Thomas 
[4] for 1H, 2H, 3H, and 4He. 

500 

400 

ш з о о 
z 

200 

100 

0 5 10 15 
E(MeV) 

FIG.l. Experimental and calculated kinetic-energy spectrum of tritons. 

5. CONCLUSIONS 

The r e su l t s given in Table I for both Y = 0 and Y = 3 show that the 
value of D tends to d e c r e a s e as the m a s s of the light par t i c le i n c r e a s e s . 
This t rend may indicate a l e s s deformed sc iss ion configuration (smal l D) 
for fission accompanied by the emiss ion of heavier pa r t i c l e s . Hence, 
they may be expected to emit a sma l l e r amount of neu t rons . This con
clusion is supported by the fact that fewer neutrons a r e emitted in LRA 
fission than in b inary f ission [8]. But, above al l , th i s t rend would in
dicate that the sc iss ion configuration in b inary fission is even m o r e elong
ated than in LRA fission. The D values listed in Table I for the protons , 
however, seem ext remely high. 

The r e su l t s of Table I a lso indicate that for 8He, 6 He, 3H and 2H 
the values of E po tend to dec rea se as the m a s s of the light pa r t i c le in
c r e a s e s . This t rend is not followed by the protons . This resu l t together 
with the re la t ively high value of D obtained for protons may indicate that 
a different mechanism may be responsible^for proton emiss ion . It should 
be pointed out, however, that the value of Ep0 for alpha pa r t i c l e s is l a r g e r 
than that of 3H and 2H, a fact which is not in agreement with the above-
mentioned t rend. 

We note that calculat ions based on a model in which light pa r t i c le 
emiss ion r e su l t s from the fast potential change in the neck region of the 
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fissioning nucleus [14] predict that the average initial kinetic energy of 
the light particle decreases as the particle mass increases, in qualitative 
agreement with the trend found here. 

It would seem that the most drastic assumption in our model is the 
approximation of the two fission fragments and the light particle by 
three-point-charges. However, the assumption is not expected to affect 
the essential features of our results [10]. Another assumption made 
here is that the initial energy distribution of the light particles is of 
"Maxwellian" shape. A different initial kinetic energy distribution may 
result in somewhat different values of D and Ep0 but the main features of 
our results will again remain unchanged. 
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DISCUSSION 

K. DIETRICH: The parameters D of your best fits correspond to 
a stage quite a bit later than the point of rupture. Did you extrapolate 
backward so as to obtain the kinetic energies of the fragments and of the 
light particle at an earlier stage corresponding to the still connected 
fragments ? 

E. NARDI г If we extrapolated our distributions backward for the 
case of Y = 3 to Y = 0, we would obtain an initial kinetic-energy distri
bution of the particles different from the initial "Maxwellian" distri
bution. Hence we would not be within the framework of the model we 
assume. Now, we might indeed construct initial conditions using this •• 
new distribution and thus have a reduced value of D. However, as can 
be seen in Table I, of the paper, the values of D for Y = 3 are relatively 
high and this, when extrapolated back to Y = 0, would still probably be 
large. Thus, the initial kinetic energy of the fission fragments would 
likewise still be large. 

L. WILETS: When Y is not equal to zero, so that the alpha particle is 
off axis, did you assume planar motion? And if so, what is the effect of 
the ф-motion? 



152 NARDI et al . 

E. NARDI: For Y off the axis we assume planar motion. The validity 
of this assumption is discussed by Boneh et al. These authors compare 
their two-dimensional results to the three-dimensional calculations of 
Halpern and conclude that the two-dimensional restriction does not sub
stantially affect the results. 

H.W. SCHMITT: It would seem reasonable to include a distribution 
in Y0 , the initial distance of the alpha-particle from the fragment-
fragment axis, in your calculations. The basis for this is just the oc
currence of the bending mode of oscillation in fission. Could you please 
comment? 

E. NARDI: I agree that one should assume a distribution in the value 
of Y; this would also follow on the basis of the uncertainty principle. We 
would, however, have to add an additional parameter (the width of distri
bution) and we would therefore have to seek three parameters which give 
the best fit with the data of each particle. Now, if we introduce an addi
tional parameter, I think I would prefer to have it in the initial kinetic 
energy of the particles, which is specified by only one parameter. But 
to summarize, I do not think that a distribution in Y would affect the basic 
features of the results, and we essentially are only stressing them. 

M. ASGHAR: It has just been shown by Professor Fong (paper 
SM-122/108) that starting with 0.5 MeV as the initial alpha-particle 
kinetic energy, one gets the right value of its most probable final kinetic 
energy as a function of the fragment mass ratio. Now, your trajectory 
calculations come out with a value of 3 MeV. How does that happen? Is 
it because Fong does not consider the alpha particle as a point charge, 
but gives an extension to it? 

Incidentally, we can demonstrate that our curve in the final angle 
6a with respect to the light fragment as a function of the fragment mass 
ratio shown a little while ago is consistent with the value of 3 MeV for 
the alpha-particle kinetic energy. 

E. NARDI: The discrepancy between our data and those of Fong 
results from the fact that we are fitting the angular and energy distri
butions, which seem to be the main characteristics of light particle 
emission, while he has not done this. Moreover, we have no trouble 
with ва as a function of fragment mass (see my comments on paper 
SM-122/108). 

P . FONG: There exist many sets of initial parameters that fit the 
experimental results of alpha-particle distribution. My set happens to 
have E a 0 = 3 MeV, The set used by Boneh, Fraenkel and Nebenzahl 
started with E a 0 = 3 MeV and the others were then determined to fit the 
experiment. But there is one difference between the two sets. There 
is greater difficulty in making their set agree with the prompt neutron 
data. No a priori and a posteriori reasons supporting Eao = 3 MeV have 
been definitely established. The wide angular distribution width is to be 
determined by the distribution of the deformation shapes of the two main 
fragments which can be reduced to a combination of the distribution of 
the alpha-particle position for a fixed D and a distribution of D itself; 
the former has been taken into consideration by the earlier authors but 
the latter has not. Thus, the angular distribution does not require a 
large value of E a 0 in the neighbourhood of 3 MeV. Therefore, taking all 
experimental results including the prompt neutron data into consideration, 
Ea0 = 0.5 MeV is preferred. 
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Abstract 

SHELL-STRUCTURE EFFECTS IN THE FISSIONING NUCLEUS. A survey of the present state of fission 
theory is presented, with special emphasis on developments in the past few years. An attempt is made 
to bring out the more important problems to be settled, by future experiments and theory. 

1. INTRODUCTION 

After some new and exciting d iscover ies made in the las t few y e a r s , 
the problem of the in t r ins ic s t r u c t u r e effect in nuc lear fission is widely-
discussed at the present t ime . Some of these effects w e r e a l ready con
s idered at the previous Symposium on the fission p r o c e s s . 

Among these , two a r e most cha rac t e r i s t i c in demonstra t ing that 
some of the essen t ia l qualitative features cannot be explained by any 
c lass ica l -mode l - type theory, such as the l iquid-drop model (LDM). They a r e 

(1) The channel s t ruc tu re of the passage over the fission b a r r i e r 
which was descr ibed by A. Bohr [1] as due to the specific s t ruc tu re of 
the in t r ins ic nucleonic s ta tes in the colder deformed nucleus nea r the 
fission b a r r i e r (see F i g . l ) . At lower ene rg ie s , the channel effects w e r e 
observed in the fission c r o s s - s e c t i o n s of many nuclei as a s tep- l ike in
c r e a s e in the fission probabil i ty with increas ing energy and in the angular 
dis tr ibut ions of the fission f ragments , which exhibit d ra s t i c changes when 
new channels open. 

(2) Another important d i scovery is re la ted to the distr ibution of 
neutrons emitted from fission f ragments . Examples of such a d i s t r ibu
t ion a r e shown in Ref. [2]. The s t r ange saw-tooth distr ibution was ex
plained as due to the fact that the in t r ins ic s t ruc tu re of the two fragments 
having comparable m a s s e s may s t i l l be r a the r different. The minimal value 
of v was obtained for f ragments with A *= 130, which was immedia te ly 
re la ted to the p r e sence of a doubly magic shel l Z = 50, N = 82. Such a 
fragment is "born" with an a lmos t spher ica l shape . However, the com
plementa ry fragment with a re la t ive ly close m a s s is s t rongly dis tor ted 
and therefore has a l a r g e r excitation energy and emits m o r e neu t rons . 

Other deviations from the predict ions of the c l a s s i ca l model w e r e 
not so d ras t i c but no l e s s impor tant . F o r example, it was observed 
that the measu red fission b a r r i e r s in heavy nuclei do not dec rea se a s 
fast as the LDM pred i c t s . In fact, they remain r a t h e r constant , equal 
to 5-7 MeV. 

* On leave from the I.V. Kurchatov Institute for Atomic Energy, Moscow, USSR. 
1" On leave from the University of Basel, Switzerland. 
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FIG.l . Traditional representation of the nuclear deformation energy in fission. Dotted lines & and m 
correspond to two different corrections suggested for the deformed nuclei. 

FIG.2. Fission barriers obtained from the measured fission cross-sections [ 3 ] . The two lines 
correspond to the LDM fit wi th(ZVA) c r j t = 48 and 60. 

Some of the measured fission barr iers are shown in Fig.2. In this 
region of nuclei, the traditional LDM theory predicts a sharp decrease 
of the fission barr iers as given approximately by the cubic law 

where 

Ef = const. (1 - x) 

x = (Z2/A)/(Z2/A)c 

As is seen there, the observed dependence of Ef on A can be explained 
only with a very high value of the parameter (Z2/A)c[j t equal to 55-60, 
which does not agree with the fit of the LDM to the nuclear masses. 
(Sometimes, the directly measured values for the barrier heights are 
presented together with values extracted from the spontaneous fission 
lifetimes. This feature is not so clearly seen in that case.) 
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This deviation from the LDM is very important because of its ob
vious relationship with the problem of stability of the very heavy ele
ments. It shows that the LDM cannot be adequate in describing the 
stability of the very heavy nuclei. 
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FIG.3. Spontaneous fission lifetimes. Recently measured lifetimes for the spontaneous fission isomers 
are also shown (from Ref. [ 15]). 

Recently, new discoveries have been made, which are in direct 
conflict not only with the common understanding of the process, but 
seem to contradict also more general ideas in nuclear physics. 

In 1960-63, in the Heavy-Ion Laboratory in Dubna, in the course of 
careful studies of all kinds of activities which might be related to new 
heavy elements, a spontaneous fission activity was observed with a 
period of 14 ms. This activity was found to belong to 242Am whose ground 
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grouping of the fission resonances. 
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state has a spontaneous fission lifetime of the order of 1010 years. It ' 
seemed impossible to understand how an excited state with a spontaneous 
fission lifetime 1019 times shorter than the ground-state spontaneous 
fission lifetime resists a-deexcitation for 14 ms [4]. In addition, it soon 
became clear that the isomeric state does not have a large spin. Since 
then, many new spontaneous fission isomers have been found (see, 
e.g. Ref. [5]). Some of them are shown in Fig.3 . 

Another strange phenomenon was observed in fission induced by 
resonance neutrons in 237Np [6] and in2 4 0Pu [7] (see Fig.4). The fission 
widths (among the resonances of the compound nucleus) were found to be 
abnormally large for some approximately equally spaced groups of r e 
sonances and extremely small between them, instead of being randomly 
distributed, as expected. This phenomenon, which is known as an inter
mediate structure effect, was also found in other nuclei. These im
portant new features are discussed in many papers submitted to this 
Symposium. 

We shall turn now our attention to some of the shortcomings of the 
traditional theory and some more recent developments of it. Qualita
tively, deviations from the classical theory were in one way or the 
other always attributed to the so-called single-particle effects, or to a 
shell structure in the finite-size nuclei, but opinions differed as to what 
exactly those effects should be. Attempts to extend the existing micro
scopic theories to large deformations which are important for fission 
have failed, since they could not reproduce even qualitatively the fission 
barr iers . 

Phenomenological corrections to the LDM were scarcely of great 
help either. Anyway, in this way one could never obtain more than was 
built in before. This was especially clearly demonstrated when attempts 
were made to account for such a well-established feature as non-sphericity 
of certain heavy nuclei in their ground state. One can find some papers in 
which less stability is predicted for deformed nuclei, while in others 
more stability was claimed, as is shown by the dotted lines in Fig. l . 
There was much better agreement in the predictions for larger deforma
tions. It was simply assumed that all these effects should disappear 
there and pure LDM should be applied as is shown in Fig. l . 

The need for a unified theory which could give balanced roles to the 
LDM and the shell model was quite evident. 

2. THE LIQUID-DROP MODEL AND THE SHELL CORRECTIONS 

Before outlining one way of doing this, we must clarify some basic 
definitions related both to the LDM and to the shell model. Concerning 
the .LDM, we can regard it simply as a phenomenological classical de
scription of the average static properties of nuclear matter based 
on the assumption of low compressibility and the existence of a r e 
latively thin surface. In it, a few parameters are introduced in a 
relatively simple way and their values are determined from the best fit 
to the nuclear masses, essentially. This model gives a reasonable 
phenomenological description of the average properties of the fission 
process and nuclear masses but ignores fluctuation effects due to shells. 
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From this definition it also follows that the LDM is characterized by-
smooth terms. 

With only a few free parameters introduced in the model, all having 
a simple physical meaning and a reasonable magnitude, the liquid drop 
model was quite successful, as can be seen, for example, from Fig.5, 
where the LDM is compared with empirical masses of nuclei. Still, 
some significant deviations can be seen there, which are mainly at tr i
buted to the shell structure. 

100 150 

Moss numb«r 

FIG. 5 . Measured masses of the nuclei are compared with the best fit of the LDM (from Ref. [ 8]) . 

The shells are usually thought of as related to the degeneracy of the 
single-particle states, mainly due to sphericity of the nuclear shape. 
However, this is not true. Instead, the shell may be regarded more 
generally as a large-scale non-uniformity in the distribution of the 
single-particle states. Grouping of this kind may always be expected in 
the finite-size nuclei. 

This "soft" definition of shells is very important, because from it 
it immediately follows that 

1. Shells are characteristic not only of the spherically symmetric 
case, but may be expected for any type of the average field and shape 
of the nucleus. In fact, several shells may be expected in the same 
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nucleus at different deformations. The presence of shells is a rather 
common phenomenon. Conversely, the absence of shells must be con
sidered to be an exception. 

2. The relation to the LDM also follows from this definition. Indeed, 
the LDM may be understood as a phenomenological average related to 
smoothed distributions of the nucleons. One can analyse the non-
uniformities which appear in single-particle models and relate them to 
some appropriately chosen average, which may be thought of as repre
sented by the LDM. One can evaluate the related energy difference and 
obtain the required shell correction to the LDM average. 

S§ MORE LESS 

BOUND NUCLEUS 

FIG.6. Effect of the local level density on the binding energy of the nucleus. 

The shell correction to the energy is closely connected to the 
fluctuations of the density of the single-particle states near the Fermi 
energy. The nucleus is more bound when there is a shell (i.e. a thinning-
out) near the Fermi energy because the nucleons occupy the lower states 
in this case. Conversely, an increased density leads to a reduced 
binding, as is illustrated in Fig.6. 

Calculations show that the energy fluctuations related to these 
density fluctuations are of the order of 5-10 MeV, which is all-decisive 
for the stability of nuclei and the fission problem. This leads us to the 
important conclusion that the presence of shells at different deformations 
in deformed nuclei as well as in spherical nuclei is most important for 
the stability of particular nuclear shapes. It may be said that the ground-
state equilibrium deformations of nuclei, spherical and not, are those 
for which a shell near the Fermi energy is present. 

When a nucleus is deformed, as in fission, it should be noted that 
a thinning-out of the single-particle levels alternates with a compression, 
and this leads to a modulation of the smooth LDM deformation 
energy of the nucleus. 

The reason for this is easily understood by considering a schematic 
distribution of single-particle states, as shown in Fig.7. 

Depending both on the number of nucleons and the shape of the 
nucleus, the shells in real heavy nuclei form a rather regular structure 
resembling that shown in Fig.7. It is characterized by two "periods", 
equal, respectively, to A2/3 and A-1/3 , and this feature is quite in
dependent of the specific properties of the average nuclear field. 

As it seems now, the so-called magic properties of nuclei should 
be characterized not only by the magic numbers of nucleons but also by 
some specific deformations. In this way, there are spherical magic 
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nuclei with Z = 50, 82, 114-120 and N = 50, 82, 126, 184; magic nuclei 
with shells at the deformation 0.2-0.3 (Z,N = 60-64, 100, N = 150-152). 
There are essential shells also at larger deformations, such as the 
proton shells Z = 86-88 for an ellipsoidal-shape nucleus with the ratio 
of the two axes d ^ 1 . 8 , Z »110 at d »2 .0 , Z = 116-118 at d »1.45. The 
neutron shells at large deformations can also be found for N = 116-118 
at d = 1.5-2.0, N = 146-148 at d = 2.0-2.4, N = 170-174 at d = 1.5. 

FIG. 7. Qualitative picture of the distribution of single-particle states in the deformed nucleus. 
The low density regions (shells) are shown by circles. Arrows show the places where transitions between 
sphericity and non-sphericity occur (from Ref. [10]) . 

These "magic numbers" are obtained in calculations with a realistic 
deformed Saxon-Woods potential well. Close results are obtained with 
other reasonable models for the potential. It should be remembered that 
the "shells" are , in fact, relatively broad regions centred at these magic 
numbers of nucleons and deformations. The shells at the deformation 
d = 1.2-1.3 are responsible for the ground-state deformations of all 
nuclei in the rare-earth and actinide regions. 

The possible presence of shells in more strongly deformed heavy 
nuclei may have far-reaching consequences for fission; this will be 
discussed below. 

The qualitative arguments find strong support from actual calcula
tions of the nuclear deformations and the shell corrections to the ground-
state masses of nuclei. 

The location of shells in the potential well is a function of both the 
single-particle energy (E) and the deformation (ß). It is convenient to 
introduce a quantity 

6g(E,ß) =gshell (E,ß) - g(E,ß), (l) 

where gsheii is a local density of the single-particle states, which is 
obtained by averaging over an energy interval of the order of 1-2 MeV, 
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and g is the uniform (smeared) background densi ty dis tr ibut ion. The 
quantity (1) desc r ibes deviations of the level densi ty from its average 
value at the s a m e energy. In the shel l reg ions , 6g < 0. 

In a reasonable approximation, the shel l cor rec t ions for the LDM 
deformation energy of the nucleus may be re la ted "to the level -densi ty 
fluctuation by the following expression: 

X 

6M (N,ß) = / (E - X)6g (E ,ß )dE (2) 

where X is the F e r m i energy. 
Alternat ively, the shel l cor rec t ion can be defined as a difference 

between the to ta l sum of the s ing le -par t i c le energies and a sum of 
"uniform" s ing le -par t i c le ene rg ies , which is defined by the smoothed 
distr ibution g 

6M 2 Y E i (ß) - 2 J Eg(E)dE (3) 
(Ej < \) -«> 

This shel l cor rec t ion is closely re la ted to the deviation of the r e a l 
spat ia l dis tr ibution of the nucleons p(r) from a Saxon-Woods type average 
•p(r), such as assumed in the c lass ica l phenomenological models . It can 
be shown [10] that Eqs (2) and (3) a r e co r r ec t with an accuracy up to 
(6p) , where 

bp = p(r) - Jf[r) (4) 

Thus, it is a reasonable approximation even in s t rongly dis tor ted nuclei . 
The total m a s s of the nucleons i s r epresen ted as 

M = M + 6M + P (5) 

where M is the LDM pa r t . In Eq.(5), the pair ing energy P is added and 
the sum of the proton and neutron t e r m s i s taken. (More detailed de 
finitions and equations may be found elsewhere [10].) Considered as a 
function of the deformation, this gives us the potential energy of the 
deformed nucleus , which is impor tant for fission. The equil ibrium de 
formations a r e found by minimizing Eq.(5) with r e spec t to p a r a m e t e r s 
which de sc r ibe the shape of the nucleus and the average field. 

With the method of energy-she l l cor rec t ion , the s ing le -par t i c le 
energy cor rec t ion par t 6M and the pair ing energy P a r e evaluated for 
any given s ing le -pa r t i c l e model , and it was shown that the r e s u l t s , even 
the quanti tat ive ones , a r e r a t h e r insensi t ive to the detai ls of the s ingle-
par t ic le model and a r e genera l ly in agreement with the exper iment (see, 
e.g. Ref.[10]). Different s ing le -par t i c le models , when used with the 
shel l co r rec t ion method, give quite s imi l a r r e su l t s : in the deforma
tion energy, for example , the difference usually does not exceed 
one or two MeV. This is due to the fact that with this method one ex
t r a c t s only e s sen t i a l g r o s s - s t r u c t u r e effects in the distr ibution of the 
s ing le -par t i c le energies and they appear as a common feature of a l l 
the independent-par t ic le models . 
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The stability of the results obtained with the shell correction method, 
together with the possibility of a transparent physical interpretation, 
seem to be an essential advantage of this approach, important for the 
reliability of the theoretical predictions for larger deformations and 
new regions of nuclei. 

Detailed calculations of the shell corrections to the nuclear masses 
were done in Ref. [10] and, more recently, by Seeger and Perisho [11], 
and with an improved Nilsson model by Nilsson et al.[12]. It was observed 
by these authors that even a rather fine detail in the empirical mass 
systematics could be reproduced. 

However, one finds also that a noticeable, though not very large, 
systematic discrepancy remains. Further improvements of the theory 
are necessary, in which zero-point vibration energies and a better 
treatment of the residual interactions, especially in spherical nuclei, 
are included in addition to the refinements of the average field. 

Qualitatively, the calculations prove that the effects of the shells 
in the energy is essentially determined by the local density of the single -
particle states near the Fermi energy, averaged over an energy inter
val of the order of 1-3 MeV. The most essential part comes from the 
single-particle energy term (3). Other factors including the pairing 
are relatively less important, because for them much larger energy 
intervals and therefore much more smoothed distributions are involved. 

Examples of the calculated energy shell corrections are shown in 
Fig.8. When they are compared with the contour maps of the level-
density fluctuation 6g near the Fermi energy, a remarkable resemblance 
appears demonstrating the simple correlation of these two quantities 
mentioned above. 

Minima in the contour map in Fig.8 correspond to shell regions. It 
is seen that for a given number of nucleons there are usually a number 
of minima in the deformation energy, which may give rise to different 
quasi-equilibrium shapes of the nucleus. 

3. THE FISSION BARRIERS 

The shell effects are important for the fission barr iers . In the 
so-called deformed nuclei, the first shell appears at smaller deformations 
(ß = 0.2-0.3). This shell gives rise to an increased stability for these 
nuclei in their deformed ground state; in particular, it enhances their 
stability against fission. Thus, in plutonium or californium, the fission 
barr iers are increased by approximately 3 MeV due to the presence of the 
neutron shell N ^ 150 in the ground state, as illustrated in Fig.9. This 
would correspond to the curve m in Fig.l (compare with Ref. [13]). It 
makes about one half of the measured fission barr iers in these nuclei. 
(In the doubly magic spherical 2 0 8Pb, the shells also provide about one 
half of the observed 25 MeV barr ier [8].) This is , however, not the 
only effect produced by the shells in the fission barr ie rs . Because of 
the compression of the single-particle states at a somewhat larger de
formation, the deformation energy there is increased by a few MeV 
above the LDM average which, together with the ground-state correc
tion, makes a 5 to 7 MeV barr ier , preventing the nucleus from fission. 
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FIG. 9. Two-humped barrier in the deformation energy of a heavy nucleus. Transitions between the 
two families of stationary states are indicated. 

As a result, the fission barr iers in this region of nuclei are some
what larger than predicted by the LDM and are less sensitive to the 
parameters of the LDM. This seems to be in at least qualitative agree
ment with the experimental evidence, as shown in Fig.2. It should be 
mentioned that, at the present time, there is a tendency to revise the 
existing experimental data on the value of Ef in many nuclei. Earlier 
identifications of the fission barr iers have often been made on the basis 
of the presence of some anomaly in the fission cross-section, presumab
ly related to the lowest A. Bohr channel at the saddle point. Because of 
the possible presence of the vibration-type resonance structure related 
to the second well state, this interpretation is called in question now, 
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in particular in the case of the (d,pf)-reaction [14]. The true fission 
barriers should then be somewhat larger than in Fig.2 and still less 
sensitive to the value of the (Z2/A)cri t , which would only increase the 
discrepancy. 

In the theory, the fission barriers are determined by the relative 
heights of the extrema of the deformation energy. Of the two barr iers 
usually present in the heavy nuclei, the higher one should be taken as 
the fission barr ier although, at lower excitations, anomalies should be 
present near the energy corresponding to the top of the lower barr ier . 
It is expected that the second barrier (B in Fig.9) is higher in lighter 
nuclei as a result of the increased LDM deformation energy, and the 
second minimum should be relatively shallow in the nuclei near 230Th. 
However, in practical calculations, it was found that both the Nilsson 
model and the common Saxon-Woods model, fitted to reproducing the 
position of a few single-particle states near the ground-state Fermi 
energy, have the feature of relatively too strong effects at large defor
mations near the second minimum and maximum of the deformation 
energy. This results usually in too high second barr iers , which seems 
to contradict the available information about the relative heights of the 
barriers A and B, the position of the vibration resonances, e t c More 
work must be done before any of these models can be used with sufficient 
confidence. 

4. THE INTERMEDIATE STATE IN FISSION 

A second shell minimum of the deformation energy in the heavy 
nuclei appears at a deformation which is approximately twice that of the 
ground state. This is easily understood from the qualitative model in 
Fig.7 and seen in the contour map of Fig.8. In the medium weight nuclei, 
the second shell is also present, but this does not necessarily lead to 
the appearance of a minimum in the total deformation energy, because 
there the effective surface energy increases very steeply with deformation. 

The situation is different in heavy nuclei. There, the surface tension 
forces are largely compensated by the Coulomb repulsion and the second 
shell produces a significant minimum in the deformation energy. In 
some cases, the nucleus can be captured in the second well and stay 
there for a relatively long time. This will influence the fission process 
in several important ways1. The situation is illustrated qualitatively in 
Fig.9- Here, the heavy line represents the deformation energy with the 
shell corrections included, and the thin line corresponds to the LDM. 

If the two wells are deep enough, we have two distinct equilibrium 
states in the same nucleus at different deformations. At higher excita
tions, some aspects of fission may be described in simple terms of 
transitions between the stationary states of the two wells and within 
each of them. 

Typical transitions are shown in Fig.9. There, T1 and T2 are the 
temperatures in either of the two wells which characterize the density of 
intrinsic states at a given total excitation energy. In addition to usual 

A more detailed discussion can be found in Ref. [ 1 5 ] . 
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y- t rans i t ion and neutron emiss ion which presumably take place within 
each well , non-radia t ive t rans i t ions between the wells a r e also poss ib le . 

The dynamics of these t rans i t ions is descr ibed by a sys tem of s imple 
kinetic equations 

dn л 
_ _ tot _ 

— = - у П 
dr '1 l 

dn9 
z -*• t o t 

^7 = T l " I " У2 П2 

(4) 

where п^т ) and n2 (т) a r e the populations of the two wells which depend 
on the t ime т. The probabil i ty of var ious kinds of decay of the compound 
nucleus may be found from these equations. 

The init ial conditions depend on the specific type of react ion in which 
the compound nucleus is produced. F o r example, for the neutron capture 
case , 

n x (т=0) = 1 

n 2 (т = 0) = О 

Another condition is used when the compound nucleus is formed in the 
course of the de-exci ta t ions of a highly excited nucleus . 

Some t rans i t ions in the second wel l lead to the occupation of the 
lowest s ta tes t he r e . In this ca se , the nucleus s tays in the second w.ell 
for a very long t ime , because the probabil i ty of escape is great ly r e 
duced by the p re sence of the potential b a r r i e r separa t ing the two we l l s . 
A l a rge m a s s , of the same o rde r of magnitude as the total m a s s of the 
nucleus , is involved he r e . There fore , the probabil i ty of - /- t ransi t ions 
to the ground s ta te is reduced to about the same o rde r of magnitude as 
the probabil i ty of fission from the second wel l . Thus, the exis tence of 
the fission i s o m e r s is explained. 

The y- t rans i t ion for the second well to the ground state in the f i rs t 
well should be ex t remely sma l l if the width y*ot is- s m a l l compared to 
the spacing Dt of the levels in the f irs t well . In this case 

r(S-s t-) =к у р (small dissipation) (5) 

where y s . p is the usual average value for the y-width and P A is the pene
tra t ion factor for the f i rs t b a r r i e r . In the case of a s t rong overlap Dj < y2 
the g round-s ta te y-width is much l a r g e r 

r ( g , s t , ) *> hu PA (strong dissipation) (6) 

where u is of the o rde r of the oscil lat ion frequency in the second well . 
The theory outlined above predic ts that the second well is most p r o 

nounced in the deformed nuclei with N = 144 - 148, Z = 86 - 90 and t he re 
it is two or t h r ee MeV higher than the ground-s ta te wel l . This p red i c 
tion ag rees with the exper imenta l data. Indeed, the observed i s o m e r s 
lie close to this region [5]. The energy of the i somer i c s ta te was f irs t 
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determined from the excitation functions of the fission isomers produced 
in charged-particle reactions and later by other methods. They all give 
values which agree with such an interpretation. 

5. INTERMEDIATE STATE RESONANCES 

The presence of the intermediate stationary states in fissioning 
nuclei strongly modifies the probability of fission. At lower excitations, 
the intrinsic excitation energy in the second well may be relatively low, 
of the order of one or two MeV. (This is so because, in some nuclei, 
the second well is 3-4 MeV above the first and this amount of energy is 
subtracted from the total excitation energy.) Here, almost pure collec
tive vibrational states may exist. Considered as a function of the energy 
in the fission degree of freedom (e), the penetration function for a two-
humped barr ier shown in Fig.9 has resonance maxima whenever this 
energy coincides with the state in the second well, see Fig.11. Exact 
numerical solutions are described by Nix [16], by Bang and Wong [17], 
and in Ref. [14]. A simple approximate solution of the problem was ob
tained recently by Gai et al. [18] who discuss also some applications to 
the analysis of the fission resonance distribution, including compound-type 
resonances. 

FIG. 10. The same as in Fig. 8, evaluated for the region of the super-heavy elements around Z = 114, 
N = 184. In these calculations, the surface thickness of the potential was constant (from Ref. [9] ) . 

The first experimental case where a vibration resonance was identi
fied was the fission of 230Th b y o.3-2 MeV neutrons [19], see Fig.12. 
Since then, more cases have been studied, in particular in the (d,pf) 
reaction, where states of even compound nuclei may be excited below 
the neutron binding energy and the maxima cannot be confused with those 
which may arise because of the competition with the (n,n* )-reaction. 
Examples of the fission probability function obtained recently in the 
(d,pf) reaction are presented and discussed in detail in Ref. [14]. Note 
that, in the previous, less accurate measurements, the maxima at lower 
excitation energies were understood as plateaux related to A. Bohr1 s 
channels at the saddle. It is important that, in the traditional model, it 
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is not possible to explain why the fission probability should drop when 
the excitation energy of the nucleus increases. Therefore, one is dealing 
here with a feature of principal importance. 
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FIG. 11. Qualitative representation of the 
penetration function for the case of a double-
humped barrier with a vibration state in the 
second well (from Refs [14,15]) . 
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FIG. 12. A case of a possible vibration resonance 
in the fission cross-section of 230Th, 

Another strong confirmation of the presence of a stationary inter
mediate state in fission comes from an unusual distribution of fission 
resonances, such as shown in Fig.4. This unexpected behaviour of the 
fission width is now well understood. According to E. Lynn, fission takes 
place only when the energy of the compound nucleus state coincides with 
one of the states in the second well. The intrinsic excitation in the 
second well is by a few MeV less than that in the first well. Therefore, 
the compound level spacing is increased 100-1000 times and the widely spaced 
groups observed in 240Pu and other nuclei are interpreted as correspond
ing to these states. The observed width of these groups is the same as 
the internal width -у™1 of the second-well states, which includes the 
widths of the non-radiative transition y2. 

The distance D2 between the groups of fission resonances varies 
from one nucleus to another, depending on the relative height of the 
second well. Thus, this important quantity could be estimated directly 
from the ratio of Г>2 to the average distance Di between the states in the 
first well and, obtained in this way, it agrees with the estimates available 
from spontaneous fission isomers data. At excitations close to the top of 
the barrier , the groups overlap as a result of increasing y 2

 anc* less 
distinct structure is observed. Here, more sophisticated statistical 
methods should be used to prove the presence of intermediate structure. 
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This compound-nucleus type of resonance structure should be strongly-
dependent on the depth of the second potential well. In lighter nuclei, such 
as thorium, where the second well is shallower, this structure should 
turn into vibration resonances similar to those considered above. In 
some transitional cases, this vibration resonance structure would appear 
as a broad envelope over many intrinsic states in the second well, in 
just the same way as optical model single-particle resonances do in the 
case of scattering of neutrons by complex nuclei. It seems interesting 
to investigate this problem more thoroughly. 

6. ANOMALIES IN THE ANGULAR ANISOTROPY 

Important changes in A. Bohr1 s model for the channel effect in 
fission anisotropy will result from the fact that the nucleus stays long 
enough in the second well to "forget" the specific properties of the channel 
states, which it had when passing over the first barrier A in Fig.9. In 
particular, this is true for the value of the projection of the total spin on 
the nuclear axes, which is important for the angular anisotropy of fission. 
(For this, the lifetime of the second-well state must be rather long be
cause only the weak Coriolis forces can change this quantity.) 

In such a case, the observed channel structure should correspond to 
the second barr ier B. If this barrier is higher than the first (A), the 
familiar picture of channel structure in near-barrier fission should 
nevertheless be valid. In this case, it is the second barrier that cor-
resppnds to the effective energy threshold. However, if the,barrier В 
happens to be one or two MeV lower than the first, no pronounced struc
ture in the angular distribution is observed, because many channels with 

0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0 
NEUTRON ENERGY (MeV) 

FIG. 13. Anisotropics of the fission-fragment angular distributions for fission induced by MeV neutrons. 
The "structure" in the anisotropy disappears in heavier nuclei(frorr) Ref. [15]) . 
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different spin-projection quantum numbers are available in contrast to 
the traditional picture. This may be expected for some heavy nuclei and 
the experiments show that it is really true. No channel structure in the 
angular distribution is observed in some under-the-barrier fissions, 
which normally is characteristic of a few MeV excitation. This is il
lustrated in Fig. 13, where some of the observed fission fragment aniso
tropics are shown as a function of the excitation energy at the saddle. It 
is clearly seen that a large anisotropy in near-threshold fission is 
definitely not a general feature. This is a significant deviation from the 
traditional picture. A more detailed discussion and references can be 
found in Refs [15,20]. 

The ideas about a double-humped barr ier seem to be rather helpful 
also in treating many other more ordinary data. Information about the 
relative heights of barr iers A and B, the depth of the potential well, etc. 
has recently been obtained from neutron and photofission experiments 
performed in Obninsk, Dubna and Moscow and in Bucharest.. 
These studies shed new light on this interesting problem. 

7. STABILITY OF THE SUPER-HEAVY ELEMENTS 

There is another problem which is widely discussed at present and 
is closely related to fission and the shell structure. This is the problem 
of stability of the super-heavy elements. It seems certain now that the 
stable nuclei may exist beyond the limit Z2 /A = 45 or 48 provided by the 
liquid-drop model. If even such familiar nuclei as uranium or plutonium 
are stable, much owing to the presence of shells, then it is less unexpected 
that some still heavier nuclei may exist which should be stable only due 
to the shells. 

In Fig. 10, two contour maps of the proton and neutron shell correc
tions to the deformation energy are presented. They were evaluated in 
Ref. [9] for the region of the super-heavy nuclei with a commonly used 
Saxon-Woods potential well for the IPM, with the skin thickness kept 
constant along the nuclear surface. The magnitude of the shell part of 
the barrier in these nuclei as well as the extent of the region where the 
long-lived nuclei may occur are clearly seen (somewhat different results 
are predicted for modified Saxon-Woods potentials [24].) 

Though the shell stability cannot completely prevent the disruptive 
effect of the Coulomb repulsion, it can move the upper limit of stability to 
higher values of Z and A. Some years ago, W. Swiatecki has predicted 
an island of stability around the heaviest doubly-magic nucleus. The 
most likely candidates at present are nuclei with Z = 114 - 120 and 
N = 184. (These numbers characterize the centres of the corresponding 
shell regions.) The Nilsson model did not seem to be reliable for extra
polation to the new regions of nuclei; the first calculations of the fission 
barr iers in these super-heavy nuclei were done with an approximate 
model of the Saxon-Woods type [21, 22]. These calculations have shown 
that, despite the effect of a very strong Coulomb field in these nuclei, 
the fission barr iers may be as high as 5 - 10 MeV. Similar numbers 
were obtained later in the shell-correction calculations with an im
proved Nilsson model, see, e.g. Refs [10, 22, 23] and with the deformed 
well Saxon-Woods potential [9, 27]. Some other models were considered 

<* 
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in Ref. [24]. Some of these nuclei should be close to the ß-stability line 
and are relatively stable to a-decay [24, 25]. In Ref. [23] some estimates 
for the spontaneous fission lifetimes of such super-heavy nuclei are 
presented. It was found there that the partial fission lifetimes may be 
even as long as millions of years. These estimates of the lifetimes 
should probably not be taken too literally, but if these are true, then 
such nuclides which are at the moment only hypothetical may become 
very important in the future. This problem attracts, of course, great 
interest, and numerous exciting studies are under way. 

Nilsson Mod., N = H 4 

ß ß 
FIG. 14. Dependence of the shell effects in the deformation energy on the octupole deformation para
meter d3 equal to the ratio of the left and right semiaxes d3 = 1, corresponds to pure ellipsoidal deforma
tions. The diagram A is for the r2Y3 and В is for the r3Y3 octupole term. In the upper left diagram, 
the octupole LDM term normalized to ellipsoidal shape energy is added to the shell correction A. 
Evaluated for the N = 144 with the Nilsson model. 

8. THEORIES FOR THE DEFORMATION ENERGY 
In the last two or three years, many calculations of the nuclear 

deformation energies were performed. In many cases the shell-correction 
method was used, which seems to be the most reliable at present. In 
these calculations, different single-particle models were used and new 
types of deformation were considered in addition to the ellipsoidal ones. 
This was done mainly in order to check the stability of the second 
potential well against these deformations and to obtain better estimates 
of the fission barr iers . For the Nilsson model, detailed consideration 
of the P4 -type of deformations can be found in Ref. [23]. In Ref. [25], 
the stability of the second well against the non-axial -y-deformation was 
demonstrated. 

The stability against asymmetric octupole type deformation for the 
case of the Nilsson model was recently considered by one of the authors 
(H.C.P.). One example of the results is shown in Fig.14. Two different 
radial dependencies in the octupole term, as r2 and r 3 , are compared 
there. It is seen that the minima are more stable against the octupole 
deformation when the shell correction is added to the LDM, while near 
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the maxima the stiffness is less than in the LDM. This effect could be 
of interest for the problem of the asymmetry in nuclear fission. How
ever, since there is such an appreciable difference between these two 
equally reasonable assumptions about the radial dependence of the field, 
no definite conclusions can be drawn until the problem is investigated 
more thoroughly. 

This example illustrates a basic ambiguity and limitation of the 
Nilsson model. Originally introduced as a convenient and very success
ful compromise with the technical problem of solving the Schrödinger 
equation for a deformed field, this model is only vaguely related to 
even the most generally known properties of nuclear matter. Such 
phenomena as the existence of a relatively thin surface, the finite nucleon 
binding energies, etc. are not present in this model. This makes difficult, 
if not impossible, any definite extrapolation of this model to larger dis
tortions, more complicated shapes or the unknown regions of nuclei. 

The ambiguity should be less in the case of the Saxon-Woods type 
model, although the general picture of the shell distribution and the 
magnitude of the shell effects in the deformation energy is not expected 
to be very different. 

Some time ago, effective methods of solving the Saxon-Woods problem 
for strongly deformed nuclei were developed. (One of them [27] was used 
in the evaluation of the single-particle levels which correspond to the 
shell correction map in Fig.8). This method was found very suitable for 
calculations of the shell effects in the strongly deformed nuclei. It was 
recently generalized in such a manner that it became possible to obtain 
a solution for any given shape of the nucleus including those with a pro
nounced neck and without the reflection symmetry for any reasonable 
type of the average field [28]. From this, the energy shell corrections 
are obtained for any given shape of the nucleus that might appear in the 
process of fission. 

The analysis of the results has not been completed yet. In the 
calculations, a realistic Saxon-Woods type of the nuclei average field 
was usually assumed with the skin thickness constant along the surface. 
Shapes were chosen such as to make it possible to describe the forma
tion of the neck, in addition to another degree of freedom corresponding 
to the elongation deformation. (Without the "neck" formation, the LDM 
energy would steeply increase for larger deformations.) The neck 
degree of freedom can be important in view of possible dynamic in
stabilities in this direction at large deformations. In the future, it is 
intended to take into account more degrees of freedom, including those 
which describe the asymmetry. 

It was found that, for moderate deformations, all essential features 
of the shells are very much the same as obtained earlier with 
the other models. However, for the agreement with the ex
isting information about the heights of the barr ier , energy differences 
between the two wells, position of the vibration resonances in lighter 
nuclei, etc., additional refinements of the model are required. This 
work is under way now. 

Examples of the calculated deformation energies are shown in 
Fig.15, which represents contour maps of the deformation energies 
analogous to Figs 8 and 10 but evaluated for a sequence of shapes along 
the so-called LDM valley. (Some of these shapes are shown there.) 
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At very large deformations, quite definite and strong shell effects 
are observed which in some cases produce noticeable instability against 
neck formation. The connection of these shells with the shells in the 
fragments is not clear as yet. A final decision can be made only if some 
asymmetry of deformation is included. 

FIG. 15. The shell corrections to the deformation energy of the nucleus evaluated for a sequence of 
shapes approximately corresponding to the valley of the liquid-drop model. The contour lines are drawn 
with increments equal to 1 MeV. The shell regions(5u + 6p < 0)are shaded. (From Ref.[30]). 

9. THE DYNAMICS OF FISSION 

The deformation energy alone does not determine the "trajectory" 
of the fissioning nucleus in the space of the degrees of freedom defining 
the state of the nucleus. Therefore, it gives no answer to the problem 
of distribution of the fragments (unless a stationary state exists just at 
the scission, as is the case in the pure LDM for the values of the para
meter x = 0.6 - 0.65 or as it may also be due to the presence of a shell 
there). However, the dynamics of the non-stationary state of the nuclear 
matter is one of the very few problems almost completely untouched by 
the hectic development of nuclear theories. 

In the case of mechanic (or quantum-mechanic) motion, the trajectory 
is determined by the competition between the forces defined as the deri
vatives of the deformation energy function and the related inertia para
meters that characterize the response of the system to these forces. 
In the case of a strong friction, the latter are replaced by corresponding 
friction coefficients, and the equations of motion are completely different. 
Not much is known at present about the character of the collective motion 
in fission, and this important problem requires special attention. 

The theory commonly used at present for the higher excitations 
(above the fission barrier) generally assumes strong dissipation. 
It is assumed that the fission kinetic energy is of the order of the nuclear 
temperature and is therefore much less than the total excitation energy. 
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This still does not help in finding the trajectory but some simple quanti
ties can be found, such as the total fission probability or the partial 
populations of specific channels of the barrier that are of importance 
for the statistical theory of the fission fragment angular anisotropy. 
(In principle, the viscosity is essential even there but, as was found by 
Kramers in 1940 [29], there is a large region of the viscosity values 
where the simple Bohr-Wheeler formula can be used.) This kind of 
problems can be solved with simple static models which give only the 
extrema of the deformation energy. 

A.t lower excitations and, in particular, in the theory of spontaneous 
fission, a purely mechanical type of motion is assumed. The trajectory 
problem is sometimes resolved simply by identifying the trajectory with 
the so-called steepest descent line, assuming some kind of slow motion. 
However, this model conflicts with the original assumption about the 
mechanic type of motion. In addition, in some qualitative discussions, 
equal inertia parameters are implicitly assumed for different degrees 
of freedom, for which there is no reason whatsoever. The steepest-
descent method can be generalized to non-equal masses and to non-
orthogonal co-ordinates, but the important intrinsic inconsistency r e 
mains since the "slow motion" can only be due to strong dissipation of 
the collective motion and, in this case, the relative dissipation coeffi
cients rather than the inertia parameters are relevant, and there is no 
idea of how to evaluate the barr ier penetrability if this is the case. 

The collective degrees of freedom describing the shape of the nucleus 
are not immediately related to transfer of any definite pieces of the 
nuclear matter. Therefore, the related inertia parameters are defined 
only with the corresponding degrees of freedom and should normally be 
considered as co-ordinate-dependent. With reasonably defined deforma
tion parameters, this should lead to a smooth dependence of the mass 
parameters on the deformations. 

Although a separate discussion of these quantities has not much 
meaning, some recent calculations [20] have demonstrated that there is 
a quite definite shell structure effect also in the inertia parameters: 
they have the same oscillating behaviour as the deformation energy, r e 
flecting essentially the level density fluctuations near the Fermi energy. 
In spite of the increased pairing, the quadrupole-type deformation mass 
parameter is approximately twice larger near the top of the shell barr ier 
than at the minima of the deformation energy. For the spontaneous 
fission, the trajectory problem is of exceptional importance. In the case 
of the co-ordinate-dependent mass parameter, the lowest-action trajec
tory may even pass by the saddle point if more penetrability is gained 
there, where the mass parameter is lower. 

This situation is not very likely to occur, but there is one interesting 
aspect of the problem, which may be important for the penetrability of 
the potential barr iers at larger deformations such as the barrier В in 
Fig.9. Instead of further elongation, fission may take place simply by 
cutting the neck in the relatively elongated nucleus2. In the static model, 

2 In the LDM for some fixed large values of the distance p between the centres of the two halves 
of the nucleus not exceeding a certain critical value, there are two branches of the equilibrium shapes, 
one corresponding to continous shapes and another to separated fragments of proper shapes, and for some 
large values of p < p c r i t , the latter have from 10 to 15 MeV lower energy. For p > p c t j t , only the 
second type of equilibrium shapes exists. Thus, р с гц was considered as an LDM scission point [ 3 1 ] . 



176 STRUTINSKY and PAULI 

this is prevented by some local stability or a potential barrier which 
separates the continuous shape from two oblate fragments with approxi
mately the same distance between the centres of mass. However, this 
barrier may prove to be rather penetrable if the related effective mass 
parameter is small, as this is to be expected for a "neck" degree of 
freedom. 

The presence of a shell in a strongly deformed nucleus with a pro
nounced neck, its stability or instability against different kinds of de
formations can strongly affect the final stages of the fission process. 
There seems to be good qualitative reason for such a "third" shell in 
view of the presence of shells in the fragments just after the separation. 

The presence of a shell in a strongly deformed nucleus with a pro
nounced neck, its stability or instability against different kinds of de
formations can strongly affect the final stages of the fission process. 
There seems to be good qualitative reason for such a "third" shell in 
view of the presence of shells in the fragments just after the separation. 
A shell should develop already in the continuous nucleus before scission, 
and turn later into the fragment shells. In some cases, such a shell 
could stabilize the nucleus against further elongation (the "third well"). 
Fission would take place preferentially by decreasing the thickness of the 
neck with a relatively small distance between the centres of the two 
halves. This should be the case of instability against formation of shells 
in spherical-shape magic fragments. In other cases, the shells would 
enhance stronger deformations of fragments before scission. This is 
closely related to the touching-fragment shell model, suggested some 
years ago by Vandenbosch [32] (see also Ref. [33]), which was supposed to 
explain some "strange" data, such as the saw-tooth curve for v and the 
kinetic energy distribution. 

At large deformations, new types of motion arise, such as forma
tion of the neck, its position along the main deformation axis, etc. 
Stability of the equilibrium shapes against all these should be investigated. 

The essential multi-dimensionality of the fission process at large 
deformations imposes very hard conditions on the quality of the theoretical 
and numerical methods used to solve the problem. Technical dif
ficulties increase too fast with the increasing number of degrees of 
freedom, and it is one of the most urgent problems how it is possible in 
the most direct way to describe important types of deformation with the 
smallest possible number of parameters. The Hollywood people have 
encountered the same problems some years ago when they decided that 
only three measures were sufficient to describe the shape of the body. 
The nucleus is probably a more complicated system. However, one may 
hope to manage with at least no larger number of parameters when a 
better qualitative understanding of the process is reached. 

The new explorations in fission will certainly require more extensive 
theoretical studies. It is a great challenge to try to reach a still better 
understanding of the intrinsic structure effects in the fission process as 
well as in the nuclear masses. The fission process is a very good testing 
ground for many nuclear theories - a very hard but very useful one. 
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D I S C U S S I O N 
J . J . GRIFFIN: Could you comment in g r e a t e r detail on the difference 

between the calculat ions "A" and " B " of octupole effects in the Nilsson 
model , and on the r e a s o n s why you abandoned the Nilsson model in favour 
of the Woods-Saxon potent ial? 
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V.M. STRUTINSKY: In the Nilsson model two different radial de
pendences were used in the octupole term. As I have mentioned, the 
difference illustrates essentially the ambiguity of the definition of more 
complicated shapes in the Nilsson model. The ambiguity with the other 
parameter is even worse and cannot be resolved by fitting single-particle 
states near the ground states in certain nuclei. It is therefore better to 
use more "physical" models in this type of calculation. 

Another reason is that a model which can satisfactorily explain the 
ground state deformations and give reasonable shell corrections should 
not be regarded as absolutely reliable in the case of extrapolations. These 
features are largely independent of the details of the single-particle model; 
on the other hand, different independent-particle models, all giving the 
same quality fit near the ground state, lead to somewhat different quanti
tative results at larger deformations or higher nucleon numbers. Results 
obtained with different models should, at any rate, be compared before 
any precise conclusions are drawn. 

K. DIETRICH: In your presentation you indicated that there was a 
third minimum besides the ones corresponding to the ground state and 
to the usual isomeric state of the nucleus. This third minimum would 
correspond to a highly deformed shape beyond the saddle point with the 
two fragments already preformed. Would you agree that this shape, 
if it exists, could be approximately described by two touching fragments? 
If this is so, it may explain the relative success of very simple scission-
point models — a question that aroused some discussion. 

V.M. STRUTINSKY: The "third" shells can be somehow related to 
the fragment' s shells although no exact correspondence is expected. 
We do believe that these shells can strongly influence the fission process 
at larger deformations, i. e. at the later stages. They may also stabilize 
some specific scission shapes against further elongation. However, these 
problems require further investigation. 

E.R. HILF: I have three remarks relating to your talk, which we 
enjoyed so much. First , if I understand you correctly, your total energy 
E consists of two parts, the liquid-drop (LD) part, which you take from 
an experimental fit, and a shell correction term Esheii which you extract 
from a shell model by summing up the single-particle levels and sub
tracting their Strutinsky average. The LD part you used does not however 
contain the whole smooth trend of E with regard to terms proportional to 
A1/3, as is done, for example, in the droplet model of W.D. Myers. 
Theoretically, the LD part can be calculated directly from the shell model 
using the leptodermous approximation A1'3 » 1 , as has been shown, for 
example, by S. Knaak et al. in Phys. Lett. 23_ (1966) for surface tension. 
As long as you are interested in the shell fluctuations and not in quantitatively 
determining the (experimental) data where the smooth part also enters, 
e.g. threshold energies, this difference does not affect your results. But 
with regard to quantitative results, one would trust a shell correction 
term extracted from a shell-model potential only if the LD part is 
determined from the same model and gives the right results. According 
to our experience this is possible only for potentials which have any of 
the usual non-local parts — well known from scattering theory — and 
not for the local one which you used. 

Second, I admit that the method of calculating the shell-correction 
term which you introduced has had great stimulating effects on both ex-
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perimentalists and theoreticians especially with regard to double-hump-
barr ie rs . But I have no confidence in the plot of potential energy versus 
deformation which you presented, for example in Fig. 9 of your paper, 
since the summing up of the single-particle energies only works in the 
case of equilibrium shapes.. Furthermore, this ought to be done in a self-
consistent way. Even if, in subtracting the experimentally determined 
LD term, one takes into account the main part of the "self-consistency 
correction", the difference between self-consistency and non-self-
consistency enters into your shell correction term E - ELD with the same 
relative strength. Thus, calculating in a self-consistent way may lead 
to a shell correction term which differs considerably and quantitatively. 
I would consider that approach to be more reliable. 

Third, you predicted a third minimum near the scission point for 
some nuclei and extend your model to non-equilibrium states of the nucleus 
(say, between saddle and scission). But this does not seem to me to be 
closely related to the physics of nuclei, for two reasons: (a) In the non-
equilibrium states the nucleus has some excitation energy, it is "heated 
up". But then one cannot use the single-particle levels of a "cold" nucleus 
of the same shape, since the levels themselves, individually, are 
temperature-independent and this leads to a considerable change of the 
level density, too; (b) Summing up the single-particle energies as an 
approximation for the total energy breaks down as the nucleus gains 
excitation energy, since the interaction terms increase rapidly. 

V.M. STRUTINSKY: I would like to reply to the three remarks made 
by Mr. Hilf. First, modifications of the liquid-drop part do not affect 
the shell correction. The liquid-drop model appears in the calculations 
after re-normalization has been performed and the shell correction 
evaluated. The "uniform energy" does not contain anything that cannot 
be thought to be contained in the liquid-drop model. 

Second, the usual objections to the Mottelson-Nilsson summation 
procedure cannot be directly used against the shell-correction method, 
which is based on different arguments. The method may require some 
refinements and improvements. We would appreciate any specific 
arguments. 

Third, the average-field approximation for the intrinsic excitations 
near the Fermi energy, on which the calculation is based, is hardly 
destroyed by the excitation; unless the average single-particle excitation, 
or the temperature, becomes comparable to the Fermi energy, i . e . ex
tremely high. There is hardly any danger on this score. 

L. WILETS (Chairman): I would like to make some comments that 
pertain to all attempts to utilize single-particle energy levels and eigen-
functions to obtain the total energy of the nucleus as a function of deformation. 
These comments will be relevant to.the papers presented earlier in the 
Symposium, to Prof. Strutinsky' s work and to papers we will hear later. 

We use the term "model" to denote (1) an analogue system of well-
defined mechanics or (2) an empirical parameterization of a system whose 
mechanics, even if defined, are not solvable. (The term is used for 
other purposes as well.) It is in the latter sense that we speak of an 
1 independent-particle model1 . It is essential, however, to have a concept 
of the meaning of the model in order to obtain new information (e.g. total 
energy vs. deformation) from empirical input (e.g. equilibrium-level 
structure, nuclear saturation, liquid-drop model, etc.) . W. Bassichis and 
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I have studied this question (Phys. Rev. Lett, and abstract SM-122/112). 
The single-particle models, we suggest, are to be interpreted as (modified) 
Hartree-Fock solutions of the many-body problem. Away from equilibrium, 
this involves the introduction of a constraint, i . e . a Lagrange potential 
which deforms the nucleus. This Lagrange potential contributes to the 
energy eigenvalues and helps to determine the wave functions, but must 
not be included in the total energy. We find that errors due to ignoring 
this can be large and not smooth in deformation. The Strutinsky results, 
for example, are probably qualitatively correct, but there are important 
quantitative questions which remain. It may be possible to reinterpret 
the results in terms of a redefinition of nuclear deformation (matter vs. 
potential, which are not self-consistent except at equilibrium). 

These comments were intended as a warning signal concerning the 
interpretation and quantitative meaning of such calculations. 

V.M. STRUTINSKY: I believe that the shell correction method is 
a reasonable approximation, especially as a kind of Hartree-Fock-type 
approximation, that it approximately satisfies the self-consistency 
condition and, moreover, that it does not contradict the results obtained 
with the Lagrange multiplier method. 

The energy of the nucleus can always be split into two parts, one of 
which is characterized by smooth quantities. Now, for this part no de
tailed microscopic theory should really be necessary; a phenomenological 
liquid-drop model type of approximation would suffice. L.D. Landau 
used to say that it was so much easier to measure surface tension that 
one should not waste one' s time trying to "evaluate" it. 

The energy, related to the difference between the realistic distribution 
in a small-size quantum system like the nucleus and the model smooth 
distribution, is, up to the second-order terms, the difference between 
the relevant single-particle energies. I have tried to explain this in my 
papers on the shell-correction method [see, for example, Nucl. Phys. 
112 A (1968) 1, in particular sections 8 and 11] . In calculations with the 
shell model, it is assumed that the shell-model average field is consistent 
with such smooth distribution. As I understand it, this is the basic a s 
sumption and meaning of the practical shell model. 

There are some points which must be understood before any comparison 
is made with other models. In particular, in the shell correction method 
the deformations are defined taking into account the uniform part of the 
distributions, the shape of the spatial smoothed density distribution, its 
volume, etc. In the Lagrange multiplier method, deformation is usually 
defined as the total quadrupole moment of the real distribution, which is 
a different quantity and corresponds to another subsidiary condition. For 
the above-mentioned parameters used in the shell correction method as 
adiabatic external degrees of freedom, the approximate consistency is 
almost trivial. To require exact consistency for them would, in fact, 
mean solving the complete Schrödinger equation with real forces, which 
is hardly a very enticing prospect. 

R.H. DAVIS: Would you please comment on the importance that 
attaches to studies of collisions between fragments, i .e . heavy ion colli
sions? Several aspects of such collisions appear relevant. First , the 
entrance channel dynamical parameters can be varied. Second, for a 
given "compound system" the asymmetry (mass ratio of the collision 
partners) can be chosen. 
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V.M. STRUTINSKY: The usual reversibility arguments cannot be 
directly applied to the fission process, in which the cross-section is 
averaged over so many intrinsic states, whereas in fusion other combina
tions of states may be important. This is reflected in the classical picture 
of fission in which the fragments are assumed to be of prolate shape, while 
in fusion the shapes of the ions are oblate. 

However, there is no doubt that the heavy-ion collisions can give 
valuable information on the deformability of the nuclei and some other 
dynamic features of the nuclear matter. 

H.W. SCHMITT: Have any estimates been made of the lifetime of 
vibrational states in the second minimum for gamma decay to the ground 
state of the second minimum? Is there an estimate of the relative yield 
of such a process in regard to prompt fission from such vibrational levels? 

V.M. STRUTINSKY: Such a probability should always contain a pene
tration factor for the barrier A. Qualitatively, this reduces it, at least, 
to the same order of magnitude as the probability of fission from the second 
well. More serious estimates would require a deeper understanding of the 
nature of such states. 
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Abstract 

SINGLE-PARTICLE CALCULATIONS FOR DEFORMED POTENTIALS APPROPRIATE TO FISSION. We 
consider the calculation of single-particle energies and wave functions in potentials whose shapes are appro
priate to nuclear fission. Each potential contains three terms: (1) a spin-independent axlally symmetric part 
Vj, obtained by folding a Yukawa interaction with a uniform sharp-surface distribution that simulates the 
nuclear density distribution, (2) a Coulomb potential determined in an analogous way by integrating the 
Coulomb interaction over the corresponding sharp-surface charge distribution, and (3) an invariant spin-orbit 
term о • VV x p . For a spherical nucleus, V is similar to a Woods-Saxon potential. As the nucleus deforms, 
Vj deforms in a corresponding way, with a surface thickness that remains approximately constant for small 
deformations. At larger dumbbell-like deformations, the potential is somewhat deeper in the ends of the 
dumbbell, which is surrounded on all sides by nucleons, than in the neck region. 

Apart from its geometrical shape, the potential for neutrons contains four parameters: a depth, a radius, 
an analog of the surface thickness, and the spin-orbit interaction strength. These are determined by fitting 
the neutron single-particle and single-hole levels in 208Pb. The sharp-surface nuclear shape is considered to 
be axially symmetric and is specified in teims of smoothly joined portions of three quadratic surfaces of re
volution (e. g. two spheroids connected by a hyperboloidal neck). The two-dimensional coupled Schrb'dinger 
equations are solved by a finite-difference method that is an improved version of the procedure described by 
Dickmann. 

We present here our preliminary results for the neutron levels near the Fermi surface in 234U for shapes 
ranging from a sphere to an elongated symmetric dumbbell beyond the saddle point. The calculated levels 
at the saddle point are compared with the transition states deduced from 235U fission cross-sections and fission-
fragment angular distributions. The preliminary comparison indicates approximate agreement between the 
calculated and experimental transition states, but there ate calculated states of high angular momentum near 
the Fermi surface that are not excited in the low-energy neutron-induced fission of this nucleus. 

USTRODUCTION 
Marry diverse fission phenomena are believed to be associated with 

single-particle effects in the vicinity of the fission saddle point and be
yond. Familiar examples include the most probable asymmetric mass division, 
the sawtooth neutron-emission curve, and the increased fission-fragment ki
netic energy for asymmetric mass divisions. Also, the fission cross sections 
and fission-fragment angular distributions of odd compound nuclei are con
nected with the single-particle states at the saddle point, the so-called 
transition states. Of more recent.interest are spontaneously fissioning 
isomers and the intermediate structure in fission cross sections, which have 
been attributed to a secondary minimum in the potential energy of deforma
tion; this minimum is thought to be due to shell structure in the single-
particle levels. An accurate description of phenomena such as these re-

This work was performed under the auspices of the US Atomic Energy Commission. 
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quires an accurate calculation of the single-particle states for very de
formed shapes near and beyond the saddle point. 

The importance of such calculations has already been recognized, and 
several attempts have been made to calculate single-particle states at large 
deformations. However, these studies generally have taken methods appro
priate to small deformations and applied them at large deformations. Such 
procedures seem unsatisfactory to us for three reasons: (l) the parametriza-
tions used to describe the geometrical shape of the potential are inappro
priate to large deformations, (2) the single-particle potentials themselves 
have unphysical features, and (3) the mathematical procedures used for cal
culating the energies and wave functions lead to inaccuracies at large de
formations. 

In this work we have developed techniques more suited to large deforma
tions. The parametrization used is particularly adapted to very deformed 
shapes, the potential has desirable properties at large deformations, and 
the method of solution is essentially as accurate at large deformations as 
for a sphere. However, it should be stressed that these objectives are 
achieved at the expense of an increase in computation time and some loss of 
numerical accuracy for shapes close to a sphere. 

Of the many possible applications we will discuss here only our 
preliminary results for the neutron levels near the Fermi surface in 3 4U 
for shapes ranging from a sphere to an elongated symmetric dumbbell beyond 
the saddle point. We are concentrating on these levels Ъесадае of the wide 
experimental interest in the transition states deduced from U fission 
cross sections and fission-fragment angular distributions. The calculated 
levels at the saddle point will be compared with the various sets of experi
mental states. 

SINGLE-PARTICLE POTENTIAL 

General features 

The basic problem in defining the single-particle potential is that of 
generating a potential related to a given shape. If the procedure is to be 
useful for deformations near and beyond the fission saddle point, it must be 
capable of handling shapes of the sort shown in the lower left-hand side of 
Fig. 1, and also shapes that are not reflection-symmetric. Fortunately, for 
most fission phenomena it is sufficient to consider only shapes with axial 
symmetry. 

For spherical nuclei the Woods-Saxon and harmonic-oscillator potentials 
are frequently used. However, there are obvious difficulties in generalizing 
these potentials to more complicated dumbbell-like shapes, such as those in 
Fig. 1. For these shapes we expect the potential to be somewhat deeper in 
the ends of the dumbbell, which is surrounded on all sides by nucleons, than 
in the neck region. This is illustrated in the lower right-hand portion of 
Fig. 1. It does not seem possible to generalize a Woods-Saxon or harmonic-
oscillator potential so as to reproduce this behavior without also producing 
unphysical cusps in some of the equipotentials. 

Recently GREENLEES, PILE and TANG ll] proposed a somewhat different 
parametrization of the potential, which, with some modification, is also ap
propriate to deformed shapes. In their method the spin-independent single-
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FIG. 1. The uniform sharp-surface pseudodensity distribution that characterizes the shape, and the resulting 
equipotentials of the folded Yukawa spin-independent nuclear potential V, for various values of the deformation 
co-ordinate y. The equipotential contours refer to the energies-0.1 V0, -0 .3 V0, -0,5 V,, -0. 7 V„, and 
-0. 9 Vo, where V0 is the well-depth parameter [see Eqs (4), (5), and (8)]. The volume of the pseudodensity 
is appropriate to the nucleus 234U; each division on the scales represents 5 fm. 

particle potential Vi is obtained by folding an effective two-nucleon inter
action f with the nuclear density p, i. e. 

Vi(r) 
/ 

f(r"-r') p<r"') (1) 

In Ref. 1 it is shown that this procedure produces a potential that is 
adequate for fitting proton-nucleus scattering. 

The folding procedure of Eq. (l) can be modified so as to allow a 
simple parametrization of the single-particle potential for both spherical 
and deformed shapes. We have chosen to replace p(r) by a uniform sharp-
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surface "pseudodensity" that is characterized solely Ъу the shape assumed; 
i. е., p(r) is taken to he the average number density A/V if r is in
side the specified surface and zero if it is outside. The volume V of 
the shape is assumed to remain constant as the shape is changed. For both 
physical reasons and simplicity we have taken the function f representing 
the "pseudo nucleon-nucleon interaction" to he a Yukawa potential with ad
justable strength and range. Figure 2 shows a comparison between a potential 
parametrized in this way and a Woods-Saxon potential for the spherical nucleus 
°sPb. The advantages of using this folding procedure to parametrize Vi are 
simplicity, good behavior around the nuclear surface, and adaptability to very 
deformed shapes. 

FIG. 2. A comparison of the folded Yukawa spin-independent nuclear potential and the Woods-Saxon potential 
[ 2] for the spherical nucleus ^ 'Pb. 

Besides the spin-independent part of the potential, there is an addition
al potential arising from the interaction between the nucleon spin and orbit
al angular momentum. The simplest form for the spin-orbit interaction that 
has the right symmetry properties for deformed nuclei is a • W x p, where v' 
is any local spin-independent scalar function. In spherical nuclei this re
duces to the familiar ?•? spin-orbit coupling. For V we have used the 
spin-independent potential Vi described above. 

Finally, for protons, there is the Coulomb interaction; this is param
etrized in a similar way to the spin-independent nuclear potential by folding 
the electrostatic potential with the charge pseudodensity, which is z/v in
side the surface of the shape and zero outside. 

Detailed formulation 

by 
To be more specific, the complete potential felt by a nucleon is given 

V = Vi + V + V„ so С (2) 
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The spin-independent part is 

U. -\T -r'|/a 
VI(P) = - с £ J e._ _ — d3?' (3) 

|r - r'|/a 

where С and a are respectively the strength and range of the Yukawa 
interaction; the integration is over the volume of the shape. As the shape 
is deformed, the magnitude of this volume is kept fixed, so that V is equal 
to 4яКо/3 = %Аг|/3, where the radius Ro of the spherical shape is taken 
to be Bo = ro A*. It is convenient to normalize the pseudointeraction and 
rewrite Eq. (3) as 

W I r - r' 
i3V W 

I/ a 

where the well-depth parameter is given by 

Vo = 3C (a/ro)3 (5) 

The potential Vi thus contains the three parameters Vo, r0, and a, apart 
from the geometrical coordinates describing the shape of the pseudodensity. 

The spin-orbit term is 

V (r) = - X(ft/2mc)3 a - Wi Xp/ft (6) 
so 

and thus contains the additional parameter X characterizing the spin-
orbit interaction strength. Finally, the Coulomb potential for protons is 

Z f d3?' 
* 1 lr-r'l V,(r)=eB^ -I .-±hr (7) 

r - r 
v 

and contains no additional parameters. 

In practice we have used Gauss' divergence theorem to transform the 
above volume integrals into surface integrals, and have evaluated the result
ing two-dimensional integrals numerically by use of Gaussian quadrature rules. 

Parameter determination 

Our calculations so far have concentrated on neutron single-particle 
levels. For neutrons the single-particle potential contains four parameters: 
Vo, ro, a, and fc. These have been determined from the experimental neutron 
single-particle and single-hole levels of the spherical nucleus Pb. To 
facilitate a comparison between our results and those obtained by ROST [2] 
with a Woods-Saxon potential, the experimental data used by HOST [2] were 
also used to determine our parameters, even though there is some evidence [3] 
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FIG. 3. Calculated neutron single-particle and single-hole levels for various spherical potentials, and experi
mental neutron levels for m P b . 

that the 1JI B single-particle level should be at a somewhat higher energy. 
The values ~^~ of the h parameters, vhich were adjusted to minimize the rms 
deviation between the calculated and experimental energies, are 

Vo = 1Л.1 MeV 
a = 1.01 fm 

r0 = 1.37^ fm 
X = 37.2 

(8) 

Shown in Fig. 3 is a comparison between the experimental levels for 
Pb and those computed with the best Woods-Saxon and folded Yukawa 

potentials, which are seen to produce very similar results. However, the 
Woods-Saxon potential reproduces the lower-lying single-hole states somewhat 
better than the folded Yukawa potential, and consequently the rms devia
tion between the calculated and experimental levels is slightly smaller for 
the Woods-Saxon potential (о.2б MeV) than for the folded Yukawa potential 
(0*31 MeV). 

Of the several sets of parameters listed in Ref. 2, the relevant set for 
the present comparison is there denoted by the label N O T . 



IAEA-SM-122/100 189 

The two potentials used in calculating these single-particle levels are 
the ones shown earlier in Fig. 2. Note the close similarity between the 
potentials, which intersect at four places in the nuclear surface. As 
regards finer details, the folded Yukawa potential is slightly deeper in the 
nuclear interior and begins to rise somewhat more quickly than the Woods-
Saxon potential. 

The folded Yukawa potential obtained for 308Fb has been extrapolated to 
U and Hh (only A and hence Ro changes), and the single-neutron 

levels for these extrapolated potentials are also shown in Fig. 5« Since и 
is deformed in its ground state, the former results are of interest only for 
comparison with the calculations of the next section. However, the results 
for 114 are important because of the possibility of producing super
heavy nuclei in this region. As would be expected from the close similarity 
between this study and that of ROST [2], our results for the neutron levels 
in Hh are very similar to his. They both show a substantial gap at 
N = lök and essentially no gap at N = 196; some computations with modified 
harmonic-oscillator potentials have shown gaps at both 184 and 196. 

Shape coordinates 

A nucleus undergoing fission changes its shape from an initial spherical 
or slightly deformed ground state, through very deformed saddle and scission 
shapes, to separated fragments at infinity. A method for describing such a 
wide variety of shapes in terms of a small number of deformation coordinates 
is discussed in Ref. h, where a shape is represented as the surface formed by 
smoothly joined portions of three quadratic surfaces of revolution (e. g. 
two spheroids connected by a hyperboloidal neck). This parametrization con
tains a total of six degrees of freedom, of which three represent reflection-
symmetric deformations and three reflection-asymmetric deformations (one of 
these is an over-all shift of the center of mass and may therefore be dis
regarded). 

To display graphically the behavior of the single-particle energies 
as a nucleus deforms from a spherical shape to its saddle-point shape and 
somewhat beyond, it is convenient to use the deformation coordinate у 
introduced by HILL and WHEELER [5]« This coordinate is defined in terms of 
the saddle-point shapes for an idealized uniformly charged liquid drop; 
specifically, the saddle-point shape corresponding to a given value of the 
fissility parameter x [U,5] represents a deformation of 

у = 1 - x (9) 

Thus, as у ranges from 0 to 1 the sequence of shapes ranges from a 
single sphere through symmetric dumbbell-like shapes to two tangent spheres. 
To first order, у is related to the coordinates that describe spheroidal 
and Legendre-polynomial Ез distortions by 

y = f e = f s = f - O f e =-§-(-&Jß и 0.270 ß (10) 

The shapes shown on the left-hand side of Fig. 1 illustrate these 
deformations for values of у ranging from 0.0 to 0 Л ; the corresponding 
folded Yukawa spin-independent nuclear potentials are shown on the right-hand 
side. It should be stressed that in general a fissioning nucleus does not 
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undergo the exact deformations described by the single coordinate y. Never
theless, since the sequence of shapes described by у includes both the ground 
state and the saddle point (for an idealized drop), the use of this coordinate 
provides a convenient means of interpolating between the two shapes that are 
of primary interest. 

RESULTS FOR DEFORMED SHAPES 

Method of calculation 

For axially symmetric shapes the Schrödinger equation with the potential 
(2) can be reduced to two coupled partial differential equations in two 
variables. Since for large deformations expansion in a limited set of basis 
functions can introduce substantial truncation errors (see for example Ref. 6), 
we have instead solved the equations by use of a finite-difference method, 
which is in some respects similar to the procedure outlined by DICKMANN [j]» 
To permit the grid points to be distributed advantageously, we have used 
prolate spheroidal coordinates with eccentricity appropriate to the particular 
shape rather than cylindrical coordinates. Also, to ensure in a simple way 
that the matrix to be diagonalized is symmetric, we have derived the finite-
difference equations by use of the variational principle. 

The results presented here were calculated with a two-dimensional grid 
containing 20 intervals in one dimension and ko in the other. The coupling 
between the equations doubles the number of points to be considered, but 
because the grid points on the boundaries can be eliminated, the resulting 
finite-difference matrix is of dimension 1U82 X lW32. By properly ordering 
the grid points, we are led to a matrix with a relatively small band width 
(79 for these results). This allows the energies and wave functions to be 
found in an efficient way by use of inverse iteration, with the linear 
system of equations solved by a direct rather than by an iterative method. 
Once the potential has been computed, about 20 seconds of CDC-ббоО computing 
time are required to determine each level. The energies near the Fermi sur
face calculated in this way are accurate to within about 0.1 MeV for nodeless 
states and to within about 0.5 MeV for states with many nodes» (States with 
angular nodes are computed more accurately than states with a comparable 
number of radial nodes.) Our results are therefore less accurate at small 
deformations than those computed by expanding the wave function in a set of 
basis functions, but are substantially more accurate at large deformations. 

Single-neutron levels for 3 4U 

For 3 4U, Fig. k shows our preliminary results for the single-neutron 
energies near the Fermi surface as a function of the deformation coordinate 
у defined at the end of the previous section. The levels are labelled 'by 
the projection К (or O) of the total angular momentum on the nuclear sym
metry axis and the parity of the single-particle state. We will discuss 
these results in connection with neutron single-particle states in 3 U, 
although they refer equally well to single-hole states in 3 3U. 

At the ground-state equilibrium deformation for 3 SU, which corre
sponds to у = 0.055» the calculated level_of the last neutron is f". The 
three+next higher levels are % , •§- , andTar", and the two next lower levels 
are -f and -f". The experimentally observed ground-state level in U is 
i"', and the four next higher single-particle levels (lowest members of 
rotational bands) are jt+, f+, i +, and -f . Such a partial coincidence of 
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FIG, 4. Preliminary single-neutron energies near the Fermi surface for 234U as a function of the deformation 
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the calculated and experimental quantum numbers can be regarded as fairly-
good agreement, since the parameters of the single-particle potential have 
been extrapolated from the single spherical nucleus Pb. A detailed 
comparison of the calculated and experimental single-neutron energies will 
not be made, since it would require considering the shifts due to core-
polarization effects and residual interactions. 
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At the larger deformation у «* 0.l6, a gap of about 1.4 MeV appears 
in the single-particle spectrum at neutron number N = 142. As emphasized 
by Strutinsky [8], for nuclei containing close to 142 neutrons such a gap 
would be expected to lead to a lowering of the potential energy at this 
deformation and consequently to a fission barrier containing two peaks 
separated by a secondary minimum. Some previous calculations with 
generalized harmonic-oscillator and Woods-Saxon potentials for spheroidal 
and ft deformations have indicated the presence of such a secondary gap 
instead at N = 146 or 148. 

Comparison with U transition states 

Our primary interest here is in comparing calculated and experimental 
single-particle states at the much larger saddle-point deformation. This 
deformation, which has been estimated on the basis of the liquid-drop model, 
with the values of Ref. 9 used for the constants of the semi-empirical nuclear 
mass formula, corresponds to у =0.227. Here the calculated level corre
sponding to the last neutron is i , the three next+higher levels are \~, f , 
and •§•", and the two next lower levels are •§• and"§- • At this deformation 
the levels near the Fermi sin-face are changing rapidly and their level 
density is fairly high, corresponding to an average spacing of about 150 keV. 
However, slightly below the Fermi surface, there is a gap in the single-
particle spectrum of about 1 MeV. 
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FIG. 5. A preliminary comparison of the calculated single-neutron states at the liquid-drop-model saddle-
point deformation with the experimental transition states of Britt and Cramer [10] and Behkami et al. [11] . 
The question mark inside parentheses indicates that this state may not be present experimentally. 

These levels are shown in greater detail in Fig. 5, where we have also 
included for comparison two sets of experimental transition states deduced 
from V fission cross sections and fission-fragment angular distributions 
[10,11]. An arbitrary over-all shift of the calculated levels relative to 
the experimental ones is possible, since the former are plotted relative to 
the energy of the lowest state and the latter relative to the neutron 
separation energy. 
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The results of BRHT and CRAMER [lo] are preliminary estimates based on 
data from fission induced by (d,p) and (t,p) reactions. There is some indi
cation in this work of a •§•" or 3 level at an energy below that of the lowest 
state deduced from studies of neutron-induced fission by BEHKAMI et al. [llJj 
because of its large angular momentum and low excitation, this level would 
not be expected to be excited by low-energy neutrons. However, the angular 
distribution data is poor at very low energies, and the cross-section peak 
on which this assignment is based might not be due to a transition state 
at all but rather to a resonance associated with a secondary minimum in the 
fission barrier._ The two next higher transition states deduced by Britt 
and Cramer are 's and J , and the average level spacing is about 300 keV. 

+ As shown in+the figure, the levels deduced by BEHKAMI et al. til] are 
t , t, I , and s , and they have an average spacing of about 75 keV. Since 
the analysis that gave these levels assumed a fission barrier with a single 
peak rather than one with two peaks, there is some uncertainty associated 
with these levels. In particular, it was necessary to assume a considerably 
thinner barrier for the £ level than for the others so that this level could 
dominate at low energies even though it lies higher than the others. 

An earlier analysis of neutron-induced fission experiments by LAMPHERE 
[ia] gave low-lying transition states with assignments J , •§•", and £~ and 
separated by the order of a few hundred keV. The energies of the individual 
states were not obtained so they are not included in Fig. 5« 

Our summary of the present experimental situation is that the exact 
ojpier andjjosition of the transition states are unknown, but that the states 
Ь у Ь"> £ > and i are located within an energy region of roughly 500 keV, 
and that in addition there is possibly a state of high angular momentum lying 
below these. (Any states of high angular momentum lying at higher excitation 
energies would probably be missed experimentally.) 

In comparing the experimental states with our preliminary calculations, 
it should again be stressed that the calculated transition states depend 
rather sensitively upon the exact location of the saddle point. Because of 
single-particle effects, it is expected that there are in fact two saddle 
points, with the position of the second one shifted somewhat from the liquid-
drop-model result that we have used. With this reservation in mind, we see 
from Fig. 5 that the four lowest calculated transition states are the ones 
generally observed experimentally (but not necessarily in the same order), 
and that their average spacing agrees roughly with the experimental spacings. 
In addition, the low-lying f" or jf" state, possibly observed by Britt and 
Cramer could be either the calculated"!" state or -f" state lying slightly 
below the Fermi surface at у = 0.227, since these states both move above 
the Fermi surface at a deformation just beyond the liquid-drop-model saddle 
point. 

SUMMARY AND CONCLUSION 

To summarize, we have discussed our techniques for calculating single-
particle energies and wave functions at the large deformations of interest 
in fission. These techniques include (l) using a shape parametrization that 
is particularly suitable for large deformations, (2) generating the potential 
by folding an effective two-nucleon interaction with a uniform sharp-surface 
pseudodensity, and (3) employing a finite-difference method of solution whose 
accuracy does not deteriorate at large deformations. 

We have illustrated our procedure by calculating the single-neutron 
energies near the Fermi surface for г з U for shapes ranging from a sphere to 
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a symmetric dumbbell beyond the saddle point. The calculated energies at the 
saddle point were compared with transition states deduced from 3 SU fission 
cross sections and fission-fragment angular distributions. The preliminary 
comparison indicates that the calculated and presently available experimental 
states are qualitatively similar, but there are calculated states of high 
angular momentum near the Permi surface that are not excited in the low-energy 
neutron-induced fission of this nucleus. We hope that our calculations will 
encourage future experiments designed to determine single-particle transition 
states, and that they will also prove useful as a guide in their analysis. 

In conclusion, we would like to comment that most discussions of the 
fission phenomena mentioned in the introduction have been qualitative, and 
that a more adequate treatment requires calculating the potential energy as 
a function of deformation. The techniques developed here should be useful 
for this purpose at large deformations near and beyond the saddle point. 
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DISCUSSION 
U. MOSEL: You claim in your paper that your model gives without 

fail not only qualitative but also quantitative results. However, since 
the work of Green many years ago we know that it is quite essential to 
include non-local parts in the single-particle potentials; only in this manner 
can you get the correct total energy of a nucleus by summing up the single-
particle energies, which is necessary also in the Strutinsky method. This 
shows the large influence of such terms, and indeed a calculation of this 
type has already been done by Meldner (see abstract SM-122/47). He has 
even used self-consistency, which is also very important in the light of 
the work of Bassichis and Wilets referred to in abstract SM-122/112. 
Therefore, I think that the Strutinsky method for calculation of shell cor
rections, which consists in the unsatisfactory mixing of two different models, 
will become unnecessary in the near future when one is able to derive all 
these effects from a non-local and self-consistent "single-particle" potential. 
These improvements should be included in a quantitative calculation. 

J .R. NIX: To reproduce the observed nuclear binding energies, it is 
indeed necessary to use a non-local, or alternatively momentum-dependent, 
potential. We plan to proceed with our work along two independent lines: 
(1) self-consistent Hartree (not Hartree-Fock) calculations with an effective 
interaction similar to the one used here but also including a momentum 
dependence; and (2) local static calculations with the Strutinsky shell cor
rection method used for obtaining the total energy. When the shell cor
rection method is used, only the levels near the Fermi surface make a 
substantial contribution, and for these levels it is not crucial to use a 
momentum-dependent potential. 

The non-local calculations of Meldner have been performed only for 
spherical shapes because they entail solving an integral-differential equation, 
which is an order of magnitude more difficult than our calculations; it is 
not practical, at present, to generalize Meldner' s calculations to very de
formed shapes. 

P. von BRENTANO: I would like to comment on the potential radius 
r . ~ 1.35 fm you used for comparison with the single-particle states around 
208рь, and for extrapolation to the super-heavy elements. I think this radius 
is too large. From a study of the dependence of the spectroscopic factors 
measured in the 2 0 8Pb(d,p) Coulomb stripping experiment on the potential 
radius r0, W.R. Hering and M. Dost [Phys. Lett. 19_ '(1965)] determine 
a radius rQ ~ 1. 24 ± 0. 02 fm. A similar radius is also obtained from a 
fit to the Coulomb displacement energies by F.G. Perey and J.P.Schiffer 
[Phys. Rev. Lett. Г7 (1966)] and also by A. G. Blair et al. [Phys. Lett. 
20 (1966)] . Thus, it seems dangerous to determine a radius from a fit 
of the energy levels alone. 

J .R. NIX: First , it should be stressed that our radius parameter 
refers to the radius of the pseudo-density rather than to the radius of the 
potential. The corresponding radius of our potential is slightly smaller, 
but not so small as that determined from the studies you mention. There 
does appear to be a significant discrepancy between the value of the radius 
parameter determined from energy levels and the value determined from 
other data. For the present we have determined our parameters from 
the energy levels of a single nucleus, but we plan in the future to con
sider other nuclei throughout the periodic table and also other properties 
of these nuclei. 
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U. MOSEL: If a calculation is performed with a view to obtaining 
very accurate results, one should look also for shell effects in the Coulomb 
energy. This point has been completely neglected in all fission calculations 
till now, which have used only classical Coulomb energies or Coulomb 
potentials. These shell effects in the Coulomb energy can be investigated 
by treating this term directly as a two-body operator from the beginning 
instead of first folding this operator with a pseudo-density and then going 
on with the Coulomb single-particle potential so obtained. Have you al
ready considered the shell effects in the Coulomb energy, which might 
have an appreciable influence on your results? 

J .R. NIX: Yes, shell effects in the Coulomb energy may indeed be 
important, and we plan to make a study of them. But for the present we 
have concentrated on neutron states because the experimental single-
particle transition states are for neutrons. 

L. WILETS (Chairman): What would you think of turning your calcula
tions "around" in the sense of utilizing them, as a function of y, in order 
to determine which deformation (y) yields the correct barrier level struc
ture (the barrier is, of course, an equilibrium configuration)? This might 
be a useful way to determine the location of the barrier . 

J .R. NIX: At present the experimental transition states are not suf
ficiently well determined to permit this to be done. But when more ac
curate experimental transition states become available, they could indeed 
be used to determine both the location of the barrier peak and the values 
of the parameters of the potential. 
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Abstract 

FISSION BARRIERS AND SADDLE-POINT SHAPES. The energy of rare-earth and heavy fissile nuclei is 
calculated as a function of quadrupole, octupole, and hexadecapole deformations. The liquid-drop model 
is used with shell corrections according to a method proposed by Strutinsky. The liquid-drop part of the de
formation energy is treated exactly by numerical integration. In the shell-model part we used potentials of 
the Saxon-Woods type as well as harmonic oscillator potentials. Though the latter can more easily be 
treated numerically, certain ambiguities arise from the various parameters entering in their definition. These 
are investigated by comparison with the results obtained with use of the Saxon-Woods potential. 

The symmetry energy and charge radius parameters in the liquid-drop part of the binding energy were 
taken from Seeger's work. The geometrical parameters defining the single-particle potential and the spin-
orbit coupling strength were fitted to the energy-level sequence near the Fermi surface or to nucleon scatter
ing data analysed within the optical model. The pairing strength is chosen to reproduce the region of deformed 
nuclei correctly and to give the over-all trend of odd-even mass differences. 

The ground-state deformations, fission-barrier heights and locations, and the excitation energy of shape 
isomers are calculated for various nuclei of the rare-earth and actinide region. 

1. INTRODUCTION 

Recently there has been considerable progress in calculating the 
dependence of nuclear binding energies on deformation by adding a shell-
correction term to the usual liquid-drop expression for the binding energy 
[1, 2]. Extensive studies by Nilsson and his collaborators [3, 4] have shown 
that this procedure yields the same results as the Bes-Szymanski calcula
tions [5] for small deviations from the spherical shape, but is superior to 
the latter for large deformations. In fact, the existence of shape isomers 
was first successfully explained by employing Strutihsky's shell-correction 
method [1, 3]. In this paper we extend these investigations of the deforma
tion energy by including an octupole in addition to the quadrupole and hexa
decapole degrees of freedom. We further discuss the influence of the geo
metrical parameters of the single-particle potentials on the deformation 
energy. 

2. CHOICE OF SINGLE-PARTICLE POTENTIALS 

The shell-correction to the binding energy has mostly been calculated 
with Nilsson's harmonic oscillator in stretched co-ordinates (Appendix A 
of Ref. [6]): 
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v=l ,3 ,4 

-ic(N)fiu0 J 2 l p - s + M(NM-fp - | N ( N + 3 ) ) j (1) 

with 

Г mu0 
l h 

f muo 
t h 

f mu0 

(c) 

(O 

( € ) 

1 + | ) Г (2а) 

e Л * n-yi'^^i^fjY (2b) 

p 2 = | 2 + r ? 2 + ?2 ( 2 d ) 

F o r the calculation of deformation energies the choice of the energy scale 
factor nw0(e, e ) is very important . Conventionally one r equ i r e s the con
servat ion of equipotential volume to s imulate the incompressibi l i ty of 
nuclear ma t t e r . This yields 

1 -3/2 

- 1 v=l ,3 ,4 

Here fi&0 is fitted to the mean square radius of protons and neutrons, 
respect ively . Depending on which method is used, the values for -nu0 A5 

vary from 32. 74 MeV [7] (for protons) and 42. 95 MeV [7] (for neutrons) 
to 53 MeV [1]. 

To check the usefulness of relat ion (2) and fix an appropr ia te value 
forftw0, we compare the s ingle-par t ic le spec t ra and the shell cor rec t ions 
generated by the Hamiltonian (1) and by a Woods-Saxon potential . The 
la t te r pos se s se s a less anbiguous energy sca le . It is defined by 

V ( r , O ) = - V 0 f ( r , O ) - * p - ( 3 x ? ) ^ f (4) 

f(r^) = {l+exp(^^)}-1 

) a P (со L " v 

(5) 

R(i» =r A s ( 1+ ) в Р (COST)) (6) о 
v-0 

F o r the p a r a m e t e r s VQ , rQ , a, and к we use the values given by F a e s s l e r 
and Sheline [9]. These authors requi re the co r rec t level sequence, co r r ec t 
binding energy for the last nucleon and consistency with an extrapolation of 
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the opt ical-model p a r a m e t e r s to negative energ ies . As the p a r a m e t e r s 
seem to be r a the r weakly dependent on the atomic number we also use them 
for the l ighter ac t in ides . In this paper we follow the prac t ice of Ref. [9] to 
s imulate the Coulomb potential by sma l l e r values for V0 and a instead of 
explicitly adding the Coulomb potential to the r ight-hand side of Eq. (4). 
F u r t h e r m o r e , we do not take into account the deformation dependence in 
the spin-orbi t coupling t e r m . 

F igure 1 shows the neutron s ing le -par t ic le levels near the F e r m i 
energy of 235u calculated with the spher ica l Nilsson Hamiltonian (1) and 
the spher ica l Woods-Saxon potential (4). F o r K(N) and M(N) we have used 
an interpolation formula given by Seeger and Per i sho [7] 

/с=к0 { i ( N + l ) ( N + 2)}"i ; <u(N) - ßQ - const. m 
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FIG. l . Single-neutron level scheme in a spherical Nilsson potential (left) and a spherical Woods-Saxon 
potential (right). 235U parameters are used in the Woods-Saxon potential; in the Nilsson potential 
T U S 0 = 4 1 A"1/3 MeV. 
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The p a r a m e t e r s /c0 and ß0 a r e adjusted to give the co r r ec t level sequence 
near the F e r m i surface of heavy nuclei . We fix the energy scale for the 
osc i l la tor potential by the requi rement that it should reproduce the average 
level density of the Woods-Saxon potential in the neighbourhood of the 
F e r m i energy. The values ftw0 A* = 44 MeV for the neutrons and 38 MeV 
for the protons used in Ref. [8] a r e consistent with this r equ i rement . 

To find the set of deformation p a r a m e t e r s a, , a2 , a 3 . . . (Eq. (6)) 
corresponding to a given set of Ni lsson 's p a r a m e t e r s e^ , e 2 , e 3. . . one 
should equate the m a s s multipole moments of an A-par t ic le s tate calculated 
in an osci l la tor potential to those calculated with a Woods-Saxon potential . 
Instead, we simply expand an equipotential line of the harmonic osci l la tor 
in the form (6). It is expected that this yields near ly the s a m e re su l t s 
because the m a s s density is known to follow closely the equipotential l ines a 

[4]. In actual calculations one has to keep in mind that the expansion of 
a spheroidal shape according to express ion (6) is r a the r slowly convergent. 

The effect of the spin-orbi t coupling t e r m for la rge deformations 
depends crucial ly on the way it is extrapolated from the ground state to 
l a r g e r deformat ions . As this t e rm has a purely phenomenological c h a r a c 
t e r , the only thing one knows in advance is that in the l imiting case of the 
sc i ss ion configuration the deformation dependence should yield two sp in-
orbit t e r m s roughly of the usual spher ica l type with respect to the cen t res 
of the two f ragments . This requi rement is met by the Thomas t e r m in 
express ion (4), but not by the spin-orbi t coupling in the Nilsson potential 
(1). In our calculations we have not included the deformation dependence 
in the Thomas t e r m . Therefore , we cannot check whether Ni lsson 's 
spin-orbi t t e r m st i l l gives re l iable r e su l t s for deformations corresponding 
to the second saddle-point of actinides with double-humped fission b a r r i e r s . 

Another p a r a m e t e r whose deformation dependence is not known is the 
s t rength of the pair ing force. As Nilsson [3] has shown, calculated b a r r i e r 
heights depend strongly on the assumptions made about the deformation 
dependence of this p a r a m e t e r . Unfortunately, theore t ica l der ivat ions of 
this quantity a r e not re l iab le . Therefore it must be kept as a phenomeno
logical p a r a m e t e r . Its value should be fitted to the observed b a r r i e r 
heights . 

3. SHELL CORRECTION CALCULATIONS 

The shell cor rec t ion to the binding energy is defined by [1, 7]: 

E corr 

n 

r 2 Z (E* 
k=l 

n 

k=l 

= ( E BCS" U ) protons + ( E BCS " U)neutrons ( 8 ) 

G_ „2^_ A 2 f ° r an even number ._ . 
2 " V G of nucleons ( 9 a ) 

G 2 "\ A f°r a n °dd nucleon 
E k - j v j l 1 - Q - i n l e v e l i Ob) 
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U = g (e ) ede (10) 

!{€) - WTi | - X k ( ^ e - ^ ( H ) 

X„(e) € - E k 

(T = 0 . 7 1iu0) 

(12) 

Here JEk a r e the s ing le -par t i c le levels of the shell model, G is the pair ing 
s t rength pa rame te r , vk the occupation probabili ty of level к, 2Д is the 
energy gap, and X is determined from the equation 

g(e)de (13) 

where n is the number of protons or neut rons . 
F igu res 2 and 3 show the neutron contribution to the shel l cor rec t ion 

of the binding energy of 236U calculated with the Nilsson potential (1) and 
the Woods-Saxon potential (4). We have used the following set of neutron 
p a r a m e t e r s : 

hu0 = 44 A" M e V Vn =46.33 MeV 

к0 =0 .21 : 0.423 fm2 

M0 =0 .308 

G =14.0 A"1 MeV 

rQ =1.25 fm 

; 0 . 6 4 fm 

F o r the protons the corresponding set i s 

nwQ =38 A-« MeV 

к0 =0 .18 

M„ =0 .62 
0 

G = 19.6 A"1 MeV 

VQ =35.24 MeV 

к =0 .556fm2 

r =1 .25 fm 
0 

: 0 . 5 2 fm 

In the BCS calculation we include all levels below the F e r m i energy and the 
same number above. The values of /c0 and ^ 0 a r e taken from Ref. [7], the 
values of G from Ref. [3], and the Woods-Saxon p a r a m e t e r s from Ref. [9]. 
F igu re 4 gives the shapes of equipotential l ines for the e and e3 values used 
in F igs 2 and 3. 

In F i g . 5 the total shell co r rec t ion of 236U (minimized with respec t to 
e3 and e4) is displayed as a function of e. F igure 6 gives the cut e3 = 0, 
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FIG.2. Neutron contribution to the shell correction for 236U as a function of e 
for several values of с 3 and e4 (Nilsson potential). 

to 
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0.1 0.3 0.5 0.7 0 2 

FIG. 3. Neutron contribution to the shell correction for 236 U as a function 
of ô  for several values of a3 and ou (Woods-Saxon potential). 
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FIG.4. Nuclear shapes for 0 s e < 0.8, 0 < e3 == 0.06, e 4 =0 . 
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FIG. 5. Total shell correction for 23«U (minimized with respect to c3 and e4 for each e) as a function of £ . 
The solid line is calculated with the Nilsson potential, the dotted line with the Woods-Saxon potential. 

e4 = 0 through the surface of the shell correction of 170Yb. The qualitative 
agreement between the curves corresponding to the Nilsson and the Woods-
Saxon potential conceals the fact that the extrema are not always found at 
corresponding e3 and e4 values though the dependence on the most im
portant deformation parameter e or a2 is essentially the same for both 
potential types. 
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FIG. 6. Total Shell correction for 17(>Yb as a function of с (е3=0, е4 =0). The solid line corresponds to the 
Nilsson potential, the dotted line to the Woods-Saxon potential (with the av converted into the ey). 

4 . D E F O R M A T I O N E N E R G I E S AND FISSION B A R R I E R S 

T h e l i q u i d - d r o p p a r t of t h e d e f o r m a t i o n e n e r g y c o n t a i n s t h e s u r f a c e 
t e r m 

- ^ - , ' N - Z Y 1 .2/3 
•T + 1 { -^r- Г A ( g - 1 ) (14) 

and t h e C o u l o m b t e r m 

0.864 
R0A3 

r ( i - f ) (15) 

The shape-dependent quantity g i s the ra t io of the surface of the deformed 
drop to the surface of the sphere with the same volume; correspondingly, 
f is defined as the ra t io of the Coulomb energy of a homogeneously charged 
deformed drop to the Coulomb energy of the undeformed drop . Tables I 
and II give some values of f and g in t e r m s of the deformation p a r a m e t e r s 
e, e 3 , e 4 , which have been evaluated by numer ica l integrat ion. 

The p a r a m e t e r s "y, rf, and R0 were taken from the work of Seeger and 
Pe r i sho [7]: 

7 = 20.067 MeV rT=47.883 MeV R0 =1.193 fm 

Another set of p a r a m e t e r s which i s often used is the one given by 
Myers and Swiatecki [2]: 

7 = 17. 94 MeV г) = 31. 99 MeV R0 = 1.225 fm 

In Fig . 7 we show the total deformation energy of 236TJ (minimized 
with respect to e 3 and e4) as a function of € for both p a r a m e t e r s s e t s . 
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FIG.7. Total deformation energy of 2 3 50 (minimized with respect to cc3 and a 4 for each c<2) as function 
of e . The solid line is calculated with the liquid drop parameters of Seeger and Perisho, the dotted line with 
the parameters of Myers and Swiatecki. 

Only for large deformations the two curves differ considerably. There
fore, also properties of strongly deformed nuclei should be used for the 
determination of the liquid-drop parameters, and not only ground state 
binding energies. 

In Table III the positions and heights of minima and saddle points of 
the deformation energy surface are listed for several rare-earth and 
actinide nuclei. We have used the Hamiltonian (1) and Seeger and Perisho's 
liquid-drop parameters. The results should be compared with similar 
calculations in Ref.[3] where the parameters of Myers and Swiatecki are 
used. The fission barriers given in this paper came out about 6 MeV higher 
than in our calculations. As one should expect that the energy surface 
does not vary discontinuously if one goes from an even-even nucleus to its 
odd-even neighbour. Generally, the minima and maxima of the energy 
surface with respect to e or a% are rather steep. Therefore, their 
e values are well defined and do not depend on the type of potential used. 
As can be seen from Fig. 5 the shell correction depends very little on e3. 
Only for very large e the inclusion of octupole deformation reduces the 
shell correction. But as the liquid drop part of the deformation energy 
favours symmetrical shapes all stationary points of the energy surfaces we 
have investigated do not correspond to pearshaped deformations1 . For the 

1 During the completion of this manuscript we learned about a similar investigation by Nilsson et al . 
[10] who obtained similar results. 



о от 

TABLE I. THE SHAPE-DEPENDENT FACTOR g-1 

€4 

-0.034 

0.0 

0.034 

0.050 

0.068 

0.085 

£3 

0.0 

0.03 

0.06 

0,0 

0.03 

0,06 

0.0 

0.03 

0.06 

0.0 

0.06 

0.0 

0.06 

0.0 

0.06 

£=0.0 

0.0012 

0.0019 

0.0039 

0.0 

0.0006 

0.0026 

0.0011 

0.0017 

0.0035 

0.1 

0.0033 

0.0040 

0.0062 

0.0018 

0.0025 

0.0046 

0.0028 

0.0034 

0.0054 

0.2 

0.00964 

0.01042 

0.12774 

0,0074 

0.0081 

0.0103 

0.0078 

0.0085 

0.0106 

0.3 

0.0207 

0.0215 

0.0241 

0.0171 

0.0179 

0.0203 

0.0165 

0.0173 

0.0195 

0.4 

0.0370 

0.0379 

0.0408 

0.0315 

0.0323 

0.0349 

0.0293 

0.0301 

0.0324 

0.5 

0.0593 

0.0604 

0.0636 

0.0510 

0.0520 

0.0648 

0.0466 

0.0474 

0.0500 

0.6 

0.0888 

0.0901 

0.0940 

0.0767 

0.0768 

0.0801 

0.0692 

0.0702 

0.0731 

0.0670 

0.0707 

0.0657 

0.0692 

.0.0654 

0.0687 

0.7 

0.1270 

0.1286 

0.1335 

0.1098 

0.1111 

0.1151 

0.0983 

0.0994 

0.1028 

0.0943 

0.0985 

0.0915 

0.0954 

0.0897 

0.0934 

0.8 

0.1764 

0.1785 

0.1523 

0.1539 

0.1589 

0.1353 

0.1367 

0.1290 

0.1341 

0.1241 

0.1288 

0.1205 

0.1248 

0.9 

0,1733 

0.1795 

0.1657 

0.1713 

0.1595 

0.1647 



TABLE II. THE SHAPE-DEPENDENT FACTOR 1-f 

e4 

-0.034 

0.0 

0.034 

0.05 

0.068 

0.085 

€s 

0.0 

0.3 

0.06 

0.0 

0.03 

0.06 

0.0 

0.03 

0.06 

0.0 

0.06 

0.0 

0.06 

0.0 

0.06 .. 

0.0 

0.0002 

0.0004 

0.0010 

0.0 

0.0002 

0.0007 

0.0002 

0.0004 

0.0009 

0.1 

0.0012 

0.0015 

0.0022 

0.0009 

0.0011 

0.0018 

0.0011 

0.0013 

0.0019 

0.2 

0.0044 

0.0047 

0.0054 

0.0038 

0.0041 

0.0048 

0.0038 

0.0040 

0.0047 

0.3 

0.0100 

0.0104 

0.0113 

0.0090 

0.0093 

0.0101 

0.0086 

0.0089 

0.0096 

0.4 

0.0185 

0.0189 

0.0200 

0.0167 

0.0171 

0.0180 

0.0158 

0.0161 

0.0170 

0.5 

0.0304 

0.0308 

0.0322 

0.0275 

0.0279 

0.0290 

0.0258 

0.0261 

0.0271 

0.6 

0.0462 

0.0468 

0.0486 

0.0418 

0.0423 

0.0437 

0.0389 

0.0393 

0.0405 

0.0380 

0.0394 

0.0372 

0.0386 

0.0368 

0.0381 

0.7 

0.0669 

0.0677 

0.0701 

0.0604 

0.0610 

0.0628 

0.0559 

0.0564 

0.0578 

0.0542 

0.0560 

0.0529 

0.0546 

0.0520 

0.0535 

0.8 

0.0937 

0.0948 

0.0841 

0.0849 

0.0842 

0.0774 

0.0780 

0.0749 

0.0771 

0.0728 

0.0748 

0.0711 

0.0729 

0.9 

0.1009 

0.1038 

0.0977 

0.1003 

0.0951 

0.0974 

о 
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TABLE III. POSITION OF STATIONARY POINTS ON THE ENERGY SURFACE 

Nucleus 

поуь 

i»Os 

230 T h 

232 T h 

235 U 

236 r j 

239 P u 

» C m 

2« Cm 

257 Md 

Ground state 

€ 

0.2 

0.25 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

<U 

-0 .035 

0.0 

0.05 

-0.035 

-0.035 

-0 .04 

-0 .04 

-0.035 

-0.015 

-0.015 

-0.015 

First barrier 

Height above 
ground state 

(MeV) 

2.0 

2.5 

5.0 

4.5 

5.5 

7.0 

7.0 

7.5 

Isomeric state 

e 

flat region 

flat region 

0.6 

0.6 

0.6 

0.55 

0.55 

0.65 

e 4 

0.06 

0.06 

0.065 

0.075 

0.075 

0.085 

Height above 
ground state 

(MeV) 

4 

3.5 

4 

5 

5.5 

5 

Second barrier 

e 

1.0 

1.0 

0.9 

0.9 

0.95 

0.9 

0.9 

0.9 

« 4 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

Height above 
ground state 

(MeV) 

14 

15 

13 

12.5 

12.5 

9 
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Woods-Saxon potential the dependence of the shel l cor rec t ion on the octupole 
deformation is more pronounced. Therefore an instabil i ty against a s y m 
met r i c deformations occurs for very large a^. No sys temat ic investigation 
of the stabili ty of saddle-point shapes against pearshaped deformations 
has been performed with the Woods-Saxon potential for a l a r g e r number 
of nuclei . Therefore .no definite r e su l t s can be repor ted . 

The hexadecapole dependence of the shell cor rec t ion with the Nilsson 
potential is only pronounced near the ground s t a te . F o r l a rge e the 
e 4 -dependence of the deformation energy i s mainly due to the l iquid-drop 
energy. 

This work is being continued with the Woods-Saxon potential and l a r g e r 
and m o r e complicated deformat ions . Especial ly, the inclusion of non-
axially symmet r i c deformations might possibly lower the fission b a r r i e r s 
given in Table III. 

A C K N O W L E D G E M E N T S 

The authors a re indebted to Dr. F .Dickmann for his kind pe rmiss ion 
to use his computer code for the solution of the BCS equations and to 
Miss A.Eickhoff, F . Sichelschmidt, and К. Möhring for their help with 
the numer ica l calculat ions. 

A P P E N D I X 

In the following we give some detai ls of the evaluation of s ing le -par t ic le 
spec t ra and of the quantit ies f and g in the express ions for the l iquid-drop 
ene rg ie s . 

The s ing le -par t ic le Hamiltonians with deformed osc i l l a to r and 
Woods-Saxon potentials were diagonalized in the spher ica l harmonic o s 
c i l la tor r epresen ta t ion . All osc i l la tor s ta tes of the f irs t 13 main shel ls 
were taken into account. The inclusion of the 14th shel l was found to have 
l i t t le influence on the s ing le -par t i c le levels nea r the F e r m i surface of 
heavy nuclei for the range of deformation p a r a m e t e r s invest igated. 

The cent ra l par t of the Woods-Saxon potential was expanded in Legendre 
polynomials . 

''max 

f(r , t f)= ^ gp(r)PM(Gos.-d) (17) 

F o r r easons 
of computational s implici ty the Thomas t e r m in Eq. (3) was replaced by 
KV0 r"1 (1 - a )d f /d r . The p a r a m e t e r s org and «i were determined from the 
requ i rement that the equipotential volume and the centre of m a s s mus t be 
independent of deformation. To lowest o rder in a2< as> arL^ «4 one obtains 

4 

1 2 

2X + 1 

54 ^ 2 4 
3 5 Q 2 + 2T 

1 л. 1 2 1 + l 5 °2 

(18) 

(19) 
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In a s imi la r way one finds for the Nilsson potential 

7 б 4 " 35 e 

• • Й « 
(20) 

The quantity f contains a one-dimensional integral , which is evaluated 
by 40 point Gauss-Legendre quadra ture . The two radia l in tegra ls contained 
in g can be calculated analytically. The remaining three-d imens ional 
angular integral is evaluated by a 40X40X40 Gauss -Legendre quadra ture 
after removing the s ingular i t ies of the integrand by subtract ion of the 
corresponding integral for the sphere . 
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D I S C U S S I O N 

E . R . H . HILF: The p a r a m e t e r s of the " l iquid-drop" par t of the 
nuclear binding energy, say surface tension a and the curva ture tension 
7, can be determined in two ways : 

(1) In using exper imenta l data for a fit, one has to seek p r o c e s s e s 
where these tensions r ea l ly come into play, i . e . where the surface and 
curvature of the nucleus a r e changed substantial ly, as during the fission 
p r o c e s s . So from the experimental threshold energies one gets cr = 17. 8 MeV 
and у = 6.8 MeV [H. von Groote and E . R . H . Hilf, Nucl. Phys . 12£> (1969)]. A 
fit neglecting the curvature tension always leads to d i sc repanc ies ; 

(2) Since the l iquid-drop model is nothing other than the shell model 
using the leptodermous assumption A1/3 » 1, one can determine a and у 
theoret ical ly from the shell model. Using the r ea l i s t i c , velocity-dependent, 
self-consis tent shell model potential, we a r r ived at a = 17.8 MeV [S. Кпаак, 
G. Süssmann, E . R . H . Hilf and H. Büttner, Phys . Lett. 2Ъ_ (1966)]. 

H. J . KRAPPE: I prefer to take the l iquid-drop energy p a r a m e t e r s 
a s phenomenological constants , which should be fitted to exper imental 
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barrier heights and excitation energies of the fission isomers. Single-
particle models seem to be less suitable for calculating surface proper
ties because correlations, especially a -correlations, must be expected 
to play an essential role in the dynamics of the nuclear surface. 

U. MOSEL: Would you agree that the violation of parity conservation 
due to the dipole and the octupole terms in your Hamiltonian (1) could lead 
to some spurious structure in your total energy? 

H. J. KRAPPE: The uncertainty regarding the deformation energy 
due to spurious states comes not only from parity violation but also from 
the lack of spherical symmetry. It is of the order of the corresponding 
collective excitation energies, which are some 10 keV. Therefore, the 
uncertainties attaching to the shell-model parameters are expected to have 
a larger effect on the deformation energy than the spurious states. 
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Abstract 

MASS AND INERTIA PARAMETERS FOR NUCLEAR FISSION. The effective mass parameter and . 
the moments of inertia for a deformed nucleus are evaluated using the cranking-modei formalism. Special 
attention is paid to the dependence of these quantities on the intrinsic structure, which may arise due to 
shells in deformed nuclei. It is found that these inertial parameters are very much influenced by the shells 
present. The effective-mass parameter, which appears in an important way in the theory of spontaneous 
fission, fluctuates in the same manner as the shell-energy corrections. Its values at the fission barrier are 
up to two or three times larger than those at the equilibrium minima. This correlation comes about be
cause for the effective mass the change in the local density of single-particle states is very important, 
much more so than the change in the pairing correlation. The moments of inertia which enter in the theory 
of angular anisotropy of fission fragments, also fluctuate as a function of the deformation. At low tempera
tures, the fluctuation is large and shows a distinct but more complicated correlation with the shells. Athigh 
temperatures, the moments of inertia fluctuate with a smaller amplitude about the rigid-body value in 
correlation with the energy-shell corrections. For the first-and second barriers,.the rigid-body values are 
essentially reached at a nuclear temperature of 0.8 to 1.0 MeV. 

1. I N T R O D U C T I O N 

L a r g e - s c a l e c o l l e c t i v e m o t i o n a s s o c i a t e d w i t h t h e f i s s i o n p r o c e s s p u t s i t 
a s p e c i a l p o s i t i o n a m o n g o t h e r n u c l e a r p h e n o m e n a . T h e s h a p e of t h e n u c l e u s 
c h a n g e s v e r y a p p r e c i a b l y a n d to d e s c r i b e t h e r e l a t e d flow of t h e n u c l e a r 
m a t t e r , one shou ld know the d y n a m i c s of t h i s n o n - s t a t i o n a r y p r o c e s s . 

T o s t u d y the d y n a m i c s of s u c h a p r o c e s s , i t s m u l t i - d i m e n s i o n a l i t y 
i s v e r y i m p o r t a n t . C o n s e q u e n t l y , t he t r a j e c t o r y c a n b e found o n l y if a l l 
i n ( n + 1) m a s s p a r a m e t e r s a r e known for t h e n d e g r e e s of f r e e d o m i n t r o 
d u c e d in t h e d e f i n i t i o n of t h e s h a p e of t h e n u c l e u s . It i s not s i m p l e to s o l v e 
t h e r e l e v a n t d y n a m i c e q u a t i o n s e v e n for t he v e r y u n r e a l i s t i c c a s e of t he 
i n c o m p r e s s i b l e c l a s s i c a l l i q u i d - d r o p n u c l e u s wi th a n i r r o t a t i o n a l flow. 
In r e a l n u c l e i , i t i s e v e n m o r e c o m p l i c a t e d b e c a u s e t h e e f f ec t ive m a s s 
p a r a m e t e r s w i l l b e g r e a t l y i n f l u e n c e d b y the i n t r i n s i c s t r u c t u r e , p a r t i c u 
l a r l y by t h e s h e l l s p r e s e n t in t h e d e f o r m e d n u c l e u s . 

A t l o w e s t e x c i t a t i o n s , e s p e c i a l l y i n t h e c a s e of s p o n t a n e o u s f i s s i o n , 
a n a d i a b a t i c m o t i o n i s a s s u m e d . T h i s a l l o w s o n e to u s e a s i m p l e c r a n k i n g 
m o d e l t h e o r y [1] for t h e m a s s p a r a m e t e r s r e l a t e d to g e n e r a l i z e d d e f o r m a 
t i o n c o - o r d i n a t e s . S o m e r e s u l t s of t he n u m e r i c a l c a l c u l a t i o n s of t h e s e 
q u a n t i t i e s a r e d e s c r i b e d h e r e . S p e c i a l e m p h a s i s i s l a i d on p r o v i d i n g s i m p l e 
p h y s i c a l i n t e r p r e t a t i o n s i n o r d e r t o p a v e a w a y for t h e c o m p l e t e t h e o r y of 

* On leave from the University of Basel, Switzerland. 
^ On leave from the I.V. Kurchatov Institute for Atomic Energy, Moscow, USSR. 

## On leave from Oak Ridge National Laboratory, USA. 
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the process in the future and to give a more solid basis for extrapolations 
to large and fancy distortions of the nucleus in fission or to unknown regions 
of nuclei. To illustrate these points, some calculations were performed 
for a simple case of the large ellipsoidal distortion of the Nilsson potential, 
a case considered recently also by Sobiczewski et al: [2] . Calculations 
with the Saxon-Woods type potential have been performed also but will not 
be presented here. 

There is another closely related problem which is also relevant to 
other aspects of the fission process. This is the problem of the effect 
of intrinsic structure on the moments of inertia of a nucleus, which appear, 
for example, in the theory of angular distribution of the fission fragments. 
To study the dependence of the moment of inertia on deformation and ex
citation of a nucleus, we have performed calculations, also with the cranking-
model formula, by using a Nilsson potential with ellipsoidal deformation. 
Calculations performed with the Saxon-Woods type potential, for a more 
general deformation of the nuclear surface, are in progress. 

More detailed results will be published elsewhere. Qualitative discussion 
of the subject matter can also be found in Ref.[3] . <• 

2. EFFECTIVE MASS PARAMETER 

In the adiabatic description of the collective behaviour of a nucleus, 
the nucleons are assumed to move in a uniform average non-spherical 
field. Vibrations and rotational motion are then described in terms of 
changes in this average field. We start with a Hamiltonian which may 
include effects of residual interaction, such as the pairing interaction. 
Next, the potential in which the particles move is set in motion. One 
obtains the increase in the energy of the system in the second-order terms 
in the time derivatives of the collective co-ordinates q; : 

n 

i , J=l 

which is identified with the kinetic energy of the collective motion. The 
formula for the effective mass parameters is [1] 

в ; = 9 Н ! 8у<Ь1э/Эд1 |ш><т|э/Эдд |0> } 
4 ' 4 Em -' En 

where |0/- is the ground state and |m^>is an excited state of the system. 
InEq.(2), no specific assumptions, are made concerning the wave 

functions |m)> of the system, provided that their dependence on the collec
tive variables qi is known. • 

The collective degrees of freedom qi are usually introduced by means 
of the Lagrange multiplier method [4] . Thus, the nucleons are put into 
an external field which restr icts the intrinsic motion in such a way that 
the collective variables are kept constant and have given values. 
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However, in p rac t ica l applications when the shell model is used, one 
has a l ready such a field; this is the average field of the model which i s 
a s sumed to be. the same for a l l s ing le -par t i c le s ta tes near the F e r m i 
energy. There fore , the p a r a m e t e r s which appear in the definition of the 
average field, especial ly those which descr ibe its shape, can be con
s idered a s collective adiabatic va r i ab l e s . The response of the sys tem 
to slow changes of the shape can be determined di rec t ly from the cranking -
model formula (2), where the wave functions a r e adiabatic solutions for 
the fixed deformed she l l -model field. 

In prac t ica l applications of the cranking-model formula, one usually 
a s s u m e s that the excited s ta tes of the even-even sys tem a r e combinations 
of two-quasipar t ic le excitations \ßv У with the energy EM + E„ , where 
Ец = -7(ем - X)2 + Д2 . Here , ед is the s ing le -par t ic le energy, X and Д a r e 
the F e r m i energy and the pair ing gap of the sys tem. With this assumption, 
we obtain the ma t r ix e lements for the opera tor d/dqi as [5] 

\ui 
a4 i 

0 > = ЦдУ„ + U„VÜ 
Е м + Е „ 

энЛ for y. f v (3) 

where {dü/dq^^ is the ma t r ix e lement of 3H/9qj between s ing le -par t ic le 
s ta tes \цУ and | v X In the case when E„ = E u ( o r when one quas i -pa r t i c l e 
i s the t ime r e v e r s e d s ta te of the o ther) , one has non-vanishing mat r ix 
e lements of 9/9q i due to the var ia t ion of the occupation ampli tudes U and 
V with r e spec t to deformation. The r e su l t is [5] 

where 

\VV 
9 

bqx °>=i5j 

ЭХ - ( a c j + bdj) 
Sq; a 2 + b 2 ' 

"Alk-
c; = - L V ЭН/dqtU 

E 3 

. / э н \ . эх ^ , . , эд 
A -— + A-—+ e - X ) - — V9q./ ' 9q. " dq. 

ЭД 
8q, 

(4) 

b = 

ad j - be ; 
a2 + b2 

V e» - X 

, T (9H/9qiW(e</ -A) 
di " L E3 

Therefore , the effective m a s s is given by 

2_э>_ _эх_ ipM-M. + I Y - L 

+ л I > > (dX - ^ + 1A. ЭДЛ| Д2 [С Ш\ -§A + (тЛ ЭХ 

' ^ ' W ä q j dq^qj' \\д<ц Jvv 94j \d^Jw 9q; 
ч . Г / э н \ эд / . эн \ 9Д111 

(5) 
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which, for the sake of convenience, can be written as 

В,,- = ) (M..) 

The effective mass formula (5) can be generalized to the case where the 
excitation of a nucleus can be described in terms of a nuclear temperature T. 
The resulting formula is 

By (T) = | ^ (MyV,( tanh Щ- + tanh | £ ) 

+ Z(u,u„ - vyvM)^9H/9gW^3/
9^W ( tanh |^, t a n h |k ) (6) 

V-tv 

where the occupation amplitudes U and V, and E depend on the temperature 
indirectly through the dependence of A and > on T. 

It is easy to see that, for the pure independent-particle motion, the 
values of the mass parameters obtained.with the formulas (2) or (5) should 
be abnormally small. Indeed, the mass parameters are directly related 
to the derivatives of the wave functions with respect to the deformation 
parameters. In the pure independent-particle model (IPM), these are known 
to be very small. (An exceptional case occurs when two proper levels 
cross.) This is different when there are residual interactions the most 
important of which is the pair correlation. With the pair cor
relations, the composition of the nuclear wave functions changes 
more strongly with the deformation. In this cause, the predominant 
contribution to the effective mass comes from the diagonal matrix elements 
within an energy interval of 2Д near the Fermi energy. This corresponds 
to a relatively small energy denominator in Eq. (5), of the order of 2A, 
instead of a value of 2ftw for the pure IPM, and leads to increased values 
of the mass parameters, in comparison with the very low values of the 
IPM. This is so, however, only because it is the IPM value which is too 
low, and as soon as some pairing correlations are present, the dependence 
of the mass parameters on the strength of the residual interaction is much 
more moderate. In fact, the mass parameters decrease with further in
crease of the pair correlation strength. 

The pairing effect disappears when a certain critical temperature is 
reached. In this case, it is inappropriate to apply formula (6) because 
residual interactions other than pairing become important. The treatment 
of these residual interactions is beyond the scope of the present study. 
We shall therefore limit our attention to the cases with a significant pairing 
gap, in the hope that the other residual interactions are less important. 

A simple approximate expression is known for the mass parameter, 
when the pairing gap is sufficiently large ( Д » G, where G is the pairing 
matrix element). The latter condition ensures that the terms with 9A/9q 
and 9X/9q in Eq.{5) are small so that the main contribution comes from 
the first sum. There, the most important are the diagonal matrix elements 
arising from single-particle states in an energy interval of 2Aat the Fermi 
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sea. Let geff be some effective local density of single-particle states near 
the Fermi sea and |3 H/9q|2 the average of the square of the matrix elements 
for these states. Since the factor involving the occupation numbers U and 
V is of the order of unity and the energy denominator is of the order of 2Д, 
we have 

в ~ ¥ 9H 
9q 

2 

^-+6 (V) 

where the second t e r m , which is approximately constant and very smal l 
compared to the f i rs t t e r m , denotes a l l other contr ibut ions. 

In some cases in the deformed region, there is a significant shell in 
the s ingle-par t ic le spec t rum so that the pairing gap is very sma l l . We 
have then essent ia l ly the case of the IPM. If now proper levels c r o s s each 
other at the F e r m i sea , the t e r m s in Eq.(5) involving 9A/9q and 9A/9q 
become much l a r g e r than the f irs t sum since the wave function changes 
d ras t i ca l ly with deformation. No s imple express ion such as Eq. (7) is ob
tained as the m a s s pa r ame te r becomes s ingular . In that c a s e , it is in
appropr ia te to apply express ions (6) and (7) because res idua l in teract ions 
other than pairing become impor tant . The t r ea tment of these res idua l in te r 
actions i s beyond the scope of the p resen t study. We shall therefore l imit 
our attention to the ca se s when a significant pair ing gap is p resen t 
(Д > 0.3 MeV, say) in the hope that the other res idua l in teract ions a r e 
l e s s impor tant . 

The pair ing effect d i sappears when a cer ta in c r i t i ca l t empera tu re i s 
reached. The method cannot be applied to t e m p e r a t u r e s higher than the 
c r i t i ca l t empera tu re for r ea sons mentioned above. In this work, we shall 
consider m a s s p a r a m e t e r s at ze ro t empera tu re only. 

The correspondence between this equation and the numer ica l ca lcula
tions is i l lus t ra ted in P igs 1-3. T h e r e , the m a s s p a r a m e t e r s a r e shown 
evaluated for the case of ell ipsoidal d is tor t ion of the Nilsson potential 
well . As the deformation coordinate p , we have taken one half of the 
dis tance between the cen t re s of m a s s of the two halves of the nucleus , divided 
by the value of the undeformed r a d i u s 1 . The specific choice of the deforma-
mation p a r a m e t e r is not ve ry essen t ia l . Fo r another deformation p a r a 
me te r x, the re levant m a s s coefficient is re la ted to В in the following way: 

B , = B p ( g ) 2 , . , 

F igure 1 shows the dependence of the calculated m a s s pa r ame te r 
B p on the p a r a m e t e r Д which cha rac t e r i ze s the s t rength of the pair ing 
cor re la t ion (Д is the energy gap pa rame te r for a uniform distr ibution 

1A convenient unit of reference for the effective mass is the reduced mass for two equal fragments 
at large distance, which is equal to 

Bp= 0.0240 r2A5/3(h7MeV) 

2 The use of the с -parameter of the Nilsson model is rather inconvenient. With the с -parameter 
defined in a finite interval с ^ 1.5, one obtains [2] a spurious divergence of B£ at larger values of с , 
which makes it difficult to see any finer structure. 
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of the single-particle states). For larger values of Д, they are in clear agree
ment withEq. (7). This seems, however, to contradict the results shown in Fig.2 
where the same quantities together with the shell corrections to the nuclear bind
ing energy (6TJ+ 6P) are presented as functions of the deformation. Very 
significant fluctuations are clearly seen, the larger values of BP coinciding 
approximately with the larger values of the Л parameter, evaluated for 
the same deformations. This apparent contradiction is resolved if the 
fact is taken into account that the effective energy region in Eq. (5) is very 
small — of the order of 2Д — and the level density for such an energy 
interval geff shows very strong oscillations due to shell structure (see, 
e.g. Ref. [6] ). This is a more important effect than the changes of Д. 
The importance of the shell structure is further evidenced by the cor
relations between the fluctuations of the effective-mass parameters and 
their corresponding shell-energy corrections which are known to be roughly 
proportional to the fluctuations of the local level density near the Fermi 
energy[6]. 
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LMeV J 

0.60 

FIG. 2. In the upper diagrams the quantities B^ and Л for Z = 94 and N = 146 are shown as functions 
of the parameters p and e. The corresponding shell corrections are shown below. 

Even though the energy gap A has a strong exponential dependence on 
the density of single-particle states, the charge in A is a less important 
factor here. This can be understood because, in the BCS pairing theory, 
and energy interval much larger than 2Д is essential. Therefore, the ef
fective level density which appears in the BCS equation should be identified 
with a much more smoothed density function rather than the local density 
geff which appears in Eq. (7) and also in the energy shell corrections. 

In Fig. 3, some results obtained by Sobiczewski et al. are also shown, 
These data were re-evaluated by means of Eq.(8) from B£ values presented 
in Ref. [2] . While the average value-, which is equal to about 15 units of 
the reduced mass, seems to agree with our results for & = 0. 6 MeV (which 
gives the correct value for A at the ground-state deformation), some es
sential discrepancy is evident . This should change appreciably the esti
mates of same spontaneous fission lifetimes given in Ref. [2] . 

follows 
The equation used in Ref. [2] for evaluating the effective mass can be written schematically as 

В =(2t> £3) 
dQ/de 
22 i (9) 

It can be shown that up to the first order in e the second factor in Eq. (9) should be equal to the square of ' 
the constant к which characterizes the strength of the coupled deformed field. (This is true also when the 
corrections due to pairing are taken into account.) Therefore, Eq. (9) is, up to a smooth function of the 
deformation, identical to our Eq, (5). In Ref. [2], however, the ratio in the second factor was determined 
numerically. The result may be erroneous owing to some inaccuracy in evaluating the poorly converging 
term £ , . 
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FIG.3. The solid curves are the calculated values of BS for 240Pu for the cases when Ж is equal to 0.6 
and 1.0 MeV. The lower dotted curve is the quantity Bc obtained by Sobiczewski et al. It is a rapidly 
increasing function of €. This quantity B€ can be converted to B^ as shown in the upper dotted curve 
and should be compared with our results. 

The results shown in Figs 2 and 3 lead us to the important conclusion 
that the effective mass parameters are abnormally large near the top of 
the shell maxima in the deformation energy where the local level density 
is large. They decrease when one moves away from this point and the 
lowest value is obtained near the stationary shape minima of the deforma
tion energy, corresponding to the ground-state deformation or the 
second minimum. The increased inertia of the nuclear matter in the 
region of the potential barr iers is very important for estimates of the 
penetrability, especially in the superheavy elements. 
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For more definite estimates of the penetration factor, the problem 
of the trajectory must be considered, which requires the knowledge of 
the mass parameters related to other degrees of freedom. In addition, 
other single-particle models must also be considered, as the Nilsson 
model is too ambiguous to be used without reservation for the extrapola
tions to large deformations and new regions of nuclei. 

To approach the solution of these problems, an attempt was made to 
develop fast numerical methods for solving the IPM with a rather generally 
defined average field and the shape of the nuclear surface [7J , and, at the 
same time, to evaluate the mass parameters related to the generalized 
deformation co-ordinates q; which might appear in the definition of the 
nuclear shape. In these calculations, the surface of the nucleus was de
fined by the equation 

n
4 l . . . q < u ' v > = ° ( 1 0 > 

where u and v are the two cylindrical co-ordinates. The operators 6H/5qi 
which appear in Eq.(5) are also computed in a rather general manner. The 
calculations with the Saxon-Woods model are now in progress and will be 
published elsewhere. 

3. MOMENTS OF INERTIA 

The anisotropy of the angular distribution of the fission fragments at 
higher excitations is determined by the value of the so-called effective 
moment of inertia [8] 

where Уп and У± are two moments of inertia for rotation about the sym
metry axis (or the fission axis) and the axis perpendicular to the sym
metry axis, respectively. For ^n and ,УХ, the rigid-body values are 
usually assumed, and yeff is then rather strongly dependent on the shape 
of the nucleus at the top of the fission barrier [8] . It becomes infinite 
when the saddle shape is spherical. This should be the case of a nucleus 
which is very unstable against fission. For such a nucleus, isotropic 
angular distribution is predicted and recently some attempts were made 
to determine the limits of stability of nuclei by measuring the angular 
anisotropy of highly excited nuclei produced in nuclear reactions with 
a-particles and heavy ions [10-12] . 

Experimental studies of ^eff are very important in view of the fact 
that they are probably the most direct way of investigating the shape of 
the nucleus at the barr ier . However, this quantity may be also affected 
by the shell structure, which may be misinterpreted as due to a different 
shape of the nucleus. 
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For the iner t ia p a r a m e t e r s , the following equation holds (which is 
analogous to Eq. (6)) 

where the opera tor Mj is 

for j?x and (13) 

M„ = j z 

for «̂ "ц. Here j is the s ingle-par t ic le angular momentum opera to r . F r o m 
Eqs (12) and (13) one obtains a known express ion for Уц 

1 V К 2 

"*' = 4T Асо 3 Ь2(Е„ /Т) ( 1 4 ) 

where K„ = <i/ | j z | i / > . 
The moment of iner t ia ^ ц с а п also be expressed in the following way 

j?[( = K2-geff ( 1 5 ) 

where 

geff= ( l / 4 T ) ^ { l /cosh 2 (E„/2T)} (16) 
V 

K^ = Q ^ / c o s h ^ E ^ T ) ) / ^ { l / cosh 2 (E„ /2T)} (17) 
V : V 

In the case of Д = 0, the quas i -par t i c le energies E„ in Eqs (14) (17) a r e 
rep laced by the s ing le -par t ic le energies e„ - X . 

In F ig . 4, some r e s u l t s of numer ica l calculations a r e presented which 
demons t ra te the ro le of the shell s t ruc tu re and pairing for the specific 
case of N = 144 with the Nilsson potential . The quanti t ies introduced 
above a r e plotted against the deformation of the Nilsson potential well for 
different values of the t empera tu re T. (In applications to r e a l p r o c e s s e s , 
the t e m p e r a t u r e would, of cour se , also change with deformat ion.) F luc 
tuations with r e s p e c t to deformation a r e apparent . However, the c o r r e l a 
tion between the fluctuations and the shell s t ruc tu re i s not s imple . 

and 
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FIG. 4. Moments of inertia and related quantities for N =. 144 at three different temperatures are shown 
as functions of the deformation d which is defined as the ratio of the axes in the ellipsoidal Nilsson potential. 
The moments of inertia ^ and ^ ate expressed in units of the corresponding values j ^ a n d ^ j for a rigid 
body with the same shape. The quantities ge^f and K2 are defined by Eqs (16) and (17), respectively. 
The gap Д is calculated by taking 2 equal to 0.6 MeV. For T = 0.45 MeV, the gap Д vanishes when the 
deformation is larger than 1.2 and is not shown in the figure. For the value of nwo we used 55 A ' 1 / 3 MeV 
which is obtained by setting the average of r2 near the Fermi level equal to 3 R2 / 5 . 
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The gap parameter Д is known to increase when the local density of 
the single-particle states near the Fermi energy increases. This can 
lead to a reversed effect in the quasi-particle density (16) which is ex
ponentially decreasing with increasing Л. Therefore, it is expected that 
at higher excitations, maxima and minima of ^ should approximately 
correspond to those of the single-particle level density, while at low ex
citations maxima of ^ correspond to minima of gs.p. ( i .e . to maxima 
of the quasi-particle level density), and vice versa. While this is ap
proximately valid for high excitations, the actual correlation at low ex
citations is more complicated because there is also a shell effect in the 
averaged value of К . Indeed, for low temperatures, only few states 
contribute to the averaging of K2. It is known that the energies of the 
single-particle states with higher К values go up with deformation while 
those with lower К values go down. Therefore, the average value of K2 

oscillates about as frequently as that of the energy shell correction but with 
a different phase, see Fig.4. The value of K2 should have the WKB values 
in the middle of a shell but higher and lower values at other deformations 
depending on the number of nucleons N. The result for our case of N = 144 
at low temperature is that for small deformations ^ , fluctuates in nearly 
the opposite phase as the energy shell correction. 

For ^ , and at low temperatures, it is known that an increase in 
Д leads to a decrease in j ^ [4] . However, this is not the only effect due 
to shell structure as the matrix elements of j x are also affected. The 
situation is simpler at high temperatures as contributions to ^x come 
from matrix elements between states in a large energy interval. There
fore, as is the case with J?l(, the quantity j ^ is also correlated with the 
density of the single-particle states at the Fermi energy. 

In any case, the shell structure influences rather strongly the moments 
of inertia. The fluctuation nevertheless decreases with increasing tempera
ture. One of the problems is therefore to find the critical temperature 
T* when the shell fluctuations become small. This is important to know 
for the analysis of the fission anisotropy at low excitations above the fission 
barr ier . In these considerations, the dependence of A on the temperature 
should be taken into account in the usual way. 

In Fig. 5, the quantities J?eff, J?'., and Jx are shown as a function of 
the temperature T, evaluated for the most interesting shapes of the nucleus 
236U, namely the ground-state deformation, the second minimum and the 
two barr iers . It can be seen that for the first and the second barr iers , 
the rigid-body values of the moments of inertia are essentially reached 
at a nuclear temperature of Ts* = 0. 8 - 1. 0 MeV. This value is close to 
that for the critical temperature at which the shell-structure effects in 
the level density disappear as was found earlier [13] . It is also higher 
than the critical temperature T%, at which the pair correlation effects 
disappear (T* = 0.4 = 0.5 MeV). 

The evaluated moments of inertia are applied to the analysis of the 
angular anisotropy data in the neutron induced fission at lower excitations. 
The angular distribution of the fragments is described, in this case, ap
proximately by [8] 

H . O ü n 2 
1 +

 R T a c o s 
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For the specific case of the reaction 235U(n, f) with 3 MeV neutrons, 
the value of the temperature is found to be equal to 0. 28 MeV if the bar
r ier shape was assumed to be the same as that for the first barrier and 
T = 0.33 MeV for the second barrier (with the rigid-body-values these 
would be equal to completely unreasonable values of 0. 05 MeV and 0. 14 MeV, 
respectively). 
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DISCUSSION 

L. WILETS (Chairman): Have you been able to follow the deformation 
to sufficiently large values so that you could see the mass parameter asymp-
toting to the separated fragment value, namely the reduced mass? 

H. C. PAULI: We have not got so far yet in our calculations. The fact 
that the quantity Bpp remains on the average a constant seems, however, 
to indicate such behaviour. One should also remember that the data presented 
hold good for spheroidal shapes only. For large deformations one should 
use other shapes. This work is under way. 

P. von BRENTANO: Could you comment on the impact of your con
siderations on the calculation of the life-times of fission isomers? 

H. C. PAULI: The life-times of the fission isomers should be affected 
as well as the spontaneous fission life-time. Increased mass, as compared 
to the average, at the barr iers will also increase the life-time. 
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A. SOBICZEWSKI: You mentioned the discrepancy between the values 
of the mass parameter В obtained in your calculations and in ours (cited 
in .your paper as Ref. [2]). You suggest that it may come from cutting off 
the levels from the N _̂ 10 shells. I agree that the poorly convergent term 
£i, which enters into В in our approach and is not needed in your calculation, 
may be lowered by this cut-off but I do not think this effect could account 
for the whole of the discrepancy obtained. This concerns especially the 
low deformations for which the levels cut off lie very far from the Fermi 
level. 

H. C. PAULI: I agree in so far as the agreement, on the average, 
is much better at smaller than at larger deformations. 

E.R.H. HILF: Did I understand correctly that you wanted to study 
a nucleus of finite temperature but actually studied a cold nucleus, applying 
Fermi statistics of some finite temperature? So you started with the single-
particle energy level density for T = 0 and filled in the nucleons, using a 
Fermi distribution of finite temperature. If so, you missed one of the two 
effects that compete with each other, being of the same order of magnitude, 
and come into play in a shell-model calculation for finite temperature, 
i . e . the temperature dependence of the level density itself. This is due 
to the fact that heating the nucleus (a little bit, otherwise the summation 
of single-particle energies becomes increasingly useless because of the 
interaction energies) leads to wave functions of higher energy and orbital 
momentum, which have a different radial distribution too, and this in due 
course leads to a higher concentration of high-energy nuclei at the 
surface. In a self-consistent calculation this would lead to a change of the 
potential and to a rise of the level density. In your non-self-consistent 
calculation you can take care of this effect approximately by some single 
ansatz, say a first-step calculation, since the wave functions are available 
to you. 

H. C. PAULI: We use the energy levels of the cold system but do not 
expect the structure to be completely destroyed by a temperature of 1 MeV. 
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NIVEAUX D' ENERGIE DANS UN PUITS 
DE POTENTIEL DEFORME A BORDS ABRUPTS 
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CEA, Centre d'etudes nucleaires de Saclay, 
France 

Abstract — Resume 

ENERGY LEVELS IN A DEFORMED POTENTIAL -WELL WITH STEEP EDGES. This paper attempts an 
exact numerical determination of the energy levels of a particle in a potential well with steep edges by the 
determinantal method, which was already described by Hill and Wheeler in 1953. This method is applied 
to a very schematic nuclear model in which the mean potential is local, independent of spin and charge, 
and constant or infinitely deep inside a surface limiting a fixed volume. In practice one is limited to axial 
and reflection symmetry and a two-parameter surface family (cx2 ,a 4 ) although it is very well possible to 
introduce an asymmetry (cx3). 

The preliminary results enable us, as far as the infinite well is concerned, to: a) obtain the position 
of the first levels up to four exact digits in the region 0 <oc2<0.40, 0<а 4 <0 .15 ; b) determine the total 
energy of a system of independent nucleons in its ground state, by the direct method of."summation over 
the levels"; to compare this energy with the expression given by the classical asymptotic formula for a 
fermion gas (Hill and Wheeler) and to obtain — as difference - a "shell correction" (Strutinsky)'. referring to 
this schematic model; c) calculate the relative proportion of the occupied even and odd levels (reflection 
parity) as a function of the deformation (in connection with the ideas of Kelson and Griffin on the asymmetric 
fission); 

As to the finite potential well, the results enable us to: d) obtain, with lower accuracy (of the order 
of 1%), the variation of the ensemble of levels with a deformation parameter аг in the region 0 <« 2 <0.45 . 

NIVEAUX D'ENERGIE DANS UN PUITS DE POTENTIEL DEFORME A BORDS ABRUPTS. ,On prfisente 
un essai de determination numerique precise des niveaux d'6nergie d'une particule dans un puits de 
potentiel deforme ä bords abrupts, selon la methode determinantale decrite par Hill et Wheeler en 1953. 
Cette methode s' applique ä un modele de noyau extremement schematique ou l e potentiel moyen est local, 
independant de spin et de charge, constant ou infiniment profond a 1* interieur d' une surface limitant un 
volume donnfe. Pratiquement on s' est restreint ä la symetrie axiale et de reflexion, et a une famille de 
surfaces a deux parametres (a2 , а4), bien qu'il soit tres possible d'introduire une asymetrie ( a 3 ) . 

Les resultats preliminaries obtenus permettent, en ce qui concerne le puits infini, a) de sortir la 
position des premiers niveaux avec quatre chiffres significatifs exacts dans le domaine 0 < a 2 < 0 , 4 0 , 
0 < а 4 < 0 , 1 5 ; b) de determiner 1'Energie totale d'un Systeme de nucleons independents dans son etat 
fundamental, par la methode diiecte de la «somme sur les niveaux» , de comparer cette energie ä 
Г expression donnee par la formule asymptotique classique pour un gaz de fermions (Hill et Wheeler) et 
d'en dSduire par difference une «correction de couche» (Strutinsky) relative ä ce modele schematique; 
c) de calculer la proportion relative des niveaux occupes pairs ou impairs (paritfe par reflexion) en fonction 
de la deformation (reference aux idees de Kelson et Griffin sur la fission asymfitrique); 

En ce qui concerne le puits de potentiel fini, les resultats permettent d) de sortir aveo une precision 
moindre (de Г ordre de \%) la variation d'ensemble des niveaux avec le parametre de deformation аг dans 
l e domaine 0 <аг < О,45. 

1. •INTRODUCTION 

Les tentatives actuelles en theorie de la fission pour depasser les 
modeles classiques insuffisants font intervenir les effets quantiques qui 
se manifestent dans 1' existence des niveaux discrets du noyau et dans 
les variations de la densite de niveau traduisant les effets de couche. 

229 
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Dans le sillage des etudes recentes, notamment celles de Strutinsky [1] 
basees sur le modele realiste de Nilsson, nous avons voulu cohsiderer 
les memeseffets [2, 3], mais dans un modele de noyau tres idealise qui 
permette certains calculs et soit lib re de parametres phenomenologiques. 
Nous avons done repris le modele de la boite spheroidale ou plus exacte-
ment du puits de potentiel deforme ä bords abrupts, de pröfondeur finie ou 
infinie. II s' agit d'un modele de noyau ultras chemätique dejä considere 
par Hill et Wheeler [4] et par Moszkowski [5] en particulier. On у admet 
les hypotheses simplificatrices de saturation extreme du modele de la 
goutte liquide (surface abrupte, incompressibilite) mais dans le cadre du 
modele unifie ou chaque nucleon se meut independamment dans le potentiel 
moyen de pröfondeur constante limitee par la surface nucleaire [6]. Enfin 
il n' est pas question de charge, ni de spin, bien qu'il soit possible dans 
une etape ulterieure de modifier la pröfondeur moyenne du puits pour les 
niveaux de proton et d' introduire un terme de spin-orbite ä la surface • 
nucleaire. 

2... LE MODELE 

Dans un volume V = (4/3) я-R3 sont enclos N fermions de meme espece. 
La surface limite (S) est supposee a symetrie axiale et la courbe (C) qui 
la definit a pour equation poläire 

r = F(cos9) = >r-tl + a 2
P 2( c o s e ) + "з^г (cos 6) + or4P4(cos в)} (1) 

On s1 est restreint pratiquement a une famille a trois parametres de de
formation a2, <%, 04, mais la fonction F peut etre quelconque pourvu qu' eile 
soit assez reguliere. La quaritite \(a2asa4) s'obtient en ecrivantla con
dition de conservation du volume. Pour des raisons dimensionhelles on 
peut se ramener a. un volume V equivalent ä la sphere de räyon unite. 
Dans ces conditions, la fonction d'onde d'une particule de masse m en- ; 

close dans V verifie les equations 

Аф+^ф = 0 dans V (2) 

ф "= 0 ' sur (S) (3) 

qui determinent les niveaux d'energie discrete dans le volume V de rayon 

equivalent R 

Une fonction d' onde de moment angulaire axial M donne peut etre developpee 
sur la base complete des ondes spheriques 

(M) iM» Д . M , 
Ф =ё Б ajjjlkrjP, (cos 9) (5) 

• Ü = M 



IAEA-SM-122/89. 231 

L' in te re t de cette base du point de vue numerique est que les fonctions de 
Bes se l et de Legendre sont faciles a ca lculer par des r e c u r r e n c e s ä t ro i s 
t e r m e s . Pra t iquement le developpement precedent es t tronque a un cer ta in 
o rd re L i , a de te rminer selon la rapidi te de convergence de la s e r i e qui 
depend e l l e -meme des va leurs des p a f a m e t r e s к, М, etc . , et finalement 
de la forme de la surface (S). La condition aux l imi tes (3) qui acheve de 
d e t e r m i n e r ^ se t radui t pa r 1' identite en x (x=cos Ö) 

Li 
M 

A L W l ( k F ( x ) ) P L + M - l ( x H ° 
L = l 

(6) 

La fonction angulaire ф(х) definie sur [-1,+1] depend de Li coefficients 
indetermines AL: eile ne peut done e t r e nulle identiquement, naais en 
genera l seulement en L i points щ q u ' i l faut chois i r de so r t e que ф(х) 
soit le plus voisin possible de ze ro . Le theoreme [7] su r lequel es t base 
la methode d' integration numerique de Gauss -Jacobi donne la r eponse . En 
chois issant la subdivision [8] Xj formee des L j ze ros du polynome PL-ЛХ), 
l e s egal i tes ф(х{}-0, i e [ l , L i ] entratnent q u e l e s coefficients du developpe
ment de ф(х) sur les P^(x) sont nuls jusqu1 a 1 'ordre Ъ-± inc lus . Le choix 
convenable de L} points sur la courbe mer id ienne pe rme t done de suppr imer 
les osci l la t ions angulai res j u s q u ' ä 1 'ordre L i . Се choix fait, l1 equation 
aux va leu r s p rop res en к s1 e c r i t evidemment 

M ALl(k) = d e t ^ ^ k P i ) P ^ M . i C x j ) |L,i= 0 (?) 

On es t done ramene au calcul d 'un determinant d1 o r d r e L^ c1 es t une fonction 
de la va r iab le к dont on de termine les zeros par interpolation l inea i re 
i t e r e e . 

La methode se genera l i se a isement au puits de potentiel fini a bords 
abrupts dont la profondeut V0 n1 intervient que par le p a r a m e t r e 

/2mV0KS 2ч 1/2 

(8) 

On est encore amene ä chercher les ze ros d 'une fonction de к ( 0<к<х) 
qui se p resen te comme un determinant d1 o rd re 2Lj^ 

Л2Ь\ (к) 
,м кш-^Кш-М 

ki ' (kF 
L+M-1 i 

i P (x ) 
L+M-11 i ' 

W№W*i> 

qh' (qF ) P M (x ) 
L+M-1 v i ' • L+M-1 v i' 

Щ 

avec q - ч/х2 - k2. Les. fonctions h sont l e s fonctions de Hankel spher iques , 
h0(x) = e"z/z, e t c . • . ., . 
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TABLEAU I. PUITS INFINI SPHERIQUE: NIVEAUX D' ENERGIE ET 
NOMBRES MAGIQUES 

к 

3,1416 

4,4934 

5,7634 

6,2832 

6,9879 

7,7252 

8,1825 

9,0950 

9,3558 

9,4248 

10,4171 

10,5128 

10,9041 

11,6570 

11,7049 

6 = k2 

09,8696 

20,1907 

33,2175 

39,4784 

48,8311 

59.6795 

66,9543 

82,7192 

87,5312 

88,8264 

108,516 

110,520 

118,900 

135,886 

137,005 

Nombres 
quantiques 

Is 

IP 

Id 

2s 

If 

2p 

lg 

2d 

lh 

3s 

2f 

l i 

3p 

li 

2g 

N 

1 

4 

9 

10 

17 

20 

29 

34 

45 

46 

53 

66 

69 

A = 4N 

4 

16 

36 

40 

68 

80 

116 

136 

180 

184 

212 

264 

276 

2mR2 

4,900 

1,940 

1,125 

1,050 

0,737 

0,662 

0,516 

0,464 

0,385 

0,346 

0,299 

3. CALCUL NUMERIQUE 

II a ete effectue sur CDC 6600. La methode decrite ci-dessus a ete 
controlee par une serie de tests numeriques, portant sur la rapidite de 
convergence d'une serie telle que la serie (6), sur la precision de calcul 
des fonctions d'entree, d'un determinant d'ordre eleve, etc. Ceci definit 
un domaine de variation de 1' ensemble des parametres en dehors duquel 
la precision tombe. 

Comme point de repere, nous avons les niveaux du puits infini 
spherique et leurs nombres quantiques rassembles dans le tableau I, 
d" apres Feenberg [9]. Pour atteindre un remplissage de A = 260 (ce qui 
donne N = A/4 = 65) il suffit de se limiter ä 1' intervalle en к compris entre 
3 e t j .1 . Comme nous devons nous limiter ä des formes nucleaires dont 
le rapport grand axe/petit axe soit inferieur a. 2, 1' argument kr des 



TABLEAU П. PUITS INFINI, TEST DE LA SPHERE EXCENTREE 
Niveaux d' energie M= 0, L j = 15 (subdivision a 15 noeuds) 

с ^^-^^^ 

0 
0,2 
0,4 
0,5 
0,6 
0,7 
0,8 
0,9 

с ^^^^_^ 

.0 
0,2 
0,4 
0,5 
0,6 
0,7 
0,8 
0,9 

Is 

3,14159265 
3,14159265 
3,14159265 
3,14159265 
3,14159265 
3,14159265 
3,14159261 
3,60 

lg 

8,182561 
8,182561 
8,182561 
8,182560 
8,182547 
8,182449 
8,206308 

IP 

4,493409 
4,493409 
4,493409 
4,493409 
4,493409 
4,493409 
4,487448 

2d 

9,095011 
9,095011 
9,095011 
9,095011 
9,095011 
9,095010 
9,093959 

Id 

5,763459 
5,763459 
5,763459 
5,763459 
5,763459 
5,763459 
5,778834 

lh 

9,355812 
9,355812 
9,355803 
9,355689 
9,354856 
9,351011 
9,320629 

2s 

6,283185 
6.283185 
6,283185 
6,283185 
6,283185 
6,283185 
6,282926 

3s 

, 9,424778 
9,424778 
9,424778 
9,424778 
9,424778 
9,424778 
9,42485 

If 

6,987932 
6,987932 
6,987932 
6,987932 
6,987932 
6,987933 
6,963789 

2f 

10,417118 
10,417118 
10,417118 
10,417119 

? 
? 
> 

2p 

7,725252 
7,725252 
7,725252 
7,725252 
7,725252 
7,725252 
7,726094 

li 

10,512835 
10,512802 
10,512323 
10,508871 

} 

? 
? 

N5 

с = excentticite; n = nombre quantique du niveau, " 
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fonctions de Bessel varie en gros dans le domaine de 1,5 a 20. Dans un 
tel domaine on a huit chiffres exacts pour les fonctions de Bessel jusqu' ä 
1' ordre & = 20. Cet ordre maximal du moment angulaire admis fixe Ъ±, 
done la dimension des determinants. 

Les elements de la methode une fois eprouves, il restait ä appliquer 
celle-ci ä un cas dont les resultats fussent connus a priori ou d'autre 
facpn. On a choisi le «test de la sphere excentree». . La courbe 
meridienne (c0) d' equation 

г = Г0(х) = сх + -71-си(1 -ха) 0 < c < l (10) 

x = cos 9 

est un cercle de rayon 1 et de centre (9 = 0, r = c). La surface (S0) est 
done une sphere excentree par rapport au centre de developpement des 
ondes spheriques, et 1' on doit retrouver les niveaux du puits infini 
spherique. Les tableaux II et III rassemblent des resultats pour une sub
division de quinze nceuds, «l1 excentricite» с variant de 0, 2 a 0, 9. Dans 
un domaine süffisant on peut compter sur 4 ou 5 chiffres exacts pour la 
plupart des niveaux. Les tableaux ne donnent que M = 0 et M = 4 et 5, mais 
les valeurs intermediaires sontaussi bonnes et la degenerescence en M 
est verifiee ä la meme precision. Pour des niveaux d' ordre trop eleve 
k^.10, 5, celle-ci baisse entre 10"3 et 10"2 . Le fait important dans ce test 
est la chute de precision assez brusque au-delä de с = 0, 7. Ceci vient 
uniquement de 1' insuffisance des moments orbitaux admis dans la fonction 
d'onde (dans ce cas .2 < Li= 15). En consequence, pratiquement, on se 
limitera a des formes de surface dont on puisse definir une «excentricite» 
qui soit inferieure a 0, 7 environ. Ce qui nous donne un rapport d' axes en 
gros inferieur a 2. Cette inference n' est pas parfaitement convaincante, 
cette notion d1 excentricite etant qualitative pour une courbe quelconque. 
L1 ideal serait evidemment d'avoir comme element de comparaison les 
niveaux de la boite ellipso'idale, que 1' on pourrait obtenir en calculant 
les zeros des fpnetions spheroldales d1 apres les tables de Stratton [10], 
ou par resolution numerique de l1 equation differentielle a une variable qui 
definit ces fonctions. 

4. RESULTATS: VARIATION DES NIVEAUX AVEC LA DEFORMATION 

En ce qui concerne le puits infini, les niveaux de particule ont done 
ete calcules dans le domaine positif des formes allongees ou 
cylindroides ' . ' 

0<^2<0,45 0<ö4<0, 15 

k2<160 0<M<7 

domaine essentiellement limite par la precision. On ne peut done pas en
core atteindre les formes d' equilibre instable d' une goutte chargee au 
seuil de fission: Cohen et Swiatecki [11] donnent par exemple аг= О, 72 
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TABLEAU III. PUITS INFINI, TEST DE LA SPHERE EXCENTREE 

Niveaux d 'energ ie M = 4 et 5 (subdivision a 15 noeuds) 

С ^~\^ 

0 

0,2 

• 0,4 

0,5 

0,6 

0,7 

0,8 

0,9 

с ^ v . 

0 

0,2 

0,4 

0,5 

0,6 

0,7 

0,8 

0,9 

lg, 

8,182561 

8,182561 

8,182561 

8,182561 

8,182561 

8,182561 

lh 

9,355812 

9,355812 

9,355812 

9,355812 

9,355812 

9,355813 

lh 

9,355812 

9,355812 

9,355812 

9,355812 -

9,355812 

9,355812 

li 

10,512835 

10,512835 

10,512835 

10,512834 

10,512824 

10,512765 

li 

10,512835 

10,512835 

10,512835 

10,512835 

10,512835 

10,512831 

ij 

11,657032 

11,657032 

11,657027 

11,656962 

11,656765 

11,659413 

lj 

11,657032 

11,657032 

11,657032 

11,657027 

11,656942 

11,656252 

с = excentricitfi; n=nombre quantique du niveau. 

et a4= 0, 20 pour un p a r a m e t r e de fissionnabili te f = 0, 74, ce qui cor respond 
ä un r appo r t 

grand axe _ 1,71 >2 ß 

petit axe 0,64 ' 

Une elongation pure a2
 = 0> 50 co r respondra i t ä peu p r e s a f = 0, 80. 

Sur la figure 1 e s t r e p r e s e n t e e la var ia t ion s epa ree des niveaux pa i r s 
et i m p a i r s (pari te par reflexion) en fonction de a% pour a4 = 0. On.у ob-



TABLEAU IV. PUITS FINI: TEST DE LA SPHERE EXCENTREE 
x=9,814, L1=17, £ = k2 

CO 

M 

0 

1 

2 

3 

4 

^ n 

c 4 ^ 

0 
0.4 
0,6 

0 
0,4 

0,6 

0 
0,4 
0,6 

0 
0,4 
0,6 

0 
0,4 
0,6 

Is 

8,10677 
8,1067 
8,12 

IP 

16,54413 
16,5441 

16,37 

16,5441 

16.53 

Id 

27,14111 
27,1412 
27,20 

27,1411 
27,01 

27,1411 
27,14 

2s 

32,12089 
32,1209 
32,13 

If 

39.76771 
39,7688 
39,48 

39,7678 
39,20 

39,7673 
39,41 

39,7678 
39,85 

2p 

48,20356 
• 48,2035 

48,18 

48,2035 
48,20 

lg 

54,31818 
54,3322 

55,79 

54,3122 

54,55 

54,3177 
52,09 

54,3200 
54,62 

54,3180 
54,52 

2d 

66,17264 

66,1727 
66,21 

66,1726 

66,16 

66,1726 

64,57 

О > с о 

о 

L =19, c = 0 

i 7 ^ ^ 
0 
1 

5 

Is 

8,10678 

IP 

16,54416 
16,5442 

Id 

27,142 

2s 

32,12088 

If 

39,781 
39,769 

2p 

48,20355 

4 

54,42 

2g 

66,1728 

c=excentricitej nombre quantique du niveau; M = moment angulaire axial. x = (2mV0R2/1i2)' -9,814 (subdivision a 17 et 19 noeuds) 
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€ = к2 R.PftRIT£ + R.PARtTE - E = к2 

" 2 « 2 

00 0,06 0.12 0,18 024 0,3 Q36 0,42 0,48 Op 0,06 0,12 0,18 0,24 0.3 0,36 0.42 0.48 0,54 

FIG.l . Niveaux d'energie dans le puics de potentiel infini en fonction de ot2 (a4 = 0, parites sfeparees). 

serve le comportement bien connu des niveaux de meme nombre quantique 
qui ne se croisent pas, mais s' echangent. La distance d' approche peut 
etre assez faible et donne aussi une idee de la precision; par exemple pour 
o4=0,10, a2

=0>36, M=0, on a observe le doublet bien separe e = 116, 3 et 
e = 117, 3. Hors du domaine ci-dessus defini (a£> 0, 50) ou pour des niveaux 
d' ordre trop eleve, on observe leur disparition par paires quand la 
deformation grandit. Ce phenomene est du uniquement ä la limitation du 
moment orbital maximal admis 1^ . Strictement la fonction d' onde est 
forcee de s'annuler en des points choisis de (S), le probleme aux limites 
n1 est done pas hermitique et les energies peuvent devenir complexes. 
Lorsque le nombre de surfaces nodales de la fonction d' onde est trop 
grand, la particule ne voit plus une paroi qui 1' enferme, mais une grille 
au travers de laquelle eile peut fuir des que la longueur d'onde devient de 
1' ordre des dimensions de la maille. 

En ce qui concerne le puits de potentiel de profondeur finie, les 
resultats sont moins precis. Le test de la sphere excentree permet 
d' atteindre с = 0, 5 avec trois chiffres exacts et au-dela jusqu' a 0, 7 deux 
chiffres seulement (tableau IV). Les figures 2 et 3 representent les niveaux 
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1s-

r 100— 

S = k2 

-80 

-40 

1 d -

20 

£ = k 
100-

80-

60-

40-

0 0,06 0,12 0,18 0,24 0,3 036 0,42 <*? 0 006 0,12 0,18 0,24 0,3 0.36 042 a
2 

m = 2 -
m = 3< -100-

1h-

80. 

60-

40-

20-

0 0,06 0,12 018 Q24 0,3 0,36 0.42 « , 0 0,06 012 0,18 0,24 0.3 0.36 0,42 
—I I I I I I ' l £ i i i l I i i I 

FIG.2. Niveaux d'energie dans le puits de potentiel fini ä bords abrupts en fonction de la deformation az 

Parite positive. x = 10. 

de chaque parite en fonction de la seule deformation a2 jusqu1 ä 0, 50. On 
a choisi x= 10 (etats lies jusqu' au 3p inclus environ). Qualitativement 
l1 allure de la variation avec a% est semblable a celle du puits infinit sauf 
au voisinage immediat de l1 energie zero (ou du continu) ou il faudrait 
ameliorer la precision. Ce sont justement ces niveaux importants voisins 
du niveau de Fermi qui sont les plus interessante ä suivre avec la defor
mation, car leur comportement ne saurait etre decrit par aucun modele 
ä pai-oi irifini (modele de la botte ou oscillateur harmonique). 
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- i g -
2 p -

1 f - 40. 

1d-

o o p 0,12 eye 0^4 op дзь дчг <*г о ope, q iz qia 0,24 оз о,зб орг я
г 

100ЧЕ = k 2 - . rn = 2 - . m = 3 - . 4 - . 5 - g = k ? 

2 f -

80 

1h-

80-

60-
1g-

1 f -

0 0D6 0,12 0.18 024 0,3 0,36 0,42 « , 0 0,06 0,12 0.18 0,24 0,3 036 0.42 " , 

FIG.3. Niveaux d'energie dans le puits de potentiel fini ä boids abiupts en fonction de la deformation <x2 

Parite negative, x = 10. 

5. LA CORRECTION DE COUCHE DANS LE MODELE DE LA BOITE 

La precision obtenue dans le cas du puits infini (10"4) permet de 
calculer 1' energie de l1 etat fondamental d' un Systeme de N(N< 70) nucleons 
de meme espece, en effectuant directement la «somme sur les niveaux» 

E k* (г 
i = l 

VE T = ^nR2cT, ( H ) 

puisque 1' energie est ici purement cinetique. 
La figure 4 illustre la croissance assez rapide de cette quantite avec 

la deformation dans uh cas typique. Cette croissance n'a rien de compa
rable avec celle que donnerait un modele realiste ou les energies 
coulombiennes et superfizielles se composent dans leur variation. Ce 



FIG. 4a. Croissance comparee de l'energie totale ex e t de Г approximation 
classique e ^ . N = 46 et 53. 

FIG.4b. Croissance comparee de l'energie totale £j et de Г approximation 
classique £CL. N=66 et 60. 
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qui nous i n t e r e s s e dans ce modele schemat ique, c1 es t la difference entre 
l1 energie totale ex et 1' express ion eCL de 1' energie du Systeme «c lass ique» 
cor respondant (classique signifie seulement: N grand) de facpn ä m e t t r e en 
evidence un «effet de couche» . On a p r i s pour SQI la formule asymptotique 
de Hill et Wheeler ([ 4], Appendice, fig.11), qui e s t un developpement en 
puissances descendantes de la quantite 

1/3 

On obtient 

*ч£* 

^=i4 4SkHfr2-^K+°(4) (12) 

La dependance dans la deformation provient des quanti tes S et L: 

surface nuc lea i re 
S = 47Г 

T courbure moyenne 
L = 2^ 

(S = 1, pour la sphere) 

(L = 2, pour la sphere) 

Une tel le formule m e r i t e r a i t d' e t r e completee jusqu1 au t e r m e constant . 
La figure mon t re en effet qu' avec s e s t ro i s t e r m e s eCL approche ä 1, 5% 
p r e s la quantite eT et a la m e m e c ro i s sance que eT avec la deformation. 

La difference 
б (N, a) = eT(N, a) - eCL (N, a) 

TABLEAU V. VALEURS DE c^ AUX MINIMUMS DE 6 EN FONCTION DE 
N ET DE ct4 

N ^ v 

45 

46 

50 

54 

57 

60 

63 

66 

69 

0,33 

0, 

0,10 

0,15 

0,18 

0,15 

0, 

0, 

at = 0 

0,30 

0,27 

0,27 

>0,50 

>0,50 

0,33 

0,42 

0,48 

0,36 

>0,50 

>0,50 

a4 =0 

0, 

0, 

0,12 

0,16 

0,16 

0,15 

0,27 

0,26 

0,27 

05 

0,33 

0,36 

0,44 

0,39 

0,48 

0,27 

>0,50 

>0,50 

« 4 = o 

0, 

0, 

0,12 

0,15 

0,20 

0,26 

0,04 

0, 

0, 

10 

0,36 

0,34 

0,40 

0,39 

0,36 

0,27 

0,26 

0,27 

at =0,15 

0,28 

"0, 0,33 

0,12 

0,15 

0,20 

0,06 0,26 

0,04 0,30 

0, 0,33 

0, 0,35 
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о!об o!l2 с[В~<Ь» ИЗ о!зб o!l2 о!об 6.12 die o'.21 cb 036 o'.42 

FIG.5. Correction de couche 6 = 6 T -£ C L en fonction de ctj et de N (a4 = 0). 

a une amplitude de variation beaucoup plus faible (~0, 5%) et constitue la 
correction de couche dans ce modele. L1 oscillation residuelle 6 repre
sentee aux figures 5 et 6 a le comportement typique decrit par Strutinsky [1] . 
Les maximums et minimums correspondent bien aux regions de haute et 
basse densite de niveaux ä une particule, a. 1' energie de Fermi. L' ampli
tude de 1'oscillation varie avec le remplissage N. Dans ce modele, eile 
n' est attenuee par aucun effet d' interaction residuelle ni aucune compen
sation dues ä la presence de plusieurs types de particules. Pour avoir 
un ordre de grandeur, prenons par exemple N= 57; la difference entre le 
second maximum et le second minimum est de 15 unites, ce qui donne 
15X b2/2mR2~15X 0, 32 = 4, 8 MeV pour un seul type de particule et de spin. 

Le tableau V rassemble les valeurs des elongations ач calculees aux 
minimums (pour a4= 0) entre N=45 et 69. 

Dans le domaine explore 0< a2< 0, 45, on atteint assez rarement la 
remontee au-delä du second minimum, sauf lorsque le premier minimum 
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U12 0.18 0.24 0.3 036 0,42 a g 0,06 0,12 0.18 0,24 0,3 0,36 0,42 « ; 0,06 0,12 0,16 0,24 0,3 0,36 0,42 0,48 a ; 

FIG. 6. Correction de couche 6=e - e „ . Continuity en a t pour quelques valeurs de N. 

correspond a 1" etat spherique. De toute facon, pour discuter des etats 
metastables ou isomeriques, il faudrait au moins reconstituer une surface 
d' energie totale ä partir de cette correction de couche, ce que nous 
n1 avons pas cherche a faire etant donne le caractere incomplet et trop 
schematique du modele. 

Les families des courbes б presentees aux figures 5 et 6 montrent 
une continuite certaine en N et en air malgre des fluctuations locales dues 
aux croisements aleatoires des niveaux et aux erreurs cumulees. 

Notons pour finir un sous-produit de ее calcul, concernant la variation 
du rapport 

_ _ ^+ _ nombre de niveaux pairs occupes 
N. nombre de niveaux impairs occupes 

en fonction de a2 • Ce rapport a ete consider e par Kelson [12] et 
Griffin [13] dans leurs travaux sur la fission asymetrique. Dans une 
hypothese d1 evolution rapide du noyau depuis le point seuil jusqu' ä la 



TABLEAU VI. RAPPORT DU NOMBRE DES NIVEAUX OCCUPES PAIRS AU NOMBRE DES IMPAIRS 

R = N+/N-, (N++N.= N), a4=0 

34 

45 

46 

54 

57 

66 

69 

0,06 

13/7 
1,86 

20/14 
1,43 

27/18 
1,50 

28/18 
1,55 

33/21 
1,58 

33/24 
1,38 

38/28 
1,36 

41/28 
1,46 

0,12 

12/8 

1,50 

21/13 
1,62 

27/18 
1,50 

28/18 
1,55 

33/21 

1,58 

33/24 

1,38 

38/28 
1,36 

40/29 

1,38 

0,18 

12/8 
1,50 

21/13 
1,62 

26/19 
1,37 

26/20 
1,30 

33/21 
1,58 

34/23 
1,48 

37/29 
1,28 

38/31 
1,22 

0,24 

11/9 
1,22 

20/14 
1,43 

24/21 

1,14 

25/21 
1,19 

31/23 
1,48 

34/23 
1,48 

38/28 
1,36 

38/31 
1,22 

0,30 

11/9 
1,22 

19/15 
1,27 

26/19 
1,37 

26/20 
1,30 

31/23 
1,48 

33/24 
1,38 

38/28 
1,36 

39/30 
1,30 

0,36 

11/9 
1,22 

20/14 
1,43 

26/19 
1,37 

26/20 
1,30 

30/24 

1,25 

31/26 
1,19 

38/28 
1,36 

40/29 
1,38 

0,42 

11/9 

1,22 

18/16 
1,13 

26/19 
1,37 

27/19 
1,42 

30/24 

1,25 

31/26 

1,19 

38/28 
1,36 

39/30 
1,30 

0,48 

10/10 
1,00 

18/16 
1,13 

26/19 
1,37 

26/20 
1,30 

30/24 
1,25 

32/25 
1,28 

36/30 
1,20 

38/31 
1,22 
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scission, le rapport R serait une borne superieure ciu rapport d1 asymetrie. 
Le tableau VI montre la variation de се rapport avec N et од • Ses 
fluctuations avec a% dependent de N (par exemple pour N= 66, R est presque 
constant et egal ä 1, 36). II a tendance ä decroltre avec 1' elongation, mais 
pas aussi regulierement que l1 indique 1" evaluation asymptotique de R faite 
par Griffin ä l1 aide de la formule de Wheeler. 

En conclusion, on peut penser que la methode de Wheeler utilisee ici 
puisse contribuer ä resoudre le probleme de l1 extrapolation des niveaux 
de particule [6] au domaine des grandes deformations, pour diverses formes 
de surface nucleaire, specialement pour les niveaux les moins lies. La 
comparaison precise de la variation des niveaux ici obtenue avec celle que 
donnent les autres methodes plus rapides ou plus raffinees (perturbations, 
diagonalisation de la matrice d1 energie [14,15]) n' a pas ete entreprise. 
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Abstract 

STRUCTURE PHENOMENA IN NEAR-BARRIER FISSION REACTIONS. The double-humped Strutinsky 
potential governing the behaviour of actinide nuclei in quadrupole deformation is now known to explain a 
wealth of data in low-energy fission. In this paper the results of various particle-induced reactions leading 
to fission in the near-barrier energy range are reviewed and interpreted. First, a general formal theory which 
allows for the discussion of structure effects within the framework of the channel theory of fission is summarized. 
This is applied to the treatment of the case when the second minimum in the potential energy curve is shallow, 
and structure in the fission yield as a function of energy can be ascribed to an undamped vibrational level in 
this shallow well. The neutron-induced fission cross-section of 230Th seems to provide a clear example of 
this phenomenon. The opposite case is that in which the second minimum is quite deep and the highest vibra
tional states in this well are rather strongly damped into much more complicated states (class-II states) of a 
compound nucleus type. The class-II states are coupled to the denser fine structure resonances (class-I states) 
and the coupling strength relative to the fine structure spacing and class-II fission width governs a number of 
different phenomena. The most obvious case, when the coupling is very weak and the class-II state is narrow, 
gives cross-sections that can be treated consistently by simple perturbation theory. The narrow intermediate 
structure in the slow neutron-induced fission cross-sections of 24°Pu, M2Pu and 237Np almost certainly provide 
good examples of this. When the class-I-class-II coupling is large compared with the fine structure spacing 
the intermediate structure has basically a Lorentzian dependence. On the other hand, if the class-II fission 
width is large quasi-Lorentzian groups appear; these are virtually indistinguishable (in the cross-section) from 
the former case. Examples of the two cases are provided by the slow neutron cross-sections of 234U and ! i lAm. 
Intermediate cases are also discussed. Weak and moderate damping of the vibrational states of the second 
minimum into the class-II compound states is also a possibility that can occur. Examples of this seem to be 
illustrated by the u lAm(n, f) and 239Pu(d, pf) reactions. Finally all the data are surveyed in terms of the in
formation they give us concerning the double-humped fission barrier. There seems to be a clear trend from 
a shallow second minimum in the region of 231Th to maximum development around 241Pu. 

1. INTRODUCTION 

Since the last conference on fission, at Salzburg four years ago, a 
variety of new data on low-energy fission and more careful reinterpretation 
of old data have forced on our attention the fact that our ideas, on the 
mixing of the fission mode into the general compound nucleus states, and on 
the nature of the fission barrier, have been too simple. Within the same 
period Strutinsky's calculations [l] of the deformation energy of even 
nuclei have provided a firm foundation for interpreting the new near-barrier 
fission phenomena« 

The theory of deformation energy is treated elsewhere in this 
Conference« It is sufficient to state here that, according to Strutinsky's 
theory, shell effects modulate the well-known liquid drop potential energy 
curve governing the prolate (near-quadrupole) deformation of nuclei in the 
fission mode (i.e. through the saddle-point in the potential energy surface). 
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The shell effects provide negative correction terms to the total ground 
state energy at a given deformation when the single-particle state density, 
e.g. as calculated in the Nilsson [2] model, at the Fermi energy is low for 
that deformation, and they provide zero or positive corrections when that 
density is high. The detailed calculations show that in the general region 
of the actinide nuclei, the ground state energy has a primary minimum for 
moderate prolate deformations agreeing with the observed quadrupole moment 
(this has long been known since the work of Mottelson and Nilsson [3]) and 
a secondary shallower minimum at larger prolate deformations corresponding 
more nearly to the saddle point of the liquid drop potential energy surface. 
This secondary minimum should tend to disappear towards the higher end of 
the actinide group of nuclei. 

This theory provides an immediate explanation of the existence of 
the spontaneously fissioning isomers [4,5,6], these being essentially the 
zero-point motion for vibrations in the second minimum. It also provides 
the key to understanding the structure phenomena in fission-reactions. The 
study of such fission reactions can be used to give quantitative details of 
the structure of nuclei at extended deformation. Confirmation of detailed 
theoretical studies of highly deformed nuclei in the actinide region will 
of course stimulate such study over the whole range of nuclei from the very 
light ones up to and including the extrapolation into the region of the 
super-heavy nuclei. Thus, the investigation of these near-barrier fission 
phenomena has a value transcending the immediate study of fission. 

2. BETA-VIBRATIONAL MODES IN THE COMPOUND NUCLEUS 

2.1 Hamiltonian of a vibrating nucleus 

We assume that the dependence of the ground state total energy on 
deformation as calculated in Strutinsky's theory Г1J gives us the potential 
energy of deformation of the nucleus. In particular, we are interested in 
this potential energy as a function of prolate extension (for which we use 
the parameterp ) of the nucleus through the saddle point(s), minima and 
valleys in the potential energy surface towards the scission point as shown 
schematically in Fig. 1. In its early stages this prolate extension is 
essentially quadrupole deformation. The Hamiltonian of the nucleus is 
expanded to give explicitly a term Нд for the potential and kinetic energies 
associated with this prolate extension; thus 

H = H. + Zi Hi + ZJk I i H-; (1) 

All the other degrees of freedom of the nucleus, whether they be other 
collective parameters associated with the shape of the nucleus or its 
rotation, or single particle excitations of nucleus in the overall nuclear 
field, are included in the term £j H-L + SL^: Н{/ • The interaction 
between the/S-degree of freedom and the other degrees of freedom is 
described by the term £ j Ht$ (which we shall henceforth write simply 
as H" ). This implies that the former term (£-tH-t + 'Xi<i Hit') 

describes the Hamiltonian of the other degrees of freedom for a fixed 
prolate deformation /30; the variation of this contribution to the 
.Hamiltonian with changing ß Is included in the term H . 

The eigenfunctions and eigenvalues of Пц are denoted by $v , £f , 
those of J£j H^ -t Z.[<1 Hü' by %u., S.u. • The eigenfunctions X> . 
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(with eigenvalues t\ ) of the full Harailtonian may be written as an 
expansion in the products ^yXu. : 

^ = ^ C ^ V ^ (2) 

Strictly speaking, the eigenvalues vv and C> are continuous, but since 
we are studying nuclear reactions in which sharp resonance phenomena are 
conspicuous it is most useful to treat these eigenvalues as if they were 
discrete. They can in fact be made formally discrete by imposition of 
suitable boundary conditions in the open decay channels of the system, as 
in R-matrix theory £l7]. In applications of the theory we shall employ 
these. 

FIG. 1, Above: energy contours for two collective co-ordinates (schematic). Crosses show saddle points, 
dots minima. Dashed line is preferred route to fission and defines prolate deformation parameter, S. Below: 
section along dashed line showing double-humped fission barrier. 

2.2 Classification of vibrations in a double well 

We are most interested in phenomena governed by a Strutinsky "double-
humped" prolate deformation potential of the type shown in Fig. 1 with a 
primary minimum (I), an intermediate barrier (A), a secondary minimum (II) 
and an outer barrier (B). We impose boundary constraints at the deformation 
corresponding to the outer barrier. For an eigenvalue Sv lower than the 
intermediate barrier the wave-function §v can be given a shape classific
ation, depending on whether the greater amplitude resides in the primary 
well (type I) or the secondary well (type II). For the particular potential 
with numerical parameters shown in Fig. 2a the relative amplitude С of the 
minor part of the wave-function compared with the major part is shown in 
Fig. 2b. For a parabolic intermediate barrier of the kind shown the energy 
dependence of such relative amplitudes is given approximately by 

c** К e*p [-2TT(VA - O/UfcJ/C&b " 4 r T (3) 

where Уд 
:ir. 
Gvz _.._ „„л _-_ -.._ - — - „ 

class, one of which is, of course, the energy level 5 V under consideration. 

v» is the potential energy of the intermediate barrier and w A 
is the circular frequency associated with the inverted parabolic barrier, 
while Gvt and 6vn are the nearest vibrational^levels of opposite 
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The constant К depends to some extent on the detailed characteristics of 
the primary and secondary wells. For the potential shown in Fig« 2a it 
is 0.006. 

When the eigenvalue ©v is greater than the intermediate barrier the 
amplitudes of the wave-function within the two minima will be comparable. 
In this case we arbitrarily assign the vibrational state to class II. 

0 « 0-51S (H? 
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FIG. 2.a) Numerical details of potential used for calculation of vibrational wave function attenuation shown 
in b). Phonon energy, hu/[ = 0. 8 MeV, tunnelling parameter пшд = 0. 8 MeV. 

2.3 Shape classification of compound states 

2.3.1 Definition 

Compound states that have the same shape classification as the 
vibrational states can be defined. Class I compound states are expanded 
in terms of vibrations purely of the class I type; 

К -1 c£. M 
Y- :/• *v* Г (4) 

and class II compound states are, correspondingly, 

xü - L C\ *л 
%Л bf A (5) 

Physically, of course, these definitions correspond to compound nucleus 
motion with shape close to that of the normal ground state nucleus in the 
former case, and with the more extended prolate shape of the spontaneously 
fissioning isomer in the second case. It is also implicit in these 
definitions that there is a certain amount of leakage through the inter
mediate barrier into the opposite well. 
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2.3.2 The coupling parameters 

To obtain the final, proper set of compound nucleus states Л^ these 
two sets have to be coupled, and it can be shown that this coupling is 
governed by matrix elements of the form 

H>^ - J L . . cv<v'iHV>cv '1Л'%Л 
( 6 ) 

It is clear that the magnitude of the coupling is small in at least 
two cases, provided that rl is reasonably well-behaved in its dependence 
on j3 . The first case is that in which the eigenvalue E> of the 
state X^ is well below the intermediate barrier. In this case the 
class II vibration wave-functions admixed into X^ are very small in the 
region of /S where the class I wave-functions are significant, and hence 

the terms \ Vju' j H V%M- / i n the expansion of '•>IW 
must all be small. 

The second case is one in which the class II compound states are rather 
complex usually because their energies are considerably higher than the 
"ground" state of their class (the spontaneously fissioning isomer/. Most 
of the components $v*^»* °* s u o n a state will be of the type $?~X-u » 
ф в being the "zero-point" class II vibrational wave-function and Х д 
a rather highly-excited state, approximately of independent-particle nature, 
many of which can be formed at a moderate excitation energy. Very few 
will be of the type $vw(ma*)^e i n w n i c h ^-e i s а У&ГУ low-lying 
intrinsic state and <| „ (max) i s t h e highest class II vibrational 
state allowed at the excitation energy of ц . . Consequently, Hj T \—. 
will be small simply because the coefficients C- \LVmax)о are small 
for the few terms of the expansion in which V^fc/'lH (Vi/4 / may 
be appreciable. This can be the situation when the compound nucleus 
states have energies E\ even somewhat above the intermediate barrier, 
as in the (n,f) reactions of the commoner fissile nuclei . 

3. PROPERTIES OF CLASS-I AND CLASS-II COMPOUND STATES 

3.1 Level density 

The density of highly excited states of the compound nucleus is usually 
computed on the assumption that such states are a random superposition of 
independent-particle states at the same excitation energy, and this gives a 
level density behaviour essentially of the form 

p(U) « С wpLvXaU)] (7) 

where U is the excitation energy, and et is a parameter proportional to 
the density of single-particle states at the Fermi energy. The depression 
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of the ground state of even nuclei by pairing correlations is taken into 
account roughly by reducing the excitation energy used in eqn. (7) by an 
amount equal to the energy gap. In odd-mass nuclei a partial correction of 
the same kind is required; the reduction in effective excitation energy in 
this case is Д/2. . 

The application of this procedure to calculation of the density of 
states defined in eqns. (4) and (5) is justified by the following 
assumptions. Firstly, the density of intrinsic states X » is assumed to 
be that of independent-particle states. Secondly, the contribution to the 
density from components other than those coupled to the zero-point 
vibration ф 0 is assumed negligible. If the density is computed at 
energy E then the effective excitation energy for independent particle 
state formation is E ™" G0 for class-I states and E — $g for 
class-II states i.e. class-I states are expected to be much denser than 
class-II states. 

More precisely, the level-density behaviour of the two classes is 

D r = f>T (E) ~ С e*p[Ai(E- &£J ] (8) 

£V"' S ^Oir(E) * С exp[y/a]r(E -if- &*J } o) 

all energies being measured with respect to the (class-I) ground state. 
In these formulae the parameters <*j , Лд are proportional to the Fermi 
energy single particle densities at the deformations of the primary and 
secondary minima. Similarly о- д and S-^ д are related to the 
energy gaps A j , Дц; at these deformations, being Д for even nuclei, 
Д/2 for odd-mass nuclei and zero for odd nuclei. 

Calculations by Strutinsky \_1J suggest that the single-particle level 
densities, and hence dj , qjr are rather similar at the primary and 
secondary deformations. The relative magnitude of the energy gaps is a 
more difficult problem. Kennedy et al £7j suggest that the pairing force 
constant G depends strongly on the nuclear surface-area/volume ratio and 
it follows that the energy gap will be similarly affected by this quantity. 
Experimental information on this point is needed. 

3.2 Neutron widths and excitation by particle reactions 

The reduced neutron width amplitude of a state is proportional to the 
amplitude in the state wave-function of the configuration representing the 
ground state of the residual nucleus coupled to a single particle state of 
the neutron. Assuming that the ground state of the residual nucleus can 
be represented accurately by the product of the lowest class I vibrational 
wave-function , <I0 , coupled to some intrinsic wave-function %?" with 

three fewer (particle) degrees of freedom than the intrinsic states %„ , 
we see that while the class I compound states will generally have non-zero 
neutron widths, the class II state neutron widths are zero, and hence 
cannot be excited by simple low energy neutron bombardment in the absence 
of coupling to the class I states. The same applies to other simple 
particle reactions. 
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However-, class II states will be excitable by higher-energy two-state 
particle reactions, such as (p,p'), (d,2n), proceeding through highly 
excited compound nucleus states that will normally include class-II vibrations 
in their residual nucleus configurations« Reactions such as (d,p) that are 
normally stripping reactions should excite class-II states through the 
compound nucleus process but not through the conventional stripping process; 
the latter leads to final states based on a single particle neutron 
coupled to the ground state of the target, i.e. class I states. 

3.3 Fission widths 

In order to discuss fission widths, the "intrinsic" component, 
-L- Hi + 2Zi<; Hi/ i o f t n e Hamiltonian in eqn. (1) is defined at a fixed 
deformation fie close to the saddle point of the outer barrier. Thus the 
eigenstates У.^ of the intrinsic Hamiltonian can be identified with the 
fission channels of A. Bohr [э] . In discussing fission widths at relatively 
low energy we need only consider the lowest one or few of these channels» 
For just one channel, in which the intrinsic state is labelled % 0 ) the 
fission width amplitude T\jif\ is proportional to ^ Cy0 $v(ö0) 
i.e. to the amplitudes of the admixed vibrational states at the outer 
barrier. The principal contribution to this sum comes from the highest 
appreciably admixed vibrational state. We immediately see two reasons why 
the fission widths of class-II compound states are much larger than those 
of class-I compound states; firstly, the amplitudes ф у (/30) 
are much greater (by the reciprocal of the factor С in eqn. (3)) than those 
of nearby class-I vibrations, and secondly the coefficients of admixture 
CyJ are much greater than the C„J because the class-I states 
are much denser and more complex. Roughly speaking then the relative 
magnitudes are given by 

1ш- -cVc&Y e. C*D. 
A, (О ч ̂-V' -̂1 

3.4 Radiative properties 

3.4.1 Regular transitions 

The primary spectrum of class I-class I transitions from states 
at an excitation of several MeV will be just the one that is well-known 
from neutron radiative capture studies, namely, a number of well separated 
and comparatively intense lines at high energies becoming rather weaker 
but much denser at lower energies. The class II-class II spectrum wil' 
have a similar behaviour but the widely spaced lines and cut-off will 
occur at a much lower energy. The strength of such transitions relative 
to the high energy class-I transitions will be roughly 

(11) 

for dipole transitions. Normally the quantities in eqn. (11) are such 
that we expect the class-II radiative widths of maximum energy to be at 
least as great as their class-I counterparts. 
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3.4.2 Total radiation widths 

Statistical theory for total radiative widths gives the following 
expression 

where <L is the multipolarity of the radiation and "ilSy) is the 
spectral form of the intrinsic matrix elements. If a simple temperature 
form is used for the level density, 

f(u) и/т 
or e (13) 

this reduces to 

гх ( ,т ) к а*- е-^ТЕх' + зГй + 6T*Ev + 6r] (14) 
under the common assumption that is independent of £y . The 
temperature is related to the excitation energy and single particle density 
parameter of the independent-particle level density law, eqn. (7), by 
"J" — 2 U'Yu • For excitation energies that are not too low we find 

r>t(YT) J E - Ez,A 

T"*«<Y-rt \E-eo - Ьг,А a i 

implying that the class-II radiation width is expected normally to be a 
few times smaller than the class-I width. The assumption that f(£y)oc£»r 
leads to the replacement of the square by the cube power in eqn. (14). The 
ratio implied by eqn. (15) could however be an overestimate. The residual 
pairing forces of nucleons can cause the nucleus to be in its "superconduc
ting' phase at relatively low excitation energies; in this the temperature 
is expected to be almost independent of excitation energy and probably 
considerably higher, for the class-II levels, than the value given by the 
independent particle model LlOj. 

3.4.3 Cross-transitions 

Cross-transitions from class-II states to class-I states or vice 
versa still have to be considered. The electromagnetic perturbation 
operator in the Hamiltonian may be split into a collective part and a 
single particle operator 

# « #wfl
 + ^sp (16) 

file:///E-eo
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Single particle components in the transitions between class-I and 
class-II states are not allowed because of the orthogonality of the 
vibrational states. Collective components between class-I and class-II 
vibrational states can contribute to such transitions however. For 
example, there is the possibility of electric monopole transitions, leading 
to the emission of converted electrons: the contribution to the matrix 
element is 

&^<v<WJ*^> 

The expression for the transition probability for фу —*• £ v' is 
usually written [ll] 

T,_»v, (Eo) = Пр2
 (18) 

The atomic factor Л has been calculated by Church and Weneser fllj , while 
the nuclear factor о has been estimated by Davidson £12] for ß -band 
to ground state transitions. For the actinlde nuclei the results of these 
papers give lifetimes of the order of 10~ s, or widths Г \ Е О V—»V') 
of the order of 0.5 tneV. This implies that the width for the cross-decay 
of a class-II state, say, by electric raonopole transitions will be 

Г* .2 Л J-1 (EO-*Z*X)*C JUL. '(EO.V«.^) <19> 

Obviously such widths are negligible compared with those for regular 
transitions within the class. 

Electric quadrupole transitions between the members of the rotational 
bands of such vibrational states are perhaps an order of magnitude faster; 
this is deduced from the paper of Davidson [12] which relates the strength 
of such transitions to E0 strengths. As above, we have 

(20) 

4. RESONANCE PHENOMENA IN DIFFERENT COUPLING CONDITIONS 

4.1 Narrow class-II states; very weak coupling 

When both the class-I and class-II compound states can be regarded as 
discrete (widths much less than all level spacings) and the coupling matrix 
elements are also very small we have a simple situation that can be treated 
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by f i r s t -o rder perturbation theory. The wave-functions of the f inal s t a t e s 
near a par t icular c l a s s - I I level , ^д> are [ l3] 

X'v * К + Hv V X? (21) 

E\x - E\, 

» Ж <T— i -S 2 i _ (22) 
»I 

These imply that in a neutron-induced fission cross-section, for example, 
the resonances fall into groups each of which contains one resonance wi th 
comparatively large fission width. This is the nearly pure class-II state. 
It will generally have a neutron width rather smaller than the average« 
The neighbouring resonances (nearly pure class-I states) have much smaller 
fission-widths rapidly attenuating with increasing distance from the 
class-II level. This attenuation is not expected to be monotonic, however. 
The coupling matrix elements are usually assumed to have a Gaussian 
distribution with zero mean. Thus, the fission widths of these (class-I) 
resonances will have a Porter-Thomas distribution about their expected 
values, <ГУ(„> = < Н ^ Д Г , 1 И / ( E » x - E O * 

where \ /» indicates the average over all Aj for a single A- . 

A good example of this phenomenon is provided by the slow neutron 
cross-section of ^42Pu. In this, two close fission resonances occur near 
80O eV. By analysis of his fission cross-section data together with 
transmission data of Pattenden, James £l4^ has found the parameters of 
these resonances to be: 

E , - 7 6 7 e V , Г | М - 8 Ч т е У , Г ^ - 2 2 т в У 

Ег = 79е! eV, Гг(п) - US weV, Гг& * 2-5 meV 

There seems to be a clear correlation among the partial widths of the 
kind suggested by eqns. (21), (22), indicating the 767 eV resonance to 
be 85% class-II and the 799 eV resonance only 15% class-II. 

240 г "l 237 Г "l1 The now-famous cross-sections of Pu L15J and NP l16J also 
seem to fall into this category ̂ 13^. 

4.2 Narrow class-II states; moderately weak coupling 

The above case, together with that of rather stronger coupling, can 
be treated more exactly, provided that we need consider only the coupling 

1 There is now some evidence for the existence of a background fission cross-section of width 10 eV 
underlying the sharp resonances in this case. This would put the Np example in the broad class-II level 
situation (see Section 4.3) 



IAEA-SM-122/204 259 

of a single olass-II state with its class-I neighbours. The exact 
treatment [l7] gives for the eigenvalues E> of the final states 

E HS;, E* - Ъ (23) 
E>r - E> 

and the admixture of the class-II state into the final states is given by 

v2 ii г 

Т. •• ИУ« + I (24) 

These equations become more transparent for a model of uniformly spaced 
class-I levels with equal values of H * ^ • W e t h e n f i n d 

coLan 
Г>х 

* E^_ - E, 
(25) 

for the eigenvalues, and 

V2 

(<tf " H »2 

(EXtt - y * + *tf*/T>l • H " 
(26) 

for the mixing coefficients. Thus we have a Lorentzian form of half-width 
^/•^/(ТГ1 H" / D j «*• H J f o r the fission widths of the 
resonances around a class-II state, i.e. 

П >(*) H " П >te(f) (27) 

C^-EJ 2 + W' 
We surmise this Lorentzian form to hold for the more general case of 

non-uniform matrix elements and spacings, with the proviso that eqn. (27) 
now expresses an expected value of the fission width for the resonance at 
E\ and in practice there will be fluctuations about this expectation 
value. This surmise is borne out by numerical experiments in which the 
class-I level spacing distribution is of the Wigner type and the coupling 
strengths H\'w are given a Porter-Thomas distribution. It is found, in 
these calculations, that the expectation value of W is 

w = o-njfrwys? + H") (28) 

the numerical constant having been determined with about 3% accuracy. 
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An example of moderately weak coupling is provided by the neutron 
cross-section of 234 U. The neutron and fission widths of most resonances 
have been determined up to about 800 eV neutron energy [l&j. A Lorentzian 
energy dependence has been fitted to the fission widths, yielding a half-
width value W = Zi eV. The fluctuations of the fission width data about 
this curve are indeed consistent with a Porter-Thomas distribution (Fig. 3), 

, , 400 

FIG. 3. Fission widths of resonances in reaction 2MTJ (n, f). The full curve is a Lorentz function fitted to these. 

4.3 "Broad" class-II states; weak coupling 

If the class-II state has a fission width that is large compared to 
the class-I level spacing it becomes more difficult to determine resonance 
properties. For moderately weak or very weak coupling the properties of 
the final discrete R-matrix states are still given.by eqns. (24) or 
(21), (22) respectively, but these states are not reflected directly by 
the cross-section. Very strong interference, or "quasi-resonance" effects 
QlSy appear in the cross-section, so we really need to determine the 
parameters of the poles of the collision matrix (or S-matrix) in the 
complex energy plane to obtain the correct resonance properties. These 
poles can be found directly from the final R-matrix states by the use of 
numerical techniques. For the weak coupling condition, however, perturba
tion theory can be used. In essence, the class-II state is first coupled 
to the continuum, and this continuum wave-function of class-II type is 
coupled to the class-I wave-function expanded in terms of class-I R-matrix 
states. The resulting wave-function of the system with incoming unit flux 
in a particle entrance channel is, in first order, just that corresponding 
to the class-I R-matrix states with modified wave-functions 

x%x
 S К H\TW X (29) 

E>_ - E X l - J- ;"Г 
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This implies that the particle-induced fission cross-section has resonances 
close to the energies of the class-I states with fission widths 

T\(f) « H M » T»sto (30) 
(E,tt - E j + irv 

2 

In addition to the narrow resonance poles, however, it can also be shown 
that there is a pole far off the real energy axis (the distant pole); 
this corresponds to the class-II state. The associated fission width is 
essentially that of the class-II state, while its partial neutron width 
is given by 

' (n) * L- ' УС") " М ж O D 
1 E\t - E\* + it-Пи 

As pointed out by Weigmarm ^20j this is no stronger, and may be much 
weaker, than the neutron widths of the narrow resonances. Hence the 
weak, broad resonance term provided by this pole may be quite indistingui
shable in the cross-section. 

4.4 Recognition of broad class-II levels 

4.4.1 Cross-section behaviour 

The Lorentzian form of the narrow resonance fission widths in 
eqn. (30) is identical with that of eqn. (2?), apart from the fact that 
the half-width W of the latter is not half the class-II fission width, 
but, rather, half the class-II "coupling width" into the primary minimum, 

' *жСО V * 1*7 TT HxjX^ / P x , for coupling that is not too 
weak). The question of the physical resolution of this ambiguity is 
important. 

In principle the two cases are distinguished by the existence of the 
distant pole in the broad level limit. Although the actual background 
cross-section provided by this pole is very weak, there is some possibility 
that its interference with the narrow resonances may be detectable. 
Numerical examples show that such interference is not strong. For example, 
resonance parameters and coupling matrix elements of class-I levels have 
been drawn at random and coupled with a class-II level (at the origin) 
with the parameters F%sff) » 2 О ," П ^ « 4-3 , Ъг ш |. 

Parameters of some of the class-I levels and of the final R-matrix 
levels are shown in Table I. Part of the cross-section calculated with 
these R-matrix parameters (circles and crosses) is shown in Fig. 4. These 
points have been fitted (smooth curves) with R-matrix expressions using 
levels based only on the observable resonances. It is apparent that this 
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TABLE I. CLASS-II STATE AT ZERO: Г\ (f) = 20, "I\ (c ) " = 4. 3. SOME PARAMETERS. 

EM 

- 0. 932 

- 0. 037 

0,928 

1. 072 

2. 246 

2.585 

3.465 

4.632 

Class I 

ГМ(п) 

0. 0070 

0.0147 

0. 0022 

0. 0051 

0. 0070 

0. 0248 

0. 0051 

0. 0158 

„11 2 
нМЦх 

0.387 

0.032 

1.89 

0. 0056 

0.274 

0.577 

0.015 

0. 066 

h 

- 1.011 

- 0. 056 

0.256 

1.072 

1. 934 

2.369 

3.141 

3.478 

4.649 

Coupled 

r X(n) 

0. 0089 

0. 0156 

0. (3) 3 

0. 0048 

0.0046 

0.(3)2 

0. 0353 

0. 0016 

0. 0130 

rMf) 

0.299 

0.222 

2.813 

0.(3)57 

2.574 -

0.605 

4.503 

0.255 

0. 084 

F ( H ) 

- 0. 947 

- 0. 038 

0.792 

0.903 

1.072 

2.250 

2.577 

3.465 

4.635 

Poles 

r ( H ) 1 m 

0.091 

0.041 

15.154 

0.414 

0.025 

0.082 

0.164 

0.028 

0.047 

4 

- 0.947 

- 0. 037 

0.928 

1.072 

2.25 

2.58 

3.47 

4.64 

Cross-section fit 

1 \(n) 

0. 0077 

0. 0182 

0.0024 

0. 0048 

0. 0070 

0. 0259 

0. 0049 

0.0128 

rMf) 

0. 0665 

0. 0050 

0.390 

0.009 

0.053 

0.125 

0. 0036 

0. 0125 
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fitted set (pseudo-parameters), although reproducing the circles and 
crosses extremely well, looks very different from the true parameters. On 
the other hand, they are very similar to the class-I parameters, and their 
fission widths are given closely by eqn. (30)„ 

FIG. 4. Simulated cross-sections and fits for very weak coupling to broad class-II compound state. Some 
parameters are given in Table 1. 

4.4.2 Radiative properties 
The radiative widths for deexcitation to the class-II "ground" 

state, the spontaneously fissioning isomer, may be calculated from eqn. (26) 
or (29). We obtain 

Лк(у-*|.*0 * У"* ГМ(уТ) 
( E y z - Erf + W-' 

(32) 

where W = *£Т\х(с)'' for a narrow class-II level and W = -^T^nfr) 
for a broad class-II level. Since Ty^faT) can be estimated reasonably 
closely (see Sec. 3.4.2) the observation of T>(y—»s.f.t) provides a 
useful tool for distinguishing between the two cases. 

241. One example of this has been reported. The ""Am (n,f) cross-section 
^2ll shows a distinct maximum, which we assume to be a class-II group, 
around 400 eV with a width of about 300 eV. The individual resonances are 
not resolvable in this bump, but they can be observed at very low neutron 
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energies, ̂ 22^, where they are found to have a spacing of 0.56 eV 
(1.1 eV per spin state), a mean fission width of 0.2 meV and a radiation 
width of 40 meV. In this same very low energy region it has been found 
that the neutron capture cross-section leading to the isomer is only 
3 x 10"^ of the cross-section leading to the ground state Q23] i.e. 

•%(y-»s.f.O / ' XXCYT) « 3 V IO , p r o m eqns. (32) and (15) we deduce 
that Нл,*! is about 0.3 eV , and therefore Т%в(е') *-s оп1У 2 eV. 
Hence the width of the class-II Lorentz group must be the class-II fission 
width. 

Direct observation of the capture y-ray spectrum may also distinguish 
between the two situations. As explained in Section 3.4.1 the class-II 
spectrum will be identifiable by widely spaced transitions at low gamma-
ray energies. 

4.4.3 Higher energy structure 

Often structure is found in reactions leading to the fissioning 
compound nucleus at a much higher energy than that of the Lorentzian group 
under discussion. This structure may reveal that the outer barrier to 
fission is high, hence class-II fission widths have to be comparatively 
low. 

234 An example of this is the U (n,f) cross-section, the low energy 
resonance structure of which has already been mentioned (Section 4.2). 
Structure is apparent in the fast neutron-induced fission cross-section 
at 300 keV and even higher at 840 keV [24]. In addition, the angular 
distribution of the fission products emitted at these high energies 
both in the (n,f) and (d,pf) reactions shows marked structure. As pointed 
out by Strutinsky and Bjfrfrnholm £25} this renders a low outer barrier 
unlikely; at "threshold" (the higher barrier) the low, outer barrier would 
yield a large number of open saddle-point fission channels with different 
spin projections on the cylindrical symmetry axis, thus washing out the 
angular anisotropy. On these grounds we expect Т>ж(р) to be small at 
energies close to the neutron threshold; the width of the 600 eV group, 
therefore, is probably the "coupling width" as we assumed in Section 4.2. 

4.5 Broad class-II states; moderate coupling 

When the class-II "coupling width" becomes of the same order of 
magnitude as the class-II fission width, the Lorentzian formula for the 
resonance fission widths breaks down. For small "coupling width" it „can 
be shown that the width associated with the distant pole is Tv^ff) — (v̂ fc) • 
As the "coupling width" increases this pole approaches the Lorentzian 
family of poles and eventually mingles with them. A numerical example 
of the distribution of resonance fission widths in a typical case of 
moderate coupling is shown in Fig. 5, in which uniform distributions of 
spacings and coupling widths have been assumed. A Lorentzian curve is 
shown for comparison. Formal treatments of two-channel reactions showing 
the same phenomenon have been given by LeJeune and Mahaux £26]. 

Some of the wider resonant states in such distributions may still be 
too broad to be observable as individual peaks in the cross-section but now 
the possibility exists that they can be identified by careful analysis. 
A simulated example, with parameters drawn by Monte Carlo procedures, is 
given in Fig. 6, circles and crosses indicating the cross-section 
generated by the true R-matrix parameters. Here, the class-II fission 
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FIG. 5. Resonance fission widths when class-II fission and coupling widths are comparable: 
r \ n ( f ) = 25, rhl(c) = 13.1 , Dj = 1. 2 . 

FIG. 6. Simulated cross-sections and attempted fit, when coupling is comparable to class-II fission. A 
broad background term underlies this region. 
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width is 20 times the mean resonance spacing, and the coupling width is 
17 of these units. These R-matrix levels give rise to strong quasi-reson-
ance behaviour. The best attempt at R-matrix fitting using parameters 
suggested by the observable peaks is shown by the smooth curves. The large 
discrepancy between these and the points is attributable to a broad pole 
in the vicinity. Where such poles do not occur the R-matrix fits are good, 
as shown in Fig. 7. 

FIG. 7. As Fig. 6, but this is a neighbouring energy region where there is no background resonance indicated 
by the S-matrix analysis. 

5. STRUCTURE PHENOMENA RELATED TO VIBRATIONAL MODE DAMPING 
5.1 Spontaneously fissioning isomers 

The spontaneously fissioning isomers are believed to be almost pure 
class-II states; specifically they are the class-II ground states of their 
respective nuclei, being the zero-point class-II vibration coupled to the 
lowest intrinsic state at the secondary deformation. The partial lifetime 
against decay by fission is governed by the parameters of the outer barrier 
(see eqn. 39). The competing process, electromagnetic decay towards the 
normal ground state, is given partially by eqns. (19) and (20) for cross-
transitions, but there is also a contribution from the small admixture with 
nearly class-I states. This admixture is calculated by first-order 
perturbation theory; the isomer wave-functions are 

Л Е 
XJH" Xs r ) X\z 

- E 
where PJT + £o 

(33) 

The second term gives a contribution to the radiation width of 

(34) 
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The mat r ix e lement i n eqn„ (34) may be expressed thus 

<f/x0|H"|xj>4 сЧ^х.Мх^У (35) 

where $VT ^S the class-I vibration nearest in energy to Go . The last 
matrix element can in turn be expressed as the Lorentzian half-width \Хч>хо 
for mixing of the mode $V-X0 into the class—I states; thus, 

<$o*X.[H'|X£>* . c* Wvr0 P: __I (36) 

We can now estimate the sum in eqn. (34) and obtain 

^(V) - сг X . ̂ £ . r
h(YT) (37) 

u ^ 1 

We see that radiation due to the class-I impurity in the isomer exceeds 
the zero-order width (eqn. 20) by a factor 

(38) 

' Хд (£Z~*I\ij A t T(EZ ; »г -vj') 

which will usually be two or three orders of magnitude. The width 
can be estimated for the potential of figure 2a and an odd nucleus» The 2 — 14 factor С is only 2.5 x 10 (fig. 2b); at an excitation energy of 3 MeV 
the class-I spacing will be 200 eV (Lang and Le Conteur's level density 
formula £39]), the radiation width will be about 12 meV (eqn. (15) combined 
with neutron resonance data), and we assume \\^в to be 50 keV. We find 
Titty & IO"'3eV or the partial half-life Tfs(y) * I *»S. 
This is not too inconsistent with the observed isomer half-lives, which 
range around 0.1 to 10 m in the odd americium isotopes. 

5,2 Pure vibrational levels 

The spontaneously fissioning isomers are probably the purest examples 
of class-II vibrational states that are essentially unmixed with other 
class-II states. Other examples are probably to be found among the first 
and second excited class-II vibrational states, especially in the even 
and odd-mass nuclei in which the existence of the energy gap gives rise to 
a very low density of more complex class-II states that could cause damping. 

From a simple statistical point of view, such vibrational states can 
be viewed as one-dimensional states bounded by a potential barrier in both 
directions, the dense states of the primary minimum now being regarded as a 
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continuum. The standard estimates for the fission width T^ff) 
for penetrating the outer barrier and the coupling width FjtCO f o r 

passing the intermediate barrier are 

?*W - ]W[l + ехр^СУв-ЕдУ*«.]! (39) 

ГЖ(0 - Ь / Л + ̂ p[27r(VA-Er)/K]] (40) 

where Рд; is here the vibrational state spacing r>«j£ • W e т*У n o w 

evaluate the mean fission width of a fine structure resonance close to the 
vibrational level. Using Blatt & Weisskopf's argument ^27^ for the period 
of classical recycling of a system with quantum levels with spacing 5» 
we have 

Ik? « Ь C4i) 

where T v represents the probability of exciting the vibrational level 
followed by de-excitation through fission: 

f"v = TxM rxm (42) 

Alternatively, ly can be computed as the transmission coefficient 
of a free wave through a double-humped barrier. This has been done for 
combinations of quadratic barrier and secondary well-shape in 
references £283 and [29] . 

In the formalism of the present paper the vibrational state has 
the simple wave-function 

% 0 being an "intrinsic" state that is low-lying at the outer barrier; the 
notation Vw indicates that the vibrational level is the highest 
energetically available. Such a state has a fission width T\sCf) that 
is the product of the squared amplitude of the vibrational wave-function 
at the outer barrier with a factor for penetration through the remainder 
of the barrier. Coupling with the class-I states gives the vibrational 
state a "coupling width" also: this is 

TJ.n.^/5, (44) 
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w h i c h , on u s i n g t h e e q n s . a n a l o g o u s t o ( 3 5 ) , ( 3 6 ) , b e c o m e s 

' V O * 2 c ' i W V l 0 (45) 

At least one well-founded example of a vibrational state, apart 
from the isomers, is known. Its properties have been determined from the 
230Th (n,f) reaction in which it is observed as a narrow sub-barrier peak 
at about 700 keV neutron energy. Recent high-resolution measurements by 
Earwaker and James £32^ have shown that the overall width of this peak is 
about 30 keV and the maximum cross-section is 130 mb. Their measurements 
also show that any underlying sub-structure must have a spacing very much 
less than 2 keV, the best resolution used. This indicates that it is 
most unlikely that there is any fluctuating structure (such as class-II 
compound state structure) wider than the resonance fine-structure. These 
are the grounds for interpreting the peak as an essentially pure vibrational 
state. 

The coupled intrinsic state %B (the fission channel) is known to have 
spin projection К = J from fission product angular distribution measurements 
£4l]< I t s parity is unknown. In analyzing the cross-section data we must 
consider the rotational band structure built on the vibrational level. Thus, 
if %B has even parity, neutron s-waves excite compound nucleus states of 
spin J, which fission through the К = J, I = J vibrational level, while 
neutron d-waves excite compound states of spin /2 and /2, fissioning 
through the I = 3/2 and 5/2 rotational members of the band. Higher 
neutron 1-waves are negligible at this energy. Fig. 8 shows the cross-
section data of James and Earwaker together with possible fits. The smooth 
curve, which gives the best fit, is based on the assumptions that the 
moment of inertia of the rotational band is four times greater thin value 
for the ground state rotational band in 231rpn w n ü e the decoupling 
parameter a = - 0.5. The half-width of the Lorentzian profile of fission 
widths of the fine-structure resonances (eqn. 27) is only 7 keV. This 
last figure can hardly be varied; it is given rather critically by the 
leading slope of the cross-section peak. The moment of inertia and 
decoupling parameters can be varied, but not within wide limits; the 
conclusion remains that, if the intrinsic state has even parity, the 
moment of inertia is much greater than the normal value associated with 
the primary minimum. The broken curve assumes odd parity for the intrinsic 
state XB , and a separation of the I = J and I = 3/2 members of the band 
of 17 keV; because the decoupling parameter cannot also be fixed this 
tells us little about the moment of inertia. 

A* usual, it is completely ambiguous whether the Lorentzian width 
2W is the vibrational state fission width or the "coupling width" 
connecting to class-I states. Whichever it is, the analyses described 
above give 1.9 keV for the other width. 

Other possible class-II vibrational states have been revealed by 
(d,pf) measurements. For example., sharp sub-barrier peaks have been 
observed Z^°l in the fission probability ( P^ = cr(d,p-f)/<rf4,p)) 
of 2 3 4U, (4.4 & 5.0 MeV), 2 3 6u (4.8 MeV) (see Fig. 9). Such measurements 
with high resolution below the neutron threshold are of great potential 
value for the exploration of the spectroscopy of the secondary minimum. 
Gamma-ray emission is the only process competing with fission, so measure
ments can, in principle, be made far below the barrier. 
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FIG. 9. The 233U(d, pf) reaction indicating class-II vibrational states. 

FIG.10. Schematic diagram of neutron induced fission cross-section acioss a weakly-damped class-II 
vibrational state. 
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5.3 Damped vibrational states 

Other gross structure in fission reactions seems to be attributable, 
not to pure vibrational states, but to class-II vibrations already damped 
to some extent by mixing with other states of the class-II type as in 
eqn. (5). This mixing however is not so severe as to spread the fission 
mode rather uniformly over class-II compound states in a wide energy 
interval. The general appearance of the fission cross-section will be 
that of groups of fine-structure resonances, the average fission strength 
of each group increasing as the energy is increased through the vibrational 
state and then decreasing beyond this level (Fig. lO). 

Strong evidence for a damped vibrational state is found in the 
Am (n,f) reaction. Fine structure resonances with mean spacing of 

0.56 eV and a mean fission width of 0.2 meV have been observed at very 
low energies £22} . At higher neutron energies (up to a few keV) there 
is rather distinct evidence for class-II structure with a spacing of 
about 0.5 keV, while the overall behaviour of the cross-section up to 
about 50 keV [21} reveals strong peaking of the mean fission width, the 
peak being centred at about 15 keV and having a half-width of about 
7 keV £17]. There is no strong evidence for rotational band splitting. 
It has already been shown (Section 4.4.2) that the lowest class-II group 
seems to be an example of very weak coupling of the class-I states to a 
broad class-II level. From this fact it can be deduced £3l] that the 
gross behaviour of the mean fission width (over the first few tens of keV) 
is due to the variation of the coupling strength in a qualitatively 
Lorentzian fashion. This behaviour of the coupling matrix element reflects 
the behaviour of the coefficient Cv£c in its expansion, eqn. (6), in the 
double-humped potential picture. The very low value, 14 keV, of the damping 
width of the vibrational state into the class-II states is rather 
surprising. At this excitation energy of the compound nucleus the ratio 
of the class-II level spacing (5O0 eV) to the class-I spacing indicates 
that the effective excitation energy in the second minimum of the odd 

Am nucleus is about 2.4 MeV. 

The fission width of the vibrational state ^ V m X 0 is inferred 

to be about 30 keV. That this natural width is not reflected in the 
width of the Lorentz peak for T^ is apparently a result of the 
coupling strength, as well as the class-II fission widths, being of 
Lorentz form. Numerical calculations of the resonance pole behaviour 
bear this out. For Fig. 11 it was assumed that the discrete vibrational 
level with fission width 11 keV was mixed into the class-II compound 
states with a damping width of 10 keV. The coupling strengths of the 
class-II levels to the class-I levels, as well as the class-II level 
fission widths, was assumed proportional to this mixing with a value 
1700 eV at the centre of the vibrational level. After coupling to the 
fission continuum three families of poles were found as shown in the 
diagram. Only the lowest, dense family corresponds to fine structure 
resonance peaks. The fission strength behaviour averaged over individual 
class-II groups shows a peaking behaviour with a width of just over 10 keV 
(close to the vibrational damping width). Essentially the same behaviour 
for the fission strength is found when the damping width of the vibrational 
level is halved so that the fission width exceeds it; the fine structure 
resonance strength is peaked with the damping width. 

2 This discussion may have to be amended in the light of a recent measurement by Migneco et al. 
(SM 122/140, abstract in these Proceedings) of M1Am(n, f). They do not confirm the structure seen in Ref. [ 21]; 
apart from fine-structure resonances, their cross-section up to 3keV seems very featureless. 
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Damped vibrational behaviour is also indicated by the reaction 
U (n,f). In this the fine structure resonances and narrow intermediate 

structure found at low neutron energies (section 4.2) seem to be associated 
with the wing of a damped vibrational level« The relevant level may be 
the one that is revealed by the structure at 300 keV neutron energy; this 
is known, from the angular distribution of the fission products, to be 
associated with a K = J fission channel. With the assumption of an outer 
barrier at 600 keV (neutron energy) and a tunnelling parameter "ntuB*0-8MeV, 
the class-II fission width, —• О-З eV, deduced from the data below 1 keV can 
be explained by a vibrational level damping width of about 30 keV. Recent 
high resolution measurements by Earwaker and James ^42] confirm that the 
width of the 300 keV structure is of this order of magnitude (perhaps 
nearer 80 keV; the difference can be explained as Porter-Thomas 
fluctuation). The magnitude of the cross-section at 300 keV is consistent 
with this hypothesis. 

High resolution (d,pf) reactions exploring the compound nucleus far 
below the neutron threshold have revealed damped vibrational phenomena 
in 240Pu among other nuclei C33] . The fission probability Pf, defined 
as Pf = or (<i,pf//о\(1,р) shows a gross peak at 5 MeV compound 
nucleus excitation energy about 170 keV wide. There has been some debate 
as to whether this is a true peak in the fission probability or a residual 
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FIG. 11. S-matrix poles of the weakly damped vibrational mode. There is one far-distant pole corresponding 
approximately to the vibrational state, a family of moderately-distant poles corresponding to the class-II 
compound states, and a dense family of near poles, giving the narrow resonances, that is approximate to the 
class-I compound states. 
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effect from structure in particular angular momentum states of the (d,p) 
reaction. Recent " ^ u (p,p*f) measurements £34~1 suggest that the 
fission probability has a plateau rather than a peak in this energy region. 
The matter is still inconclusive but its resolution may have something to 
do with the fact that the (p,p!) reaction is expected to excite class-II 
states as well as class-I states, whereas the <d,p) reaction should 
strongly favour class-I states (see Section 3.2). When competition with 
у-ray emission is taken into account, the fission yield from the class-II 
excitation could be found to saturate over a wide energy region even 
though the fission widths themselves show peaking. 

Sub-structure in the gross peak has been revealed by the 15 keV 
resolution (d,pf) measurements ^33]. These indicate that the spacing of 
the underlying class-II structure is itself of the order of 50 keV. 
This is not inconsistent with the difference in potential energy between 
the primary and secondary minima (2.4 MeV) that is deduced from narrow 
intermediate structure observed in the compound nucleus resonances of 
the 239Pu (n>f) reaction [35, Зб] .3 

5.4 S'trongly damped modes 

When the class-II vibrational mode is strongly damped into the class-II 
compound states, gross structure in the fission cross-sections will be 
washed out although narrow intermediate structure may exist even in 
dramatic form. By strong damping we mean that the damping width of the 
vibrational mode is of the order of the vibrational spacing. 

The assumption of strong damping somewhat simplifies the estimation 
of the coupling strength between class-I and class-II compound states. 
The coefficients CC^ 1.) and C ^ v % ) 2 become, on average, 
roughly PJ/TIUJI ancl öi/"W|r • Following the treatment given in 
[l7j we find that the average class-II state "coupling widths" should be 

(46) 

provided that A>i and Cdjr. have similar values,Ю . If we substitute in 
eqn. (46) the expected value of the separation \£v — §v-\ 

namely •WnW = 0.2 MeV and the value of the constant К determined for the 
potential of Fig. 2 we find 

" ГЧСс; „ 0-15 Ц, exP[-2ir(vA - E k ) / ^ A ] (47) 

which is essentially the formula found by statistical methods Г25]. 

There is as yet no evidence for gross structure in the fast neutron 
induced fission cross-sections of a number of nuclei, for example, 947 238 242 

Np, Pu, Pu, and it may be supposed that the class-II vibrational 
3 Some of the sub-structure has been interpreted as rotational structure by Back et al. (these Proceedings) 

yielding a moment of inertia of about twice that of the ground-state band. 
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states are rather strongly damped at the excitations involved. Certainly 
the class-II compound state spacings as revealed in the neutron resonance 
work are rather small, indicating a deep secondary minimum, and this is 
consistent with rather strong damping. 

From eqn. (47) and the neutron resonance data on narrow intermediate 
structure we can make rough deductions about the height of the intermediate 
barrier. In the case of the 242Pu (n,f) and 237Np (n,f) reactions it is 
believed that the class-II states have been identified as sharp resonances 
(see Section 4,1) and the deduced coupling strengths can be used 
immediately in eqn. (47). 

238 
The analysis of the Pu (n,f) reaction is not so clear. The cross-

section as measured by Silbert £37] is shown in Fig. 12; the full curve 
is an attempted fit (my own) with Lorentzian behaviour of the resonance 

7 r 
2 3 8Pu(n, f ) data by Silbert (1969) 

OhfCW 

5 6 7 8 9 Ю 

E(k«V) 

FIG. 12. The z38Pu(n, f) cross-section. Data by Silbert [ 39]. Curve is a crude Lorentzian fit with parameters 
given in Table II. 

238 , TABLE II. VERY CRUDE ANALYSIS OF " ' P u (n,f) CROSS-SECTION 

E\n(eV) 

290 

720 

2000 

2850 

3300 

4150 

5700 

6900 

8550 

9650 

Lesser 
r x n ( f ) o r ( c ) 

» 0.25 

1 

2.5 

15 

2 

10 

50 

5 

15 

10 

Higher 
ГХП(С) or (f) 

«. 170 

100 

200 

85 

100 

60 

250 

100 

250 

90 

Remarks 

r M i ( f ) r ^ M s 4 M 

perhaps 3 groups 
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fission widths using the parameters of Table II. We are obviously dealing 
with a case in which the secondary minimum is deep and the barriers are 
close to the neutron separation energy« The apparent lack of correlation 
between the class~II fission and "coupling" widths is interesting. It 
suggests the availability of different and/or more than one saddle-point 
channel for the two barriers; this is consistent with the strong-damping 
hypothesis. 

240 
It is to be noted however that in the cross-section of the Pu (n,f) 

reaction up to a few hundred keV neutron energy £38^ there are some signs 
of gross structure with widths of the order of 50 keV or more. This 
suggests that even in this group of nuclei with deep secondary minima 
vibrational damping may still be incomplete. 

6 DEDUCTIONS ABOUT THE FISSION BARRIER 

Data of the kind discussed in Sections 3 to 5 yield much information 
about the new, complex picture that we have of the fission barrier. All 
this information is summarised in Table Ш. 

Spontaneous fission isomer half-lives yield an estimate of the quantity 
<0g , if it is assumed that the outer barrier is of 

inverted harmonic oscillator form. Barrier heights are also obtained from 
the reaction induced fission data. If the properties (fission width 
and coupling width) of the class-II vibrational state can be obtained, then 
barrier height^ as ratios of the tunnelling parameters, nla^ and fcw8 , 
can be deduced from eqns. (39) and (40). Otherwise it is assumed that the 
condition of strong damping of the vibrational state holds and eqn. (47), 
and its equivalent for the class-II fission width, may be used to deduce 
the barriers. In all estimates of fission barriers given in the table, 
it was assumed that 'лЬд = "fitOg = 0.8 MeV. Direct data for the greater 
of the two barriers are also obtained from the induced-fission yield 
curves. Uncertainties in all these estimates of barriers probably amount 
to two or three hundred keV. 

The difference in primary and secondary potential minima (or, more 
exactly, the difference between the energies of the ground state and 
spontaneously fissioning isomer) has sometimes been measured directly 
from the excitation curve for formation of the isomer £б, 43^ , In other 
cases it has been deduced from the observed ratio of class-II to class-I 
level spacings in the slow neutron induced fission data. For this last 
purpose it has been assumed that the single particle level density 
parameters, in eqns. (8), (9), aj and Qjj , and also the energy gap 
quantities Д^, Дд , are equal. In the calculations of ground state 
energy by Nilsson et al [в] , the pairing force was assumed proportional 
to surface area. If the same assumption were employed here the 
secondary minimum would be lowered by up to 0.5 MeV for odd-mass nuclei 
and nearly one MeV for even nuclei. 

The general trend that emerges from Table Ш is one of a weak, 
secondary minimum in the thorium nuclei, becoming considerably deeper 
in the lighter uranium nuclei without the barriers changing appreciably. 
In the neptunium, plutonium series of nuclei the secondary minimum seems 
to reach its greatest development, and there seems to be a definite 
persistence for the outer barrier to be higher than the inner one (although 
some workers would argue on the basis of fission product angular distri
bution data that the opposite is true; see e.g. £44^). In the americium 
nuclei the secondary minimum seems to be shallower again and there also 



TABLE III. SUMMARY OF EXPERIMENTAL OBSERVATIONS ON THE STRUTINSKY FISSION BARRIER 

The inferred barrier properties are very crude with er rors that will usually be of the order of a few hundred keV. Channel effects 
are not mentioned explicitly, although these can be inferred in some cases from the remarks or the spin assignment against Dr. 

Compound 
Nucleus 

M1Th 

I31Th 

I n Pa 

гии 

»»и 

И 5 и 

»»и 

! »Np 

ПЭрц 

гяРи 

Observation 

(n,f)[32] 

(n,f) 

(n,f)[47] 

(n,f)[48] 

(d,pf)[30] 

isomer [46] 

isomer [46] 
<n.f)[18] 
(n . f ) [42] 

Isomer [46] 
( n , 0 [ 4 9 ] 
(d,pf)[30] 

(n , f ) [16] 

isomer [43] 

(n , f ) [37] 

Isomer 
i -Ше 
(CO 

0.035 

0.024 

0.067 

0.034 

0.034 

Class-II vibrational state 

E4I„(MeV) 

6.74 

6.7 

5.99 

4 .4 
5.0 

5.55 

4.8 

r ^ D X k e V ) 

0 

rw«ikeV) 

12 

r
4 ^ c ) ( k e V ) 

1.9 

Total width и 150 

Total width < 50 

» 8 0 «.10 » 5 0 

»1 
(eV) 

5 ( J M + ) 

12(J ,r=i+) 

0.5(J,t=3-4-) 

0.67(J ,r=2+3+) 

13(J"=i+) 

°II 
(eV) 

7 x i o ä 

> 260* 

54 

10s 

"rX„(c)" 

(eV) 

50 

3.3 

»120 

r M l ( ß 

(eV) 

~50(» 

0.3 

0.4 

»10 

Barrier properties (in MeV) 

h" 

S 4 . 3 

2.7 

> 2 . 6 

2 .2 

4 .1 

2.1 

VA 

6.0 

5.6 

5 . 4 * 

5.6 

VB 

6.2 

Е 0
П + 3 . 7 

6.0 

5 .9 

> 6.5 

6 . 2 * 

5.9 

Greater of 

VA-VB 

5 6.1 

5 6.8 

? 6 . 7 

< 5.9 

? 5 . 4 

? 5 . 9 

? 5 . 3 

> 6.1 

8 

(a),(b) 
(c).(f) 

(b) 

(b) 

(d),(c) 

(e) 
(t) 
(f) 

(0 
(c).(b) 

(f> 

(e) 

(b),(f) 

(f) 

(a),(f) 
(d) 

I 

* Values reversed if existence of broad weak resonance terms can be confirmed (see papers Dabbs et al., Paya et al,, these Proceedings) 
~ Based on correlogram analysis which is very difficult (see James and Patrick, Perez et al., these Proceedings). 
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Compound 
Nucleus 

aopu 

241PU 

" !Pu 

M3Pu 

"»Am 

™Am 

«»Am 

M1Am 

M2Am 

Observation 

isomer [43] 

(П.0С35] 
(d.pf)[33] 

isomer .[43] 
(n , f ) [15 ] 
(n , f ) [38] 

isomer [43] 
(d,pf)[30] 

isomer [43] 
<n,f)[14] 

isomer [51] 

isomer [43] 

isomer [6] 

isomer [43] 

isomer [23] 
(n , f ) [21] 
(n.y--is)[23) 

Isomer 
i - l i fe 
(us) 

0.009 

0.03 

0.05 

0.06 

60 

0.16 

900 

1.5 

14X10 3 

Class-II vibrational state 

E ^ f M e V ) 

5.0 

5.57 

4.8 

5.495 

r
4 I 0 ( D ) ( k e V ) 

и 170 

« 100 

15 

V(c)(keV) 

30 

rW t e V ) 

0.05 

(eV) 

3<j '=l + ) 
160(J1'=0+) 

14(JM+) 

14(IM+) 

о^бу'^-.з") 

DII 
(eV) 

4601, 

«50X103 

700 

< 28x10» 

500 

Ml(c) 
(eV) 

50 

3 20 

2 
(at E„=400 eV) 

гХп(0 
(eV) 

0.1 

0.025 

300 

Barrier properties (in MeV) 

Eo11 

2 . 4 T 

2 .3* 

1.9 

<3. 3 

3.4 

2.9 

3.2 

2.5 

2 .9 

3.1 

VA 

5,6 

~ 5 . 8 

6.4 

VB 

6.0 

5.8 
6.4 

5 .9 
^ 6 . 6 

8.1 

6.9 

8.4 

6.7 

8.4 

5.6 

Greater of 

V V B 

? 4 .9 

> 6.2 

5 5.9 

> 6.4 

(f) 

(g).(e) 
(0 
(c).(f) 
(b) 

(f) 
(b) 

(0 

(f) 

(f) 

(f) 

(0 
(b) 

(f) 

* Back et al. also give 2.3 MeV for Ej , 6.0 MeV for VA, 5. 8 MeV for VB. 
Cotrelogram analysis very difficult (James and Patrick, Perez et al.) but D,, «400 eV confirmed by «-measurements (Schomberg, Sowerby). 

Remarks: 
(a) Ambiguity between fission and coupling widths, hence VA, V. may be interchanged. (e) Last column from analysis of Ref. [50] (0 channel). 
(b) Last column is rough estimate from (n,f) reaction. (f) Assumed thafBWg« 0.8 MeV for barrier heights. 
(c) К = i intrinsic state. (g) D] extrapolated from slow neutron resonances (excitation 
(d) Strong fission observed in slow neutron resonances. 

to 

6.4 MeV) to 5 MeV. 
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appears to be a reversal of the barrier heights. Other peculiarities occur 
here e.g. the tunnelling parameter 'fiwg seems to be much smaller than the 
0.8 MeV that seems acceptable for other nuclei, and ground state 
spontaneous fission is anomalous with respect to the isomer L"45j. One 
gains the impression that there is a definite discontinuity in the 
characteristics of the potential energy surface in the plutonium-
americium region. 
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DISCUSSION 

L. WILETS: It appears that current experiments leave open the question 
of determining the location of the isomeric well. For example, in some 
cases at least, the second minimum could be oblate (60° in a ß- у plot). 
Shape isomers of this character were discussed very early by Wheeler, and 
the 1953 Hill-Wheeler paper [Phys. Rev. ^£(1953) 1102] also pointed out 
that the "minimum" might be either shallow or unstable (saddle points) in 
respect of gamma-motion. This has been confirmed by K. Kumar and 
M. Baranger [Nucl.Phys. A110 (1968) 529] in the first rare-earth region, 
but such calculations have not been performed for the fissile nuclei. (Note 
that pairing does tend to stabilize axially symmetric shapes.) It would be 
well if the analysis of isomeric phenomena were to keep open the possibility 
of oblate deformations. If, for example, we could verify experimentally that 
the shapes are prolate (as we usually presume), this would add credence to 
the Strutinsky model. 

J . E . LYNN: The theory that I have outlined in this paper does not, in 
fact, exclude the existence of a path towards fission through an oblate 
minimum. The narrow intermediate structure in the (n, f) cross-sections, 
particularly of 237Np and 240Pu, does however imply the existence of only 
one effective path towards fission for the class-I states, this path being 
through the secondary minimum regardless of whether this is oblate or 
prolate. This is because the ratio of fission strength in the class-II groups 
to that between the groups is much too large to allow the existence of an 
alternative route for the class-I states. 

Concerning the question of deciding whether the secondary minimum is 
prolate or oblate, we hope that measurements of the kind I have shown on 
230Th(n, f) will ultimately settle this. 

K. DIETRICH: The coupling between the class-II and class-I states 
has a lot in common with the coupling of analogue states to the T< -states 
they are embedded in. The coupling of the shape isomers to the class-I 
states is likely to exhibit more diversity, because the strength of the 
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coupling depends on the detailed form of the barr ier . Furthermore, I 
feel that the coupling between the class-I and class-II states involves a 
complication which is absent in the corresponding coupling of the analogue 
states, namely that the most adequate decomposition of the Hamiltonian 
into vibrational, intrinsic and coupling parts depends on whether one wishes 
to describe class-I, class-II or saddle-point states. An intrinsic state, 
which is a simple lp- lh excitation in relation to the lowest-lying class-II 
state, appears to be a superposition of a great many p-h excitations.if 
expanded in terms of basic functions which are adapted to the class-I states. 
As long as you are discussing the general formalism, this complication 
does not occur. But I fear that it will appreciably complicate the actual 
calculation of the coupling matrix-elements. 

J . E . LYNN: This is true. The intrinsic part of the Hamiltonian in 
the formal theory I described has to be specified for a fixed deformation, 
say ß0. If one is interested in the fission widths of states and fission 
cross-sections, as here, then it is natural to specify ß0 as the deformation 
corresponding to the outer barrier. The intrinsic states then correspond 
to Bohr channels. As you suggest, in this case a simple state of, say, 
class-I type may then appear rather complicated when expanded in terms 
of the intrinsic states at ß0. Nevertheless, I believe that the calculation 
of matrix elements under the assumption that H is just Hint((3) - Hint(ß0) 
may still be possible. 

H.J . SPECHT: You have mentioned that the neutron widths of the 
class-II states are zero so that a (d,p)-reaction would not excite class-II 
states (at least not via its direct part), whereas a(p, p1)-reaction might. 
I wonder whether this difference would still appear if the coupling between 
the class-I and class-II states were taken into account, for example at the 
position of a vibrational resonance. 

J .E . LYNN: This is true if the question is made to refer rather to the 
probability of different reactions leading to fission. In the absence of 
coupling a direct (d, p)-reaction will lead to negligible fission, whereas a 
(p, p') -reaction could give appreciable fission (by excitation of class-II 
states). The existence of coupling, which essentially mixes the class-I 
and class-II states into the final states, allows the (d, p)-process to be 
followed by fission and also increases the yield of fission following (p, p'), 
because the class-I states that would be excited in the absence of coupling 
can now decay by fission. The actual rates for these processes will depend 
on the degree of coupling and the competition from radiative decay. 

P. von BRENTANO: I would like to ask you about the life-times of the 
isomers. Looking at the observed life-times in the uranium, plutonium 
and, if the assignments are correct, in the curium isotopes, we find that 
all of them lie in the 5-1000 ns range. On the other hand, the spontaneous 
half-lives of these nuclei vary by a factor of 109. Could you explain this 
difference? 

J. E. LYNN: A large part of the difference is certainly due to the fact 
that the ground states have to tunnel through the entire potential barrier, 
while the isomers only have to penetrate a single hump. Whether or not 
the existing range of isomer half-lives is reasonable after this point is 
taken into consideration, and the whole question of possible systematics of 
isomer half-lives, are probably better left for discussion when the papers 
on shape isomers are presented at the next session. 
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Abstract 

STATISTICAL TESTS FOR THE DETECTION OF INTERMEDIATE STRUCTURES IN THE FISSION CROSS-
SECTIONS OF 235U AND ^'Pu. The existence of intermediate structures in the neutron-induced fission cross-
sections of 235U and 239Pu was pointed out in 1957 by Egelstaff. An interpretation, recently proposed by Cao 
et al. and Blons et a l . , was based on the Strutinsky calculations of the deformation energies of the compound 
nucleus when shell effects are included in the liquid-drop model. The theoretical interpretation in terms of 
current reaction theories has been given by Weigmann and Lynn. 

The purpose of this paper is to develop and evaluate various statistical tests intended for the detection 
and interpretation of these narrow intermediate fission structures. A fission cross-section was computed in the 
interval 0-5 keV using randomly generated parameters with distributions chosen to mock up the 235U nucleus. 
The f = 4" state fission width was "modulated" in the manner suggested by Weigmann's work. 

Auto-correlation and cumulative average tests were done on these mock-up cross-sections to determine 
if the correct average spacing of the shape isomer levels could be obtained by such tests. It is shown that the 
usual correlation tests tend to overestimate the spacing between structures. A proposed technique is based on 
the direct analysis of the averaged cross-section which affords a method of correcting for peaks of the inter
mediate structure below the detectability limit of the usual statistical tests. The techniques developed on 
the basis of the mock-up cross-sections were used to analyse the fission cross-sections of 235U and 23?Pu. 
Average spacings of 227 and 312 eV were found for those two nuclei, respectively. These values are some
what lower than the ones reported by Cao and Blons, which were based only on the auto-correlation analysis. 

The energy of the second minimum in the fission barrier was found to be 3.1 MeV for 235U and 2.9 for 
239Pu. Both values are in close agreement with the values of 3 MeV predicted by Strutinsky. 

I. INTRODUCTION 

Recently Migneco and Theobald [1] observed the presence of fission 
resonances groups in the subthreshold fission cross section of 240Pu, which 
showed an average spacing roughly two orders of magnitude larger than the 
average level spacing in the compound nucleus. Similar findings were reported 
by Paya et al. [21 in the S37Np nucleus. An interpretation of this subthreshold 
pattern has Ъееп given by several authors, Lynn [3], Weigmann \k~\, and Feshbach 
and Kerman Г5]. The central feature of the theoretical model is the presence of 
a second minimum in the fission barrier for highly deformed nuclei. This peculiar 
structure was found by Strutinsky [6] after correcting the liquid drop model of 
the nucleus by shell effects. Provided that the second well is shallower than 
the compound nucleus potential minimum, the levels in the Strutinsky well will 
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act as intermediate states leading to resonances whenever a matching occurs 
between levels in the two potential wells. There is ground to believe that this 
subthreshold structure will also appear in fissile nuclei like 23Su and 239Pu, 
due to the tunneling of the fission modes through the double-humped fission 
barrier in those channels which are partially open. The presence of this 
narrow intermediate structure besides being of relevance in the understanding 
of the fission process itself might provide an explanation for the wide fluctua
tions observed in the capture to fission ratio, a, of various fissile nuclei. 

The purpose of this paper is to evaluate various statistical tests for 
the detection of subthreshold fission lines in the presence of the epithreshold 
fission arising from the fully open channels. The basic approach is to mock-up 
the fission cross sections of both nuclei by Monte Carlo techniques. A sub
threshold fission cross section component is also manufactured in a similar way 
and combined with a Breit-Wigner component, to mock-up fission cross sections 
with intermediate structures. The various statistical tests are then applied 
to the artificial fission cross sections, evaluated and extrapolated to the 
corresponding experimental cross sections. 

The first section is devoted to an elementary derivation of the modified 
Breit-Wigner lines arising from the presence of the second Strutinsky well, and 
to a cursory explanation of the technique to obtain the mocked-up cross sections. 
The correlation test, ratio of variance to squared average test, and distribu
tion tests are presented in subsequent sections. We introduce the following 
nomenclature; the fission cross section for s-wave neutrons without the inter
mediate structure is given as (S3 + S4) for

 335U and as (S0 + S ) for
 239Pu. 

The symbols S4 and S* indicate that the spins S^ for 33SU and S1 for
 239Pu 

have been modulated by the Strutinsky effect. 

II. THE STRUCTURE OF THE SUBTHRESHOLD FISSION 
MODES AMD CROSS SECTION CALCULATIONS 

Rigorous treatments of the structure of the subthreshold fission modes 
have been given by Weigmann \k~\ and Lynn [3]. A, perhaps less rigorous but 
quite transparent, derivation can be obtained by adapting the classical Breit-
Wigner treatment of resonance lines to the case of two interacting potential 
wells. We assume a physical picture in which the neutron and radiation eigen-
states interact only with the first potential well. The fission modes have 
sources at both potential minima, which in turn interact with each other. Calling 
b (t) the time dependent amplitudes of the various modes (CÜ = n, r, f, J, and к 
for the neutron, radiation, fission, and bound states of the first and second 
wells, respectively), we have from the usual time-dependent perturbation theory: 

Ж%^ = -1 I HcWt)e 3 (a = n'r) (1) 
3 

_ i(<u - ш ) t ± v i(u) - « g t 
(2) 

dt ° V ~ л L fp. a4 ' n i- j 
а к 

(a = n,r,f) 
(3) 
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and 
, . _, i(a>, - (u„)t . г-, i(t)i - ш.)t 

where calling H the perturbation operator, one has: 

H o ß = <Ф« ,Hi' V (5) 

iuv 
aa(t) = ha(t)e a (6) 

and 
П* = Еа (7) 

Laplace transformation of the above differential equation, yields, after 
elimination of the neutron, radiation and fission modes: 

(p + ^ Г . ) a.(p) = 

H. (8) 
i 0no 
ft р~ГЦ-Ш. - Ш y - I & 4k +1 v)v* - ^ - \ » 

(? + h О (̂P) = - I & ^ + i H ) a,b - i ^ - ш )] (9) 

where we have neglected the effect of neighboring levels in both wells, and 
used the following definitions of the various widths: 

^ = 1ш | Y x? 2У > (10) 
+ л ^ P - М ш - » ; 

z 

and 

Г. = Г . + Г . + Г.. 3 nj rj fj 
(11) 

rfk - 1 - + Ц p - K » f - 4 ) 
f 
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Next, we neglect the widths, Tf and Гр, which are second order in the 
coupling hetween wells, versus H. ., and obtain from Eqs. (8) and (9): 

W*> (»in ) 
•Av) = у r^-\ (12) 

[P - K», - M »(p + Jjr) 

and 

аЛр) = - ) r = TT T-!S-, (13) 

where the following effective widths have been introduced 

J_ г 1 г + Y jk kj 

and 

2ft к ~ 2ft fk + /L , 3Г ., , , 1 ,, "I (15) Ь 4 P - *Ч " V + 15 ГЛ 

Summing over all the levels in the first well and neglecting their widths 
results into: 

Гк = Ffk + rks <l6> 

with the spreading width Г. defined as 

г = l l m i Y ^ H j k > (17) 
ks .__,,+й^-> P - i ( u ) , - - o ) . ) 

J 
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Laplace inversion of Eqs. (12) and (15) and u t i l i z a t i o n of Eq. (6) yields 
the following asymptotic behavior of the f iss ion modes amplitudes, b . ( t ) : 

i(o) - ш ) t , (i/A) H H 

i(a>. - U) ) + i 7. J x 3 Y 2» J 

(18) 
H. . H. H«. \ 

kj j n 0 fk + к Ф К - ш п) + k rJ ОЧ - V} + а У ) 

from which the asymptotic probabi l i ty , W„(t), can be obtained by means of 
the re la t ion 

Wf ( t ) = lim J d(Bf p(<of) jb f ( t ) | 2 (19) 
t-<co _co 

Uti l i za t ion of the re la t ionship between cross section and the t r ans i t i on 
ra te computed from the expression, Eq. (19), y ie lds for a given spin component: 

/E a(E) = l g y ( Г°ДД ^ + У F f k ^ r ° n j ) (20) 
Л8 J > J + - 6 / t ftEKI2 К ' 2 

where Г . and Г„. are the reduced neutron width and f ission width, respec
t i ve ly , of the levels in the f i r s t wel l , and where 

с = б. 521СГ (barns eV ) 

kj ~ \ j Jk' 

W. - (1/2.) Г. + 1(ш. - Ч ) 

\ = (1/2Й) Г ^ К « ^ - ^ ) 

ft ш = Е (neutron energy) 
о 

к 

g = s t a t i s t i c a l factor. 
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The result, Eq. (20), shows that there are two contributions to the fission 
cross section. The first term within the curly bracket corresponds to a Breit-
Wigner line with an effective total width equal to I\j + 6j. An additional 
contribution arises from the second well by virtue of the coupling between the 
two potential minima. Under the assumption that the spreading width, Г , is 
smaller than the probability of the second well decaying by fission, one obtains, 
neglecting fourth order terms in the coupling matrix elements H, ., the result: 

/E a(E) = eg У °nJ fi , (21) 

with 

and 

? . г + У ^ L (22) 
f° "3 k" (\ - E ) 2 + 1 Ъ 

Г. = Г . + Г . + Г.. (23) 

Hence, the subthreshold fission modes are given in terms of Breit-Wigner lines 
with resonant fission widths. 

The mocked-up cross sections for both the 2 3 Su and 239Pu were obtained 
by Monte Carlo techniques. The neutron and fission widths were sampled from 
Porter-Thomas distributions with the appropriate number of degrees of freedom. 
The radiation widths were assumed constant and the level spacing extracted 
from a Wigner distribution. Tables I and II show the average parameters utilized 
for the cross section calculations. 

The computation of the subthreshold cross section starts by obtaining 
first the resonant fission widths, Eq. (22). The product Г ^ А, - was assigned 
an average value, adjusted to preserve the average value of tha£ spin component 
containing the subthreshold lines. Both Г~ and Aĵ j were assumed to follow a 
Porter-Thomas distribution with one degree of freedom. 

Examples of this type of calculation are shown in Figs. 1 and 2. The 
former is a comparison of the actual fission cross section for the 2 3 5U nucleus 
with the mocked-up cross section. Doppler broadening and resolution effects 
were introduced in the manufactured cross section for 2 3 5U. The subthreshold 
fission cross section resulting from the expression, (21), is shown in Fig. 2, 
which exhibits a strong qualitative similarity to the subthreshold measurements 
of Paya et al. [2]. 

III. AUTOCORRELATION TESTS 

Correlation techniques for statistical studies of neutron cross sections 
were introduced by Egelstaff in 1958 [9]- Let 

E. + *W 

ч-\ /E а(Е) (2k) 
\ - *W 
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AVERAGE LEVEL PARAMETERS FOR THE 235U NUCLEUS ^ 

(me?) 

0.097 

0.097 

(meV) 

kq.9 

kl. 9 

<rf> 
(me?) 

б 5 .1 

65.I 

- . M 

1 

1 

(b) 

k 

k 

(e?) 

I .06 

1.06 

Values taken from Schmidtt's compilation [7]. 
V and Vf number of degrees of freedom for the neutron and 

fission width distributions, respectively. 

Average level spacing. 

TABLE II. AVERAGE LEVEL PARAMETERS FOR THE 2 3 9Pu NUCLEUS * a ) 

J 

0 

1 

s 

1Л 

<ГОп> 
(me?) 

0.939 

0.33^ 

<r7) 
(meV) 

kl.6 

in. 6 

<rf> 
(me?) 

1500 

1+2.0 

"n 

1 

1 

vf 

2 

1 

D 
(e?) 

9-6 

3.2 

Values taken from Schmidtt's compilation [7] and from 
Derrien et al. [8]. 

be the averaged cross section in a given interval, W, corresponding to the 
midpoint energy, Ej_, and define similar averages for the intermediate structure, 
s., and the Breit-Wigner component w.. Then the input process can be written 
in the form x 

yi = si + wi ( 2 5 ) 

where s. is given analytically by Eqs. (21) and (2k). For a given random vari
able, x., with a fluctuation 6x. around the average, (x. ), one defines the 
autocorrelation function 

С = (8x. 6x., ) = COV (x., X., ) Гг,(Г\ 
r,x 1 l+r ч i' i+r' \2o) 

where (rW) is the energy displacement between the samples xi and xi+r, and 
the brackets indicate averages over an infinite record length of data. 
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Ь 

ч* 

235U FISSION CROSS-SECTION 
(I eV—5 keV) 

COMPUTED 235U FISSION CROSS-SECTION 
(leV—5keV> 

100 
ENERGY (eV) 

1000 5000 

FIG. 1. (a) 235U fission cross-sections; (b) mocked-up 235U fission cross-section computed by Monte-Carlo 
techniques. Experimental data from G. de Saussure, L.W. Weston, R. Gwin, R. W. Ingle, and J. H. Todd, 
ORNL, andR. W. Hockenbury and R. R. Fullwood, RPI. (Proc. Nuclear Data for Reactors, 2_IAEA, Vienna 
(1967) 239). 

Applying the definition, Eq. (26), to 8y., one obtains 

= с + с + Cov(s., w., ) + Cov(s., , w.) г,у r,s r,w ч i' l+r' i+r' i (27) 

Under the conditions: (l) s. and w. are independent random variables, (2) The 
Breit-Wigner component, w., is almost white noise, the autocorrelation function 
of the data will yield that of the subthreshold fission cross section. The 
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FIG. 2. Qualitative comparison between a 
mocked-up sub-threshold fission cross-section following Eq.(21) 
and the corresponding magnitude for 237Np. 
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FIG. 3. . Correlogram for the 
mocked-up 235TJ fission cross-section-0.5 
without intermediate structure. 
Averaging interval, W = 10 eV. 
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first condition is satisfied assuming that the nuclear resonance parameters 
belonging to different spin components are effectively uncorrelated. The second 
condition is not applicable to the Breit-Wigner noise as shown in Fig. 3* where 
the normalized correlation function 

Cr = 
{ [ < ф - < V 2 ] £<w3

i+r> - <« i+r>2]}1/2 (28) 

- 0 . 2 

- 0 . 3 

S , + S 4 CORRECTED FOR BIAS 

(a) 

(b) 

W (eV) 

FIG. 4. (a) The first correlation coefficient C t versus W for a variable record length; (b) the first correlation 
coefficient C! versus W for a constant record length (0-5 keV). 
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for the mocked-up fission cross section of 3 3 SU, without intermediate structure, 
exhibits a much larger bandwidth than that corresponding to the autocorrelation 
function of a randomized set of data. Hence, the correlation background of the 
Breit-Wigner noise has to be accounted for while performing correlation tests. 

These tests in the field of cross section studies have been used in two 
different contexts. Egelstaff [10] studied the behavior of the first correlation 
coefficient, С (w), as a function of the averaging interval W. For large values 
of W, (larger than an average correlation range), the function, Сг(W), should 
become either zero or very small, within the statistical error limits. Results 
of this test for both the measured and computed 235U fission cross section are 
shown in Fig. hb. The first correlation coefficient first decreases as W 
increases and later on takes an upward trend which is due to an energy bias 
arising from the /E dependence of the neutron widths entering in the total 
width. This effect was evaluated by computing the ratio 

7 = У±/у (at 1 eV) ™ 
with the 33SU parameters and distributions given in Table I. The above ratio 
can be fitted by the expression 

7 = 1 + 0.0029lf /E (3°) 

which was used as a correction factor in the computation of the first correla
tion coefficient. The effect of this correction is also shown in Fig. 5. The 
first correlation coefficient oscillates about the zero correlation line beyond. 
W = 80 eV. The correlation width at half maximum is about ko eV and it is 
assumed to represent experimental resolution effects. In connection with this 
test, one may remark that similar tests performed by Egelstaff [101 and 
Michaudon [11], used a variable record length to take account of the varying 
degree of experimental resolution of the data. When this is done C1(w) is 
first very small for low values of W, goes through a broad maximum between 
W = 15 eV and W = 4̂-0 eV, and then it decreases to lower values around 100 eV, 
Fig. hs.. This behavior led the previous authors to assign a correlation range 
of about 100 eV for the 2 3 5u fission cross section. Nevertheless, if one 
continues to plot the first correlation coefficient for still larger values of 
the averaging width, W, one finds the upward trend due to the energy bias effect. 
The experimental 2 3 U fission cross section shows a less noticeable bias probably 
because the stablizing effect of the p-wave component. This test, when properly 
corrected by the 7-factor, seems to be mostly sensitive to experimental resolution 
effects. 

Cao and Migneco [11], Patrick and James [12], and Blons, Eggerman and 
Michaudon [15] have utilized the structure of the correlogram as a function of 
the energy displacement, rW, in attempts to extract the average spacing of the 
intermediate structure of some fissile nuclei cross sections. The implicit idea 
behind this technique being, that the distance between peaks in the correlation 
function, represents the average level spacing in the second potential well. To 
analyze this attractive possibility, consider a train of unit pulses spaced 
according to a Wigner distributions. The corresponding autocorrelation function 
is the probability that a unit pulse will be found at a distance, rW, from a 
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С, (W) 

120 160 
W (eV) 

FIG. 5. The first correlation coefficient С, versus W for the mocked-up 23SU fission cross-section with inter
mediate structure. 

given pulse, regardless of the number of pulses present between them. This 
function has been found by Dyson . [14], who gives the following expression* 

D C ; = 1 - [s(y)l2 -ЦЬ1 f S(y')dy' 
"y 

(31) 

where D is the average spacing of the Wigner-distributed pulses and 

у = it rW/D 

(32) 

8 to = sin у 

The correlograms utilized in the literature and in the present work 
correspond to C* with the asymptotic behavior subtracted, the whole 
expression being normalized at zero energy displacement. 
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The resulting correlation function is according to Eq. (51) a mono-
tonically increasing function quickly approaching its asymptotic value 
C^ = D-a. Another illustrative example can be drawn from the correlation 
of a set of unit pulses with spaeings, e, distributed according to the law 
p(c;) =. D-1 x e~x, with x = e/D, showing, as the Wigner distribution, the 
usual level repulsion effect. It is easily seen that the autocorrelation 
function is given by the expressions 

•x 
D C'(x) = 1 + P„(x) + I E (x') P (x - x') dx r o 4 / J о о 

f f P0(x")P0(x' - x")P0(x - x') dx'dx" + ... + J 

with P0(x) = xe _ x, yielding the result: 

D C;(c) = 1 + \ (1 - e-2e/D) (35) 

which again exhibits a monotonically increasing behavior. In fact, an 
"oscillatory" behavior of the correlation function in the cases discussed 
above will only appear for records of finite length, corresponding to given 
levels of truncation in the expansion of the closed expressions, Eqs. (51) 
and (55)• In this event, the average spacing extracted from the correlation 
will be a function of record length. Further illustrations of the behavior of 
the correlograms of nonperiodic functions, as the ones just utilized in this 
discussion, is shown in Fig. 6a and 6b. The former was obtained numerically 
from a set of Wigner distributed pulses with a record length of 5 keV, with 
D = 106 eV. Figure 6b corresponds to the same numerical calculation for a 
total record length of 1 MeV (only the range from 0 to k-0 keV is shown in 
the figure). The shorter record length example shows large end effects 
producing the structure of the correlogram. The long record exhibits a 
6-funetion like behavior followed by a narrow bandwidth due to statistical 
fluctuations. 

For an actual cross section the width distribution as well as Doppler 
broadening and resolution effects must be convoluted into the correlogram. 
Subthreshold fission cross section correlograms were mocked-up for 2 3 Su and 
339Pu with average level spacings of 106 and h6o eV, respectively, Figs. 7b 
and 8c. The correlogram of the mocked-up subthreshold fission cross section 
for 2 3 SU, (S3 + S 1 ) , does not show any number of peaks spaced around the 
106-eV average level spacing introduced in the calculation. The average 
level spacing for the significant peaks found in the first l600 eV energy 
range of the correlogram shows an average spacing of 509 eV. Assuming that 
this corresponds to a "third harmonic" of the correlogram one obtains 
D = 103 eV. Unfortunately the average so obtained depends strongly on the 
length of the correlogram chosen for the analysis. The autocorrelation 
function for the 339Pu mocked-up subthreshold fission cross section shows an 
average level spacing of 376 eV, which again is not in agreement with the 
value of kGo eV introduced in the manufactured cross section. 

Figure 7a shows the autocorrelation function for the ORML 3 3 5u fission 
cross section data. There are four peaks emerging from the Breit-Wigner 
bandwidth. The first peak yields a spacing of 282 eV. The average of the 
distance between the peaks is of- J>6h eV. Cao and Migueco [121 obtained very 
similar results from their 3 3 Su data. 
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FIG. 6. The correlograms for a set of Wigner-distributed unit pulses: (a) corresponds to a record length of 
5 keV as utilized for all the correlograms in this paper; (b) shows the first 40 keV of a total record length of 
1 MeV. 

The correlogram for Pu shown in Fig. 8a is from the work of Patrick 
and James []Л], and that based on Los Alamos data of Shunk, Brown, and 
LaBauve Г15] is shown in Fig. 8b. These data as well as the correlogram 
found by Blons, Eggermann, and Michaudon [13] show peaks indicating an a 
average spacing of around hGo eV. In the light of the previous analysis the 
meaning of the correlogram results is then doubtful. The oscillations observed 
in them are due to end effects and the statistical fluctuations of the reso
nance parameters. In order for this technique to become a suitable tool in the 
identification of the subthreshold fission lines one has to find the connection 
between the period of the correlogram oscillations and the average spacing of 
those lines, taking into account both end effects and the statistical distribu
tions of the level parameters. 

IV. VARIANCE AMD DISTRIBUTION TESTS 

In this section we investigate the effect of narrow intermediate struc
tures on the statistics of fission cross sections. The first statistics to 
be considered is the ratio of the variance to the square of the averaged 
cross section, that is, using the quantities defined in Eq. (2^): 

6(W) = W • 
Yar ( yi } 

<^i>2 
(34 
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FIG. 7. (a) The correlogram for 
the 236U fission cross-section (W = 10 eV). 
Experimental data from G, de 
Saussure, L. W. Weston, R. Gwin, 
R.W. Ingle, andJ.H. Todd, ORNL, 
and R. W, Hockenbury andR.R.Fullwood, 
RPI. (Proc. Nuclear Data for Reactors, 
2_IAEA, Vienna (1967) 233); (b) The 
correlogram for the mocked-up sub-threshold 
fission cross-section for 235U (W = 10 eV). 
The average level spacing for the second 
Strutinsky minimum was taken to be 106 eV. 
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FIG. 9. The ratio of the variance to the squared average 
cross-section versus the averaging interval, W, for 23SU. 
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Egelstaff [10] under the assumption that the various resonance parameters, 
as well as the values y., are uncorrelated obtains the expression: 

6(W) = <D> — ^ (55) 
(§г + g 2S) 3 

where (p) is the observed average level spacing, g and g3 are the statisti
cal weight factors for each of the spin components, 

and 

F ./ar^J , VD> , УУГ> 
f <I^>3 <D>3 r f /D 3 

Hence, except for statistical fluctuations, the ratio of the product of the 
cross section variance with the interval, W, to the square of its average 
should be independent of the averaging interval, W. In the presence of an 
intermediate structure the function, 6(w), should increase smoothly until a 
plateau is reached for values of W close to the average spacing of the groups 
of resonances. The function 6(w) for the mocked-up subthreshold fission 
cross section of 335U is shown in Fig. 9- As expected it exhibits substantial 
deviations from Egelstaff formula. It reaches a plateau around 6o eV fol
lowed by oscillations due to statistical fluctuations. However, when the 
Breit-Wigner component is added to the subthreshold component, the deviations 
from the uncorrelated behavior are much less apparent (Fig. 9)- Both the 
theoretical (without the subthreshold component) and experimental fission 
cross sections for 2 3 Su follow very accurately the behavior predicted by 
Egelstaff formula, Fig. 10. 

The results corresponding to the experimental 33SPu fission cross 
section are shown in Fig. 10. In contrast with the behavior of the 3 3 SU 
data, there is a sizable deviation from the trend indicated by the function 
6(W) obtained via Egelstaff equation. 

The next effect to be investigated is the influence of the intermediate 
structure in the distribution function of the fission cross section. In 
Fig. 11 we show the möcked-up subthreshold fission cross section for 239Pu, 
with an average level spacing of the second well of k-бо eV, and averaged in 
steps of 50 eV. The lines arising from the second potential minimum have 
been labelled to show the fact that^ they do not necessarily correspond to 
the larger resonances. As expected, large fluctuation of the Breit-Wigner 
noise can occur which will complicate the detection of intermediate struc
tures, based on the usual detectability limits technique. The distribution 
functions for the variable x = у^/(у) are shown in Fig. 12a, b, and с for 
the measured 2 3 5U, the corresponding mocked-up fission cross section and for 
the Breit-Wigner component added up. to a subthreshold fission component 
(average level spacing (D) = 106 eV). The first two distributions peak very 
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sharply around x = 1 (width at half maximum value is 0.5 a) • In this case 
neither distribution function exhibits cross section values larger than 1. 
of the average value. The distribution function in the presence of the 
intermediate structure is much wider and shows a relatively larger tail 
(width at half maximum value is 0.7 cr). An attempt has been made to fit 
those distributions with the Böhning distribution function П6]. 

P(x) 
Из W у 

n=l 

n + H2 - 1 
x exp (-N x) (36) 

1281 
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1 
•o 641 

Ь 

320 
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i ft . I I I A . L. 
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 

£(eV) 

FIG. 11. The mocked-up sub-threshold fission cioss-section for a9Pu, averaged in intervals of W = 50 eV. 

The distribution P(x) which has been derived by Bohning, from very general 
considerations, is essentially a ^-distribution of 2N degrees of freedom 
in the neighborhood of x = 1, having a tail of a >f-diltribution of SN 
degrees of freedom. The fits shown in Fig. 12 utilized the expression" (56), 
truncated at n = 1. The ratios К2/Нш, which indicate the degree of depar
ture from ^-distributions, are 1.08 for both the experimental and theoret
ical 3STJ and 1.1 for the fission cross section with the intermediate 
structure- These ratios roughly indicate that the distribution for the 
mocked-up 335U cross section can be described by a x2-distribution of about 
27 degrees of freedom. In contrast the presence of the intermediate struc
ture widens the distribution, which in this case corresponds to а хэ-
distribution with a number of degrees of freedom between five and six. 

A similar comparison for the 239Pu data is not presently available, 
although preliminary results show that the distribution function for the 
fission cross section of this nucleus is much wider than the corresponding 
one for the 2 3 5U data. 
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FIG. 12. (a) The distribution function for the 235U data; (b) the distribution function for the mocked-up 
235U fission cross-section without the intermediate structure; (c) the distribution function for the mocked-up 
235U fission cross-section with the sub-threshold fission cross-section included. 

V. CONCLUSIONS 

There is an obvious analogy between the objective of this paper and the 
parallel communication problem of detecting a signal masked by noise. How
ever, analogies may be misleading unless proper care is taken of whatever 
differences exist between the two problems. In our judgement this is the 
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case regarding the use of correlation techniques in the analysis of narrow 
intermediate structures. In communication theory one deals mostly with 
periodic functions immersed in nearly white noise. In this case, the 
correlation function is periodic with the same period as the signal, while 
the noise correlation function approaches, within resolution and statistical 
effects, a 6-function behavior, Lee [17]- Weither one of the previous condi
tions are satisfied by the components of the cross section, as examined in 
Section III of this paper. End effects and width fluctuations combine to 
give a correlogram structure whose relation to the parameters of the sub
threshold fission component is not clear as yet. Figure 7 shows that when 
the bandwidth of the Breit-Wigner noise correlogram is superimposed on the 
experimental correlogram, only a few peaks of the latter survive the test. 
The level of significance of those peaks should be further studied by taking 
into account the fluctuations of the Breit-Wigner bandwidth itself. Never
theless, the width of the correlation function, as shown, by Ericson [18], 
is related to the average width of the subthreshold modes and probably 
contains valuable information after proper consideration of resolution effects. 
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FIG. 13. (a) The correlogram for the mocked-up 2wPu sub-threshold fission cross-section, W = 10 eV; 
(b) the correlogram for the mocked-up z39Pu fission cross-section without the intermediate structure, 
W = 10 eV. 

The correlation found by Egelstaff; [9] in the 335tj cross section was not 
reproduced by the mocked-up cross section with the subthreshold fission lines. 
This correlation effect rather than indicating the presence of an intermediate 
structure is a consequence of the energy bias arising from the energy depen
dence of the neutron widths, as discussed in Section III of this paper. 
Although our theoretical model failed to reproduce the correlogram of Patrick 
and James [12] for 239Pu and the one derived from the Los Alamos data [l5], 
Fig. 8., the theoretical correlogram did not show any obvious relation between 
the average level spacing introduced in the calculations for the subthreshold 
component and the distance between the.peaks of the correlogram. There is, 
however, a clear difference between the correlograms of the pure subthreshold 
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component, S* + S0, and the mocked-up Pu without the subthreshold compo
nent, SQ + Sl;) as shown in Fig. 15. The latter exhibits a much less pro
nounced pattern than the former. This points toward the conclusion that the 
correlogram technique, although a useful technique to detect the existence of 
intermediate structures, needs more analytical development in order to 
extract quantitative information. 

The statistical tests based on the study of the ratio of the variance 
to the squared averaged cross section, although strictly of a qualitative 
nature, show clear departures from the "uncorrelated behavior when the sub
threshold fission component is present. On this basis the 2 3 5u fission cross 
section either does not contain any intermediate structure or it is too weak 
to be detected by this test. In the case of the 239Pu fission cross section, 
this test suggests the possibility of a subthreshold component. 

The distribution function of the cross section also appears to be sensi
tive to the presence of the intermediate structure. In agreement with the 
previous test, the distribution function test does not indicate the presence 
of a subthreshold component in the 3 3 5u fission cross section either. The 
fact that the intermediate structure widens the distribution can be used to 
determine the number of peaks above a given detectability limit belonging 
to that structure. The determination of the fraction of peaks missed is, 
nevertheless, complicated by the complex structure of the subthreshold modes, 
so that a technique has to be developed to discriminate between the "true" 
second well resonances and the mere fluctuations of the Breit-Wigner lines 
as shown in Fig. 11. It is interesting to see that both the experimental 
and theoretical distribution functions follow quite well the Bo'hning distri
bution. With this knowledge, it seems feasible to develop a policy-making 
theory to decide about the presence or absence of the intermediate struc
ture and obtain some of its characteristic parameters. This method could 
then be checked by the utilization of generated cross sections via Monte 
Carlo techniques as the one utilized in this work. 

At the present level of knowledge, in our opinion, it is only possible 
to make general qualitative statements regarding the presence of subthreshold 
fission lines in 2 3 su and 239Pu nuclei. This latter nucleus seems to be, 
however, the strongest candidate for such an intermediate structure. 
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DISCUSSION 

J. P. THEOBALD: The autocorrelation analysis of our crf data of 23SU 
gives, with a high significance level, a quasi-periodical serial autocorre
lation coefficient. Although in the light of Dr. Perez1 paper it is difficult 
to relate this periodicity to parameters and spacings of the possible inter
mediate states, I think that this is nevertheless a strong indication that an 
intermediate structure exists in this cross-section, regardless of its inter
pretation. Our published interpretation (Ref. [1] of the paper) is merely a 
proposal. 

R.B. PEREZ: From our studies of the correlogram for the 
Monte Carlo-generated fission cross-sections, we have learned that it is 
indeed true that when the intermediate structure is present the correlo
gram shows a more pronounced pattern. However, we are still far from 
being able to interpret it correctly. In my opinion, we stand abetter chance of 
understanding the intermediate structure in the 23SU and 239pu nuclei by a 
direct analysis of both total and fission cross-sections. 

A. MICHAUDON: I would like to say that I am completely in agree
ment with what Dr. Perez has just said and in this connection mention the 
case of the fission cross-section of 237Np. This cross-section shows an 
extremely marked effect of intermediate structure, as is shown in paper 
SM-122/90. Nevertheless, the autocorrelations are rather low. 
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J. P. THEOBALD: Dr. Michaudon's argument that the fission cross-
section of 237Np has an intermediate structure but does not yield a periodical 
correlogram only shows that the correlation analysis is not a tool for finding 
any intermediate structure but when there is a periodical correlogram with 
high significance levels, there is also a quasi-periodical structure. Whether 
it is.found or not by this method depends onthe actual spacings of the possible 
intermediate levels in the finite statistical sample given by the cross-
section display. 

R. B. PEREZ: This is in fact the main reason justifying the develop
ment of decision-making policies that allow identification of the signal, in 
this case the intermediate structure, in the presence of the Breit-Wigner 
noise. 
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Abstract — Resume 

INTERMEDIATE STRUCTURE IN THE FISSION CROSS-SECTIONS OF NEPTUNIUM-237 AND 
PLUTONIUM-239. The total (ox) and fission (of) cross-sections of 237Np and 239Pu for resonance neutrons 
have been measured by the time-of-flight method. The cross-section a{ of 237Np consists of resonance groups 
of certain discrete energies whose mean spacing is about hundred times that of the resonances observed in o*y. 
The analysis of the resonances forming the first "group" of 40 eV shows that the intermediate structure in 
Of of 237Np is due to the coupling of the compound-nucleus states (corresponding to the resonances of d T ) to 
the fission exit channels, which is strongest at certain discrete energies where the resonance groups appear. 
This phenomenon may be interpreted as one of the consequences of the double-humped fission barrier 
resulting from Strutinsky's calculations. Compound-nucleus states (termed class-II states by Lynn) may exist 
between the two humps; these states should be responsible for the increase of the coupling to the fission exit 
channels of certain energies. A careful study of of of 237Np also shows other small resonance groups suggesting 
the existence of a type of coupling which, on the average, should be weaker than the preceding one, which 
essentially corresponds to the large groups. One can thus be led to the assumption of two types of barrier which 
could correspond to the two spin states 2* and 3 + . A finer analysis of of in the 40 eV group shows that there 
exists a large resonance below the narrow resonances, characteristic of the weak coupling in which the first 
hump of the fission barrier (between the two minima) is higher than the second one. 

A study of the autocorrelations in of of 239Pu suggests the existence of an intermediate structure whose 
mean spacing might be about 450 eV. An analysis of the resonances up to 660 eV shows that the mean fission 
width of the l + resonances decreases very rapidly at about 600 eV. Therefore an intermediate structure due to 
the 1+ fission exit channel (or channels) exists. Nevertheless the probable presence of autocorrelations in 
o x and the variations of the local density function as a function of the energy do not exclude the possible 
existence of an intermediate structure due to the entrance channel. 

STRUCTURE INTERMEDIAIRE DANS LES SECTIONS EFFICACES DE FISSION DU NEPTUNIUM-237 ET 
DU PLUTONIUM-239. Les sections efficaces totale (oT) et de fission (Of) de 237Np et 23sPu pour des neutrons 
de resonances ont ete mesurees par la methode du temps de vol. La section efficace of de 237Np est consti-
tuee de groupes de resonances ä certaines energies discretes dont Tespacement moyen est environ cent fois 
celui des resonances observees dans ay- Vanalyse des resonances qui composent le premier «groupe» ä 
40 eV montre que la structure intermediaire dans Of de 231Np est due au couplage des etats du noyau compose 
(correspondant aux resonances de ox) aux voies de sortie de fission, lequel est plus intense ä certaines energies 
discretes, lä ou apparaissent les groupes de resonances. Ce phenomene peut etre interprets comme une des 
consequences de la barriere de fission a deux bosses qui resulte des calculs de Strutinsky. Entre les deux 
bosses peuvent exister des etats du noyau compose (appeles etats de classe II par Lynn) qui seraient responsables 
de l'augmentation du couplage aux voies de sortie de fission a certaines energies. L'examen attentif de of 
de 237Np revele aussi d'autres petits groupes de resonances, suggerant I'existence d'un type de couplage qui, 
en moyenne, serait plus faible que le precedent, lequel correspond essentiellement aux grands groupes. On 
peut ainsi etre amene a postuler Г existence de deux types de barriere, pouvant corresponds aux deux etats 
de spin 2+ et 3 + . Une analyse plus fine de of dans le groupe ä 40 eV montre Texistence d'une resonance large, 
au-dessous des resonances etroites, caracteristique du couplage faible dans lequel la premiere bosse de la 
barriere de fission (entre les deux minimums) est plus haute que la seconde. 

L'etude des autocorrelations dans oj de 239Pu suggere l'existence d'une structure intermediaire dont 
l'espacement moyen serait de 450 eV environ. L'analyse des resonances jusqu'ä 660 eV montre que la largeur 
moyenne de fission des resonances 1+ decrolt tres rapidement vers 600 eV. II existe done une structure 
intermediaire due ä la voie (ou aux voies) de sortie de fission 1 . Cependant, la presence probable d'auto
correlations dans ox et les variations de la fonction de densite locale en fonction de l'energie n'excluent pas 
la possibility d'une structure intermediaire due ä la voie d'entree. 
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1. INTRODUCTION 

L'accelerateur lineaire d'electrons de 45 MeV de Saclay a ete utilise 
comme source pulsee de neutrons pour 1'etude systematique de certains 
aspects de la fission induite par des neutrons de resonances. 

La methode consiste ä mesurer les sections efficaces totale (crT) et 
de fission (af) par la technique du temps de vol, puis a. les analyser pour 
en extraire des informations relatives au processus de fission (para-
metres de resonances, correlations, structure intermediaire. . . ) . 

Nous presentons ici brievement les resultats relatifs ä la structure 
intermediaire observee dans la section efficace o-f de deux noyaux: 
237Np (non fissile par neutrons lents) et 239pu (fissile par neutrons lents). 

2. NEPTUNIUM-237 

Lorsque l'etude de се noyau fut entreprise, des autocorrelations (alors 
inexpliquees) avaient ete trouvees dans les sections efficaces aT et af de 
235U [ 1 , 2 ] . И fut suggere, par le groupe du MIT [3], que la presence de 
ces autocorrelations pouvait §tre due ä des etats-portes dans la voie 
d'entree. C'est pour rechercher un tel phenomene, dans le cas d'un noyau 
non fissile, et aussi pour avoir plus d1 informations sur la barriere de 
fission, que les sections efficaces aT et af de 237Np ont ete etudiees. 

La section efficace aT est compatible avec le modele statistique habi-
tuel. En revanche, la section efficace af presente un effet t res net de 
structure intermediaire [4-7]. II est visible sur la figure 1 ou la courbe 
experimentale af </E est tracee en fonction de E dans la gamme d'energie 
de 10 eV ä 500 eV. Au lieu d'etre distributes d'une facon reguliere en 
fonction de l'energie (avec un espacement moyen de 0, 5 eV), comme dans 
стт , les resonances apparaissent seulement groupees en touffes au voisinage 
de certaines energies discretes (40 eV, 120 eV, etc.) . L'espacement 
moyen de ces groupes ou Hots de resonances (que nous appellerons simple-
ment «groupes» dans la suite de се travail) est de 50 eV environ, soit ä 
peu pres cent fois plus grand que celui des resonances dans crT . Dans le 
premier groupe, situe ä 40 eV, les resonances sont bien separees et 
peuvent etre analysees. Ce n'est plus le cas pour les groupes situes au-
dela de 150 eV ou la resolution se deteriore rapidement quand l'energie 
augmente. 

La figure 2 represente les histogrammes cumules des largeurs neutro-
niques reduites 2gP^ (courbe A) et des largeurs de fission If (courbe B) pour 
les resonances situees a. basse energie. Vers 40 eV, l'histogramme В 
presente une grande discontinuite, contrairement ä l'histogramme A dont 
la pente n'accuse pas de changement notable. La structure intermediaire 
n'est done pas due a. des etats-portes dans la voie d'entree, mais seulement 
au couplage des etats du noyau compose (correspondant aux resonances 
dans стт) aux voies de sortie de fission qui est plus intense a. certaines 
energies discretes, la. ou apparaissent les groupes. De tels groupes furent 
observes plus tard dans la section efficace de fission au-dessous du seuil 
d'autres noyaux: 240Pu [8], 234U [9] et242Pu [10]. 

L'explication de ее phenomene semble devoir etre trouvee dans les 
travaux de Strutinsky [11] qui ont montreque, pour des noyaux tels que 
237Np, la barriere de fission pouvait comporter deux (ou meme trois) 
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bosses. Entre les deux bosses, done au-dessus du deuxieme minimum 
(pour ß ** 0, 5 a. 0, 6), peuvent se trouver aussi d'autres etats du noyau 
compose (appeles etats de classe II, les etats de classe I se trouvant au-
dessus du premier minimum [12]). En se basant sur ces travaux, Lynn 
[12] et Weigmann [13] ont explicitement propose que les etats de classe II 
pouvaient etre responsables de la structure intermediaire dans la section 
efficace de fission au-dessous du seuil. 

Dans le cas de oj- de 237Np, les groupes tels que ceux qui sont visibles 
sur la figure 1 ne sont pas les seuls a exister. D'autres, de plus faible 
amplitude et done plus difficiles ä deceler, apparaissent neanmoins dans 
le trace en fonction de E de la quantite a'f/Edefinie comme suit: 

_ E? 

a! (E) JE = - ~ I o{ (E1) JW exp 
E l 

Ex et E2 sont les bornes de l'intervalle d'integration centre sur E et 
grand par rapport а ц (ici pris egal a. 4, 3 eV). 

L'un de ces groupes de faible amplitude apparait, par exemple, a. 
87 eV dans la figure 3.A, ou la courbe a\^E est tracee de 15 eV a. 145 eV. 
On peut effectivement le retrouver dans la figure 3.B ou est tracee, dans 
la тёте gamme d'energie, la courbe experimental Ofj'E. 

De tels groupes de faible amplitude ont pu etre mis en evidence grace 
ä une reduction importante du bruit de fond du detecteur [14]. Leur ap
parition ne parait pas etre due ä des effets parasites (defaut de fonctionne-
ment du codeur de temps de vol, diffusion des neutrons par les parois du 
detecteur, etc.) car le groupe a. 87 eV est visible dans deux mesures 
effectuees dans des conditions differentes (detecteurs, longueurs de vol, etc.). 
A moins d'etre due ä des impuretes non detectees, 1*existence de ces 
groupes de faible amplitude semble done reelle. 

La figure 4 represente la distribution integrale des surfaces A de tous 
les groupes observes jusqu'ä 2 keV. On constate un exces de petites 
valeurs de A qui rend la distribution experimentale incompatible avec une 
seule loi en X2, et ceci d'autant plus que le nombre des petits groupes est 
certainement sous-estime. II en resulte que la structure intermediaire 
dans Of de 237Np semble composee de deux families de groupes, d'im-
portance comparable en nombre mais dont la contribution est tres diffe-
rente (le rapport des surfaces moyennes des groupes dans chaque famille 
est egal a. environ 25). Ceci suggere que le couplage des etats de classe I 
aux voies de sortie de fission se fait de deux facons differentes, peut-etre 
par 1'intermediaire de deux barrieres differentes pouvant correspondre aux 
deux etats de spin. Cette hypothese ne peut pas etre verifiee pour le mo
ment. II faudrait, par exemple, montrer que non seulement les resonances 
d'un seul groupe mais aussi que toutes Celles des groupes d'une meme 
famille (en particulier celle des groupes de grande amplitude) ont le meme 
etat de spin. Si eile etait verifiee, une telle hypothese expliquerait pour-
quoi la distribution des espacements des grands groupes est compatible 
avec une loi de Wigner (une seule population) [5, ' 6 ] . 

Le rapport de l'espacement moyen des groupes (done des etats de 
classe II) ä celui des resonances de aT(donc des etats de classe I) permet 
de connaitre la hauteur du deuxieme minimum, si l'on suppose que le 
parametre a, qui entre dans la formule de densite des niveaux sous la 

(E-E'f 
2w2 dE' (1) 
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forme exp 2 «Уа V, est le meine pour des deformations du noyau corres-
pondant aux deux minimums. En choisissant a = 25 on trouve que le 
deuxieme minimum est ä. 2, 7 MeV au-dessus du premier. 

La hauteur et la forme des bosses de la barriere sont plus difficiles ä 
preciser. Par exemple, on ne peut pas, d'apres les parametr.es de reso
nances, distinguer si la premiere barriere (situee entre lesdeux minimums) 
est plus haute (cas dit du couplage faible) ou plus basse (couplage fort) que 
la seconde. Afin d'elucider ce point, dans le cas de 23,Np, nous avons 
analyse le groupe ä. 40 eV suivant une methode proposee par Mottelson [15]. 
Elle consiste ä verifier si la section efficace 0(, dans le groupe considere, 
peut etre reproduite fidelement ä partir des resonances etroites connues 
qui le composent. La figure 5 montre le meilleur accord qui a ete obtenu, 

'Of'v/Ete.eV1*) 

FIG.3. Section efficace de fission (multipliee par /E) de 237Np tracee en fonction de l'energie E des 
neutrons incidents de 15 eV ä 145 eV. 
Courbe A : valeurs moyennees ol /E (voir texte). 
Courbe В : valeurs non moyennees Of/E. 

http://parametr.es
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FIG. 4. Distribution des aires des groupes de resonances. 
B: Histogramme experimental. 
C: Loi en x^ (v = 4) ajustee sur les plus grandes valeurs de A. Noter la discontinuity dans l'abscisse 

entre 50 b-eV3/ 2et 105 b- eV3/2. 

par la methode des moindres carres, entre les points experimentaux et 
une courbe theorique. On constate que, entre les resonances importantes 
du groupe, les points experimentaux sont systematiquement au-dessus de 
la courbe theorique. II ne semble pas que les resonances qui sont manquees 
dans <TT puissent jouer un r61e important dans df puisque leurs largeurs 
neutroniques sont faibles. Pour que la courbe theorique corresponde 
mieux aux points experimentaux, il faut admettre l'existence d'une reso
nance large au-dessous des resonances etroites. Cette analyse montre 
que, dans le cas du noyau compose 238Np, nous serions devant un 
couplage faible [15] et que cette resonance large serait la petite compo-
sante, en classe I, de l'etat de classe II responsable du groupe a 40 eV. 
La forme de cette resonance large semble d'ailleurs dissymetrique, ce 
qui peut etre explique par un effet d1 interference avec les resonances 
larges similaires des grands groupes voisins (ceci suppose que ces reso
nances larges et done ces groupes eux-memes sont du meme etat de spin). 
L1 allure de la section efficace peut suggerer aussi que le groupe et la 
resonance large a 40 eV sont doubles; il у aurait alors deux groupes et 
deux resonances larges vers 30 eV et 40 eV. 
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FIG. 5. Ajustement des points experimentaux par une courbe theorique dans le groupe de resonances ä 
40 eV. 

+ Points experimentaux. 
— Courbe theorique (resonances etroites seulement) 

Courbe theorique (resonances etroites et resonance large ayant Г = 9 eV) 
Les courbes theoriques ne sont pas corrigees du faible effet de l'impurete 239Pu. 

Dans le cas du couplage faible, on a les re la t ions suivantes [16] : 

1 
T„ N,.N + N,. 2 2irp2 V (A) ±4(B) (2) 

<r f>- 27rp1 

N(A) X N ( B ) 

N ( A ) + N(B) 
(3) 

y\ l a rgeu r totale de l1 etat de c lasse II 
densite des e ta ts de c lasse I 
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p2 = densi te des etats de c l a s se II 
<Tf)>= l a rgeur moyenne de fission des resonances e t ro i tes observees dans crT 

N(A) = nombre effectif de voies de sor t ie pour la p r e m i e r e b a r r i e r e 
N(B) = nombre effectif de voies de sor t ie pour la deuxieme b a r r i e r e . 

Dans le cas de la fission induite dans 2 3 7Np: 

<r f > ~ 0, 2 meV (4) 

72* ~ 7 eV (5) 

1/ft * 1 eV (par etat de spin) (6) 

l / p ** 50 eV (pour une famille de groupes seulement) (7) 

On en deduit a i sement : 

V) N A - 1, 25 X 10"3 Nm « 0, 87 (8) 

La va leur de N(A) correspondant a. la p r e m i e r e b a r r i e r e , supposee 
e t r e ici la plus haute, montre que ftw ** 600 keV, va leur compatible avec 
l ' a l lu re de af au voisinage du seuil qui apparalt pour des neutrons d'une 
energie de 650 keV. 

Le sommet de l a deuxieme b a r r i e r e se ra i t , d ' ap re s la va leur de N(B), 
a. une energie infer ieure de quelques centaines de keV ä l' energie de 
l ia ison du neutron dans 2 3 8Np. 

3. PLUTONIUM-239 

La s t ruc tu re in te rmedia i re dans la sect ion efficace de fission au-
dessous du seuil peut egalement ex i s te r dans oj d'un noyau fissi le si la 
contribution de cer ta ines voies de sor t ie de fission, dont les e ta ts de 
t rans i t ion sont au -dessus de l ' energie de l iaison du neutron, es t assez 
impor tante [5 ] . C'est le cas de 2 3 9Pu pour lequel le p r e m i e r etat de 
t rans i t ion 1+ dans le noyau compose 240Pu est ä environ 2 00 keV au-dessus 
de l ' energie de l ia ison du neutron [17] . La section efficace <У{.+ , due ä la 
voie (ou aux voies) 1+, peut done p r e s e n t e r un effet de s t ruc tu re in te r 
media i re con t ra i rement a. o-f0+, due a. la voie (ou aux voies) 0+ , puisque le 
p r e m i e r etat de t rans i t ion 0+ est a. 1, 6 MeV au-dessous de l ' energie de 
l ia ison du neutron. Neanmoins, dans la sect ion efficace te l le qu 'el le es t 
m e s u r e e , toute s t ruc tu re in te rmedia i re dans oj+ est masquee par les 
fluctuations de of + , d 'autant plus que crfo+ est , en moyenne, plus importante 
que crf1+. 

L ' examen visuel de la sect ion efficace <J{, mesu ree ä 77°K et avec une 
resolut ion nominale de 1 n s / m , montre qu 'e l le comporte des groupes de 
hautes resonances emergeant d'une sect ion efficace res idue l le assez im
por tante [18] . Le calcul d 'autocorre la t ion confirme, en effet, que 0f n 'es t 
pas compatible avec un modele s ta t is t ique s imple . Le coefficient d 'auto
cor re la t ion r k [1 ] , calcule pour W = 10 eV dans la gamme 4 eV - 2004 eV, 
es t t r a c e en fonction de к dans la figure 6. 
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(section efficacy de fission de 4 a 2004 eV) 
W:10eV 

0,I0 

-0,10-

-0,20 

FIG. 6. Autocorrelogramme i^ trace en fonction de к. Les lignes verticales representent les barres 
d'erreur (erreur d'echantillonnage). 

L1 allure de 1'autocorrelogramme ainsi obtenu, ou гь prend des valeurs 
nettement differentes de zero et superieures aux barres d'erreur, suggere 
1'existence d'une structure intermediaire dont l'espacernent moyen serait 
de 450 eV environ, resultat tout ä fait semblable a. celui obtenu indepen-
damment ä Harwell [19]. 

L'origine de cette structure intermediaire peut difficilement etre 
determinee.par l'etude des autocorrelations dans fff, d'autant plus qu'elles 
semblent exister aussi dans aT. Ceci voudrait dire que la voie d'entree 
joue un certain role dans la structure intermediaire observee dans af. II 
est possible d'etudier separement les contributions respectives de la voie 
d'entree et des diverses voies de sortie de fission grace a. la qualite actuelle 
des mesures de стт et de <Xf qui permet d'obtenir les parametres de reso
nances jusqu'a une energie de 660 eV [20], done dans une gamme d'energie 
superieure a. l'espacement de la structure intermediaire. Pour connattre 
la variation des proprietes statistiques des parametres en fonction de 
l'energie, nous avons fractionne la gamme de 0 ä 660 eV en six intervalles 
de 110 eV et nous avons trace la distribution des largeurs de fission pour 
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chacun d'eux. Les six h i s tog rammes ainsi obtenus ont tous la meine a l lure 
et sont consti tues pa r la superposi t ion de deux families correspondant t r e s 
cer ta inement aux deux e ta ts de spin [21 J. 

La valeur moyenne de 1^, pour les deux etats de spin 0 + e t l+ , va r i e 
a lors de l a facon suivante (voir auss i [22]): 

E (eV) 

0-110 
110-220 
220-330 
330-440 
440-550 
550-660 

< r f >o+ (meV) 

2100 
1600 
2400 
2500 
1800 
1600 

< r f > 1 + 

30 
64 
36 
36 
25 

6 

Pour l 'obtention de tous ces r e su l t a t s , une contribution egale a 
Гу = 3, 5 meV, correspondant au p rocessus (n, Y f)[23], a ete r e t r anchee des 
l a r g e u r s de fission obtenues par l1 analyse de forme des sect ions efficaces. 

On constate que les var ia t ions re la t ives de <[If ^>0+sont faibles. D'a i l -
l eurs e l les ne sont pas significatives ca r les resonances 0+ sont t r o i s fois 
moins nombreuses que les resonances 1+ d'une part , ce qui redui t d 'autant 
1'echantillonnage, et d ' au t re par t sont t r e s l a rges , ce qui ent ra tne une 
grande imprec i s ion dans l a determinat ion de IJ . 

Les var ia t ions de ^ I f ^+son t , au con t ra i re , t r e s impor t an te s . Ceci 
es t visible sur les h i s togrammes des figures 7 et 8 re la t i fs aux in te rva l les 
110-220 eV et 550-660 eV pour lesquels < I J \ + p r e n d les va leu r s ex t r emes 
respec t ivement egales ä 64meVet 6 meV. On note la diminution spec ta-
cula i re de <(Г^> +dans l ' in terval le 550-660 eV. El le es t visible a. la com-
para i son des sect ions efficaces aT et a f . Vers 600 eV, les resonances 
e t ro i tes de Of sont toujours v is ib les mais fortement attenuees dans Of, 
a lo r s que les r e sonances l a rges appara issent dans ces deux sect ions effi
caces avec des ampli tudes comparables (figure 9). Ceci n 'es t done pas du 
a. l ' e l a rg i s semen t de l a fonction de resolut ion, et d 'autant moins que de 
nouvelles resonances e t ro i t e s appara issent dans crT et <rf au-de la de 660 eV. 

La p resence d'une s t ruc tu re in te rmedia i re dans CTf est done confirmee 
par cette analyse qui, de plus, p r ec i se qu'el le provient de la voie (ou des 
voies) de sor t ie 1+ . Cependant, i l n ' es t pas exclu qu' i l existe aussi une 
s t ruc tu re in te rmedia i re due ä la voie d 'en t ree car , d'une par t , des auto
cor re la t ions sont t rouvees dans aT et, d ' au t re par t , la fonction de densi te 
locale, calculee pour chacun des six in terval les de 110 eV definis plus 
haut, accuse des va r ia t ions , non c o r r e l e e s avec Celles de ^ I f ^ e t moins 
impor tan tes , ma i s supe r i eu re s aux b a r r e s d ' e r r e u r . La brusque diminution 
de < ( r f \ + v e r s 600 eV explique la dec ro i s sance bruta le de oj a. cette energie 
et verif ie l 'hypothese que nous avions avancee [5] selon laquelle ce fait 
exper imenta l pouvait e t r e du a. une s t ruc tu re in t e rmed ia i r e dans la pa r t i e de 
<Tf due a la voie (ou aux voies) 1+. Cet effet s 'accompagne d'une augmentation 
de a = ac/crf d'autant plus importante que toute diminution de К.ЦУ provoque, 
en moyenne, non seulement une diminution de oj ma i s auss i une augmentation 
d e <?c. 

La modulation de < r f )>^ en fonction de 1' energie peut e t r e in te rp re tee 
comme provenant du couplage des resonances e t ro i tes (correspondant a. des 
e ta ts de c lasse I) a un (ou plusieurs) etat(s) de c lasse II et de spin 1+ dont 
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B(<rf >=1.6eV:V =«) 

FIG.7. Distribution des largeurs de fission des resonances de Pu situees dans la gamme d'energie 
110 eV-220 eV. N est le nombre de resonances ayant une valeur de VTf (meVp superieure ä l'abscisse. 

A. 
B. 
С 
D. 

Distribution en 
Distribution en 

<rf> 
<Г^> 

; 64 meV (famille des resonances etroites). 
: 1, 6 eV (famille des resonances larges). 

Distribution globale, somme des distributions A et B. 
Histogramme experimental. 

В(<Г, >.1.6eV,»>1> 

Distribution des largeurs de fission des resonances de Pu situees dans la gamme d'energie 550 eV-

2 : и = i_ <̂  Tfy = 6 meV (famille des resonances etroites). 

FIG.8. 
660 eV. 
A. Distribution en 
B. Distribution en 
C. 
D. 

v2 . 
Distribution globale, somme des lois A et B. 
Histogramme experimental. 

/ 1 V \ = 1,6 eV (famille des resonances larges). 



318 PATA et al . 

FIG.9. Sections efficaces de M9Pu de 500 eV ä i 
A. Section efficace totale. 
B. Section efficace de fission. 

la largeur totale serait de quelques centaines d'eV. A basse energie, le 
couplage est voisin de sa valeur maximale et les parametres de fission 
alors obtenus ne sont pas representatifs de l'ensemble de l'interaction 
239pu (n,f). Pour се faire, il faut etudier une gamme d'energie nettement 
superieure a l'espacement des groupes de la structure intermediaire. 

4. CONCLUSION 

L'effet de structure intermediaire qui est evident dans cxf de 231Np a 
pu egalement etre clairement mis en evidence dans oj de 239Pu. Pour ces 
deux noyaux, il est du a une (ou des) voie(s) de sortie de fission. 

Dans le cas de 237Np 1'existence de groupes de faible amplitude sug-
gere qu'il existe en fait deux types de structure intermediaire pouvant 
provenir de deux couplages differents aux voies de sortie de fission (peut-
etre dus a. deux barrieres assez differentes pour les deux etats de spin 2+ 

et 5й"). L'analyse du premier groupe a 40 eV montre l'existence d'une re-
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sonance tres large, au-dessous de 1' ensemble des resonances etroites, 
caracteristique du couplage faible (premiere barriere de fission plus haute 
que la deuxieme). 

Dans le cas de 239Pu, 1'analyse de plus de 250 resonances a montre 
l'existence d'une structure intermediaire due ä la voie (ou aux voies) de 
sortie de fission 1+. Mais l'etude des autocorrelations et la variation de la 
fonction de densite locale en fonction de l'energie n'excluent pas la presence 
d'une autre structure intermediaire due a la voie d1 entree. Des etudes plus 
completes sont necessaires pour preciser ce dernier point. 
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DISCUSSION 

J. P. THEOBALD: The small Ц values of the enhanced resonances of 
the first resonance group in the 237Np (n, f) cross-section (around 38 eV) 
and the assumption that the capture widths of these resonances are not 
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extremely small suggest that the components of the (n, y, f) process should 
be sought in these resonances. The gamma-decay takes place inside the 
second Strutinsky potential minimum leading to the shape isomer level. 
This isomer would then decay within a time comparable with the time 
spread of the resonances in the time-of-flight spectrum (some 100 ns). 
If this reasoning is correct, the rf values should contain the components 
of Ц. 

A. M1CHAUDON: I think that qualitatively you are right. However, 
in the particular case of 237Np, as I have just shown, the effect you mention 
is very weak. The average value of IJ for the class-I resonances of the group 
at 40 eV is actually about 1 meV. The wide class-II resonance has a total 
(i. e. fission) width of about 10 eV; this must be compared with its radi
ative de-excitation width in the well above the second minimum, which is 
about 10 meV, namely a thousand times lower. The value of the Iyf width 
for the class-I resonances and for the process which you describe is thus 
also a thousand times lower than their fission width, i . e . negligible. 

J . J . SCHMIDT: I would like to mention briefly the results of statis
tical theory calculations which I performed very recently on the quantity 
a = ffy/c-f for 239pu for energies below about 2 keV at which s-wave processes 
predominate. The experimental a-values at these energies show a rather 
regularly fluctuating structure, which can be explained unequivocally by 
corresponding fluctuations in the fission widths of the 1+ resonance component 
of the fission cross-section. The T31 values so obtained are of the same 
magnitude as those obtained from the resolved resonance measurements 
reported by Michaudon and thus support his results and conclusions regarding 
the intermediate structure of the 1+ s-wave sub-threshold fission of 239Pu. 

E. MIGNECO: Dr. Michudon, your very interesting results on 237Pu, 
which permit a direct observation of the intermediate structure deduced 
previously by autocorrelation analysis, are a proof of the usefulness of 
this method for qualitative detection of similar effects. The broad structure 
which seems to underlie the first group of resonances in 237Np attains 
values of only about 0. 03 b. Can you please tell me what background 
corrections you had to apply there? 

A. MICHAUDON: The wide resonance which appears below the 
narrow resonances of the group at 40 eV has a surface which is about 8% of 
the sum of all the others. It emerges clearly below the residual cross-
section outside the group, which is often lower than 1 mb. As I pointed 
out in my presentation, this measurement, whichwas performedin June 1967, 
was made with a detector specially designed to give very low background 
noise. In several calculations, the number of counts was actually zero. 

As regards the statistical criterion which, applied to the autocorre
lations, enables us to deduce the presence of intermediate structure, I 
can only refer you to Dr. Perez' paper (SM-122/121). In our work we 
observed autocorrelations not only in af but also in aT. If we confined our
selves to these results only, we would be tempted to deduce that the inter
mediate structure came from the entrance channel. But microscopic 
analysis of resonances up to 660 eV demonstrates the existence of an inter
mediate structure due to the exit channel of fission, J+. I cannot but agree 
with Dr. Perez that the autocorrelations should be interpreted with great 
caution, at least for the time being. 
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Abstract 

EFFECTIVE К QUANTUM NUMBERS IN FISSION OF ORIENTED Z»U . The angular anisotropy of fission 
fragments produced in neutron-induced fission of aligned 23% nuclei has been measured for neutron energies 
between 0.3 eV and П 5 eV, using time-of-flight techniques at the pulsed 45 MeV electron linear accelerator 
at Saclay. The low-temperature nuclear-alignment apparatus used was a modified version of the apparatus 
described at the Salzburg conference, and gave an average temperature of 0.61 К for the four U02RbCNOj)3 

single crystal samples during a measurement period of approximately 220 h. The flight path was 5 m and the 
election pulse length was 100 ns. Multilevel fits to the observed 0" and 90° fission cross-sections have been 
made using the Adler and Adler formalism with the aid of a program developed by G. de Saussure. The most 
striking result obtained in the analysis of some 16 of 100 levels or groups of levels is a strong correlation be
tween small fission width and an effective value of К з J . AH 5 resonances in the group of 16 for which results 
are final, for which К = J is deduced, have exceptionally small widths. This result suggests that the small 
widths are associated with a large rotational energy and consequent diminution in available deformation 
energy, so that these 5 resonances are effectively sub-threshold resonances; such a suggestion is quite in 
accord with the ideas of Bohr. The preponderance of other resonances so far analysed have effective К values 
of 1 or 2. An analysis of all resolvable resonances is presented. 

1. INTRODUCTION 

As discussed at the earlier conference [1], the effective value of the 
К quantum number in the transition region of fission can be inferred from 
a study of the angular distribution of fission fragments from aligned nuclear 
targets. A considerable extension of the earlier work has been made by 
changing from the reactot—crystal monochromator neutron source to a time-
of-flight system at the Saclay 45-MeV electron linear accelerator, which 
permitted simultaneous measurement over a range of neutron energies 
with fairly good neutron energy resolution. 

2. RESUME OF THEORY 

The basic assumption is that the angular distribution of the fission 
fragments is the same as the angular distribution of the nuclear symmetry 
axis during the relatively long period spent by the nucleus in the transition 
region. This assumption, and the use of symmetric-top wave functions 

* Research jointly sponsored by the US Atomic Energy Commission under contract with the Union 
Carbide Corporation and by Centre d'Etudes Nucleaires. 
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D M K (<*< ß - У) t o desc r ibe the pert inent angular dis t r ibut ions of the axis of 
symmet ry of the target and compound nuclei and the populations of the 
var ious M s ta tes (known, at leas t approximately, from the type and amount 
of init ial nuclear alignment) leads to an express ion 

W(j3)=l + ^ P 8 ( c o s / 3 ) (1) 

for the angular anisotropy of the fission f ragments . In the present case the 
amount of alignment is proport ional to 1/T, the absolute t e m p e r a t u r e . The 
coefficient A2 has a dependence for pure K'.s, with no in ter ference effects 
[2] given by 

A2 oc [ 3 K 2 - J ( J + 1)]/[J(J + 1)] (2) 

where J i s , of course , the total angular momentum quantum number of the 
compound nucleus . There are. a lso numer ica l factors depending only on 
the target nucleus spin I and the coupling constant P, which is a measu re 
of the nuclear quadrupole moment -c rys ta l l ine e lec t r ic field gradient which 
leads to the nuclear alignment in the U0 2 Rb(N0 3 ) 3 c rys ta l [3]. The 
previous work [1] c lear ly showed that no higher t e r m s than P2 (cosß) can 
be p resen t in the angular dis tr ibut ion. Accordingly, in the present ex
pe r imen t s and in other measu remen t s at very low neutron energies [4] a 
sys tem of de tec tors at 0° and 90° to the c rys ta l с axis were used. Table I 
gives the expected values of the expected ra t io of counting r a t e s at 0° and 
90° angles to the c rys ta l с axis , based on a value of Phc /k = 0. 0154°K [3] 
for var ious pure J, К values in 235TJ a n c j a t empe ra tu r e of 0.79°K. 

TABLE I. EXPECTED RATIO OF COUNTING RATES AT 0° AND 90° 

К 1=3" 1=4-

0 1.153 Parity forbidden 

±1 1.114 1.129 

±2 1.00 1.060 

±3 0.83 0.950 

±4 0.81 

3. APPARATUS AND EXPERIMENTAL ARRANGEMENTS 

Cryos ta t . The cryos ta t was a modified vers ion of the 3He continuous-
flow re f r ige ra to r c ryos ta t previously repor ted [1]. The major changes 
were (1) provision for mounting four c rys ta l s and four de tec tors s imu l 
taneously, (2) substi tution of a s ta in less s teel expansion frit for the needle 
valve used previously in the sHe circulat ion sys tem, and (3) inc rease by 
a factor of 2 in 3 He circulat ing forepump capacity. This appara tus was 
flown to the Saclay labora tory . 
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TABLE II. OPERATING CONDITIONS 

Electron beam burst length 
Electron energy 

Peak beam current 
Repetition rate 

Effective average power into 235 U target 

Moderator 

aIncludes effect of downtime due to dropouts, etc. 

Linear Accelerator. The cryostat was mounted in a flight path (No. 2) 
18° forward from the normal to a polyethylene slab moderator which was 
adjacent to the water-cooled natural-U metal linac target, at the shortest 
available distance from the moderator (5 m). 

Operating conditions for the linear accelerator are given in Table II. 

Beam Collimation and Shielding. A converging aluminium cone 3 m 
long surrounded by B4C served as the main beam collimator. This was 
followed by a 2-in.-thick Pb disk with a central hole of 70 mm diameter, 
and final collimation (also conical), made of 20 cm of LiF-loaded epoxy 
and 15 cm of Pb, reduced the beam at the entrance to the cryostat to 
30 mm diameter. A layer of Cd (0. 5 mm) surrounded the lower end of the 
cryostat and was in turn surrounded by borated paraffin (10 cm). This r e 
duced the background fission rate from external neutrons to a negligible 
value. The collimation was, however, inadequate for higher-energy 
neutrons, and a small residual fission background was deduced to have 
existed. 

Beam Filter. A beam filter located in the final collimation section 
consisted of 69 mg/cm2 of cadmium plus 131 mg/cm2 of natural gadolinium 
metal plus 20 mg/cm2 of 15,?Gd in liquid form as gadolinium nitrate in a 
solution of DN03. This beam filter was designed to give a sudden cutoff in 

-neutron intensity at about 0. 2 eV. The gadolinium portions served to fill 
the broad dip in the cadmium neutron cross-section in the neighbourhood 
of 0. 04 eV. Thus the calculated neutron intensity was reduced to at most 
6% of the intensity at 0 .35-0 .4 eV for all times greater than 850 ßs 
after the electron pulse at the neutron target distance of 5 m. Thetimes be
tween ~860 /us and 960 jus after the electron pulse were used to measure 
alpha particles which were spontaneously emitted by the 235U. In this way 
an independent measurement of the degree of nuclear alignment actually 
obtained was available. The degree of alignment can be stated in terms of 
an "effective temperature" at the active surface of the sample crystals. 

Sample Crystals. As in the earlier works [1, 4] the sample crystals 
were single crystals of 238U02Rb(N03)3 with a thin coating of 
235U02Rb(N03)3 grown on the outer surface from hot HNO3 solution [5]. 

The sample crystals were mounted in the collimated neutron beam 
from the accelerator and were attached thermally to a copper plate cooled 
to 0.61°K (average). The crystals were enclosed in a gastight can which 
served to contain a low pressure of cold 3He gas for heat exchange, thus 

100 nsec 
45MeV 

280 mA (typical) 
1000 pps 

0.9 KWa 

20 x 20 x ~ 3 cm 
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ensuring temperature equilibrium between the crystal surfaces and the cold 
plate. The cold ca^i, of fluorothene plastic, acted as its own gasket. To 
permit egress of the fission fragments and alpha-particles, a total of 
30 cm2 of apertures were cut in its walls and covered with 40 pig/cm2 of 
VYNS film (six layers) and 50 /jg/cm2 of gold [6]. The energy loss for 
fission fragments was ~ 4 MeV. At 1. 6°K, an additional surround of 
nickel (133 /jg/cm2) with an evaporated coating of gold (50 /ug/cm2) served 
as a radiant energy reflector and caused an additional loss of similar 
amount in fragment energy. 

Detectors. The detectors were mounted at 90° intervals around the 
crystals and cryostat vertical axis and carefully aligned so that two de
tectors were along the c-axis direction of the crystals and two were per
pendicular to the axis. These were called the 0° and 90° detectors, 
respectively. The neutron beam passed between detectors; since only 
s-wave neutron capture is involved, the beam direction was inconsequential. 
The detectors were masked with aluminium collimators to give each an 
effective area of 5. 25 cm2; each was made of 450-ohm-cm n-type silicon 
and designed to be operated at the low temperature (81CK) used [7]. 

Electronics. A block diagram of the electronic system used is shown 
in Fig. 1. Separated chains with preamplifier, amplifier, integral dis^ 
criminator, and linear gate were used for each detector so that the signal 
from a given detector would be accompanied by its own noise only. Be
cause of the intense burst of gamma-rays accompanying each linac pulse, 
a scattered gamma-ray pulse was produced in each detector at time to of. 
~ 2000 MeV equivalent. A modification of the preamplifier for reduced, 
gain and fast return to the base line [8] avoided overload and permitted 
(with the help of a base-line restorer) normal operation within 20 - 25 jus 
after the gamma flash. Line noise elimination was ensured by a "two out 
of five" coincidence circuit (output E in Fig. 1) which blocked the output 
of the combined discriminator and single-channel analyser. The syn
chronizer input pulse into the line noise circuit was added when it was dis
covered that during dropouts (and startup and shutdown of the accelerator) 
gamma flash pulses could trigger one detector alone instead of four simul
taneously; this led to false counts in the scalar monitoring system. The 
single-channel analyser was chosen for its particularly stable channel 
limits [9] and was .modified so that the upper limit of the channel served 
also as an integral discriminator lower limit. Thus pulses greater than 
the upper level were taken as fission fragments and pulses within the 
channel were taken as alpha-particles. This discrimination, together with 
the time gating system, gave essentially complete separation of the two 
types of particles. The shape of the alpha spectrum was an indication of 
the average 235u layer thickness (~ 2 mg/cm2) . The upper A24 limit was 
set at approximately 5 MeV; the fission spectrum was measured (at low 
gain) to extend to ~ 75 MeV, but the gains were set so that the main 
amplifiers saturated at ~10 MeV, since the (thick source) fission spectrum 
itself was quite flat and featureless. ' ' 

For purposes of monitoring scalars were provid'ed as shown in Fig. 1. 
Timed data was stored in a 4096 (212) channel core memory which was 
used as a multiscalar. The address was advanced by a time encoder [10] 
which permitted, by means of a diode plug-in board, the selection of a 
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TABLE III. 

Period No. 

Initial delay 

1 

2 

3 

4 

5 

6 

7 

Total 

TIMING PROGRAM 

Length 
(units of 3.2 us) 

8 

10 

10 

26 

35 

40 

61 

110 

300 

Length 
CMS) 

25.6 

32 

32 

83.2 

112 

128 

195.2 

352 

960 

No. of 
channels 

640 

320 

416 

280 

160 

122 

110 

2048 

Width 
(ns) 

50 

100 

200 

400 

800 

1600 

3200 

t iming p rogram as shown in Table III. Only the last 31 channels were 
occupied with the a lpha-par t ic le information. A routing signal from the 
summed 90° d i sc r imina to r s (signal C, F ig . 1) served to place all 90° in
formation in the "second half" of the BM96 core memory by setting the 
2 1 1 bit in the a d d r e s s . Thus 0° and 90° data were t reated in exactly the 
same way except for the data s torage location. Provis ion was made for 
periodic (usually daily) readout of the contents of the BM96 onto magnetic 
tape via the CAE 510 computer located in the linac building at Saclay. Each 
of these read-outs was called a " run" . Subsequent manipulation of the 
data (e .g . summation of runs , background generation and subtraction, 
e tc . ) was ca r r ied out on the CAE 510, using the r a the r l a rge p r o g r a m m e 
l i b r a ry which had been previously developed [11]. 

4. RESULTS 

In addition to background, calibration, and normal izat ion runs at "high" 
t empera tu re (4. 2°K), a total of 17 acceptable runs were ca r r i ed out at low 
t e m p e r a t u r e s between 0.70 and 0.48°K. The total t ime included in these 
runs was approximately 220 hr, and the average t empera tu re was c a l 
culated (after weighting with total counts in each run) to be 0. 61 °K. How
ever , it was found that the average effective t empera tu re of the sample 
c rys ta l surfaces was 0,79°K, as determined from the a lpha-par t ic le 
anisotropy. Unhappily, because of an acce le ra to r shutdown at Saclay, 
incomplete data were obtained in the h igh- tempera tu re cal ibrat ion runs , 
and r e s o r t was made to a normalizat ion of the data to the e a r l i e r r e su l t s 
at low neutron energies [1 ,4 ] . A degree of uncertainty thus exis ts in the 
absolute values of effective t empera tu re and degree of alignment [3], but 
the relat ive r e su l t s from resonance to resonance a r e unquestionable. 

The average value of the 0°/90° fission ra t io for al l fission events 
recorded was 1. 089, which, from Table I, cor responds to an average 
effective К quantum number of ~ 1 . 2 2 (J = 3) or ~ 1 . 5 8 (J = 4). 

The most s tr iking single resu l t is associa ted with a very smal l 
resonance at 4. 85 eV (see Fig . 2). In this case , the 0°/90° ra t io was 
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T I I I 1 1 I 1 1 1 1 I 1 Г 

SACLAY LINAC 

1 Q 2 I I I I I I _ J I l _ I I I I L 1 
0 2 4 6 8 10 12 14 

NEUTRON ENERGY (eV) 

FIG.2. Example of гз5и cross-sections as measured at 0° and 90° to c-axis of 235U02Rb(N03)3 crystals 
held at 0.61°K. The ratio of the areas for a given resonance peak is a measure of the K-quantum number 
in the transition region. Points are data; smooth curve is a least-squares fit to data (see text). Misfit at 
2.7 eV is unimportant; a resonance in the beam filter distorts the data near this energy. The plot is scaled 
to 0.4 us/channel. 
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Semilogarithmic scale; total area = 46 units. 
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certainly less than 1. This effect was clearly visible in every single run 
as well, and corresponds to the K~ J case in Table I. A good determina
tion of the ratio of the 0° and 90° peak areas is rather difficult, but the 
qualitative result is quite obvious and reliable. 

Analysis. Because of uncertainties in background subtraction, a 
simple determination of the ratio of peak heights or of the total integral 
count between energy limits is inadequate. An accurate determination of 
the background would have required additional data with "black resonance" 
filters; one such resonance in the !57Gd filter appears at ~ 2. 7 eV (Fig. 2). 
The accelerator shutdown in May and June 1968 prevented such measure
ments, as well as sufficient "high" temperature normalization runs, as 
mentioned above. 

TABLE IV. RESULTS OF LEAST-SQUARES FIT ANALYSIS 

Gf 

1.73 

20.95 

11.56 

10.57 

9.18 

91.02 

106.2 

192.8 

79.98 

6.68 

0.83 

9.95 

16.61 

30.59 

15.93 

177.2 

103.1 

555.9 

597.6 

120.6 

35.34 

6.09 

35.91 

En 

• 4.84 

49.5 

10.76 

12.85 

13.65 

21.07 

42*4 

48*3 

14.0 

18.98 

2.03 

3.61 

6.39 

40.5 

9.29 

• 8.77 

• 12.40 

• 51*5 

• 35*5 

46.9* 

16.66 

14.55 

22.94 

0°/90° 

0.552 

0.63 

0.86 

0.847 

0.86 

0.93 

0.92 

0.97 

1.006 

1.009 

1.029 

1.030 

1.022 

1.04 

1.04 

1.042 

1.041 

1.044 

1.046 

1.045 

1.047 

1.049 

1.054 

Ö 

0.053 

0.20 

0.026 

0.033 

0.042 

0.012 

0.022 

0.017 

0.009 

0.17 

0.027 

0.010 

0.011 

0.10 

0.017 

0.005 

0.008 

. 0.010 

0.005 

0.023 

0.018 

0.11 

0.026 

Gf 

22.44 

138.4 

193.3 

22.87 

5.90 

3.01 

111.8 

69.42 

6.69 

10.07 

14.11 

9.19 

9.60 

212.6 

23.95 

41.49 

291.0 

69.31 

13.89 

22.70 

12.53 

135.2 

95.21 

En 

24.23 

25.65 

39.5* 

35.75 

3.16 

5.42 

23.5* 

26.44 

1.14 

6.23 

7.08 

13.30 

10.16 

44*5 

16.09 

18.04 

• 19.3 

27.81 

11.66 

15.42 

30.6 

32.1 

33.5 

0790° 

1.052 

1.056 

1.056 

1.059 

1.069 

1.069 

1.082 

1.081 

1.088 

1.089 

1.091 

1.091 

1.11 

1.11 

1.121 

1.127 

1.124 

1.135 

1.15 

1.148 

1.23 

1.22 

1.26 

о 

0.041 

0.011 

0.014 

0.11 

0.017 

0.031 

0.012 

0.018 

0.005 

0.015 

0.014 

0.041 

0.026 

0.014 

0.023 

0.017 

0.004 

0.019 

0.025 

0.023 

0.20 

0.014 

0.019 

Note: Filled circles indicate prominent resonances; asterisks denote groups; the number after the asterisk is 
the number of levels in the group (if exceeding two). 
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To take account of tails from other resonances at a given energy, 
multilevel fits to the data are required; since the parameters of the fission 
resonances in 235fj a r e relatively well known [12], this task is somewhat 
simplified. A fitting programme which was developed by G. de Saussure 
and utilized to make a simultaneous fit to the capture and fission cross-
sections (i .e. using common values for the energies and total width) is 
thus ideally suited to make a simultaneous fit to the 0° and 90° data. This 
programme is based on the Adler and Adler formalism [13] which repre
sents interference terms by means of a skew function added to the sym
metric part of each resonance. The formalism is ideal for the present 
application, since the integral over the skew function is zero. 

Results of this analysis for 46 resonances (or groups) below ~ 50 eV 
are presented in Table IV and Fig. 3. In Table IV, the first column is the 
value of Gf [13] in barn-eV3/2 as obtained by de Saussure et al. [12]. 
Filled circles are included to indicate the 4.84 eV resonance mentioned 
above and a number of prominent resonances. Note the grouping near the 
values of 0°/90° ~ 1. 04, and the clear separation from the values for 
4. 84 and 19.3 eV. Asterisks denote groups; the number after the asterisk 
is the number of levels in the group if more than 2. Values of a (standard 
deviation on 0°/90°) are equivalent to 1. 5 times the statistically expected 
standard error in the ratio. A plot of a vs E3/2/Gf was used to simplify 
the determination of a from values determined in representative cases. 

The distribution of the К-values, as shown in Fig. 3 seems difficult to 
explain in terms of the theory of Bohr [14] when the fission barrier has 
one single hump only. If this approximation is used, the distribution of 
the K-values can be determined if the spectrum of transition states at the 
saddle point usually obtained from the analysis of (d, pf) data is known. 
Still in the case of a single-hump fission barrier, the analysis carried out 
by В ritt [15] who takes a rather low value of ftu (hu =0.35 MeV), indicates 
that the octupole bands are at the following energies (relative to the neutron 
binding energy): 

K=0" -0 .80 MeV 
К =1" - 0 . 35 MeV 
К = 2- -0 .20 MeV 

Britt already noticed that this scheme of transition states is not ap
propriate to an explication of data obtained with resonance neutrons 
(Neff =0.5 and v = 25. 3). 

If the same spectrum is used to interpret our results, then we should 
obtain a broad distribution covering about equally the values of К from 0 
to 2. On the contrary, the values of К obtained from our experiment are 
lumped around a value between 1 and 2. If the spectrum of transition states 
is modified by raising the К = l"and 2" bands while keeping the К = 0" at the 
same energy, then the experimental results should show a predominance of 
the contribution of К = 0 over that of К = 1 and К = 2, which is not observed. 
Rather, the К = 1 and К = 2 components are more important than К = 0. 

Values of К greater than 2, corresponding to values of 0°/90° smaller 
than 1 ( i .e . K~ J) are observed only for small fission resonances, indeed 
so small as to be difficult to analyse. 

In conclusion, the single-hump fission barrier seems inadequate to 
explain the experimental distribution of К values. A more detailed 
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a n a l y s i s n e e d s t o b e p e r f o r m e d n o t o n l y o n t h e s e r e s u l t s b u t a l s o o n r e s o 
n a n c e n e u t r o n a n d (d , p f ) d a t a , u s i n g o u r p r e s e n t k n o w l e d g e o f m o r e s o 
p h i s t i c a t e d f i s s i o n b a r r i e r s , s u c h a s t h o s e d e s c r i b e d b y S t r u t i n s k y [ 1 6 ] . 
O n e c a n t h e n s p e c u l a t e a b o u t t h e c o u p l i n g o f c l a s s - I c o m p o u n d n u c l e u s 
s t a t e s o b s e r v e d a s r e s o n a n c e s i n t h e 2 3 5 u c r o s s - s e c t i o n s , t o c l a s s - I I 
s t a t e s i n t h e s e c o n d w e l l o f t h e p o t e n t i a l . T h e p r o p e r t i e s of t h e f i s s i o n 
p r o c e s s a n d a m o n g t h e m t h e v a l u e o f К a t s c i s s i o n m a y b e s t r o n g l y i n 
f l u e n c e d b y t h e p r o p e r t i e s of t h e s e c l a s s - I I s t a t e s . T h e y c a n , f o r e x a m p l e , 
e n h a n c e a g i v e n m o d e of f i s s i o n , s u c h a s a g i v e n v a l u e o f K . 
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DISCUSSION 

N.J. PATTENDEN: We have carried out an experiment at the Harwell 
electron linear accelerator similar to the one described by Dr. Michaudon, 
as mentioned in abstract SM-122/57. The cryostat, which was designed 
and made in Holland, is shown in Fig. A. It incorporates a3He-4He dilution 
refrigerator, which can run for long periods at temperatures well below 
0. 1°K. Our samples consist of a mozaic of many crystals of rubidiumuranyl 
nitrate, cut into thin slabs to improve thermal conductivity; the slabs, 
all similarly oriented, are attached to a copper plate. Semiconductor 
fission-fragment detectors are located at 0° and 90° to the crystal c-axis, 
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FIG. A. Cutaway picture of thecryostat. 

and are out of the neutron beam. We have used this apparatus to study the 
fission-fragment angular distributions from resonance fission in 235U, 
233TJ and 23,fNp. The analysis of the results is at present continuing, but I 
can show here some preliminary results on 235U, and mention some very 
recent data on the first 237Np runs. 

Figure В shows the variation of the effect in 235U with l /T for an 
incident neutron energy range of 0. 07-0. 09 eV. As the temperature is 
reduced, the effect departs markedly from a linear dependence on l /T , 
and tends to saturation below 0.1K. It is possible to obtain, from such 
data, independent information on the quadrupole coupling constant, but 
we have so far used the same value as in the paper under discussion to 
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FIG. A. (cont.) 
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FIG.C. Variation of A2 with neutron energy from 0.05 to 4 eV. 

determine the orientation parameter f2, mentioned in the abstract. Knowing 
f2, the anisotropy factor A2 can be obtained, and Fig. С shows its variation 
with neutron energy from 0. 05 to 4 eV. It can be seen to vary markedly in a 
way which agrees qualitatively with the results reported by Dabbs et al. at 
the 1965-Symposium (Ref. [1] of the paper). 
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FIG.D. Example of the 235U experimental data from 35 to 80 eV. 

Figure D shows an example of the experimental time-of-flight spectra 
in the neutron energy region from 35 to 80 eV. Values for A2 have been 
obtained for the larger resonances below 60 eV, and Fig.E shows a histo
gram giving their frequency distribution. For our purposes, A2 depends 
on j " a n d K, and Fig.E also shows the calculated AgtJ^, K) values. Thus, 
our preliminary results indicate that К values of other than 1 and 2 must 
occur only rarely. The general conclusion to be drawn from our results 
agrees with that of the paper under discussion but we do not observe reso
nances with К = J. In particular, there is disagreement between the two 
experiments on the 4. 85 eV resonance, for which we have no explanation, 
as yet. 
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TABLE A. 237Np RESONANCE FISSION ANISOTROPY (pre l iminary 
r e su l t s at T = 0. 12K) 

ER (eV) 

30.6 

37.4 

39.3 

40.1 

41.8 

43.3 

46.2 

50.8 

120.0C 

201.0° 

252.5° 

372° 

424° 

871° 

W(0°)/W(90°) 

0.77 

0.72 

0.81 

0.75 

0.83 

0.98 

0.87 

0.44 

0.95 

0.86 

0.92 

0.99 

0.77 

0.68 

Statistical 
error 

0.13 

0.16 

0.10 

0.06 

0.12 

0.39 

0.23 

0.19 

0.18 

0.11 

0.22 

0.28 

0.18 

0.12 

V p (b-eV) 
(Saclaya) 

0.52 ±0 .05 

0.22 ±0 .03 

(0.41 ± 0 . 4 6 ) b 

1.74 ± 0 . 2 

0.683 ± 0.085 

0.045 i 0.007 

0.21 ±0 .03 

0.196 ± 0.026 

a PAYA, D. e t a l . , Supplement to Proc.Nucl.Data for Reactors Conf.Paris (1966), 
(IAEA INDC/156 (1967)). 
Resolved into two resonances. 

° Probably resonance groups. 

VERTICAL LINES ARE CALCULATED A 2 (J ,K) 

FIG.E. 235U resonance A2 distribution. 
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Table A gives some preliminary experimental data on 237Np. Because 
of the small fission cross-section, the statistical errors are large. These 
results indicate that there are no large variations in the effect from reso
nance to resonance in the group at about 40 eV, nor are there large vari
ations from one resonance group to another. This may be considered to 
support the suggestion by Dr. Michaudon in his paper on 237Np (SM-122/90) 
that these groups are all in the same spin state. 

Yu.V. RYABOV (Chairman): Dr. Michaudon, do the results of the 
paper under discussion agree with the earlier data of Dabbs et al. in the 
overlapping energy range? 

A. MICHAUDON: The results presented here cover the energy 
range from 0. 2 eV to about 50 eV. The lower limit of 0. 2 eV was chosen 
after a special study of the filter in order to take account of Dabbs' earlier 
work near the resonance at 0. 3 eV. Considering the difference in experi
mental resolution, the two works are in good agreement in this energy 
range. It is for this reason, moreover, that the new results were norma
lized over the earlier ones which, from this point of view, are of superior 
quality. 
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ДВУГОРБЫЙ БАРЬЕР В КВАЗИКЛАССИЧЕСКОМ 
ПРИБЛИЖЕНИИ 
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Р Е Н К И Н 
Ф и з и к о — э н е р г е т и ч е с к и й и н с т и т у т , Обнинск , 
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Abstract — Аннотация 

DOUBLE-HUMPED BARRIER IN THE QUASI-CLASSICAL APPROXIMATION. The energy dependence of the 
penetrability of a double-humped potential barrier with a valley between the peaks is determined in the 
quasi-classical approximation. It is shown that the penetrability of the barrier fluctuates sharply, reaching 
maximum values at energies coinciding with the positions of the quasi-stationary levels in the valley. The 
results are used in analysing experimental data on neutron fission. 

ДВУГОРБЫЙ БАРЬЕР В КВАЗИКЛАССИЧЕСКОМ ПРИБЛИЖЕНИИ. В квазиклас
сическом приближении определена энергетическая зависимость проницаемости двугорбого 
потенциального барьера с ямой между максимумами. Показано, что проницаемость испы
тывает резкие колебания, достигая максимальных значений при энергиях, совпадающих с 
положениями квазистационарных уровней в яме. Результаты применяются для анализа 
экспериментальных данных по делению ядер нейтронами. 

В последнее время появились экспериментальные данные [ 1 - 3 ] и 
теоретические соображения [4,5] , указывающие на то, что потенциальный 
барьер, препятствующий делению тяжелых ядер, может иметь два максиму
ма , и при достаточной глубине ямы между ними сам процесс деления м о 
жет быть двухступенчатым. Модель двугорбого барьера открывает но
вые интересные возможности для интерпретации экспериментальных дан
ных. В работе [5] указывалось, что некоторые важные черты новой фи
зической картины можно понять на простейшей схематической модели 
одномерного симметричного двойного барьера [6] . В данной работе р а с 
сматривается более общая одномерная задача о двойном барьере произ
вольной формы, и полученные результаты используются при обсуждении 
некоторых экспериментальных данных по делению ядер. 

1. Рассмотрим движение частицы с массой ц в потенциальном поле, 
имеющем вид барьера с двумя максимумами А и В , разделенными ямой С. 
Для определенности будем полагать, что левый максимум выше правого. 
Основные обозначения введены на схематическом р и с . 1 . В квазиклас
сическом приближении специального рассмотрения требует лишь случай, 
когда Е С < Е < Е В и, следовательно, имеются четыре точки поворота. 
Введем следующие обозначения: 

а3 

K(x)=t i" 1 s /2w[E-V(x)] ; <р (Е) = / к(х)ах ; 
а2 

аг а4 
(1) 

Р А =ехр j - 2 / | к ( х ) | а х h P B = e x p j - 2 / |к(х) Idx 
a i аз 
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Р и Р . - вычисленные в квазиклассическом приближении проницаемости 
барьеров А и В , взятых по отдельности. Просто оценить проницаемость 
двойного барьера позволяет следующее рассуждение: вероятность пройти 
через первый барьер есть РА , после этого частица попадает в яму, где 
у нее имеется выбор—либо вернуться обратно, либо проникнуть через 
следующий барьер В . Относительная вероятность последнего события 
есть , очевидно, Рв / (Рд+ Рв), и полная проницаемость равна РАРВ / ( Р А + Pg) • 
Покажем, что это выражение справедливо лишь для средней проницае
мости, детальная энергетическая зависимость сложнее. 

• < • . а , <*, , a s • a , , x • " • • • • • 

Р и с . 1 . Схематическое изображение двугорбого барьера: V(x) — потенциальная энергия 
деформации, х - параметр деформации. 

Для волновой функции в области х> а4 имеем: 

exp-ji / Kdx' У 
Ч . 

Продолжая это решение в область х < ai , имеем: 

Ф="^- \ A(E)exp(i / Kdx'j + В(Е) exp f-i / Kdx4 У. 

и коэффициенты 

. . „ , _ i Р А Р В - 16 ,' 1 Р в - Р д . 
А ( Е ) - _ 8 ^ Р Х Р Г C O S * + 2 ^ Р Т Р В S m * • А^В 

„ , „ . 1 PAPR + 1 6 i PÄ + . P B . 
В(Е)=8 i ^ p r cos« -2 fm>lsmv 

Для коэффициента проницаемости получим: 

Р (Е)= |В(Е) |'*= 64РАРВ{(РАРВ+ 16)2cosV + 16(PA+PB)2sin2<p 

РАРВГ^РА + Р В У • 2 ^ 2 V 1 

4 ~ | V ~ 4 — / S ^ COS^cp f-

(2) 
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Квазистационарные уровни в яме между горбами можно определить из 
условия отсутствия приходящей из —оо волны; т . е . В(Е° ) = 0 или 

c t g ^ ( E = ) = 4 i 1 - ^ ^ B 4 ( P A + P B ) 

Решение этого уравнения позволяет определить энергии уровней и их 
ширину 

' " <р(Е°) = М п + 1/2) 

Г = А ( Р А + РВ) = ( Г А + Г В ) / 2 
4тг 

Здесь Д2= л (dcp /dE)" — расстояние между уровнями в яме С (частота ко
лебаний). 

Проницаемость Р(Е) испытывает резкие колебания при изменении 
энергии, достигая максимальных значений при Е = ЕП и минимальных -
между квазистационарными уровнями 

(3) 

(4) 

(5) 

Pmax= P ( E J ) = 4 РАРВ / (РА+ Р в . )2 

Pmin = PAPß /4 
(6) 

Вблизи квазистационарных состояний проницаемость имеет лоренцовскую 
зависимость от энергии (рис.2) . 

ГАГВ Р ( Е ^ Д Е ) = ( Г А + Г В ) . / Г + ( А Е СП 

Р и с . 2 . Схематическое изображение 
энергетической зависимости в окрестности 
к'вазистационарного состояния. 

Усредняя (2) по интервалу между уровнями, получим: 
ьп+1 1Г/2 

Р(Е) = j d P(E)dE ^f~P(<P )d<P = r-B&> (8) 

. . . Ей -тг/2 
что подтверждает полученную выше оценку. Для симметричного двойно
го барьера РА — Р в получаем известный [6] результат Pmax = 1> 
P m i n = РА / 4 . Так как проницаемость экспоненциально зависит от высоты 
барьера, то при сколько-нибудь существенной разнице высот имеем для 
несимметричного барьера РА<^РВ. В этом важном частном случае (9) 

Ртах= 4РА/Ц ; Pmin= РАРв /4 ; Р = РА (9) 
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Как видно, средняя проницаемость такая же, как если бы "работал" толь
ко один, более высокий, из горбов. Этот вывод совпадает с результатом, 
который получен в работе [5] на основании статистических соображений. 
Проницаемость меньшего барьера определяет "коэффициент усиления" 
этой средней проницаемости при Е = Е п и ее ослабление вдали от резо 
нансов^ Отметим тождественное соотношение, вытекающее из 
(7-8): P=W Pm^min. 

2 . Полученные результаты кажется возможным использовать для 
анализа резонансных структур, наблюдаемых в сечении деления. Если 
быть последовательным в отношении рассмотренной модели, то квазиста
ционарные состояния в яме С (рис.1) следует связать с вибрационными 
состояниями делящегося ядра. Такие состояния, вероятно, ответственны 
за широкие резонансы в сечении деления вблизи порога [7,8] . Однако 
использование рассмотренной выше модели для анализа наблюдаемых ре 
зонансов осложняется тем, что кроме ширины Г (5), связанной с проница
емостью барьера, в полную ширину вибрационных состояний реальных 
ядер дают вклад процессы диссипации энергии вибрационного движения 
в нукдонные степени свободы r t o t = Г + r d . Можно ожидать, что Г<|«Г 

"frto только при условии Г = — (РА+РВ) - 0,1PA-S Д , где Д - расстояние между 

многонуклонными состояниями возбужденного составного ядра во второй 
я м е . Реализация этого условия существенно зависит от детальной струк
туры кривой потенциальной энергии: глубины второй ямы и высоты барь
еров . Эти вопросы были рассмотрены в работе [5] . Для большинства 
наблюдаемых вблизи порога резонансов вклад rd , вероятно, велик, поэ
тому анализ таких экспериментальных данных выходит за рамки рассмот
ренной выше простой модели. Феноменологически диссипацию вибрацион
ных состояний можно учесть путем введения комплексного потенциала, 
как это было предложено Линном [8] . 

3 . Кроме гросс—структур с ширинами ~ 0 , 1 Мэв, в сечении деления 
нейтронами наблюдаются структуры с ширинами порядка десятков и сотен 
электронвольт [1-г 3 ] , которые, вероятно, связаны с многочастичными 
состояниями ядра во второй я м е . Их анализ в рамках R — матричной т е о 
рии был проведен Линном [9] иВайгманном[10]; полученные ими выраже
ния для делительных ширин формально совпадают с результатами квази-
класеического приближения (6,7). Представляется интересным распро
странить результаты данной модели на всю совокупность состояний во 
второй я м е . При этом, конечно, необходимо помнить об ограниченной 
применимости предлагаемой модели, так как состояния во второй яме 
несомненно имеют более сложную природу, чем одномерное движение; 
рассматриваемая простая модель отражает только наиболее существен
ную часть полной картины . 

Принятые предположения позволяют записать делительную ширину в ви

де Ff= - ^ t P ( E ) , где Дг— среднее расстояние между уровнями составно-
го ядра в первой яме . Тогда колебания проницаемости будут отражаться 
на энергетической зависимости делительной ширины. Это означает, что, 
если энергия возбуждения, соответствующая поглощению ядром нейтронов, 
попадает в интервал Е(< Е < Е в , то при делении нейтронами должны наблю
даться некоторые особенности: 

а) Делительные ширины нейтронных резонансов модулируются колеба
ниями проницаемости, то есть группы уровней, энергия которых находит-
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ся в пределах ширины состояний во второй яме, имеют аномально большую 
делительную ширину. Этот факт хорошо известен экспериментально для 
ядер 2 3 7Np [1] , 2 4 0 Pu[2 ] , 234U, 242P.u [3] и уже неоднократно отмечался 
как указание на сложную структуру барьера деления. Наиболее подроб
ные данные имеются для Ри и 23 Np . 

б) Делительные ширины и плотности уровней сильных и слабых дели
тельных резонансов находятся между собой в таком соотношении, что д е 
лительная ширина, усредненная по всем резонансам, является средним 
геометрическим значением ширин, полученных усреднением по группам 
"сильных" и "слабых" уровней отдельно. 

240 
Ядро Ри достаточно подробно изучено для проверки этого утвер

ждения. Согласно результатам работы [2] , r f m a x= 130 мэв , 
r f r a i n = 0,007 мэв [11] , r f = 3,5 мэв,\ /ГГ т а^Г| т 1 п = 1 мэв, что находится 
в качественном согласии с отмеченным соотношением (максимальная и 
минимальная ширины отличаются в 20 т ы с . раз ) . Оценим РА и Рв для 
этого_ядра . _ С помощью (9) и с учетом, что Д1 = 16 эв , получаем 
РА = Р = 2тгГ{ / Д 1 = 1,5-10"3; Ц = (4P / Р т а ^ ^ Ю ' 1 . Параметр кривизны 
вершины барьера, который в рассматриваемой интерпретации относится 
к барьеру А, согласно измерениям сечения деления на быстрых нейтро
нах, равен huA = 650 кэв, а высота барьера ЕА - Вп = 0,7 Мэв . Предпо
ложив для простоты, что tiWA=ftcjB , можно оценить высоту барьеров А и 
В ; ЕА = 6,2 Мэв, Ев = 5,7 Мэв. Авторы [2] оценивают по отношению 
плотностей уровней в первой и второй ямах высоту второй ямы над мини
мумом, соответствующим основному состоянию. Эта величина Е с = 2 , 1 
Мэв . По совокупности этих результатов можно восстановить структуру 
двойного барьера составного ядра Р и . 

в) У пороговых элементов, плохо делящихся резонансными нейтро
нами, значение делительной ширины часто известно лишь для первого р е 
зонанса. Этот резонанс с большей вероятностью будет принадлежать к 
более многочисленной категории "слабых" (их в Д 2 /Г„ больше, чем "силь
ных") . Поэтому его делительная ширина в подавляющем большинстве 
случаев будет иметь значение значительно меньшее, чем экстраполиро
ванные в эту область значения средних ширин, которые получены при и з 
мерениях на быстрых нейтронах усреднением по всем уровням. В тех 
редких случаях, когда эпитепловый резонанс является "сильным", будет 
ТАБЛИЦА 1. СРАВНЕНИЕ ДЕЛИТЕЛЬНЫХ ШИРИН, НАБЛЮДА- . 
ЕМЫХ В РЕЗОНАНСНОЙ ОБЛАСТИ Грез. И ПОЛУЧЕННЫХ 
ЭКСТРАПОЛЯЦИЕЙ Г быстр. (см. текст и примечание) 

Ядро-
мишень 

232 T h 

2 3 1 Р а 
2Му 
2 3 7Np 
2 3 8 p u 
240Pu 
242 p u 
2 4 1 Am 

Г р е з . 
мэв 

2-Ю-4 

6 I 0 " 3 

210-2 
1,5-Ю'3 

1 
6-Ю"3 

2-Ю-2 

0,2 

Г, а 
быстр. мэв 

ю-7 

0,1 
1 
510'2 

50 
3 
2 

0,2 

huA/2;r 
кэв 

60 
70 
80 
90 

100 
100 
100 
100 

г /г 
реэ . быстр. 

2-Ю3 

610" 2 

2:10-2 
з-ю'2 

210 ' 2 

210' 3 

Ю- 2 

1 

Оценка Г6ь1 путем экстраполяции из области экспоненциального спада 
IJ (En~0,5 Мэв) к Еп= 0 производилась с использованием значений 
пиА/2тг [13] , приведенных в 4-ой колонке. 
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наблюдаться резкое обратное неравенство. Этим объясняется видимое 
противоречие, неоднократно отмечавшееся при анализе эксперименталь
ных данных по делению нейтронами [12] и иллюстрируемое таблицей 1. 
Для 2 4 0Ри и 231Np известны значения 1^едл , усредненные по "сильным" 
и "слабым" резонансам и равные, соответственно, 3,5 мэв [2] и 7-10" мэв 
[1] . Они хорошо согласуются с оценками Г1Ь1СТР -Таким образом, в 
средних ширинах никакого противоречия нет. 

4 : Можно получить и явный вид статистического распределения д е 
лительных ширин нейтронами резонансов в случае двугорбого барьера. 
Согласно изложенному выше, кривые проницаемости являются примерно 
огибающими делительных резонансов. Тогда формула (2) непосредствен
но преобразуется в распределение делительных ширин относительно сред
него значения 

<p(x)dx = — ( x - x m i n ) ( x m a x - x ) (10) 

где 
„ _ il . v — -чгпях = ( -Чтах V „ . = 4 min 
Х ~ Ц ' Xmax I? Vrfmin J' т Ш Ü 

В действительности, конечно, кривая проницаемости является огибаюкгей 
средних значений делительных ширин по небольшим интервалам, содержа
щим несколько уровней, и на каждом таком участке ширины флуктуируют 
относительно этих локальных средних значений I). Для получения более 
реалистического полного распределения необходимо поэтому свернуть 
(10) с распределением,которое описывало бы локальные флуктуации. 

Предположим, что локальные флуктуации описываются распределением 
Портера-Томаса (р2 —распределением) с числом степеней свободы V, 
которое имеет вид: 

g 2 e f"(z)=r>727 (11) 

V где z = — р , а Г ( » / 2 ) - г а м м а - ф у н к ц и я . Пусть 

<р (x)dx= ср (Ц I<T> )d (TJ /<Г> ) , тогда получается следующее распределение 
для величины v/2-T( /<Ц > = у 

х max 

%(y)dy=l <p (x)tv(y/x)d(y/x)dx 

= e-yxmin v l _ 1 fomax X m i n ) 2 ( j 2 ) 
y ТГГ(У/2) 

l 
' m m 2 -yz(xmax- x m i n ) -\ 

B + _ ^ e . z " ( 1 - г ) 2 d e 
x max x min 

Для важного частного случая v = 2 (экспоненциальное распределение) 
интеграл берется и 
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l o У 
Xmax Xmin * y ( y ) d y = | x m l n e 

+ XmaX
2
 X m i" e " y W F ( l / 2 , 2, y ( x m a x - x m i n ) ) ^dy 

(13) 

где I0 - функция Бесселя мнимого аргумента, a F—вырожденная гипер
геометрическая функция. Результаты удобнее представить в том виде, 
•в котором обычно производится сравнение с экспериментом, а именно, в 
форме интегральных распределений, показывающих, какая доля резонан-
сов имеет ширину больше заданной. Для распределений (10) и (13) полу
чаем соответственно: 

f(I?*rf ) = - + 1 
Tf x n 

К~Т~ X f l (14) 

* 2 ( r f a r f ) = е х Р ,<rf> 
4tn»" t"x inin J т / Q _ x n 

<rf> (15) 

Экспериментальное распределение ширин для случая с группировкой по
строено в работе [1] для Np. Результаты сравниваются с выражени
ями ( 1 4 - 1 5 ) на р и с . 3 . Согласие вполне удовлетворительное. 

N 

Р и с . 3 . Сравнение экспериментального и расчетных распределений делительных ширин 
для реакции Np ( n , f ) . Гистограмма — эксперимент (работа [1] , линия В на рис .1 ) , 
сплошная кривая рассчитана по формуле (15), пунктирная - (14 ) в предположении 
г = 
lfmin 

2,3>10'3мэв, 1}шах= 2 м э в , < Г,У - 6,8-10"2мэв согласно, [1] . Справа и слева от 
пунктирной линии Tf1'2 = 10 р э в 1 ' 2 , разный масштаб по оси абсцисс . 
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Одно свойство распределений типа (10) следует отметить особо. Они 
имеют очень большую дисперсию. Непосредственное вычисление дает: 

<rf>2 • 1 = С m a x + xmin _ j (16) 

240 -г В случае Ри эта величина равна, например, ~ 15. Напомним, что 
одноканальное распределение Портера-Томаса — максимально "широкое" 
из тех, которые используются для описания статистических распределений 
ширин ядерных уровней, имеет дисперсию ст2= 2. Поэтому различные фун
кции ширин, усредняемых по флуктуациям и используемым при расчете 
сечений, могут сильнее отличаться от средних значений, чем в случае 
распределений Портера-Томаса. Так, для функции S=<(„ J - УI/ тД 1т^ rf +1с / \ ч/ + гс 
в случае распределения (10) получается: 

3 - ( 1 + « ) ( а +х т а х ) - 1 / ' 2 - (* + x m I n ) - 1 / 2 (17) 

где а — Тс /(.Т(У, а Гс — полная ширина процессов распада, конкурирующих 
240 т 

237 
с делением. Для xmax = xmin= 30, которые примерно соответствуют Ри 

Np, вид этой функции показан на рис .4 , где для сравнения приведена 
аналогичная функция для одноканального распределения Портера-Томаса 

S = ( l + а)-\ 1 - Q«/2 1 - Ф (18) 

где Ф —интеграл ошибок. Разница весьма существенна, и ее следует учи
тывать при расчете сечения деления в околопороговой области. 

5. Полученные в рамках данной модели результаты можно использо
вать для описания энергетической зависимости сечения деления (Tf Pu 
нейтронами в районе порога. Имеющаяся экспериментальная информация 
[14,15] изображена на р и с . 5 . Там же приведены кривые, рассчитанные 
по формуле 

r l . 
1К7Г 

(21 + 1 ) Т 1 Г , . 
\ Г 1 К ' + гп

1я + г г 

э1Ктт (19) 

в следующих предположениях: 
а) В яме С ядро живет достаточно долго по сравнению с характерным 

периодом миграции К - проекции момента I на ось симметрии, благодаря 
чему "забываются" состояния на барьере А, и распределение К определя
ется спектром каналов на барьере В . 

б) Спектр доступных состояний при Е ^ Е д настолько богат, что в д е 
лении реализуются все значения К и тг, допускаемые величиной угловых 
моментов I s 7 / 2 , 1 « 3 . Основанием является соответствие угловых р а с 
пределении осколков 
делению. 

240 Pu(n , f ) вблизи порога статистическому распре-

тт 
а) Расчет I} "= -1 NiK„PA производится по формуле 

2тг 

Р А ( Е „ ) = 1 1 + е х р 2ж 
Ед-Вп - Е „ -1 

(20) 
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Рис.4 . Поведение функции S : 1 -одноканальное распределение Портера-Томаса (18), 
2— распределение (17). 

Рис.5 . Энергетическая зависимость сечения деления ^ Р и нейтронами: О — экспери
ментальные данные [14) ; гистограмма [15] ; сплошная кривая - расчет с учетом флукту
ации rf ; пунктирная - без учета флуктуации, S[lftr« 1. 
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в предположении NiK7r= 1 и К0ч = мэв [2] для всех. I,К,гг. В принятом 
предположении об однородности распределения угловая анизотропия от 
сутствует . Поскольку последняя мала, мы полагаем, что, благодаря ис
ключению ее из рассмотрения, достигается значительное упрощение р а с 
четов без существенной потери в точности описания оу(Еп). 

г) Значения SIKlr определялись по формуле (,17) при Е„< Е в -В„ и - (18) 
приЕ п > Е в - В п . 

д) Исполь_зовались параметры оптической модели [14] и значения 
Ту = 26 м э в , Д х = 16 эв [2] . 

Результаты расчетов для подобранных ЕА - Вп = 0 , 7 5 Мэв и 
h u A / 2 7r =0 ,115 Мэв удовлетворительно согласуются с эксперименталь
ными данными во всем рассмотренном диапазоне экспоненциального изме 
нения РА вплоть до 0,8 — 0,9 Мэв. При более высоких энергиях расчетная 
кривая загибается вниз, указывая на необходимость включения большего 
числа каналов N.K?r. Согласие расчетной кривой с экспериментом ниже 
30 кэв, где в сечении образования составного ядра преобладает s —вол
на, является еще одним свидетельством того, что подавление вероятности 
деления s — нейтронами [12] является кажущимся эффектом, и в среднем 
отсутствует . 

Физические предпосылки, положенные в основу рассмотренной моде
ли двугорбого барьера, являются, конечно, весьма грубыми, но можно на
деяться , что'простота модели заслуживает внимания, а полученные ре 
зультаты указывают на возможность ее использования для анализа широ
кого круга экспериментальных данных. 

Авторы выражают благодарность В .М . Струтинскому за обсуждения, 
стимулировавшие данную работу, и B . C . Ставинскому — за ценные з а м е 
чания . 
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DISCUSSION 

J .R. NIX: Your results for the penetrability through a two-peaked 
barr ier on the basis of the quasi-classical or WKB approximation are very 
useful for describing the resonances at energies below the tops of the 
barr iers . However, at energies at and above the barr ier tops your WKB 
results would be expected to differ substantially from the exact results. 
Since most experimental data are for such energies, I think it is preferable 
to use an exact method for computing the penetrability. As indicated in 
abstracts SM-122/103 and 119, such methods have been described by, 
among others, Cramer and Nix and Wong and Bang. 

C. Y. WONG: Yes, Bang and I have obtained the. exact solution for the 
penetrability through a double barr ier by parameterizing the potential as 
two or three parabolas joined with each other. Such a solution is better 
than the classical one, since the latter is inaccurate in the region near the 
top of the barr iers . 

I do not think that the authors' method of obtaining the penetrability can 
be applied to the analysis of the fine structure resonances observed in 
237Np(n, f). At a realistic potential, each quasi-bound state in the second 
well is separated by an energy of the order of about 500 keV. Owing to 
damping, each of these quasi-bound states spreads its strength over many 
levels. In the case of 237Np, these levels are the fine structure resonances 
whose separation is of the order of 100 eV, and cannot be treated as quasi-
bound states obtained in the calculation of the penetrability, as the authors 
have done. 

E. R. H. HILF: I would like to point out that in the fission process the 
barr ier is not one-dimensional but actually a saddle-point in, let us say, 
the three dimensions of fission (barrier), vibration and asymmetry (oscilla
tors) . So in calculating penetrabilities one has to solve the three-
dimensional problem, especially since the strengths of the two oscillators 
seem to change a good deal during the fission when passing from the saddle-
point area towards the scission point. The first attempt in this direction was 
made by R. Weidelt of Würzburg in 1968. 
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Abstract 

ANALYSIS OF RESONANCES OBSERVED IN (d,pf) REACTIONS. Fission cross-sections in the (d,pf)-reaction 
on n3'nsu and 239.2Jipu have been measured with 37 keV resolution. A model is proposed for describing the 
observed pronounced resonance structure in the excitation function. The cross-section is assumed to be 
°d,pf = 2od,prf/(rf + г у ) - F o r t , l e analysis of data, о(]_ р is calculated in the DWB-approximation using the 
Nilsson-model single-particle states.. The fission penetrability is .calculated by numerical integration for a 
double-humped fission barrier. Thus, we assume that the observed resonances in the (d, pf)-reaction can be 
interpreted as quasi-bound states in the second minimum of u e fission barrier. 

1. INTRODUCTION 

Evidence for a second minimum in the fission barrier [1] follows from 
the observation of 1) fission isomers [2],' 2) narrow sub-barrier fission 
resonances of compound type observed in (n, f) experiments [3], and 3): 

broad resonances of vibrational type in, for example, (n, f) 14] and (d, pf) 
experiments [5] t 

. The presence of intermediate quasi-bound states in this second minimum 
will certainly influence the fission probability. Figure 1 shows a two-
humped fission barrier with its vibrational states corresponding to the two 
wells. At the fission-barrier energy we can assume that the vibrational 
states are completely damped into the closely spaced compound levels while 
the vibrational states in the second well may be much less damped because 
of lower effective excitation energy. 'At energies corresponding to an 
excitation energy of these vibrational states, one can expect to see an 
enhanced fission probability. 

In the light of this new picture, we have reinvestigated the (d, pf)-
process experimentally and made an attempt to interpret the observed 
structure by using a double-humped fission barrier model. 

2. EXPERIMENT 

2 .1 . Procedure 

. The experiments were performed, with 1-3-MeV deuteron beams, and • 
the outgoing protons were detected at: 140Q in a 2-mm Li-drifted silicon • 
detector. The over-all resolution was ~37.keV. The fission fragments • 
were detected in a surface, barr ier detector which was placed perpendicular 
to the beam axis and subtended an angle of about 90°. • Fast, signals from 
the two detectors were sent to a time-to-height converter. Both real and 
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random coincidence spectra were registered, the difference between them 
giving a coincidence proton spectrum corrected for accidental contributions. 

The targets were made by vacuum evaporation of the oxides on carbon 
backings. The target thickness ranged from 50 to 150jng/cm2. 

DEFORMATION FISSION YIELD 

FIG. 1. A model of the vibrational states in the two-well model. The heavy lines represent vibrational 
states. Damping is indicated with hatched lines. To the right, the corresponding fission yield as a function 
of excitation energy is shown quantitatively. 
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FIG. 2. To the left the single proton spectrum (°c°j>) an<* t ne fission probability Pf as a function of excitation 
energy are shown. The energy resolution is~65 keV. To the right a linear scale shows the fission probability 
with 37 keV resolution. Bn indicates the neutron binding energy. 

2.2. Data 

The data obtained are shown in Figs 2-5 together withdatafrom Ref.[5]. 
The fission probability function Pf is obtained by dividing the coincidence 
proton spectrum by the single-proton spectrum. In this calculation, the 
coincidence spectrum is normalized to 100% fission detection efficiency 
assuming an isotropic angular distribution of the fission fragments (the 
er ror introduced hereby is considered to be small, S 10%). On the left-
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EXCITATION ENERGY (MeV) EXCITATION ENERGY (MeV) 

FIG.3. To the left the single proton spectrum (ccOp) and the fission probability Pj as a function of excitation 
energy are shown. The energy resolution is ~65 keV. To the right ä linear scale shows the fission probability 
with 37 keV resolution. Bn indicates the neutron binding energy. 

EXCITATION ENERGY (M.V) EXCITATION ENERGY (MeV! 

FIG. 4. To the left the single proton spectrum (ocop) and the fission probability Pf as a function of excitation 
energy are shown. The energy resolution is~65 keV. To the right a linear scale shows the fission probability 
with 37 keV resolution. Bn indicates the neutron binding energy. 

hand side of the figures we see the data from Ref. [5] where the protons 
are detected by means of a particle identifier system (65 keV resolution) 
and on the right-hand side we have the fission probability functions from the 
present measurements (~37 keV resolution). 

3. THEORY 

3 .1 . Reaction mechanism and formalism 

In the analysis we assume that the (d, pf)-process proceeds in two 
independent steps: 1) population of isolated nuclear levels X by the (d, p)-
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FIG. 5. To the left the single proton spectrum (rcop) and the fission probability Pj as a function of excitation 
energy are shown. The energy resolution is~65 keV. To the right a linear scale shows the fission probability 
with 37 keV resolution. Bn indicates the neutron binding energy. 

process, ала 2) decay of these levels by fission and gamma rays via the 
compound motion. 

The cross-section for the unpolarized incident beam integrated over 
the fission fragment angle can be written for one level X in the fissioning 
nucleus 

r XITT 

d a * 1 * < e ) = d o . CX,I,Tf,e ) f , T d , p r p d , p p гХ1тг (1) 

where the fission width is the sum of channel pa r t i a l widths 

_ XITT _ y r XITTK 
f " i f 

(2) 

and the total width is 

_XITT XITT „ XITT 
1 " ' f Y 

(3) 

Averaging over an energy interval including many class-I levels X around 
the excitation energy E in the fissioning nucleus we obtain 

^Vpf^'V* 
lvf 

XITTK 

= I <da ( I ^ , E , 8 )>< X I ^ K X I i r > 
I IT " i r f + J-v 

(4) 
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The branching ra t io of E q . ( l ) va r i e s strongly from one compound r e s o 
nance to another. It is expected that the fission width r f

M , r Khas a P o r t e r -
Thomas dis tr ibut ion whereas r e d o e s not fluctuate because it is composed of 
many par t i a l widths . Making these assumpt ions , and defining the p a r a m e t e r 
r by 

<Г A I * > 
r = r ( I , i r , E ) = ( ^ у (5) 

2 < r f
X I l T K > J 

one obtains the average branching ra t io 

XITTK 

< — f _ > : i - / i T r e x p ( r 2 ) [ l - e r f ( r ) ] * (6) 

f Y 

which in general is s m a l l e r (up to 30%) than 

<Г ™ > 
1 (7) AIuK>+ AITT> 

f Y 

par t icu lar ly in the in te rva l r = 0.1 to 10. Here it i s assumed that only one 
K-value contr ibutes in Eq. (6). When the re a re N independent fission 
channels contributing for a given IJT, the dis tr ibut ion of If i s approximately 
a X2 d is t r ibut ion of N th o rde r , and the average branching ra t io becomes 
c lose r to express ion (7). 

3 .2 . Format ion 

The differential c r o s s - s e c t i o n for s tr ipping a neutron into s ta tes of 
given 17Г through a given Nilsson orb i ta l in a non-spher ica l even-Z odd-N 
ta rge t nucleus with ini t ia l s ta te I0, K0= Г20 can be wri t ten 

d o d > p ( I , 1 r , E , 6 p ) = I _ ^ 2 < 1 0 З К о Д К | 1 К > 2 х С з ? £ ( Я ) ф г ( 6 р ) (8) 

where 

C j A (o j = I&lk<llh0,-K\ jn> (9) 

Here К = |f20±f2| r e f e r s to the final state and f2 to the capturing orbi ta l . 
The energy E has d i s c r e t e va lues . The quantum numbers j and St a re the 
total and the orbi ta l angular momentum of the t r ans f e r r ed neutron, r e 
spectively, and g 2 i s a factor equal to 2 when two neutrons in identical 

i 2 r -x 2 

The error function erf(r) = - = / e dx. Vir „ 



TABLE I. CALCULATED VALUES FOR THE QUANTITY {da. (I, w, E, в )} /{L do. (I, jr. E, в)} at в = 140° 
d,p p av. ' ]]f d,p p av. p 

+ + + +• . + + + + + 
". Nucleus 0 1 2 3 4 5 6 7 8 : 

,BPu 
12Pu 

Nucleus 

0.00 

0.00 

0.02 

0.01 

0.04 

0.00 

0.10 

0.03 

0.11 

0.01 

0.19 

0.14 

0.10 

0.02 

0.27 

0.20 

0.14 

0.03 

0.14 

0.16 

0.17 

0.04 

0.06 

0.16 

0.05 

0.04 

0.01 

0.05 

0.07 

0.03 

0.00 

0.04 

0.01 

0.01 

0.00 

0.01 

2ии 

MSU 
M0Pu 

M2Pu 

0.00 

0.00 

0.00 

0.00 

0.01 

0.03 

0.01 

0.01 

0.03 

0.07 

0.02 

0.02 

0.0.6 

0.15 

0.06 

0.03 

0.07 

0.19 

0.06 

0.04 

0.06 

0.13 

0.03 

0.05 

0.04 

0.13 

0.02 

0.04 

0.02 

0.04 

0.00 

0.02 

0.01 

0.05 

0.00 

0.00 

Ol 
СП 

О 
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orbi ts combine to К = 0, and equal to one otherwise . The aiA a r e the 
Nilsson wave-function coefficients and фц{9) has been evaluated by means of 
a DWB-approximation in the p resen t case (the optical p a r a m e t e r s a re taken 
from Ref. [6]). : 

The c r o s s - s e c t i o n calculated in this way shows that the s t rength of the. 
different Nilsson s ta tes expected within a region of about 3 MeV around the 
fission threshold (~ 5. 5 MeV) is concentrated on the following four Orbitals, 
all with positive par i ty : [602t], [61 I t ] , [6111] and [6134]. The negative -
par i ty s ta tes present in the same region have formation c r o s s - s e c t i o n s that 
a re sma l l e r by a factor of four. Consequently, the (d, p ) - reac t ion on 
233U(5/2+), 2 3 9Pu(l /2+ ) and 241Pu(5/2+) will predominantly excite posit ive-
pari ty s ta tes and predominantly negat ive-par i ty s ta tes for.235U(7/2~) [17] . 

Table I shows the calculated values for the quantity Ыа^р(1, п, E,ep)}ay. / 
{L dad (I, ТГ, E, 6„)}av at б =140° where the averaging i s over an energy 

interval from 4. 0 to 7.0 MeV. In the following calculat ions it is assumed 
that the average c r o s s - s e c t i o n {da<jiP(I, t, E, 0p)} a v ,determines the average 
population ^dadip(I,'?r, E, ep) )> of Eq.{4). Deviations from this a re d iscussed 
la te r , in compar ison with exper imenta l data. 

3 . 3 . Decay 

At excitation energies below the neutron binding energy, only fission 
and g a m m a - r a y de-exci ta t ion are allowed. The gamma width r M * h a s been 
measured for a number of heavy elements at the neutron binding energy and 
seems to be independent of excitation energy (for the region of in te res t 
here) , angular momentum and pari ty [7 ] . In these calculations we have • 
assumed <Гу

Х11Г> = Гу= 30 meV. \ ' 
The average f ission width <(Г{ХпгК)> is obtained from the formula of 

Bohr and Wheeler [8] 

< r X № K > = D ( I . j r , E ) T ( . I / i r > K t E ) ; ( l ö ) 

where T(I, ir, К, Е) is the penetrat ion function for the fission b a r r i e r and••• 
D(I, я-, Е) is a s ta t i s t i ca l level spacing calculated in a conventional way 
(Gilbert and Cameron [9]) 

1 NTTT exp [2(aE*)*] (21 + 1) exp [ - ( I+ l ) 2 /2s 2 ] \ n n 
D ( I , * , E ) - 12 aV4E*s/4 2{2w)iss . ( 1 1 ) 

where E* = E-P(N) -P(Z) . P{N) and P(Z) a re pa i r ing-energy co r rec t ions 
(0.6 MeV each), s is the spin cut-off factor (= 5. 0). The level-densi ty 
p a r a m e t e r a is for each nucleus determined by using fo rmula . ( l l ) to r e 
produce the level spacings found in neut ron- resonance exper imen t s . The 
a-values va ry from .24 to 25. 

F o r 1,7г = 0+ at ~ 5. 5 MeV excitation energy one finds that 

<Г A l 7 r> x 2TT/D(0 + ) Ч, 2 x l 0 - 3 
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which means that the average branching of Eq. (6) is equal to 0. 5 for 
T к 2 X 10"3. Thus a smal l opening of the fission channel can lead to 
sa tura t ion in the fission probabil i ty. This will put the f i s s i on -ba r r i e r 
heights 0. 5 - 1. 0 MeV higher than was assumed previously. Because of 
the spin dependence in the level-dis tance formula (11), the fission probabi
lity will be enhanced most strongly for both low and high spin values com
pared with in te rmedia te sp ins . 

3 .4 . Penetrabi l i ty 

In Eq. (10) the penetrat ion factor T(I, ir, К, Е) for t r ansmis s ion through 
the b a r r i e r is connected with the compound-nucleus width and spacing in the 
s ta t i s t ica l model [10] . We assume that T(I, IT, К, Е) can be determined in a 
one-d imens iona l model for which there exists a fission b a r r i e r cha rac 
t e r i s t i c of each set of quantum numbers IirK. We use the hypothesis that the 
s imples t deformation mode (s tretching of the nucleus) with K = 0 dominates 
the penetrat ion for the lower values of E for an even nucleus, and it is 
assumed that the potential corresponding to this fission channel has two 
humps [1 ] . 

In analogy to usual compound react ion theory, T is calculated by 
consider ing the inverse p roces s of elast ic sca t ter ing of fission waves in 
channel IirK. Thus, the t r ansmiss ion coefficient i s 

: T = 1 - Ы 2 (12) 

where n is the sca t te r ing amplitude for elast ic sca t ter ing in channel IirK. 
In the ex te r io r region, the fission waves a re approximated by 

W = e - i k ' ß _ n e i k ' ß (13) 

The fission potential has a shape which is indicated in F ig . 6. It is assumed 
constant beyond a cer ta in value jSmaxof the deformation co-ordina te ß. This 
de te rmines k' in Eq . (13) . The shape of the potential V(ß) i s , in accordance 
with usual p rac t ice , composed of smoothly joined parabolas , the pa ra -
met r iza t ions of which are given in F ig . 6. 

F o r smal l values of the deformation co-ordinate , we expect complete 
absorption of the wave which could be accounted for by an imaginary poten
t ia l . Since complete damping can also be descr ibed by the ingoing-wave 
boundary-condition method [11] we have used this method so that the wave 
function for deformation ß 'S ß m i n is only an ingoing one: 

ф. = A • e " i k 0 (14) 
r i n t 

As a f i rs t approximation, we have assumed a r ea l potential in the second 
wel l . In a m o r e refined analysis one could also include absorption in the 
second well which gives r i s e to damping of the fission resonant s t a t e s . It 
is worth noticing that for a r ea l potential, probability conservat ion gives 

T = ' £ T - | A | 2 (15) 
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The Schrödinger equation for the fission wave function is now 

( - — + V(f3) - E) ф(3) = О 
2B dß 

(16) 

which is solved by numer ica l integrat ion with the given potential and matched 
to Eqs (13) and (14). The m a s s p a r a m e t e r В i s assumed constant throughout 
the potential , but the numer ica l integrat ion method makes it , in pr inciple , 
easy to calculate a wave function with a varying m a s s p a r a m e t e r . A varying 
В also r equ i r e s a modification of Eq. (16) . 

Ед — 

"" / 
Фм.= / 
Ae"ikP / 
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\ c 4 
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/ \ " 
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l \ j 

Pi ßA te PB 
DEFORMATION 

FIG- 6. The potential consists of smoothly joined parabolas of the form 1/2C (ß-ß( extremunr 
)2. In the 

formalism, the wave numbers к and k' can be different, but in the calculations we have put them equal since 
the value of k' affects the transmission coefficient very little. 

The t r a n s m i s s i o n coefficient exhibits resonances at the posit ions of 
quasi-bound s ta tes in the second potential well . T goes to unity for values 
of E much above the b a r r i e r and also, in the case of a symmet r i c potential, 
at the top of a r e sonance . 

We assume that T depends on the compound spin I through a shift Дт in 
the potential re la t ive to E where the shift is the saddle-point rotat ional 
energy 

.2 -n -^ K I + 1 ) (IV) 

and I is the moment of ine r t i a . In this way we get 

Т ( 1 , т г , К , Е ) = Т ( К , 1 Г , К , Е - Д ) (18) 

which has been used in the calculation. Equation (18) causes a given r e s o 
nance to be split into s eve ra l humps, each with a cha rac t e r i s t i c spin. This 
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assumption of a constant shift of the whole potential i s oversimplifying the 
calculations somewhat since presumably the moment of ine r t i a is deformation-
dependent. 

4 . COMPARISON BETWEEN THEORY AND EXPERIMENT 

The fission probabili ty, Pf, for 239Pu (Fig. 2) shows a resonance- l ike 
s t ruc tu re at 5 MeV and beyond this energy r i s e s up to 6.45 MeV, where the neutron 
channel opens. The proton spect rum also has a somewhat b roader maximum 
around 5 MeV which could possibly contribute to the i nc r ea se in the fission 
probabil i ty. The spin and pari ty distr ibution is , never the less , assumed 
constant and equal to the calculated average value. The e r r o r introduced 
in Pf by this assumption is es t imated to be l ess than 10%. 

In the averaging procedure for the dcr^p, a total of 37 Nilsson orbi tale 
ranging from [6311] to [6021] at deformation e = 0. 25 [12] has been used. 
Averaging over 4 . 0 - 7 . 0 MeV yields a distr ibution rat io of about 4 between 
even and odd par i ty s t a t e s . Using an energy in terval from 4-10 MeV, the 
ra t io d e c r e a s e s to 3. A more rea l i s t i c calculation using a Saxon-Wood 
potential is in p r o g r e s s . 

Our bas ic assumption is that the lowest f iss ion-channel band has К = 0 
and even par i ty . It includes channels of spin and par i ty 0+, 2+, 4+, 6+. The 
prominent resonance at 5. 0 MeV has an anisotropy cha rac t e r i s t i c for К = 0 
and is attributed to this fission band [13]. F r o m Table I it is seen that this 
channel band will have a maximum value Pf of ~',0. 3. Thus , only l i t t le 
room is left for opening up more fission bands below the neutron binding 
energy. The smal l resonance around 5.3 MeV is assumed to be a r e s o 
nance with K= 0 and negative par i ty . (7, f) exper iments show an anisotropy 
at this energy cha rac te r i s t i c for а Г state [14]. Thus we ascr ibe spins and 
pari ty Г , 3", 5" to this band. 

TABLE II. POTENTIAL PARAMETERS 

Ктг 

+ . 
0 

Ö" 

2 + 

EA 
(MeV) 

6.00 

6.35 

6.45 

•: • EB 
(MeV) 

5.80 

6.15 

6.25 

. E n 
(MeV) 

2.30 

2.65 

2.75 

. fiw, A 
(MeV) 

1.30 

1.30 

1.30 

RwB 
(MeV) 

1.30 

1.30 

1.30 

r"V 
(MeV) 

2.00 

2.00 

2.15 

2,1 
(keV) 

4 

4 

4 

The mass parameter В =100 MeV ti . 
The relative populations of the channel bands used in the calculations in Fig.7 ate: 

0..02 0.17 0.25 . .0.12 0.05 0.02 0.08 0.05 
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The next band is assumed to have К = 2 and even parity (states 2+, 3+, 
4+, 5+, . . . ) . 

The barr iers for Ктг = 0~ and 2+ are assumed to have the same shape as 
that of the 0+ channel band. With these assumptions we have made a calcu
lation, the result of which is shown in Fig. 7. The potential parameters 
are given in Table II. 
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FIG. 7. The experimental points are the fission probability Pf<exP) = do (d, pf)/do (d, p). The theoretical curve 
is obtained from Eq.(4) and is 

p(th) 
{ d o d i p ( I ^ , E , e p ) } a V 

XIirK 

w> 

The theoretical curve consists of three contributions. The lowest curve is for Юг=0+, the next one after 
adding the contribution from K7r=0", and the last one after adding the Ktr = 2 + contribution. 

The calculation has shown that the two barr iers must be of the same 
height (within 1 MeV) in order to produce a resonance of such prominent 
size as seen in 2 4 0 Pu (see also Ref.[15]). 

It is seen that the calculated peaks, although broadened by rotational 
structure, are appreciably narrower than the experimental ones. This 
suggests, that damping should be included in the second well, e.g. by in
corporation of an imaginary potential. Considerable damping is required 
in the K = 2 band in order to eliminate the calculated resonance at 5.6 MeV. 
Calculations of this type are under preparation. 

The best fit gives rather large values of hu for the inverted parabola 
barr iers (1. 3 MeV) while the "level spacing" ftu in the second well is around 
2 MeV. However, recent mass-parameter investigations [16] seem to 
indicate a non-constant mass parameter. This feature, too, will be included 
in future calculations and may alter the nu's rather drastically from the 
conventional values. 
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The interpretation given in this section is subject to considerable un
certainty, particularly with respect to height and curvature of the lowest 
barrier . However, the present comparison with experiment has shown that, 
the previous estimates of ftw should be revised because the penetrability 
function in the double-hump interpretation includes enhancement due to 
resonances in the second well. 
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Abstract 

A HIGH-RESOLUTION STUDY OF THE 239Pu (d, pf)-REACTION. The (d, pf)-reaction on 239Pu has been 
studied at a bombarding energy of 11.5 MeV using the Chalk River MP Tandem Accelerator. A Brown-Buechner 
magnetic spectrograph equipped with a 1 m long hyperbolically shaped wire spark chamber detected protons 
at an angle of 132.5° with respect to the incoming deuteroh beam. The energy resolution of the system, which 
included separation of protons and deuterons by time-of-flight, was ~ 18 keV FWHM. The angular distribution 
of fission fragments was measured in coincidence with protons, using an array of 14 wire proportional counters 
arranged at 10° intervals, with a solid angle increasing monotonically from the classical recoil axis (taken as 
0°) to a maximum at 90° without reduction of angular resolution. The overall coincidence resolving time was 
~ 10 ns FWHM. 

Particular attention was given to the excitation energy region from 4. 3 MeV to 5.2 MeV in the residual 
nucleus where experiments with ~ 100 keV resolution had shown a peak in the probability (oj pf/оф) around 
5. 0 MeV and a weak plateau below the peak. In the present experiment, ~ 3300 events were accumulated in 
this region, representing ~210 hours of beam time. Preliminary analysis shows prominent structure in the 
fission probability consisting of at least seven lines in the peak. The "weak plateau" below the main peak also 
appears to contain several lines and does not consist of only one narrow line. The fission fragment angular 
distribution data are consistent with the interpretation that all lines in the region 4. 69 to 5.16 MeV have the 
same angular distribution. 

The width of the lines in all cases is that of the experimental resolution and their spacing is consistent 
with present ideas of the level density in the second well. It is unlikely that the fine structure is produced by 
the mechanism of the (d, p) reaction although it may serve to enhance the structure. 

1. Introduction 
The nucleus 240Pu is one of the best investigated fis

sioning systems to date as far as fission induced by direct 
reactions is concerned; measurements on both fission probabi
lity and fragment angular correlations have been reported for 
the reactions 23SPu(d,pf)[l-7], 239Pu(t,df)[8], 24°Pu(a,a'f[9] 
and 240Pu(p,p'£)[10].. Attempts to interpret the results in 
terms of low-lying vibrational bands[ll] in the transition 
state spectrum have been partially successful» However, a 
number of remarkable deviations from the simple channel model 
of the fission process remained unexplained, among these a 
pronounced peak in the fission probability (instead of the ex
pected plateau) at an excitation energy of 5-0 MeV, and the ab
normally large values for the gamma width r"y necessary [6] to 
obtain good fits - apparently pointing to fission of essenti
ally sub-barrier character even above 5 MeV. 

One way to resolve these difficulties is provided by the 
concept of the double-humped fission barrier, proposed recently 
by Strutinsky [12] as a result of introducing shell corrections 
to the smooth liquid drop potential energy surface. Experi-
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mental evidence supporting this model has been rapidly accumu
lating over the last year and is, in fact, a matter of exten
sive discussion at this conference. One of the consequences of 
the model is the occurrence of sub-barrier transmission reson
ances [13, lW at the position of quasi-bound (ß-) vibrational 
states in the second well. The width of these resonances de
pends on the penetrabilities of the two single barriers and 
the amount of damping (mixing of the vibrational state into 
compound states) in the second well and decreases rapidly with 
decreasing excitation energy. As suggested by Strutinsky and 
Bj<i>rnholm [13], the above-mentioned peak in the fission probab
ility observed in 239Pu(d,pf) might, in fact, be due to a sub-
barrier resonance. 

We have initiated a new study of the 239Pu(d,pf) reac
tion, with an energy resolution for the protons superior to 
previous investigations by about a factor of 5» using a mag
netic spectrograph rather than a semiconductor detector. The 
motivations for this considerable increase in experimental com
plexity were several-fold: the hope of gaining more insight 
into the true nature of the peak in the fission probability, 
specifically with regard to its width, which was obscured be
fore by poor resolution, - of finding the next lower "resonance',' 
which would have completely escaped previous investigations be
cause of its very much smaller width, - of observing fine struc
ture corresponding to compound levels in the second well, equi
valent to the grouping observed in neutron-induced sub-barrier 
fission [I5-I8], - and finally of learning something about the 
role of the (d,p) reaction mechanism. 

2. Experimental set-up 

The basic experimental arrangement is shown in Fig. 1. 
The (d,pf) reaction was studied using deuterons of 11.5 MeV 
from the Chalk River MP Tandem accelerator. Protons at an 
angle of 132.5° with respect to the incoming deuteron beam were 
analyzed in a Brown-Buechner magnetic spectrograph. A i m long 
hyperbolically shaped wire spark chamber, triggered by a paral
lel plate proportional counter behind the spark gap, was placed 
along the focal plane to measure the position of the protons. 
Mass identification, primarily separation of protons and deu
terons, was achieved by measuring the flight time of the part
icles through the spectrograph between a very thin window 
transmission counter at the entrance and the parallel plate 
counter. The overall energy resolution of the system was ~ 17 
keV FWHM. The angular distribution of the fission fragments 
was measured in coincidence with protons, using an array of 14 
wire proportional counters arranged at 10° intervals around the 
target, with the classical recoil axis taken as the symmetry 
axis [2,6]. The position signal from the spark chamber, the 
linear signals from the counters, the various time relations 
and the fragment array, were fed via 6 ADC's into a PDP-1 on
line computer and stored event-by-event on magnetic tape. 
Final data analysis was done off-line on a PDP-10 computer. 

A few details of the detectors are worth mentioning. 
Fig. 2 shows a transverse cross section of the spark chamber 
system [19,20]. Particles enter the chamber through a mylar 
window, traverse the spark gap (consisting of a Ti foil and a 
wire mesh with 2 wires/mm) and end up in the parallel plate 
proportional counter (consisting of a thin aluminized mylar 
electrode and a rigid Al back plate, polished and suitably 
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SPARK GAP (IN FOCAL PLANE) 

TRIGGER COUNTER 
(PARALLEL PLATE PROP) 

RECOIL AXIS 

BROWN-BUECHNER 
MAGNETIC 
SPECTROGRAPH 

FISSION FRAGMENT ARRAY 
(WIRE PROP., 10» INTERVALS) 

FIG. 1. A schematic drawing of the experimental set-up. 
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FIG. 2. Transverse cross-section of the spark-chamber system. 
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shaped to eliminate the danger of edge sparking). This counter 
has a coincidence resolving time of the order of a few ns„ Mag-
netostrictive delay-line read-out is used to obtain the posi
tion signal from the spark gap; the spatial resolution achieved 
is of the order of l/k mm FWHM over the full length of. 1 m. 
With a pulsed clearing field, the system can handle particle 
rates well beyond 1000/sec. 

0 5 
l__l ' ' ' ' cm. 

FIG. 3. Inside of target chamber showing the geometry and cross-sections of the transmission counter and the 
fission-fragment array counter. The magnet was necessary to reduce the number of electrons entering the 
transmission counter. 

Fig. 3 shows a closer view into the target chamber. The 
transmission counter [20], necessary for the time-of-flight 
method, is a wire proportional counter with a very small sensi
tive volume (-v 1/2 cm3) defined by field tubes at their approp
riate potential. It is operated with ethyl alcohol vapour at 
<\, 10 Torr; very thin VYNS windows (with a Au layer) are used 
resulting in a total thickness of the counter, including gas 
layer, of ~ 60 ̂ g/crn2. The target was used in transmission for 
best resolution (see Fig. 3), unfortunately obscuring by self-
absorption angles near the recoil axis. The counter array for 
the fragments [20] operates under very similar conditions (~ 5 
Torr of methanol) to the transmission counter. The individual 
elements subtend an angle of ~ 9-5° in the reaction plane with 
a dead space of ~ 0.5° between them. Fragments enter through a 
aluminized mylar foil. The coincidence resolving time of <v 7 
ns compares reasonably well with what is routinely obtained in 
semi-conductor detector arrays. 

A photograph of the array is shown in Fig. k. The front 
lid including the windows has been taken off the main body. 
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FIG. 4. Photograph of the fission fragment counter array. The front section with the windows has been taken 
off the main body. 

The acceptance angle of the elements perpendicular to the reac
tion plane increases monotonically from the recoil axis (0° 
element) to a maximum at 90° such as to keep the angular resol
ution constant. The overall solid angle of the array is there
by maximized (~ 0.1 of 4ir), compensating partially for the very 
low solid angle of the spectrograph. The main advantage of the 
array, and the primary reason for developing it, is its relia
bility and complete insensitivity to radiation damage. 

3. Results and discussion 
The data accumulation rate was extremely slow, in <v 210 

hours of beam time only ~ 33ОО events were accumulated in the 
region of the peak around 5-0 MeV. The direct proton spectra 
corrected for chance coincidence events are displayed in Fig. 5, 
covering the excitation energy region in 240Pu from 4.2 to 5.6 
MeV. The energy scale was calibrated with the Q-value for the 
ground state transition Q0 =4.220 taken from mass tables [21]. The (d,p) spectrum (singles) is shown in the lower part of the 
figure, the (d,pf) spectrum (coincidences summed over all ele
ments of the array counter) in the upper. The statistics are 
evidently poor, but a few significant conclusions can still be 
drawn. 
a) The natural width of the peak in the fission probability 
around 5-0 MeV is of the order of 250 keV, as has been shown by 
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FIG. 5. Direct experimental results showing singles and coincidence proton spectra (summed over all elements 
of the array). Error bars give statistical standard deviations. 

the latest semiconductor experiments [5/7]- There is also a 
rather flat peak in the singles, but much wider and displaced 
to lower excitation energies by -v 150 kev,- it appears to be 
even wider than observed previously [6]. 
b) Looked at with high resolution, the peak shows prominent 
structure consisting of a number of lines, partly poorly re
solved, but two of them, those at 4.792 and 4.831 MeV, suffici
ently isolated to show a width equal to the instrumental resol
ution. There are very likely more lines between 4.9 and 5.1 
MeV than indicated by the smooth line drawn through the mea
sured points. Within the present statistical accuracy, the 
singles proton spectrum does not show any fine structure at all 
in this region. 
c) The weak "plateau" below the main peak, which was observed 
in the latest semiconductor experiments [5,73< also seems to 
consist of weak isolated lines, scattered over the whole region 
between 4.4 and 4.7 MeV. It evidently does not consist of a 
strong narrow single resonance. 

The discussion of the origin of the observed line struc
ture will follow two paths: the influence of the reaction 
mechanism, and the influence of a possible double-humped bar^ 
rier. Even if it is assumed that only one single spin is pre
dominantly involved in this region (as is, in fact, suggested 
by the analysis of the angular correlation data, see below), 
the average level spacing of, for example, levels of spin 2 at 
an excitation energy of 5 MeV is. of the order of 10 or 20 eV, 
as estimated from a suitable level density formula [22] . This 
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is to be compared with an observed spacing of somewhere between 
10 and 40 keV for the stronger lines in the bump, it is hardly-
conceivable that the (d,p) stripping process alone could be re
sponsible for the fact that only such a small fraction/10-3) of 
all the levels available have a significant fission yfdth. it 
should be pointed out in this connection that a bump in the 
fission probability around 5 MeV has also been recently obser
ved in 239Pu(p,p'f)[10] reaction, although weaker by about a 
factor of two than in 239Pu(d,pf). It is quite conceivable 
that the (d,p) reaction enhances the phenomenon under discus
sion, because of the selective angular momentum distribution 
available [3], (see also below), but it is not thought to be 
primarily responsible for it. 

Turning now to the role of the double-humped barrier, we 
note first two facts: 1) a spontaneously fissioning isomer of 
24°Pu has recently been found with a half-life of 4 ns [23,24], 
and 2) a fission resonance grouping with a mean spacing of 460 
eV has been observed in the 239Pu(n,f) [17] reaction. Under 
the assumption that this spacing represents that of the 1 + 

levels [18] in the second well, a depth of 3-55 MeV is deduced 
from a commonly used level density formula [22] . This places 
the second minimum 2.90 MeV above the first. Now if we extra
polate downwards from 3«55 MeV to 2.10 MeV (equivalent to an 
excitation energy of 5-0 MeV above the first minimum), an aver
age level spacing of 9 kev is deduced for levels of spin 2. 
This estimate is surprisingly close to the observed spacing; 
and although the assumption of the 460 eV spacing being due to 
0 + levels would yield lower values for the extrapolated level 
spacings, it is by no means clear that all the levels present 
in this region would have a large fission width. 

We conclude therefore that the observed line structure 
might indeed be due to compound levels in the second well, 
arising for the same reason as the grouping observed in neutron 
induced fission. The "gross-structure bump", that is the en
velope of the line structure, might then be due to a transmis
sion resonance through the barrier, its width representing the 
amount of damping, i.e0 of mixing of the strength of the vibra
tional level into compound levels of the second well, rather 
than the penetration width. It should be noted that estimates 
of the penetration width [14] yield values of ~ 10 keV for a 
transmission resonance only 100 keV below the lowest barrier; 
and there are indications that the lowest barrier is signifi
cantly higher than 5 MeV [10]. The weak structure, observed at 
excitation energies between 4.4 and 4.7 MeV might still arise 
from some scattered strength of the same vibrational resonance; 
the next lower resonance could well be unobservable with pre
sent techniques because of its excessively small width. 

If indeed the observed structure is due to compound 
levels of the second well, the analysis of the fission frag
ment angular correlation should yield information about their 
spins. The results of the correlation have been fitted with a 
least squares routine to the function 

w(e) = AO {1 + •'£ A X P X (COS0)3 

where A 0 and the h\'s are adjustable parameters and the P^(cosO) 
Legendre polynomials; the angle в is measured from the recoil 
axis [2,6] . The relative solid angles of the fragment array 
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К = 0. The bars show the areas of the fission probability selected for extracting A2 and A4 . Below 4. 8 MeV, 
A4 was set A4 = 0. 

were determined by fitting the observed angular distribution to 
the previously measured one [63 in the excitation energy region 
from 6.1 to 6.4 MeV, where the anisotropy coefficients are 
rather small. The fission probability (from A0 and the singles proton spectrum) and the coefficients Aa and A 4 (with A6 = 0) 
are plotted in Fig. 6 as a function of excitation energy, cover
ing the range from 4.3 t o 5-2 MeV. Because of the very poor 
statistics, the coefficients Аг and A4 are determined in selected energy intervals (indicated by horizontal bars in the 
lower part of the figure) corresponding either to the lines 
seen in the fission probability, or in some cases to the in
tervals between. 

The coefficients A^ can also be calculated in the usual 
manner [2,253? they depend - for an individual level - on the 
spin I, the effective projection К of this spin on the deform
ation axis, and the total angular momentum j of the neutron 
transferred in the (d,p) reaction. Specifically, for a target 
nucleus with a spin I-s = 1/2, there are rather distinct dif
ferences in the coefficients A\ for different combinations of 
these quantum numbers, suggesting that - at least in principle-
the measurement of these coefficients for individual levels 
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would yield unambiguous assignments of If, К and j. For the 
special case of К = 0 (which seems to dominate the whole region 
around 5 MeV, as is suggested by the large average values of A 2 and A4 [6]), the coefficients A^ for an initial spin ii = 1/2 depend only on j, not on the final spin If and these values are 
drawn as thin lines in the diagram for j up to 7/2• 

z 

m 
< 

239 P u ( d , p f ) 

EXCITATION ENERGY IN 2 4 0Pu 
4.69 - 5.16 MeV 

COEFF. FROM FIT 
A2 =0.92 ± 0.09 
A4 =0.35 ± 0 . 1 3 
A6 =0.03 ± 0 . 1 1 

0 20 40 60 80 

ANGLE в ( ° ) , MEAS. FROM RECOIL AXIS 

FIG. 7. Measured angular correlation and least-squares fit for the excitation energy region 4.69 - 5.16 MeV. 
The single point (cross) was taken from previous measurements [ 5 , 6 ] , but not usee in the fitting procedure. 

Unfortunately, the statistical errors of the measured 
values of A2 and A4 are so large that it is quite difficult to draw immediate conclusions regarding the spins involved. We 
will therefore first argue about the average distribution, 
taking the whole region from 4.69 to 5.16 MeV. The measured . 
angular distribution and the least squares- fit to it are shown 
in Fig. J. The single point (cross at 0°) is taken from pre
vious measurements [6,5]. but not used in the fitting process. 
The measured values for A2 and A 4 given on the figure agree quite closely with previous determinations [6], the value for 
Аб is smaller (probably due to the lower beam energy), and 
higher terms are absent [6]. Assuming К = 0, the contributions 
from j = 3/2, 5/2 and 7/2 relative to that from j = 1/2 can be 
directly determined from A2 , A 4 and Ä6;we obtain 3.3» 2.0 and 
0.3 respectively. This preference for j = 3/2 and 5/2 does 
seem to support previous speculations [3] about the specific 
selectivity of the (d,p) process, but it could alternatively 
reflect some other selectivity perhaps in the second well. If 
it is further assumed that only the spin sequence 0+, k+ ...[11] 
is involved we have to conclude that the relative contributions 
of spins 0, 2, 4 are 1, 5-3 and 0.3 respectively, in other words 
- spin 2 seems to dominate this region. 

Going back then to Fig. 6 and assuming again К = 0, the 
first strong isolated line, at 4.792 MeV, suggests pure j = 5/2, 
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leading to the assignment of spin 2. The next one, at 4.831 MeV, 
contains much more j = 3/2, suggesting a spin 2. It is fairly 
certain that neither of these have spin 0. Nothing conclusive 
can be said about the detailed structure higher up because it is 
not sufficiently well isolated. The structure at 5.089 possibly 
represents the only example of j = 1/2, leading to spin 0. 

4. Summary and conclusions 
It has not been possible to assign definite spins and К 

values to the fine structure observed in this work. However 
two definite conclusions can be drawn: 
a) The "peak" in the fission probability at 5 MeV excitation in 
the 239Pu(d,pf) reaction is not simple but consists of at least 
7, and possibly more, fine structure peaks, each with a width 
equal to the experimental resolution. 
b) The fission probability at energies below the 5 MeV peak is 
not concentrated in a single narrow resonance, but is scattered 
over a wide area. One somewhat less definite conclusion is 
c) The fine structure is not introduced by the (d,p) stripping 
process, although it may be enhanced by it, and is consistent 
with our present knowledge of level densities a second well. 
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Abstract 

FISSION INDUCED BY THE 240Pu (p, p'fj-REACTION. It has been suggested that the threshold peak at 
~ 5-MeV excitation energy observed in the fission probability for the 239Pu (d,pf) reaction may be due to a 
resonance in the fission penetrability through a two-peaked potential barrier. However, the interpretation of 
this peak is ambiguous because it appears at the same excitation energy as a gross structure resonance in the 
(d, p) cross-section. 

An attempt has been made to resolve the question of whether the observed resonance in the 23sPu (d, pf) 
results is due to a resonance in the fission penetrability or in the (d, p) stripping process. Fission probabilities 
and angular correlations for the fission of 240Pu excited by the (p, p') reaction were obtained from measure
ments of coincident events at 7 independent fission angles. A 20-MeV proton beam was used and inelastically 
scattered protons were detected at 90° with an energy resolution of 150 keV (FWHM). The fragment angular 
correlations were fitted as a function of the excitation energy of the residual nucleus (240Pu) to a series of even 
Legendre polynomials and the resultant fission cross-section is divided by the (p, p ' ) cross-section to obtain a 
fission probability. Detailed structure observed in the fission probability is compared to the (d, pf) results. 
The angular correlations are less strongly peaked than previous (d, pf) results. This effect indicates that 9p= 90° 
is not a sufficiently large angle for the plane wave approximation to be valid. This effect plus the poorer 
statistical accuracy of the (p, p'f) data combine to obscure the detailed structure in the angular correlation 
coefficients that has been observed in the (d, pf) experiments. 

Near the threshold the fission probability from the (p, p'f) results shows a rise to a plateau at E* ~ 5 MeV 
with a value for the fission probability of ~ l / 2 the peak value observed in the (d, pf) results. The results are 
consistent with the hypothesis that the shape of the resonance in the fission probability in the (d, pf) results is 
dominated by the gross structure resonance in the (d, p) process. However, the magnitude of the fission probabi
lity for the (p, p'f) reaction at E* ~5-MeV is significantly less than would be expected for fission through fully 
open transition states from а К = 0+ rotation band. The experimental probabilities from both (p, p'f) and 
(d,pf) measurements are compared with penetrability calculations for fission through a two-peaked barrier. 

INTRODUCTION 

Recently there has been considerable interest in the detailed shape of 
the fission barrier. For nuclei in the actinide region single particle calcu
lations first proposed by Strutinski [l]' have indicated that there may be a 
secondary minimum in the potential energy surface at a deformation greater 
than that observed for these nuclei in their ground state. Experimentally 
the existence of a secondary minimum has been confirmed by the discovery of 
fission isomers [2] and intermediate resonances [3] in the sub-barrier fission 
of even-even targets. 

In their review [4] of the evidence for these secondary minima, Strutinsl 
and Bj^rnholm suggested that the threshold peak'observed in the 239Pu(d,pf) 
reaction might be an example of fission through a resonant state near the top 
of the secondary well. This, interpretation could be consistent with results 
showing an angular correlation for this threshold peak which indicated fission 
through а К = 0 + band and a rather low fission probability that is consistent 
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with the relevant fission channels being not fully open. However, the 
threshold peak in the 239Pu(d,pf) results occurred at an energy coincident with 
a strong gross structure resonance in the (d,p) reaction. For this reason it 
was difficult to determine whether the characteristics of the threshold fission 
peaks were dominated Ъу fission through a resonant state in the secondary mini
mum or by the gross structure peak in the (d,p) process. 

In this paper results are reported from the 2L*°(p,p'f) reaction. By 
comparison of results from the (d,pf) and (p,p'f) reactions which both produce 
the excited nucleus 2Ц0Ри it should be possible to separate effects peculiar 
to the direct reaction process from those dominated by the fission process. 
The (p,p'f) results are compared in detail to previous (d,pf) results [5] and 
both sets of data are compared to calculations for an idealized model incor
porating fission through a two-peaked barrier. 

EXPERIMENTAL PROCEDURE 

The experimental system and data reduction procedures have been discussed 
in detail previously [5,6] and will be only briefly reviewed here. In this 
experiment inelastic protons from an incident 20-MeV beam were detected at 
90° and coincident proton spectra were measured for fission fragments emitted 
at 7 angles. The resulting angular correlations were fitted by a least squares 
procedure as a function of excitation energy to a function 

W(e) = A_(l +J2 gTPT(cose)) 
0 L=2,l(,6 L L 

The angles 6 are measured relative to the kinematic recoil angle for the (p,p') 
reaction and the data are all transformed to the rest system for the fissioning 
nucleus. As in previous experiments [5,6], the relative solid angles of the 
fission detectors were determined by comparing singles fission rates in the 
detectors with a measured (p,f) angular distribution. The absolute solid angle 
of the fission detectors was determined to ±10$ by comparing singles fission 
rates with those for a detector with a known solid angle. From the absolute 
solid angle the coefficient A. from the fits can be converted to a fission 
cross section, af, and fission probability determined from Pf = a^/appi where 
a_.pi is the cross section for exciting the residual nucleus to a particular 
excitation energy. 

In this experiment a 21,0РиО2 target of ^250 pg/cm2 deposited on a 
60 pg/cm2 carbon backing was used. The 21(0Pu had an isotopic purity of 98%. 

RESULTS 

The fission probability, P~, and angular correlation coefficients, gg 
and gl̂ > from the 2tf')Pu(p,p'f) results are shown in Fig. 1. If the angular 
correlations can be described by a plane wave calculation [7], one would expect 
the g„ and g^ coefficients to be slightly larger for the (p,p'f) reaction than 
for tne (d,pf) results because of the absence of target spin decoupling effects. 
As seen in Fig. 1, the measured correlation coefficients are much lower than 
those observed for (d,pf) reaction. The most reasonable explanation of these 
results is that the plane wave approximation is not valid for inelastic protons 
emitted at 90°. A similar effect has been observed previously for protons 
emitted at 90° for the 239Pu(d,pf) reaction [5,8]. Therefore, it appears that 
very little information can be obtained from the angular correlation coeffici
ents and further discussion will center primarily on a comparison of the fission 
probabilities from the (d,pf) and (p,p'f) reactions. 

The fission probabilities and singles proton spectra from the (p,p') 
and (d,p) reactions are shown in Fig. 2. For the (p,p') reaction the proton 
angle of 90° was chosen such that the excitation energy region, 5.0-6.5 MeV, 
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FIG. 1. Fission probabilities and angular correlation coefficients as a function of energy for the 240Pu (p, p'f) 
reaction. 

would Ъе free from 12C and 160 peaks. The peak observed in the proton spec
trum at E*Vf MeV is due to excitation of the U.l+3-MeV level in 12C. The rise 
in ag as E* decreases below 5.5 MeV is due to a tail on the very intense 2C 
elastic peak which occurs at E*(2"*0Pu) ̂ 2.5 MeV. The dashed line in Fig. 2 
shows the assumed dependence for о used in calculating Pf for the 2I|0Pu(p,p'f) 
reaction. Alternatively, if as is assumed to be constant throughout the region 
of interest, a very similar P̂ . distribution is obtained. In the comparison of 
the 21,0Pu(p,p'f) and 239Pu(d,pf) results in Fig. 2, the fission probabilities 
are estimated to be accurate to ±10$. The excitation energy scales have an 
estimated uncertainty of ±.05 MeV. 

In the threshold region (E*^5 MeV) the 21t0Pu(p,p'f) results show a 
plateau in place of the somewhat stronger peak observed in the 239Pu(d,pf) 
results. If the prominent gross structure peak at ^5 MeV in the (d,p) reaction 
is predominantly due to excitation of positive parity states then these results 
are consistent with the 239Pu(d,pf) threshold peak being created by a modula
tion of the relative formation cross sections due to the gross structure peak 
in the (d,p) process. The fission probability observed near E* ̂  5 MeV for 
the 21*0Pu(p,p'f) reaction is much too small for fission through fully open 
channels of the K=0 ground state band unless it is assumed that the (p,p') 
reaction excites almost entirely negative parity levels. This assumption 
seems unlikely and the most reasonable explanation of these results is that 



378 BRITT et al. 

in the region E* % 5 MeV fission is proceeding through a sub-harrier resonance 
in the secondary minimum of a two-peaked fission harrier. This hypothesis will 
be investigated in terms of the model calculations presented helow. 
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FIG. 2. Comparison of fission probability and proton singles spectra from 2MPu (d, pf) and 240Pu (p, p'f) reactions. 

MODEL FOR DIRECT REACTION FISSION PROCESS. 

.' The present (d,pf) and (p,p'f) results are compared with calculations 
based on a simplified model of the direct-reaction fission process. The pres
ent model is. a direct extension of previous calculations [5] with the major 
difference heing the addition.of a two-peaked fission barrier. As in the 
previous case, it is assumed that the distribution of angular momenta for the 
states, J^, excited by the direct, reaction is given Ъу 

NCJ") = о (J") x pCJ71) 

where a(J1T) are the relative direct reaction cross sections obtained from DWBA 
calculations [9] and pfj") is the density of states available for excitation. 
It is assumed that pCJ") can be adequately described by a statistical spin 
density function [10]. In the decay process the competition between fission 
and gamma-ray de-excitation is considered. In this calculation the average 
value of Tf is taken as 

<rf(E*J'r)> = [2Trp(E*J7r}ri\ir(E*j',r) 

where K E * ^ ) is a statistical level density taken from Gilbert and Cameron [10] 
and Vf (Е*.^)-is the sum of the fission penetrabilities for all transition states 
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with spin-parity of J", 'Within this framework the fission probabilities and 
angular correlation coefficients can Ъе calculated as described in Ref. 5. 

In the calculations presented below all of the level density parameters 
are held fixed [10] and the value used for .IV, is taken from analysis of neutron 
resonance data [ll]. For the (p,p'f) data and the (d,pf) data at excitation 
energies above the (d,p) gross structure resonance, it is assumed that there 
are equal contributions from positive and negative parity states. For the 
(d,pf) results in the region of the gross structure resonance (E* = U.5—5-5 
MeV) it is assumed that the (d,p) cross section contains two components: (l) 
a background cross section extrapolated from the higher energy region which 
is assumed to contain equal positive and negative parity contributions and (2) 
the remaining cross section in the gross structure resonance which is assumed 
to be З А positive parity and l/k negative parity excitations. These assumed 
ratios of positive to negative parity excitations were held fixed during attempts 
to fit the experimental data. 

The fission penetrabilities used in these calculations were obtained 
from exact calculations of the penetrability through a two-peaked fission barrier 
described by three smoothly joined parabolic sections. This barrier is des
cribed by six independent parameters: E]_ and •$№>]_, the height and curvature of 
the first peak; Eg and -hug, the minimum and curvature for the intermediate 
well; and E3 and "ПШ3, the height and curvature of the second peak. The details 
of these penetrability calculations are described in Ref. 6. A similar pene
trability calculation has been recently reported [12]. 

ANALYSIS AND DISCUSSION 

Using the model described in the previous section an attempt has been 
made to simultaneously reproduce the features of the fission probability and 
angular correlation coefficients from the 239Pu(d,pf) results and the fission 
probability from the ,.2't0Pu(p,p,f) results. In the model calculations, the only 
parameters which were allowed to vary were the 6 fission barrier parameters 
and the positions of the transition states. The set of barrier parameters 
was somewhat restricted by requiring that an acceptable barrier yield approxi
mately the correct spontaneous fission half-life (т 'v.lO11 years) [13] and 
have an isomer which decays by fission with approximately the correct half-
life (x ̂ 5xlO-9 sec) [lit]. 

A limited investigation of possible barrier shapes has yielded fits to 
the 239Pu(d,pf) and 21*')Pu(p,p'f) results shown in Figs. 3 and k. The barrier 
shape associated with these fits and the penetrability of this barrier broadened 
by a resolution function with0, 12MeV FWHM is shown in Fig. 5. The parameters 
and characteristics of this barrier are shown in Table I and the other param
eters of the model calculation are given in Table II. The barrier parameters 
and the transition state spectrum are very similar to "best" fits obtained for 
240Pu(t,pf) and 2lt2Pu(t,pf) results [6]. 

At present a systematic survey of the sensitivity of the calculations 
to variations in various parameters has not been completed and it has not been 
determined to what extent the present parameter set is unique. However, within 
the framework of the present model certain qualitative conclusions can be made 
about (l) the acceptable range of the barrier parameters and (2) some obvious 
limitations of the present model. 

If the values of -ntog and -hüb for the barrier were held fixed, it then 
appeared from the limited investigation of parameter sets that the other four 
parameters for the barrier shape were relatively, well determined. In this 
case E, is most sensitive to the apparent fission threshold; E-̂ , to the abso
lute magnitude of the observed fission probabilities; *ш1, -to the spontaneous 
fission half-life and E2, to the isomer half-life and the resonance structure 
observed in the fission probability. In addition the range of acceptable-
values for -hMo is limited to the approximate range 0.U £ -ПШ3 < 0.6. ' At "hdw ъ 



380 BRITT et al. 

o U 1 

i*;»*ii*i{ 

J L 

5 E* (MeV) 6 7 

FIG. 3. Comparison of experimental fission probability and angular correlation coefficient, 
calculations described in the text for the !39Pu (d, pf) reaction. 
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FIG. 4. Comparison of the experimental fission probability with model calculations described in the text for 
the M0Pu (p, p'f) reaction. 
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TABLE I. PARAMETERS AND CHARACTERISTICS OF THE FISSION 
BARRIER USED IN THE MODEL CALCULATIONS AND ILLUSTRATED 
IN FIG. 5. 

Energies, Ej 
(MeV) 

Curvatures, Kwj 
(MeV) 

5.95 

2.10 

5.25 

1.30 

2.00 

0.48 

Resonance Energies 
(MeV) 

FWHM 
(keV) 

Max. Penetrability 

2.92 

4.13 

4.91 

5.42 

0.16 X 10"3 

0.10 

1.86 

233. 00 

0.44 X10' 6 

0.011 

0.910 

0.130 

Spontaneous fission half-life = 7 x 10 B years. 
Fission isomer half-life = 12 ns. 

TABLE II. TRANSITION STATE SPECTRUM AND STATISTICAL PARA
METERS USED IN MODEL CALCULATIONS. TRANSITION STATE 
ENERGIES /SE(K') ARE RELATIVE TO LOWEST К = 0+ STATE FOR THE 
LOWEST STATE IN EACH VIBRATIONAL BAND. 

Spin cutoff parameters, s 

b 

Level density parameters, a = 27.41 MeV"1 

= 6.45 

Gamma-ray width, Г., 

Rotational constant, EJJ 

E(0+) 

E(2+) 

E(0_) 

= 0. 040 eV 

= 0. 005 MeV 

= 0.00 MeV 

= 0.20 MeV 

= 0.45 MeV 

ЕЦ") = 0.75 MeV 

Щ2") = 1.05 MeV 

Values taken from Gilbert, A., Cameron, A.G.W., Can. J. Phys. 43(1965)1446. 
Value taken from Hennies, H.H. , Atomics International Report No. NAA-SR-11980 (1967), 

unpublished. 
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0.1+ the first peak becomes sharp enough so that the calculations predict 
that the isomer should decay predominantly Ъу. y-ray emission and at -frwg. ъ : 
0.6 one approaches the condition where the two barriers are of equal width. 
In fitting results from the (t,pf) reaction [6] it appeared that fco values 
in the range 0.5-0.6 tended to give structure in the angular correlation eoeffi-
cents that is much less pronounced than observed experimentally. Therefore, 
acceptable-пиь values may be more restricted than indicated above. ... 

02 0.4 0 6 0.8 
DEFORMATION * 

FIG. 5. Shape of the fission barrier used in the model calculations and the calculated fission penetrability 
of this barrier as a function of energy. The calculated penetrability has been broadened by an experimental 
resolution function with width 0.12 MeV (FWHM). 

The present model is a significant improvement over previous calcula
tions [5] with a simple parabolic barrier in the sense that experimental results 
can be semi-quantitatively reproduced with a reasonable description of the 
formation and decay processes for the fissioning nucleus (i.e., realistic 
level density functions, values for TV,, etc.). The reason for the success of 
the present model can be seen by examining the penetrability function shown 
in Fig. 5. An important feature is the rapid rise in penetrabilities between 
5.1 and 3.k MeV to a value of Ч1.12 followed by a relatively slow increase 
after that point. This allows for sharp structure in the fission probability 
distribution with plateaus that correspond to fission widths considerably less 
that a fully open channel. This effect is also consistent with many of the 



IAEA-SM-122/102 383 

neutron resonance results where an analysis of fission width fluctuations 
indicates several channels contributing while an analysis of the average 
fission width indicates a relatively small total penetrability for the 
fission barrier. 

The major discrepancy between the calculations and the experimental 
results is in the gg angular correlation coefficient for the 239Pu(d,pf) 
reaction. The calculations show a strong dip in gg at E* ̂  5-1 MeV which is 
not present in the experimental results. A similar discrepancy is observed 
between experiment and calculation for the 2"*2Pu(t,pf) reaction [6].. In the 
present case the dip results from fission in the К = 2 + band through the E* = 
It.91 MeV resonance in the fission probability"*". The fundamental reason for 
the discrepancy between the calculation and the experimental results is not 
clear but a much better fit to the experimental data would result if there 
were no sub-barrier fission through the 4.91 MeV resonance when the nucleus 
was excited to states in the К = 2 + band. Since these effects occur at ener
gies below the top of both peaks in the fission barrier it may be that there 
is a significant probability for К to change in the intermediate well in which 
case the present model would not adequently describe the experimental results. 

An additional difference between the calculations and the experimental 
results is that the resonance structure from the calculations is much sharper 
than the structure observed experimentally. This effect is also apparent in 
attempts to analyze (t,pf) results [6]. 

In addition to approximately reproducing the resonance observed at 
'ь 5 MeV, the model calculations give a weak resonance at "ь 4.15 MeV with a 
peak value Pf ^ 3 x 10-1*. This resonance qualitatively corresponds to the 
resonance observed [15,16] in the 239Pu(d,pf) reaction at 4.5 MeV with Pf ^ 
8 x 10~3. If the calculated resonance at 4.15 MeV were arbitrarily moved to 
4.5 MeV it -would yield a fission probability in approximate agreement with 
the experimental results. It may be that with a different parameter set the 
top two resonance levels can be moved closer together and give a better repre
sentation of the (d,pf) experimental results. 

It should be remembered that the exact shape of the calculated P-f dis
tribution near 5 MeV for the (t,pf) results is also sensitive to the assump
tions made about the character of the gross structure resonance in the (d,p) 
process (see section entitled Model for Direct Reaction Fission Process). 
Furthermore, if it is not assumed that the gross structure peak in the (d,p) 
reaction is predominantly positive parity, then the calculations would yield 
a fission probability much too small in the E* 'v» 5 MeV region. 

The transition state spectrum and the statistical parameters used in 
the model calculation are given in Table II. The statistical parameters are 
all taken from other sources and held fixed. The fits to the experimental 
results determine the positions of К = 2 and К = О- bands to an accuracy of 
±.05 MeV and the positions of higher bands are less well determined. Near the 
neutron binding energy the fits to the fission probability distributions would 
be somewhat better if one or two more transition states were added but the data 
and the model are not good enough to determine which states would be most appro
priate. In this transition state spectrum, the relative excitation energies 

'Tiie dip is created by resonance fission for the К = 2 band occurring 
at an energy relative to the К - 0 band (ДЕ„+ = .20 MeV) where the penetra
bilities for members of the К = 0+ band are very small (see Fig. 5); the addi
tion of а К = 0~ band (ДЕ^- = .45 MeV) then causes g2 to rise again. The dip 
near E* = 5.6 MeV is caused by super-barrier fission through the К = 2 band 
followed by the К ='0~ band. Calculations were performed with various rela
tive positions for the К = 2 + and К = 0~ bands in an attempt to eliminate the 
dip at 5.1 MeV. It was found that any combination which eliminated the dip 
gave a much poorer qualitative fit to the gg results in the super-barrier 
region (E* % 5.5-6.5 MeV). . 
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for the various bands above the К = 0+ hand (ДЕ ) are approximately 0. 3MeV 
less than deduced previously [5] when no provisions were made for a two-peaked 
harrier. 

SUMMARY 

A comparison of the experimental results for the 239Pu(d,pf) and 
2'*°Pu(p,p,f) reactions indicates that fission in the region of E* "\- 5 MeV is 
proceeding through a sub-barrier resonance. For the 239Pu(d,pf) reaction the 
analysis shows that the suh-barrier fission is modulated hy a predominantly 
positive parity gross structure peak in the (d,p) process. Model calculations 
utilizing penetrabilities through a two-peaked fission barrier confirm this 
conclusion and give a reasonable description of both sets of experimental 
results. Discrepancies between the data and calculations may indicate that 
the assumption that К remains fixed during the entire barrier penetration 
process may not be adequate in some cases. 
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DISCUSSION 

Discussion on papers SM-122/74, SM-122/128 and SM-122/102 

C.Y. WONG: I would like to make a general observation . In all the 
model analyses, it is clear that the populations of different spin-states 
are very important. In a way these populations are reflected in the fits 
for the (d,p) and (p,p' ) excitation functions. We have seen fits to the 
fission probability Pf. However, fits to the (d,p) and (p,p') reactions 
are not mentioned. Would Dr. Britt like to make a comment? 

H.C. BRITT: We have attempted fits to the observed gross structure 
from the (d,p) reaction. The model employed single-particle calculations 
using a Saxon-Woods potential with parameters that fit the observed 
single-particle states in Pb. We were only partially successful in fitting 
the (d,p) cross-section for 239pu ancj w e believe that the single-particle 
calculations were not giving a very good description of the negative parity 
states from the N = 7 shell. Most of these states are coming from 
spherical levels that would be at quite high excitation energies in Pb, 
and have not been observed in experiments. 

C.Y. WONG: All these points lead to the conclusion that the (d, p) 
and (p, p') reactions need further study at high excitation energies for 
deformed nuclei. 

H.C. BRITT: I agree. 
H.J. SPECHT: I would like to ask both Dr. Pedersen and Dr. Britt 

to what extent the fits which they have described would improve if allow
ance were made for damping, for example redistribution of К in the 
second well. 

H.C. BRITT: Our fit to the fission "probability would improve if 
damping were included in order to smooth out some of the sharp struc
ture. It is not clear whether a mixing of К in the second well is needed 
to improve the fits. 

J.J. GRIFFIN: Dr. Pedersen, could you compare your double-humped 
barrier with that used by Britt in his calculations? 

J. PEDERSEN: We get the biggest difference for E3 and hto3. The 
theoretical curve is mostly sensitive to the penetrability of the second 
barrier and not to absolute height as long as it is lower than the first 
barr ier . Our values for E3 and nu3 may not give the right half-life for 
the isomer, but this half-life depends on the total area of the second 
barrier, whereas in the (d,pf) experiment we measure the hw only at the 
very top of the barr ier . 

J.J GRIFFIN: Dr. Specht, could you comment in more detail on the 
question of how many fine-structure lines might actually be hidden under 
the eight or so peaks seen in the damped vibrational resonance? 

H.J. SPECHT: If the width of the hidden weaker lines were equal to 
that of the two main resolved lines, then there should be quite a few 
more lines (perhaps two or three times more) than indicated by the 
smooth line drawn through the measured points. Of course, one cannot 
exclude the possibilities of an underlying continuum or of lines with a 
width larger than that of the instrumental resolution. Only an experi
ment with an even better resolution would give a clear answer to this 
question. 

387 
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J.P. BONDORF: I want to comment on the damping and penetration 
problem. In the optical model of fission used in paper SM-122/74 the 
damping of the fission resonances into Class II states can be taken into 
account by an imaginary potential in the second well. This broadens 
the resonances and some flux is absorbed from the fission channel. 
When this flux comes back into the fission channels, К (the Bohr 
channel) may be either preserved or mixed. The angular distributions 
resulting from these two possibilities are, in general, very different. 
If a varying mass parameter, which varies as the Strütinsky potential 
(see paper SM-122/62), is used in the calculation of the transmission 
coefficient, we get narrower calculated peaks than those of a constant 
mass parameter. This supports the argument that damping is observed 
in the experimental data of 239Pu (d,pf). Lastly, the numerical integra
tion method for calculating the transmission coefficient is quite adequate 
for the inclusion of both absorption and varying mass parameter. 

L.G. MORETTO: Dr. Britt, to which of the two fission-barrier 
humps does your К quantum number assignment refer? If it refers to 
the first, would you not expect mixing to take place in the secondary 
well? As for your considerations on the pairing gap, I do not under
stand why you think that there should be a reduction in 2A by comparison 
with the previously accepted value. 

H.C. BRITT: We assume that the internal degrees of freedom are 
decoupled from motion in the fission degree of freedom. Therefore, 
our model does not allow for mixing of K. I believe that our previous 
estimate of the pairing gap was too large because our estimate of the 
fission barrier was too low. We now believe that the peak in the fission 
probability is a sub-barrier resonance. 

P. von BRENTANO: The different results obtained in the three ex
periments discussed are confusing. In the (d,pf) experiments we see a 
strong enhanced hump and fine structure, whereas both these seem to be 
absent in the (p,p'f) experiment. Dr. Britt, can you account for this? 
Could you give the experimental resolutions in the three cases? 

H.C. BRITT: The experimental resolution (~ 120 keV) in the (p, p'f) 
and our-(d, pf) measurements is not sufficient to allow us to observe fine 
structure of the type presented in the previous two papers. 

J .P. WURM: Dr. Specht, what is the experimental evidence for or 
against the existence of isomeric states with half-lives longer than, say, 
5 ns? In this connection, would you comment on the possibility that the 
structure observed at lower excitation energy -4 .4 to 4.7 MeV - is due 
to states which are rather close to the bottom of the second well and 
could be identified using delayed coincidences? 

H.J. SPECHT: I personally do not know of an isomeric state in 
240pu w i th a half-life different from the 4-5 ns reported independently 
by several groups. Since the coincidence resolving time of our system 
was approximately 10 ns (FWHM) any isomeric state with a half-life 
less than that should be included in the spectrum. Any structure due to 
isomeric states with half-lives longer than a few nanoseconds could, in 
principle, be identified by delayed coincidence techniques; however, the 
problem of chance coincidence counts might be quite prohibitive because 
of the very small yields. 

A.J. ELWYN: At Harwell, Ferguson and I have found a second 
activity to be associated with 240Pu, along with the known ~ 5 ns period, 
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with a half-life of 29 ns but with an intensity of only 0.1, that of the 
shorter-lived activity. I will talk about this in a little more detail in 
connection with papers SM-122/110 and 59. 

G. SLETTEN: We bombarded 239Pu by 13.0 MeV deuterons and 
found indications of a fission isomer having a half-life of about 5 ^ s . 
This could, of course, be a double isomer in one of the americium 
isotopes, but the possibility of the isomer being 240Pu formed through 
a (d,p) reaction cannot yet be ruled out. 

R.H. DAVIS: I have a question for Dr. Britt and possibly for 
Dr. Pedersen. To what extent does the magnitude of the peak in your 
penetrability curve depend on the ratio of the barr ier penetrabilities 
taken separately? 

H.C. BRITT: The magnitude and position of the peak in the pene
trability curve is very sensitive to many of the parameters of the barr ier . 
In particular, small changes in the well depths can make very large changes 
in the resonant penetrabilities. 

R.H. DAVIS: I think that you will find an enhancement in the trans
mission through both barr iers when two conditions hold good. First , as 
you have said, where the transmission is via a state in the outer well. 
Second, and this is of importance to the question of fixing the double 
barrier parameters, this transmission is enhanced when the penetra
bilities for the two barr iers are equal. 

S. BJC^RNHOLM (Chairman): In concluding the discussion of these 
three papers, I would like to emphasize two points. Firs t , we have had 
a long discussion based on detailed experimental evidence of the damping, 
or coupling, of the third, fourth or fifth vibrational state in the second 
well to the underlying intrinsic states. Such a discussion was never 
possible before with the higher phonon states of the first well; so we 
see here how fission studies are contributing to the study of the more 
general problems of nuclear structure and spectroscopy. Second, we 
have also seen that there are too many parameters to allow a unique 
choice on the basis of the data. I think that intensified study of the photo-
fission will be especially valuable here; at least, you know that only the 
spins 1" and 2+ contribute in that case. 
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Abstract 

CORRELATION ANALYSES OF THE TOTAL AND FISSION CROSS-SECTIONS OF 2»Pu. A correlation 
analysis, of the type suggested by Egelstaff, of high-resolution 239Pu total-cross-section data indicates a 
modulation of the cross-section with a spacing of about 460 eV. The regions of high-correlation coefficients 
are not so highly significant as those discovered for the fission cross-section but they cannot be explained 
by a modulation of the fission widths and suggest a modification of the neutron widths. It is found that the three regions 
of high fission cross-section below 600 eV are also regions of high total cross-section and that these explain the corre
lations found in the total cross-section. Analysis of the data between 716 eV and 5683 e V indicates a pronounced 
modulation of thefission cross-section but no modulation of the total cross-section. The fission cross-section modu
lations are analysed on the assumption of a Lorentzian dependence and the parameters of this dependence are 
given. 

1 . I N T R O D U C T I O N 

In an e a r l i e r p u b l i c a t i o n [ l ] i t w a s s h o w n t h a t a c o r r e l a t i o n a n a l y s i s , 
of t h e t y p e s u g g e s t e d by E g e l s t a f f [ 2 ] , on t h e r e s u l t s of a h i g h - r e s o l u t i o n 
m e a s u r e m e n t [3] of t h e f i s s i o n c r o s s - s e c t i o n Of 239pu s h o w e d ; highly 
significant correlations. These were interpreted as modulations of the 
fission cross-section due to fission occurring through levels, with a spacing 
of 460 ±80 eV, built on the second minimum in the fission potential as 
predicted by Strutinsky [4] . In this paper we present the results of similar 
correlation analyses of the total cross-section of ^ P u which were under
taken to ensure that the modulations discovered in the fission cross-section 
are absent in the total cross-section and that they are indeed due to modu
lations of the fission widths and not due to'modulations of the neutron widths. 
It will be shown that at 50 eV, 250 eV and 516 eV both the fission and total 
cross-sections show regions of high cross-section which are thusdüe to 
large values of the neutron widths. Analysis of the data between 716 eV 
and 5680 eV indicates a pronounced modulation of the fission cross-section 
but no modulation of the total cross-sections. It is found that by expressing 
the mean fission cross-section in this energy range as the sum of ten 
resonances each having a Lorentzian energy dependence, the correlogram 
is transformed to the type expected for an unmodulated cross-section. In 
the energy range 716 eV to 2750 eV the total cross-section has an unex
pected feature in that the average value of (aT-10. 3)«/E, where crT is the 
total cross-section and E is the neutron energy, increases from 375 bJeV 
to 484b>7eV instead of.being energy-independent. . • - . 

As well as increasing our knowledge of the second minimum in the 
fission potential barrier, the modulations of the Pu cross-sections which 
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we descr ibe may have important consequences for nuclear r eac to r calcu
la t ions , notably for the calculation of the Doppler coefficient of fast plutoni-
um r e a c t o r s , in that the resonance p a r a m e t e r s obtained from the resolved 
resonance region which extends to a few hundred e lec t ron volts may well 
be atypical of the average resonance p a r a m e t e r s in the keV region. 

2. METHOD OF CORRELATION ANALYSIS 

Both the fission and total c r o s s - s e c t i o n data available for analysis 
extend from 50 eV to 30 keV [3] . The sequence 

aj(W) = ст(Е)./Ё 
dE (1) _ < a ( E ) ^ > 

(i-l)w 
is calculated for values of the energy in terval W ranging from 1 eV to 3keV. 
Here a is e i ther the fission c ro s s - s ec t i on of o r (стт-10. 3), the total c r o s s -
sect ion reduced by the potential sca t te r ing c ro s s - s ec t i on so as to obtain a 
quantity which has on average а 1ДГЁ dependence. F o r a given W, the 
maximum energy l imit ( i . e . the highest value of j = j m a x ) is determined 
by te rminat ing the calculation e i ther when the width W contained fewer 
than th ree data points o r when an energy of 30 keV is reached. F o r values 
of WS 100 eV this upper l imit is reduced to 5 keV so that for this range 
of W the data analysed a r e due a lmost ent i re ly to S-wave in te rac t ions . 
The number of aj(W) values ranged from 399 for W = 1 eV to 9 for W = 3 keV. 
F o r mos t of the analyses the quantity •\cr(E)»/E^> is obtained by averaging 
over the energy range from the lowest neutron energy used to j m a x W . At 
a l a t e r s tage the supposed energy dependence of the average c r o s s - s e c t i o n 
i s imposed on this quantity to t r ans form the c o r r e l o g r a m s to the type ex
pected for c r o s s - s e c t i o n s that have energy independent values of <(ст(Е)^/^)>. 
The s e r i a l cor re la t ion coefficient r,(W) is determined from the relat ion 

cor [ a j (W) ; aj + k(W)] 
r. (W) = — : r- (2) k [var aj(W). va r a j + k (W)H 

The maximum value of к for each W is £ j m a x . E r r o r s in the s e r i a l c o r r e 
lation coefficients, crk, a r e obtained by t ransforming to the quantity 
Z * \ In (l + r ) / ( l r r) which for uncprre la ted data is normal ly dis tr ibuted 
with a var iance given by va r Z = l / ( j m a x - 3) (see Ref. [5]) . Neutron c r o s s -
sect ion data, even when they a r e not modulated, a r e not completely random 
and it is estimated- by numer ica l experiment that .for data s i m i l a r to 
the fission c r o s s - s e c t i o n of 239Pu the var iance of Z is given by 
. v a r Z « 2 . 2 5 / ( j m a x - 3 ) , 

3 . COMPARISONOF TOTAL AND FISSION CORRELATION 
COEFFICIENTS 

In F i g . l we present a compar ison of the cor re la t ion coefficients for 
the fission and total c ros s - sec t ion data . In F i g . l a al l values of rk(W) 
for the fission c ro s s - s ec t i on which a r e above the 2% significance level 
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a r e shown by a c i rc le on a log W-log к plane. Such high values of 
r^W) have l e s s than 0 . 1 % chance of being derived from a random set 
and approximately l e s s than 2% chance of being derived from data s imi l a r 
to the fission c ros s - sec t ion of 239pu j n the absence of modulat ions. A 
s imi l a r plot for the total c ro s s - s ec t i on data is shown in F ig . l b . Straight 
l ines in the d iagrams at 45° to the axes indicate hyperbolae with 
kW = constant . F igure l c shows the fission c ro s s - s ec t i on co r r e log ram 
for W = 10 eV and a lso a line corresponding to the 2% significance leve l . 
The total c ro s s - s ec t i on co r re logram is shown in F ig . Id . The most 
in teres t ing feature of these data a r e the highly significant values of rk(W) 
obtained when kW = 460 eV for the fission c ro s s - s ec t i on and 475 eV for 
the total c r o s s - s e c t i o n . It should also be noted that the number of highly 
significant values of rk(W) is g r e a t e r for the fission c ro s s - s ec t i on data 
than for the total c ros s - sec t ion and also that the maximum values obtained 
for rk(W) a r e much higher for the fission c ro s s - s ec t i on data in F ig . l c 
than for the total c ro s s - s ec t i on data (Fig. Id ) . The reason for these dif
ferences becomes c lear on examination of F ig . 2 which shows aj./E" and 
(стт - I O . S J N / E averaged, for each data point, over 33-j eV in t e rva l s . It 
is seen that below 600 eV the re a r e th ree regions of high c ro s s - s ec t i on 
both in the total and in the fission c r o s s - s e c t i o n . Above this energy modu
lat ions of the fission c ros s - sec t ion at a spacing of about 460 eV pe r s i s t 
whereas the total c ro s s - s ec t i on shows no modulation at this spacing but 
does show an unexpected inc rease of (a_ - 10. 3)^fE over the energy range 
716 eV to 2750 eV. These features a r e shown m o r e c lear ly in Figs 3(a) 
and (b) which also i l lus t ra te by the solid l ines an energy var ia t ion of the 
mean c ro s s - s ec t i ons which a r e given by Eq. (3) for the fission c r o s s -
sect ion and Bq. (4) for the total c ros s - sec t ion 

10 

< a f V E > - 7 0 . 0 ^ ( E , E J 2
q

+ | G q 2 О) 

< ( C T T - 1 0 . 3 ) J E > = 0.05572 E + 329. 05, for 716 e V < E < 2750 eV ] 
[ (4) 

<(aT- 10. 3)-JE>= 0.00126 E + 496. 04, for 2750 eV <E <5716 eV J 

The p a r a m e t e r s used to calculate the c ros s - sec t ion in F ig . 3(a) a r e 
given in Table I. The p a r a m e t e r s given in Eq. (4) were obtained by a 
l ea s t - squa re s fit to the total c ros s - sec t ion data . In F i g . 4 we show the 
c o r r e l o g r a m s obtained for the data of F i g . 3 using a simplified form of 
E q . ( l ) given by Eq.(5) 

(<r(E ,/Ё). 
а ; (33 | ) = 7 =J -1 (5) 

jV <ff(E)v/E> 

Here. (cr(E)VE)j a r e the average values over 33-j eV i l lus t ra ted by each 
point in F i g . 3 and<(ff(E)NfE)>j is the energy-independent average value of 
the data for the c o r r e l o g r a m s of F igs 4(a) and 4(b) and is given by Eq.(3) 
for the co r r e log ram of F i g . 4(c) and Eq. (4) for the co r r e log ram of F i g . 4(d). 
In each diagram in F ig . (4) the ord ina tes give the s e r i a l cor re la t ion coef-
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FIG. 1. Representation of the correlation coefficients for the fission-cross-section data ((a) and (c)) and 
total-cross-section dataftb) and (d)). In (a) and (b) all values of r^fW) above the Zfr significance level 
are represented by a circle. The solid lines at 45° to the axes indicate kW = constant. Sections (c) and 
Cd) are correlograms showing r. (W) for W = 10 eV against log k. 
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ficient in units of its standard deviation. (The standard deviation used 
here is that for a random set of data with r = 0.) 

The correlogram for the fission cross-section data (Fig.4(a)) shows 
features which are typical for modulated data. The values of rk is large 
and positive for к = 1 and decreases to a minimum at к = 7. At the first 
minimum value of rk the product kW = 231 gives roughly the width of the 
modulation peaks. For further increases in к the values of rk(W) become 
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given by Eq. (3) and the parameters of Table I. 

(b) Average values of ( o j - W. 3) vT^over 33$ eV from 716 eV to 5683 eV. The solid lines are given 
by Eq.(4). 
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FIG.4. Correlograms foi the fission-cross-section data of Fig.3a ((a) and (c)) and for the total-cross-section 
data of Fig. 3b ((b) and (d)>. In (a) and (b) the values of <ovTv> in Eq.(5) were energy independent. In (c) 
and (d) the values of <aVE> in Eq.(5) have the energy dependence described by Eqs (3) and (4). 

significantly positive at values of kW which roughly correspond to the 
1st, 2nd and higher order spacings of the modulation peaks. As shown 
in Fig. 4(c) these features disappear when the structure of Fig. 3(a) is 
compensated by introducing the modulated mean of Eq.(3) into Eq.(5). 
The only notable feature of the total cross-section correlogram. Fig. 4(b), 
is that rk(W) remains positive up to k = 42. This behaviour is removed 
by compensating by using Eqs (4) for the energy dependence of the mean 
total cross-section. The correlograms of Figs 4(c) and (d) are typical 
of those for unmodulated energy independent mean values of crJE. For 
each of these curves the number of data points outside r/cr = s/2. 25 is 
about 30% as expected and there are no regions of k where r/cr are per
sistently positive or negative. 
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TABLE I . PARAMETERS OF AVERAGE FISSION 
CROSS-SECTION CURVE 

Eq 

(eV) 

982.4 

1348.7 

1800.0 

2416.6 

2800.0 

3200.0 

3816.6 

4516.6 

5216.6 

5616.6 

Kq 

(104 b.eV5/2) 

372 

53 

101 

154 

264 

227 

248 

1140 

164 

217 

Gq 

(eV) 

317 

133 

150 

266 

- 266 

233 

266 

600 

200 

316 

4. CONCLUSION . . . 

Examination of the fission and total c ro s s - s ec t i ons of 239Pu in the 
energy range 50 eV to 5683 eV shows that below 600 eV both c r o s s - s e c t i o n s 
have s imi l a r energy-dependent modulations which mus t be at t r ibuted 
mainly to modulations of the neutron widths. Between 716 eV and 5683 eV 
the average fission c ros s - sec t ion shows pronounced modulation which is 
adequately descr ibed by Eq . (3) and the p a r a m e t e r s of Table I . Over 
this energy range the total c ros s - sec t ion does not show a periodic modu
lation but has an unexpected feature in that the average of < (̂етт -10 . 3)./E^> 
i s not constant with energy between 716 eV and 2150 eV. As suggested 
previously [1] the modulations of the fission c ro s s - s ec t i on probably 
a r i s e from the presence of levels in the second fission potential b a r r i e r 
minimum and indicate an upper l imit to the spacing of these levels given 
by Dn~515 eV. Both Lynn [6] and Weigmann [7] have shown that under . 
ce r ta in conditions of coupling between s ta tes in the f irs t and second fission 
potential b a r r i e r minima the average fission widths will have a Lorentzian 
energy dependence, and this prediction has recent ly been confirmed by 
J a m e s and Slaughter [8] by an analysis of the f irs t nar row in termedia te 
s t ruc tu re resonance in 234U. The next s tep in the analysis of the 239pu 
fission c ros s - sec t ion should therefore be based on a Lorentzian energy 
dependence of the average (spin J = 1) fission widths. These r e su l t s would 
enable a cor rec t ion for mis sed levels to be applied to the value of D., . 
The s trong fluctuations of the c ross - sec t ion due to the fine compound nuclear 
resonances will make it difficult to evolve objective c r i t e r i a for determining 
the p a r a m e t e r s of the in termedia te s t ruc tu re modula t ions . 
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DISCUSSION 

R. BLOCK: I note that your level spacings vary only from about 
400 eV to 200 eV. Have you looked at the level-spacing distribution of 
the subthreshold-fission groups? 

G.D. JAMES: No, because I felt that with only 10 levels it is hard 
to draw conclusions about the distribution of their spacing. 

R. BLOCK: We have just completed some measurements of neutron 
capture and fission of 240Pu at the Rensselaer Polytechnic Institute 
linear accelerator and we observe about 15 groups of subthreshold 
fission below ~30 keV. In plotting up our level-spacing distribution, 
it is hard to say whether we came closer to agreeing or disagreeing 
with a Wigner distribution. I saw the Geel linear accelerator data last 
week and they claim, perhaps, a few more levels than we do. This 
would improve the fit to a Wigner distribution. In any case, we do ob
serve a factor of 3 to 4 in the variation of level spacings of the sub
threshold groups. 

J.J. SCHMIDT: To which Jn value do you attribute the fluctuations, 
say the Class-II states, seen in your analysis? 

G.D. JAMES: We would attribute these levels to the J" = 1+ state 
because slow neutron resonances in this state in 239Pu are known to be 
subthreshold. 





IAEA-SM-122/U8 

CHANNEL ANALYSIS OF NEUTRON-
INDUCED FISSION OF2 3 6U * 

J.R. HUIZENGA, A.N. BEHKAMI t 
University of Rochester, Rochester, New York 
and 
J.H. ROBERTS 
Northwestern University, Evanston, Illinois 

Abstract 

CHANNEL ANALYSIS OF NEUTRON-INDUCED FISSION OF г з"и. Fission-fragment angular distributions 
were measured for the fission of 2MU induced with mono-energetic neutrons of energies 400, 500, 600, 700, 
800, 900 and 1100 keV. The fission fragments are detected with approximately 2JT geometry with a poly
carbonate resin detector. At the lower energies the experimental angular distributions are peaked in the 
direction of the neutron beam. However, by the time the neutron energy has reached 700 keV the angular 
distribution has a peak at an angle which is intermediate between the parallel and perpendicular directions to 
the beam. Statistical model calculations of the fission cross-sections and angular distributions are performed 
as a function of neutron energy. These calculations are of the Hauser-Feshbach type and include all the open 
decay channels for fission, neutron and gamma ray emission. The calculation includes also the level-width 
fluctuation correction. The number and type (K, ir) of transition-state fission channels and their energy para
meters are varied in the calculation to give the best agreement with the experimental cross-section and angular 
distribution data. Assignments of quantum numbers to transition states in the deformed г з ' и nucleus and the 
relative heights of the postulated two-humped fission barrier for this nucleus will be discussed. 

1. Introduction 

One of the most useful concepts in discussing nuclear 
fission phenomena is that of the transition nucleus. In 
1955, A. B o h r W suggested that low-energy fission may be 
understood in terms of one or a few levels in the transition 
nucleus. Although the level spacing in the compound nucleus 
at an excitation energy of about 6 MeV is of the order of one 
eV or less, most of this excitation energy goes into deforma
tion energy during the passage from the initially excited nuc
leus to the more deformed transition nucleus. 

Information on the properties of the transition levels in 
odd A nuclei is obtained from studies of fragment angular 
distributions from neutron-induced fission of even-even target 
nuclei. Each one of the transition levels can be described 
in terms of the quantum numbers, J, К, М, тт, where J repre
sents the total angular momentum, тг is the parity of the level, 
К is the projection of J on the nuclear-symmetry axis, and M 
is the projection of J on some space-fixed axis (neutron 
beam axis for our case). The relationship between these quan
tum numbers is illustrated in Fig. 1. 

If one assumes that the fission fragments separate along 
the nuclear symmetry axis and that К is a good quantum number 

This work was supported by the United States Atomic Energy Commission, 
' Present address: Pahlavi University, Shiraz, Iran. 
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FIG. 1. Angular momentum coupling scheme for a deformed nucleus. The vector J defines the total angular 
momentum. The quantity M is the component of the total angular momentum on the space-fixed Z axis. 
We define this direction as the beam direction. The quantity К is the component of the total angular momentum 
along the nuclear symmetry axis. The collective rotational angular momentum, R, is perpendicular to the 
nuclear symmetry axis; thus, К is entirely a property of the intrinsic motion. 

О 10 20 30 40 50 60 70 80 90 

8, Degrees 

FIG. 2. Theoretical fission-fragment angular distributions for neutron fission of even-even targets calculated 
with Eq. (1), The axis of quantization is along the beam direction and both values of M, + 1/2 and - 1/2, 
are included in the results. The top part of the figure is for fission through states in a band with К = 1/2 and 
J values of 1/2, 3/2, 5/2 and 7/2. Each curve is normalized such that 

ir 
/ wJ ±i.±K (e) sineae = l 

The bottom part of the figure is for fission through states in a band with К = 3/2 and J values of 3/2, 5/2 and 
7/2. Again each curve is normalized in the above way. 
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in the passage of a nucleus from its transition state to the 
configuration of separated fragments, the directional depend
ence of the fission fragments resulting from a transition 
state with quantum numbers J, K, and M is uniquely determined. 
For neutron-induced fission of an even-even target nucleus 
with zero spin, IQ = 0, the fission fragment angular distri
bution is given by, 

wJx (в) = 2J+i f\d
J
+1 (e)|2+|d^ (e)|2f d) 

where the d, K(6) function is defined by the following relation^,3) ' 

d^K(8) = { (J+M)!(J-M)!(J+K)HJ-K)!}1/2 

X V (-1)" (sine/2) * Y ^ (cose/2) • ̂  (2) 
,X, . 0/_,K-M+2X, . /0,2J-K+M-2X 1 'sine/2) (cose/2) 

(J-K-X)!(J+M-X)!(X+K-M)!X! 
X 

where the sum is over X=0, 1, 2, 3... and contains all terms 
in which no negative value appears in the denominator of the 
sum for any one of the quantities in parenthesis. This equa
tion is symmetric in M and К and may be written also in a form 
in which M and К are interchanged. Since the target spin is 
zero and the neutron spin is 1/2, only two values of M are 
allowed, M = ±1/2. Eq. (1) has been simplified already by 
the symmetry relations, 

laj (е)| 2=^ х (ej^anald^ (e) |2 = |aj (e) |2 

and, in addition, is normalized so that /* W . (6) sinede=l. 
J ° l'±K 

Some typical WM K(6) functions are plotted in Fig. 2 and serve 
to illustrate the "signatures" of various transition states. 

In this paper we wish to report the results of measure
ments of the fission-fragment angular distributions at several 
energies for the 236u(n,f) reaction. Information on the К 
quantum number, parity, energy, and characteristic energy-ftw 
of the transition states of 2:3'u n e a r the fission barrier is 
obtained by examining the energy variation of the fission-,, 
cross section and fragment angular distributions for the U 
(n,f) reaction. Some of the details of the Hauser-Feshbach^4' 
type of calculation used to extract the above parameters is 
described in Section 3. This method of analysis, whereby both 
the fission cross section and fragment angular distributions 
are fitted, has been used previously.'^'"'™' 

Even though the fission barrier.is thought to be double-
humped for many actiniae nuclei,' we assume a smooth 
parabolic barrier for the transition states of 23'U in the 
calculations described in Section 3. No isomers have been 
found for 23"u and it may be reasonable to assume that the 
second barrier is higher than the first barrier for this 
nucleus. 
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TABLE I. 236U <n, f) FISSION-FRAGMENT ANGULAR DISTRIBUTIONS 

Mean Angle, 0 

En (keV) 

400 
500 
600 
700 
800 
900 

1100 

5.0° 

451 ± 69 
1739 ±135 
1220 ±113 
2511 ±162 
1514 ±126 
7190 ± 306 
7546 ± 300 

12.5° 

362 ± 55 
1801 ±116 
1214 ±101 
2592 ± 209 
1409 ±110 
6877 ± 479 
5983 ± 428 

17.5° 

340 ±45 
1987 ±110 
1317 ± 89 
3105 ±194 
1653 ±100 
8189 ± 465 
7088 ± 406 

22.5° 

329 ± 40 
2033 ±101 
1306 ± 79 
2983 ±169 
1708 ±115 
9137 ± 434 
6808 ± 372 

27.5° 

371 ± 38 
1948 ± 89 
1249 ± 71 
2919 ±152 
1748 ± 83 

10316 ± 410 
6294 ± 315 

32.5° 

331 ± 32 
1924 ± 81 
1186 ± 62 
3127 ±139 
1654 ± 71 
9756 ± 346 
5756 ± 263 

En (keV) 

400 
500 
600 
700 
800 
900 

1100 

37.5° 

314 ± 46 
1977 ±116 
1176 ± 89 
3184 ±148 
1753 ±109 

10282 ± 264 
5596 ± 264 

42.5° 

349 ±44 
1960 ±105 
1211 ± 82 
3148 ±133 
1930 ± 104 

11694 ± 256 
5682 ± 262 

47.5° 

330 ± 41 
1956 ±101 
1180 ± 77 
3257 ±130 
2073 ±103 

11572 ± 238 
5211 ± 228 

52.5° 

278 ± 37 
2070 ±100 
1193 ± 75 
3448 ± 129 
2107 ±100 

10967 ± 220 
4966 ±217 

58.7° 

264 ± 28 
1840 ± 77 
1142 ± 70 
3157 ±101 
1837 ± 76 

11544 ± 185 
5352 ±177 

En(keV) 

400 
500 
600 
700 
800 
900 

1100 

66. 2° 

335 ± 34 
2137 ± 121 
1110 ± 85 
3397 ± 154 
1906 ± 79 

13077 ± 405 
5806 ±195 

72.5° 

325 ± 40 
2105 ±145 
1190 ± 109 
3210 ±184 
1907 ± 97 

12612 ±471 
5746 ± 226 

77.5° 

303 ± 38 
1845 ±134 
1102 ±103 
3017 ±171 
1786 ± 92 

12303 ± 447 
5253 ± 210 

82.5° 

293 ± 37 
1882 ±134 
1102 ±102 
2936 ±167 
1769 ± 91 

12278 ± 461 
5130 ± 216 

87.5° 

277 ± 36 
1902 ±132 
1029 ± 99 
2840 ±158 
1765 ± 90 

12322 ± 469 
5015 ± 216 

2. Experimental Results 
7 7 Monoenergetic neutrons produced by the Li(p,n) Be 

reaction, impinged on an isotopically enriched "«U target 
of 0.5 mg/cm2 thickness. The isotopic content of the target 
was 234U(0.0015%), 235U(0.192%), 236u(99.76%) and 238u (0.043%). 
The high enrichment of the 23*>u is very essential in this 
experiment since its fission cross section^2) is very small 
at the lower neutron energies and the 23^U impurity contri
butes a sizable fraction of the events at these energies. 
The neutron energy spread was 20 keV. The protons were 
accelerated with the 3-MeV Van de Graaff of the Reactor Physics 
Division of the Argonne National Laboratory. 

о о f" 
The fission fragments from the U(n,f) reaction were 

detected at all angles between 0° and 90° for each energy with 
a polycarbonate resin detector described previously(6). Both 
the 236u target and the resin detector were enclosed in a 
thin-walled, evacuated aluminum scattering chamber. After 
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FIG. 3. Fission-fragment angular distributions for the Z3°U (n, f) reaction at several incident neutron energies. 
The neutron-energy resolution is approximately 20 keV. Solid points are present measurements and open 
circles are measurements of Simmons and Henkel [13] normalized to our ordinate scale. 

irradiation, the detector material was chemically etched (6N 
NaOH for 2 days at room temperature), and the resulting frag
ment "tracks" were viewed with optical microscopes. 
236 The fission-fragment angular distributions for the 

(n,f) reaction as a function of neutron energy are shown in 
Table I and Fig. 3. The raw data were corrected for the experi
mental angular resolution of 9° due. to (a) the size of the pro
ton beam spot on the 'Li target (b) the size of the 236U target, 
and (c) the summing over finite scanning area. The data were 
not corrected for fission induced by neutrons scattered from 
the chamber walls and components because the calculated magni
tude of the effect is small. The relative number of fissions 
at each neutron energy produced by neutrons from the 7Li(p,n) 7*Be reaction which leaves 'Be in its first excited state is 
negligible also. 
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7Чс No correction was made to the„data-for fission due to the 
U(n,f) reaction. Although the U/ ü ratio of our target 

is greater than-500, the contribution of fission events due to 
235TJ m ay be as much as 50% at our lowest neutron energy of 400 
keV. This is due to the fact that the fission cross section 
of 236y at this energy is very small and known only qualitatively. 
However, since the fission fragment angular distribution for 
neutron-induced fission of 235ц a t ^he lowest energies is not 
very different from our observed angular distributions, no 
qualitative difference in these angular distributions would 
result if a correction for 235u w e r e made. For E n - 600 keV, 
the fission contribution due to 235TJ is negligibly small. 

The data of Simmons" and Henkel*13' for En=600 - 100 keV 
and E n = 850 * 100 keV are included as circles in Fig. 3. 
Their data for E n = 850 * 100 keV is plotted on the figure 
along with our 800 keV data. Their energy resolution is 
rather large and overlaps our energy. Within, the assigned 
experimental errors the two sets of data for each of the 
two energies are in reasonable agreement. The 600 keV data 
of Simmons and Henkel(13) jjas large experimental errors and, 
in addition, some uncertainty exists at this energy since no 
isotopic analysis of their target was reported. 

3. Theory and Calculational Procedure 
The deduction of the transition state parameters in

cluding the К quantum number, parity, energy and character
istic energy -ftw is made from detailed fitting of the energy 
variation of the fission fragment cross section and angular 
distribution. The total fission cross section is given by, 

о-(E) = 2., a (J,TT,K,E) (3) 
J,IT,К r 

and the angular distribution of fragments by, z. W(6,E) = [_t af(J,TT,K,E) W ^ ± K ( e ) (4) 
j z 

where W+, (9) is defined by Eq. 1. The quantum number M 
~— + K 2' 

does not appear in the summations of Eqs. 3 and 4 because for 
neutron fission of an even-even target with zero spin only 
two values of M are possible, ±1/2. These two M values are 
equally probable and both are included in af(J,и,К,Е) and 
< , (e). 
-•|,±K . 

The neutron fission cross sefcion of a zero spin target 
for a particular channel (J,TT,K) may be written in terms of 
the various transmission coefficients in' the following form, 

o f ( J , 7 T , K , E ) = ± T T * " Z ( 2 J + 1 ) ^ T * n 2 ( J , T r , £ f E n ) + T ^ 2 ( J , T T , Ä , E n ) > R ( 5 ) 

2 T ( J , i r , K , E ) S 
where R = ;—*£ H£ ; 

•••••• I 2 T ( J , T T , K , E ) + Z Z T . ( J , i r , < t , E ' ) + T , ( J , i r , E ) 
Л X ' _. i • ЛП i l Ay 

J. -*- J 



IAEA-SM-122/118 409 

and i represents a sun over all transition states with 
parity IT and К - J, I' is the sum over all states in the 
target nucleus which are reached by neutron emission and j 
is a sum over allowed values of £±1/2 for each I'. For the 
case of neutron fission under discussion where the target spin 
I is zero, the compound state J of particular parity can be 
reached by only one of the two transmission coefficients in 
brackets. 

The fission cross section given by Eq. 5 is derived by 
averaging many integrated Breit-Wigner cross sections of 
single resonances X over a given energy interval. Experi
mentally, this energy interval corresponds to the energy 
resolution of the neutron beam and is very large compared 
to the average spacing between levels. The factor S a a • is 
a level width fluctuation correction factor given by, 

r(a) (a') 
XJ£ XJÜ 

s_. = -* — '- (6) 
aa / r ( a ) \ Л(а')\ 

N u t / \XJI/ 

where Г "' is the partial width for entrance channel a, IVj, 
is the partial width for exit channel a1, and Г is the total 
width of the resonance X. In the calculation of af(J,K, IT ,E) we 
assume each of the neutron and fission partial widths has a x 
distribution with a single degree of freedom (for v=l, Saa' varies 
from 1 to 1/2 for а^а' and from 1 to 3 for а=а'). 

The various transmission coefficients in Eq. 5 are re
lated to their respective average widths by 

< 4 x f (J,TT,K,E)> = <В(Д^.Е)> TAf(J,TT,K,E) (7) 

<T X n (j,ir,£,E)^ = <D(J,TT,E)> T^ ( J y„ y ) l,E) (8) 

<hy <=>> - < D ( J
2 : ' E ) > T X Y ( ^ > <*> 

where <(p (J,TT ,E)y is the average spacing of levels in the 
compound nucleus with angular momentum J, parity тг and 
excitation energy E. Note should be taken of the factor 
of 2 preceding T . (J,TT,K,E) in the definition of R. This л r 
factor of 2 must be included (to account for double degeneracy) 
for all К states except K=0. 

In the present calculations,thegyalues of T f (J,ir,K,E) 
were computed from the equation ' 

T (J,TT,K,E) = i (10) 
1 + exp (2IT [Bf (J,TT,K)-E]/nw(J,ir,K) } 
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where B f (J, IT,к) is the fission barrier of state (J,7r,K), 
E is the compound nucleus excitation energy, and Хш (J,TT,K) 
is a characteristic energy which defines the curvature of the 
barrier. The fission barrier heights of the rotational 
members of a particular К band in the transition nucleus are 
calculated with the expression, 

2 
Bf(J,ir,K) = Bo(n,K) +'|j7 {J(J+l)-a(-l) J + 1 / 2(J+l/2)6 K^ 1 / 2} (11) 
where В (it,К) is a constant for a particular (тг,К) rota
tional S a n d , ^ , is an effective moment of inertia, a is 
the decoupling constant for K=l/2 bands and S . ._ is the 
Kronecker delta. In most calculations, we assume Я 2 / 2 ^ _ 
equal to 5 keV and a = 1. The effect of the variation of 
these parameters on the partial fission width is small. 

The neutron transmission coefficients were calculated 
with the optical model potential of Perey-Buck( 1 6'. The 
available levels ( 1 7 ) of the residual nucleus 2 3 6U which 
were used in the calculation are given in Table II. 

The gamma emission (radiation) channels are treated 
assuming dipole y-ray emission and a statistical model of 
the nuclear level density. The quantity^ г (E)j> is the 
average partial width for y-ray decay of a compound state 
A with total angular momentum J, parity тг, and excitation 
energy E and <D (J, v ,E)} is the average spacing of levels 
with total angular momentum J, parity IT and excitation 
energy E. 

TABLE II. LOW-LYING LEVELS IN 236U 

Energy (MeV) 

0.000 

0. 045 

0.149 

0.312 

(0.528) a 

(0. 688)a 

(0.758) a 

(0.795) a 

(0. 884)a 

(0.908) a 

0.953 

Total angular 
momentum 

0 

2 

4 

6 

8 

1 

3 

10 

5 

0 

2 

Parity 

+ 

+ 

+ 

+ 

+ 

-

-

+ 

-

+ 

+ 

Assignment based on systematics. 
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The energy dependence of the average radiation width 
for dipole Y-ray emission may be calculated from the re
lation, 
<Г (E)> = С / E {p(J-1,E- E)+P(J,E-e)+p(J+l,E-e)?s3ds ( I 2 ) 

P(JfE)• 
where E is the initial excitation energy and e is the gamma 
ray energy. The spin and energy dependent level density is, 
p(J,E) = C 2 (2J+1) (Е-Д)"2ехр {2a 1 / 2(E-A) 1 / 2-(J+l/2) 2/2o 2} (13) 
The angular momentum dependence of the level densities in 
the numerator and denominator of Eq. 12 cancels approxi
mately to give a radiation width which is independent of 
angular momentum, namely. 
y v ,-..S _ r ,E f(E-A-e) 2exp{2a1/2(E-A-£)

1/2 

• ^ Y ^ - C l £ l (Е_л)-2ехр{2а1/2(Е_д)1/2 J £3de (14) 

If the energy factor preceding the exponential in the 
numerator is neglected, the right-hand side of Eq. 14 may 
be integrated to give, 

(гл (E^ = C 3 X(E,a) = C 3 {x4-10x3+45x2-105x+1051 (15) 
where x = 2a1/2 (Е-Д)1,/2. In Eq. 12 to 15, C^, C2, C3, 
A and a are constants. The constant a is the level density 
parameter defined by a = ir^g0/6, where go is the average 
number of single particle states per MeV, and Д is an 
energy correction which accounts for the different nuclear 
types. 

With the results of Eqs. 12 to 15, the spin and energy 
dependence of T (J,TT,E) may be written in the following 
useful form, ЛТ 

T (T u El = 2 ' ^ T ( B ' y X(E,a) P(J,E) 
T x / J ' " ' E ) <D(J',1r,E')> X(E',a) p(J',E) ( 1 6 ) 

where ^Г ( E ' ) ^ / ^>(J', тг ,E')} is the'average radiation 
width divided by the average level spacing for levels of 
spin J' at excitation energy E'. From resonance neutron 
capture,in even-even nuclei one obtains values^ ' of^r (E')^ 
and D(j,+,E') , where E' is the neutron binding energy.Y 
Experimental values of T (j,+,E') calculted from the 
above quantities are plotted as points in Fig. 4. The , 
solid line in Fig. 4 is calculated with Eq. 16 for a=30 MeV-

and Д = 0.55 MeV and a value of TX7(i,+,5.3) = 0.019. The 
energy dependence of'Txy(J,w,E) is rather insensitive to 
X(E,a) and the neglect of the pre-exponential energy factor 
in the level density in the derivation of X(E,a) gives a 
negligible error. Values of Tx^ (J,TT ,E) may be calculated 
from the spin dependence of the level density (assume a=6). 
The cross section for the radiation channels is relatively 
small and, hence, the results of the overall calculation 
are rather insensitive to the parameters assumed for the 
gamma-ray channels. 
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The actual calculations are done in the following manner. 
One or more states of particular К and ir are chosen ( the 
rotational members of the chosen К bands are always included). 
In addition, a range of values of В0(тг,к) and ̂ iu (J,ir,K) 
are chosen with appropriately chosen increments in each 
quantity. The computer program calculates in succession the 
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FIG. 4. Dependence of T\ y ( \ , +, E) on the excitation energy E for an odd A heavy nucleus. The normaliza
tion is performed with the experimental values of 2тг <Г\у(Вп)> divided by <D ( i , +, Bn)> for resonance 
capture on several nuclei listed on the figure. The data for resonance capture on 232Th and "srj are given 
greater weight since these isotopes have been studied more thoroughly. The solid line is calculated with Eq. 
(16) for a = 30 MeV"1 and Д= 0.55 MeV. 

theoretical values of <Jf(E) and W(e,E) for each combination 
of B0(if,K) and /tfw (J, ir,K) and compares these values as a 
function of energy with the appropriate experimental values. 
Such a search can involve hundreds of calculations when two 
or more channels are included. As a guide in the quan
titative evaluation of the agreement between the theoretical 
and experimental fission cross sections and angular dis
tributions, we used a x^ criterion. Hence, for a chosen 
set of (K,ir) states the values of B0(ir,K) and -fiw (J, ir ,K) 
which give the best agreement with experiments are determined. 
Then another set of (К,тг) states are chosen and the calcu
lations repeated. 
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Results of the Calculations 

The first set of calculations was performed for three 
neutron energies, 600, 700 and 800 keV, with five different 
combinations of two transition states. Each transition 
state is characterized by its values of (K,^), В0(тг,К) and 
-tfuj. The quantity B0(ir,K) is defined by the relation, 
В0(тт,К) = В0(тг,К)-Вп, where B n is the neutron binding energy 
and equal to 5.30 MeV. Each transition state is composed 
of a set of rotational levels and the fission barrier of 
each of these levels is calculated with Eq. 11. As mentioned 
previously, the neutron transmission coefficients are calcu
lated with the optical model potential of Perey-Buck.(16) A 
value of 0.005 was used in the calculation for T^ Y Ц/2. + , 5. 3) 
since this value reproduced the experimental values(•*•*' 
the (n,y) cross section. of 
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FIG, 5. Comparison of the experimental and theoretical fission-fragment angular distributions for neutron 
energies of 600, 700 and 800 keV with five different sets of transition states, 1/2" and 3/2"; l/2+ and 3/2" 
l /2+ and 3/2+ : 1/2" and 3/2+; l /2+ and 5/2". Each of these sets of transition states gives and excellent 
agreement between the experimental and theoretical fission cross-sections. 

The comparison of the experimental and theoretical fission 
fragment angular distributions are shown in Fig. 5 for five 
sets of transition states, l/2~, 3/2~; l/2+,3/2_; l/2+,3/2+; 
l/2-,3/2+; and l/2+,5/2~. The values of the energies of 
Bo(i"K) and-Kw (IT ,K) for each combination of transition states 
which give the best fit to the experimental fission cross 
sections and angular distributions are tabulated in Fig. 5. 
It is assumed that •tfioCtrjK) is independent of J for a par
ticular rotational band. With the energy parameters listed 
in Fig. 5, all five combinations of transition states give 
an excellent fit to the experimental fission cross sections 
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FIG. 6. Comparison of the experimental and theoretical fission-fragment angular distributions for neutron 
energies of 400, 500, 600, 700, 800 and 900 keV with three different sets of transition states, 1/2" and 3/2" 
l / 2 + and 3/2"; l / 2 + and 3 /2 + . 

at 600, 700 and 800 keV neutron energies. Although the 
set of transition states l/2+ and 3/2+ give the best agree
ment between the experimental and theoretical angular dis
tributions for these three neutron energies, several of the 
other sets of transition states cannot be ruled out oh the 
basis of the comparison shown in Pig. 5. 

In Fig.. 6, the experimental and theoretical angular dis
tributions for six neutron energies are compared for three 
combinations of two transition states. The values of В0(тг,К) and -Кш for each combination of transition states are listed on 
the figure. The theoretical and experimental fission cross 
sections are compared in Fig. 7. With two transition states, 
one is able to account for the energy dependence of the 
neutron induced fission cross section of 236u up to neutron 
energies of 900 keV. Although the theoretical cross section 
for the pair of transition states 1/2+ and 3/2+ is slightly 
low at 900 keV, this may be due to the fact that the trans-
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ition parameters for this pair of states was taken from the 
previous fits of the three energies 600, 700 and 800 keV 
and a new search of the best parameters for the additional 
energies was not made. From the theoretical angular dis
tributions plotted in Fig. 6, it can be seen that the 3/2+ 
transition state gives Stronger peaking at intermediate angles 
than the 3/2" state. Although the 800 keV experimental 
angular distribution data fit better with a pair of trans
ition states which include a 3/2+ state, examination of the 
fits shown in Fig. 6 for all the neutron energies suggests 
that no unique parity assignments can be made from the 
present data. 
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FIG. 7. Comparison of the experimental and theoretical fission-fragment cross-sections for neutron energies 
of 400, 500, 600, 700, 800, and 900 keV with three different sets of transition states, 1/2" and 3/2"; l / 2 + 

and 3/2"; l / 2 + and 3/2+ . 

We conclude that the experimental fission cross sections 
and angular distributions for the 2^U(n,f) reaction are 
reasonably well explained up to neutron energies of 900 keV 
with two transition states, one with K=l/2 and one with 
K^3/2. From our present data we are not able to make a 
unique (it,K) assignment for the states. The combinations of 
(ir,K) values for the K-3/2 state are limited to 3/2-, 3/2+ 
and 5/2 . The fission barrier energies for the two states 
are В0(тг,К=1/2) = 1150 ± 100 keV and BÖ(ir,K̂ 3/2) = 925 ± 50 
keV. In order to obtain the corresponding values of B00,K) defined in Eq. 11, one must add the value of the neutron 
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binding energy which is equal to 5.30 MeV. If the data are 
to be fitted with two states, the value of -Ku for the 1/2 
state needs to be considerably larger than for the K-3/2 
state. Although somewhat superior fits may be obtained by 
adding one or more additional transition states, we have 
adopted the working philosophy that a minimum number of 
states be used in the fitting. The experimental angular 
distribution peaks at forward angles again for the 1100 keV 
data and this result may be theoretically reproduced by 
adding one or more K=l/2 states. 

The present results indicate that the energy dependence 
of the fission cross section and angular distribution is 
due to a single barrier. In the present two-humped barrier 
picture, this is interpreted to mean that the second barrier 
is the higher one. If the first barrier were the higher 
one controlling the energy dependent cross section, one 
might expect that the angular distributions would exhibit 
statistical character and not show the definite intermed
iate angle peaking observed at some energies. 
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DISCUSSION 

H.C. BRITT: I would like to comment that in the general case a 
conclusion as to the relative heights of the two barr iers based on a 
correlation or lack of a correlation between structure in the fission 
cross-section and angular correlation coefficients is risky. In the case 
of the barr iers used for calculating the distributions we presented, the 
first barr ier was about 0.7 MeV higher than the second, but from the 
calculation we still see correlated structure in the fission cross-section 
and angular correlation coefficients. The sharp structure is produced 
by the low, broad second barr ier , and the high, sharp first barr ier 
simply modulates the cross-section. Thus, I would caution against 
drawing conclusions from the qualitative aspects of the data. The 
actual situations may be very complicated. 

J.R. HUIZENGA: I agree completely with this comment. If the 
second barr ier is lower than the first and no mechanism exists for 
mixing the K-states, then the original K-values will be conversed through 
the whole fission process. Hence, the observation of structure is in no 
way a strong argument for the second barrier being higher. I should 
like to emphasize the reverse situation as well. The experimental ob
servation of forward peaking and smooth fission-fragment angular dis
tributions is by no means a strong argument for the second barrier being 
lower than the first barrier . 

J.R. NIX: You say that you have used a one-peaked barrier rather 
than a two-peaked barr ier in order not to introduce additional para
meters. But you have other additional parameters in the form of a 
different barr ier curvature for each transition state. Is it not possible 
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that the substantially different value of fiu that you obtain for the in
dividual transition states is a spurious result arising from the use of 
a one-peaked rather than a two-peaked barr ier? 

J.R. HUIZENGA: This may be the case. The additional parameters 
introduced with two-humped barriers may well enable us to make fits 
with a common value of пш and I agree that this should be tried. How
ever, this discussion points out that the whole procedure of extracting 
information on transition states is somewhat arbitrary at present when 
such choices must be made without other information. 

R. VANDENBOSCH: I agree with Nix that some of the fluctuations 
in the nu values obtained in previous analyses may be attributed to the 
structure associated with a double barrier. But I would also say that 
there are good theoretical reasons to believe that the fiu values for 
different channels in odd-A nuclei need not be identical. 

I would also like to ask a question of Dr. Strutinsky or Dr. BjySrnholm. 
They have suggested that the disappearance of structure in anisotropy 
for the heavier odd-A and odd-odd nuclei is evidence for the right-hand 
barrier becoming lower than the left-hand barrier . This implies strong 
K-mixing beyond the first barr ier . On the other hand, the structure in 
ani'sotropy in Britt' s 240Pu results suggests less mixing. Do you think 
there are theoretical reasons for K-mixing to depend strongly on the 
even-odd character of the nucleus? 

V.M. STRUTINSKY: There is a tendency now to relate some of 
what used to be regarded as barrier channel structure in the (d, pf) r e 
actions to the sub-barrier resonances. This may partly explain the 
difference. Generally, stronger mixing is to be expected in the odd-A 
and odd-odd nuclei, where more states may contribute. However, we 
still do not know much about the non-adiabaticity effects which produce 
non-purity of the K-values. This is one of the interesting problems that 
need investigation. 

J.R. HUIZENGA: I would like to ask Dr. Strutinsky or anyone else 
from the USSR if measurements of the full angular distribution of neutron-
induced fission of the plutonium isotopes have been made in the USSR. 
Or have only the 0°/90° ratios been measured? 

V.M. STRUTINSKY: The anisotropy data I quoted in paper SM-122/203 
were extracted from the detailed angular distribution data, in particular 
those that were obtained recently in Obninsk (USSR). Their results are 
discussed in detail in paper SM-122/134. 

N. VfLCOV: I want to make a short comment on whether it is pos
sible to distinguish which of the two peaks of the two-humped barrier 
is higher. There is another way, namely analysis of the excitation func
tion shape in the (n, y) reactions. As was shown in the case of the 
241Am (n, y) 242mf Am reaction, studied by our group in Bucharest, the 
excitation function can be peaked only if the first barrier is higher than 
the second. I think this can be a more general way of obtaining valuable 
information on the relative heights of the two barr iers . 
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Abstract — Аннотация 

ANGULAR ANISOTROPY AND THE STRUCTURE OF THE FISSION BARRIER. The authors report on 
measurements of the angular distributions of fragments produced in the neutron-induced fission of 232 Th, 
238TJ, 23?Np, 238Pu, 24<lPu, 2 4 2Puand 2,"Am target nuclei and photon-induced fission of 23zTh, 23s U, 
238Pu, 240Pu and 242 Pu target nuclei. The (n, f) reaction was investigated using electrostatic generators 

of the Institute of Physics and Power Engineering, while the photofission reaction was studied with the help 
of the 12-MeV mictrotron at the Institute of Physical Problems. Particular attention is paid to excitation 
energies near the threshold. The experimental data do not fit the traditional picture of fission probability, 
but can be satisfactorily explained in terms of double-humped barrier concepts. In discussing the results of 
the measurements, the authors touch on the quasi-stationary states of the nucleus in the second valley, the 
structure of barriers, even-odd differences in fission probability, and the question of the penetration proba
bility at certain energies in the case of highly deformed nuclei. 

УГЛОВАЯ АНИЗОТРОПИЯ И СТРУКТУРА БАРЬЕРА ДЕЛЕНИЯ. Сообщаются р е 
зультаты измерений угловых распределений осколков деления нейтронами ядер —мишеней 

fe2Th, 238U, 2Г 'Мр, 2 * P u , 2 4 0 Pu, Й 2 Р и , 2 4 1 Am и фотонами - 2 3 2 Th , 23SU, 2 3 8 P u , 2 4 0 P u , 2 4 2 P u . 
Исследования реакции (n , f ) производились на электростатических генераторах ФЭИ, фото 
деления—на микротроне ИФП АН СССР на 12 М э в . Главное внимание уделено изучению 
околопороговой области энергий возбуждения. Полученные экспериментальные данные 
не укладываются в рамки традиционного описания вероятности деления, но получают удо
влетворительное объяснение с помощью представлений о двугорбом барьере . В связи с 
обсуждением результатов выполненных измерений затронуты вопросы о квазистационар
ных состояниях ядра во второй яме , о структуре барьеров, о четно - нечетных различиях 
вероятности делений и энергетической щели ядра при больших деформациях. 

Угловая анизотропия разлета осколков деления является следствием 
преимущественной ориентации углового момента ядра I относительно 
пучка бомбардирующих частиц и неоднородности распределения проекций 
момента К на ось симметрии (направление разделения). Реализующийся 
спектр f (К) зависит от энергии возбуждения в переходном состоянии 
Е* = Е —Ef и способа возбуждения, определяющего доступный набор угло
вых моментов. Специальный интерес представляет область малых Е*, 
когда ядро - холодное и в делении участвует небольшое число переходных 
квантовых состояний — каналов деления [1,2] . С дискретностью спектра 
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нижайших каналов деления связывается появление сложной структуры в 
энергетической зависимости угловых распределений осколков W(u ) вбли
зи порога, наблюдаемого в сечении crf . 

Исследования околопорогового деления ядер обнаружили ряд качест
венных эффектов, свидетельствующих о плодотворности идей модели ка
налов деления. Наиболее важными представляются результаты изучения 
четно —четных делящихся ядер, применительно к которым данная модель, 
использующая для спектра каналов деления аналогию со спектрами возбужден
ных равновесных состояний, ведет к конкретным следствиям . Ожидаемая 
квантовая структура барьера наблюдалась при изучении фотоделения [3] 
и реакций типа (d,pf) [4 ,5 ] . 

Однако более подробные эксперименты и детальный количественный 
анализ энергетической зависимости угловой анизотропии [6—10] выяви
ли неполноту традиционного описания деления ядер вблизи порога [1 ,2 ] . 
Объяснение ряда свойств и явлений, не укладывающихся в рамки общепри
нятой концепции Н . Бора — Уилера — О .Бора, в том числе и угловой анизо
тропии, стало возможным благодаря пересмотру представлений о форме 
барьера деления. В 1967 году Струтинским [11] были осуществлены р а с 
четы потенциальной энергии деформации ядра с учетом оболочечных э ф 
фектов, показавшие значительные отступления формы барьера деления 
от параболической, которая мотивировалась моделью жидкой капли. Сог
ласно [11] , реальный барьер деления в обычно используемом одномерном 
представлении имеет форму кривой с двумя максимумами. Физические 
идеи, связанные с новыми представлениями о форме барьера и квазиста
ционарными состояниями в яме между максимумами [12, 13] , дали начало 
так называемой модели двугорбого барьера деления. 

Данная работа посвящена исследованию актуальных вопросов, связан
ных с угловой анизотропией и структурой барьера деления. Эксперимен
тальная часть работы включает в себя некоторые результаты измерений, 
выполненных в последние годы с моноэнергетическими нейтронами на 
электростатических генераторах ФЭИ и с фотонами тормозного излучения 
на микротроне ИФП АН СССР. 

Большинство представленных данных получено с помощью трековой 
методики. 

Здесь мы не ставим перед собой задачу детального описания экспери
ментов и их результатов. Это будет сделано позднее. Цель данного 
сообщения — продемонстрировать недостаточность традиционного описа
ния угловой анизотропии деления и обсудить возможность его уточнения 
на основе модели двугорбого барьера. 

I . ЭКСПЕРИМЕНТАЛЬНЫЕ РЕЗУЛЬТАТЫ И СЛЕДСТВИЯ 

А. Деление 2 3 2Th (n,f) вблизи порога 

Результаты измерений сечения деления o-f [14] и угловых распреде
лений осколков W(u) представлены на рис . 1 и 2. Кривые на рис. 2 — 

W(u) = \ a2n P 2 n (Cos v), где P 2 n (Cos v) — полиномы Лежандра, рассчита-
п=о 

ны с помощью метода наименьших квадратов. Данные об угловой анизо-
W(0°) .. 

тропии ' ' изображены на вставке к рис. 1, где они сравниваются 
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Рис. 1. Зависимость сечения деления 232Th от энергии нейтронов En:-»— [14] 
о — данные Атласа нейтронных сечений. На вставке —угловая анизотропия: 
• — данная работа, Л ~ [8] , л.О — [15] . 

с результатами других измерений [8,15,16] . Угловые распределения, 
измеренные разными авторами [ 15,16] , согласуются между собой хуже, 
чем данные об угловой анизотропии. 

Задачей данного эксперимента было получение подробной информа-
dof(v) 

ЦИИ О Of И df2 W(u) для каналового анализа. Идентификация преоб

ладающих каналов деления К и восстановление энергетической зависи
мости проницаемости барьеров Ркт(Еп) производились, как обычно, пу
тем эмпирического подбора таких квантовых характеристик, которые бы 
обеспечивали согласие расчета 

da f (u ,E n ) _ .* 2(Е 
df2 

I.K.ir 

(21+1) Ti (En) ifcir(En) YTK-

£ if (En - Ед) 
WIK<u) (1) 

l'ij'.m 
с экспериментом. В выражении (1) мы пренебрегли в знаменателе дели
тельной Г} и радиационной Гу ширинами по сравнению с нейтронной шири-
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Р и с . 2 . Угловые распределения осколков деления 2 3 2 Th нейтронами. 

'"ЪьМэ* 
Рис. 3. Зависимость проницаемости барьера деления 232тп (n,f) от энергии нейтронов 
Е п для различных квантовых состояний ядра К": (а) —в предположении, что четность ка
налов К= 1/2 положительна, (Ь)— отрицательна (см. текст). 
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ной Тп ~ / Ti- (E n-E m); К - длина волны нейтрона; TJ - оптические 
L 1 

ÜJIrn 
коэффициенты проницаемости нейтронов [ 17] ; 7г = (- 1), индекс m —ну
мерует уровни ядра—мишени; 7iK — учитывает зависимость проницаемос
ти барьера деления от полного углового момента I в соответствии с 
обычно принимаемым предположением, что различия Р^для разных I сво-

Ь2 Г дятся к вычитанию энергии вращения E t o t = — I (I + 1) - К (К + 1) 
энергии, концентрирующейся в делительных степенях свободы ( в расче-

тах принималось — = 4 кэв) . 

Классическая схема каналового анализа [2] состоит в отыскании 
высоты барьера Е Р И параметра кривизны hwK„, связанных с Рюг (Еп) 
известным соотношением Хилла — Уилера для параболического барьера: 

Г Ь (Еп) = 
, . , „ Еу — Еп — Вп 
1 + ехр 2тг ; 

* пик* 
(2) 

где Вп — энергия связи нейтрона. 
Такие расчеты были осуществлены для реакций 2 3 2Th (n,f ) [ 16 ] и 

234U (n,f) [18] , однако они не дают детального описания хода at (En), 
так как выражение (2) монотонно зависит от Е п и игнорирует резонан
сные явления, отмеченные в [6,7] . В данной работе анализ производил
ся способом, предложенным Воротниковым [6] , в котором никаких огра
ничений на энергетическую зависимость Рктг(Еп) не накладывается. 

Отметим наиболее важные результаты анализа: 
а) При всех Е п удается добиться согласия расчета W(u) с опытом в 

пределах коридора экспериментальных ошибок, используя лишь две — три 
комбинации доминирующих состояний К11 . Основной качественной чертой 
реализующегося спектра К17 является резкое изменение в узком интерва
ле энергий Е п ~ 0 , 1 — 0,2 Мэв роли отдельных состояний (вступление и 
исчезновение), что свидетельствует о нерегулярном "резонансном" по
ведении РК„(ЕП), не согласующемся с (2). 

б) Идентификации даже преобладающих каналов деления свойственна 
неоднозначность. Не удается определить четность состояний К— l / 2 , 
вносящих значительный вклад при всех изученных энергиях; трудно р а з 
личить состояния Kff = 3/2+ и 5/2 , 5/2+ и 7/2 , соответственно. По 
этой причине на рис .3 приводятся два варианта результатов анализа 
для К77 = l / 2 (а) и l /2~(6), а на каждом из этих рисунков в отдельных 
областях Еп — по две возможности Рки, дающих примерно одинаковое сог 
ласие с опытом (пунктирная и сплошная кривые). Источником ошибок 
может явиться также неопределенность параметра Ъ.2/23 . Однако, к 
отсутствию детальной информации об уровнях ядра —мишени выше 1,2 Мэв 
идентификация К (но не абсолютная величина R, ) нечувствительна. 

в) Благоприятным обстоятельством является тот факт, что к нео
пределенности идентификации квантовых характеристик каналов некри
тичен главный результат анализа: наличие резонансов F^,, (En) с шириной 
порядка 0,1 М э в . Нерегулярности o-f (Еп) в районе 1,1 и 1,6 Мэв связаны 
с резонансами P i j r и Р27Г соответственно; привлекавшееся прежде тради
ционное объяснение конкуренцией нейтронной ширины [2] в этих случаях 
неприемлемо. Величина Р+^О), полученная путем экспоненциальной 
экстраполяции к Еп = 0, сильно расходится с проницаемостью, оцененной 
по сечению деления 23гТп тепловыми нейтронами [19] . Последняя более 
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чем в тысячу раз превосходит экстраполированное значение [14] . Этот 
факт показывает, что нерегулярное изменение проницаемости барьера 
сохраняется в глубоко подбарьерной области возбуждений. Наиболее 
яркая картина резонансных эффектов Р (Е) наблюдалась в работе [20] . 

Деление и, 237 т Np, 2 3 8Pu, 2 4 0Pu, 2 4 2 Pu , 2«Am нейтронами 

Измерение угловых распределений осколков деления 2?8U, 2 4 0 Pu, 
242 f 

Pu выполнены преимущественно в околопороговой области энергий 
нейтронов, для 237Np, 2 ? s P u , 241Am — вплоть до порога (n,nf) — реакции. 

W(0°) Коэффициент угловой анизотропии А — „ , , „ „ ' — 1 для пяти ядер —мише-
w(уи ) 

ней изображен на р и с . 4 . Для трех из них 2 ? 8Ри («= 85%), 240Ри (=* 93%) 
и Pu (Ä 95%) точность измерений в подпороговой области лимитирова
лась изотопными примесями. 

Общим свойством исследованных ядер является практически полное 
отсутствие каналовых эффектов в угловом распределении осколков. 
Полученные для изотопов Np, Pu, Am угловые распределения при всех 
энергиях, в том числе и под порогом, хорошо описываются простым вы
ражением: 

W(u) 
W(90° l + A C o s 2 u (3) 

02 

OJ 

0 

02 

Q/ 

0 

0.2 

0.1 

0 

-i 1 1 r 

NP 2 3 7 . • ,№ 

( 

Дт'4' 

t ' . Y " " t . • . . •*MV« 

_1 I L_ 

n 

-I I 1_ 

Pu 2 4 2 0.3 

02 

Ql 

0 

W ZO 3.0 40 50 60 10 05 W (5 2.0 
Еп.Мэв 

Р и с . 4 . Зависимость коэффициента угловой анизотропии деления от энергии нейтронов 
для я д е р - м и ш е н е й 2 3 7 Np : О - [21] , " - [ 2 2 ] ; 2 4 1 А т : о - ( 2 3 ] ; 2 3 8 Ри : о - [24] ; 

2 4 0 Р и : о - [25] , А - [ 8 ] , в - [ 2 6 ] ; P u : » - [ 2 6 ] . Для всех ядер: » - д а н н ы е 
настоящей работы. 
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Соответствие анизотропной части W(u) квадратичной зависимости 
от Cos v при достаточных возбуждениях обычно рассматривается как 
признак статистического распределения К [27] : 

f (K>~exp(-iS) (4) 

Для описания W(u) в этом случае широко используется соотношение ста 
тистической теории 

pSin2!/ 

W(u)~sin _ 3u / xi/2e-xI0 (x)dx = sirr3u <p(p s in 2u) (5) 

< I 2 > при малом р = Y" 2 , т . е . малой анизотропии, переходящее в (3). У 

обсуждаемых ядер A s 0,2 . 
Тем не менее, соответствие экспериментальных данных о W(u) соот

ношению (3 )в реакции (n,f) без дополнительного анализа нельзя рассмат
ривать как достаточный признак распределения (4). Дело в том, что зави
симость (3) выполняется при любом спектре каналов для малых энергий 
Еп ^0 ,5 Мэв, когда в сечении образования составного ядра доминируют 
волны с 1 ä 1. Лишь вклад более высоких угловых моментов приводит 
к отступлениям от (3). 

Убедимся на примере P u ( n , f ) , что экспериментальные угловые 
распределения осколков нельзя объяснить, привлекая малое число состо
яний К" . Эта реакция еще интересна и тем, что для нее в работе [24] 
был выполнен каналовый анализ, приведший к противоположному выводу. 
Согласно [24] , деление 2 3 8Рц нейтронами имеет порог при Е п « 0,8 - 1,0 
Мэв и происходит вплоть до 1,5 Мэв преимущественно через два типа 
состояний К = 1/2 и 3/2 . На рис .5 , полученные нами эксперименталь
ные распределения сравниваются с расчетом, произведенным по исполь
зованной выше схеме при анализе реакции Th(n , f ) . Иные простые 
комбинации К" дают еще большее расхождение с опытом. 

Яркая демонстрация участия в делении тяжелых ядер вблизи порога 
большого числа состояний была получена при изучении реакции 

U ( n , f ) [9] . Коэффициент угловой анизотропии согласуется с данны
ми Лэмфира [8] и достигает 0,6. В этом случае приближение (3) не явля
ется удовлетворительным, и для проверки гипотезы (4) необходимо пользо
ваться выражением (5). Наиболее интересная часть экспериментальных 
данных изображена на рис.6 в компактном представлении, использующем , 
согласно (5), тот факт, что 

W(0°) = 2_ (Psin2i>)3/2 

W(-u) 3 <p(psirfiv) {Ь> 

зависит от единственного параметра х = р sin2 и. Правая часть (6), как 
показано на рис .6 , при р £ 1 с хорошей точностью линейно зависит от х . 
Таким образом, деление 2 3 8 U(n,f ) под порогом на 0,5 — 0,7 Мэв происхо
дит так, как если бы в нем принимало участие значительное число кана
лов . 
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Р и с . 5. Угловые распределения осколков при делении 2 3 8 Р и нейтронами: о - [9] , 
кривые — расчет (см. т е к с т ) . 

ö* X-PSin'» 

Р и с . 6. Сопоставление экспериментальных данных о W(u) 2 3 8 U c выражением (5) с т а 
тистической теории угловых распределений осколков деления (см . т е к с т ) . 
На вставке — энергетическая зависимость сечения деления crf(En) U нейтронами. 
Обозначения : V - 0,8 Мэв, • - 0,95 Мэв; Д - 1,15 Мэв , О - 1,25 Мэв, • - 1,55 Мэв, 
* - 1,65 Мэв , • - 1,85 Мэв , » - 2,2 М э в . 
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Резкое изменение характера и зависимости от энергии углового рас
пределения осколков при увеличении числа нуклонов на несколько единиц 
в области, где свойства равновесных ядер изменяются мало, удивительно. 
Никаких ограничений по А и Z на реализацию каналовых эффектов для 
ядер с одинаковой четностью числа нуклонов модель О.Бора не наклады
вает. 

Р и с . 7 . Зависимость параметра К0 от энергии возбуждения Е* для делящихся ядер 
238Гф, 2 3 9 Pu, ^ » P u . 

На нижнем рисунке: о - [ 5] , « - [ 28] , * - [29] . 

Интерес представляет также немонотонный характер энергетической 
зависимости угловой анизотропии при значительных возбуждениях, где 
справедливость статистического описания не вызывает сомнения. Опре
деленная из данных об угловой анизотропии (на рис.4) энергетическая 
зависимость К0 (Е*) для составных ядер - нечетно — нечетного 238Np и 
нечетного Ри — сравнивается на рис .7 с аналогичной зависимостью 
для четно - четного ядра 2 4 0Ри, делящегося в реакциях 2 3 9Pu(d,pf) [4,5] 
и Pu (n,f) [28,29] . Энергия возбуждения в первых двух случаях вычис
лена как разность E n —Enf , где Enf — энергия нейтронов, при которой на
блюдается порог в сечении деления. 

Наличие ступенчатой структуры в ходе К2, (Е*) 2 4 0 Ри в работе [4] и 
ряде последующих работ [5,29] было истолковано как следствие энерге
тической щели 2Д в спектре внутренних возбуждений. Основываясь на 
оценке скачка К? , 

б К 2 = 2 < К2> =Ж|±1), 2 0 (V) 
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связанного с разрывом пары нуклонов, авторы [4] для переходного состо
яния получили величину Af ^ 1,3 Мэв, почти вдвое превосходящую равно
весное значение Д 0 ~ 0,7 Мэв. В (7)0с„)>, равное значению К„ для одной 
неспаренной частицы, оценено как среднее по всем одночастичным уров
ням последней i незаполненной оболочки с полным квантовым числом 
N = 7 - 8 . Анализ энергетической зависимости К2 (Е*) в более широкой 
области возбуждений до 30 Мэв привел Гриффина [28] к заключению, 
что критическая энергия фазового перехода Ej* из сверхтекучего состо
яния в ферми — газовое составляет примерно 19 Мэв, что также соответ
ствует аномально высокому значению Af « 1,2 М э в . 

В дальнейшем интерпретация скачкообразной зависимости К2(Е*) 
при низких возбуждениях и надежность определения Af,Efp и<^Кр/ были 
подвергнуты сомнению [30,31] . Пересмотр анализа [28] привел в рабо
те [31] к существенно более низким значениям Е? = 9,5 ± 3 Мэв и 
Af = 0,77 ± 0,15 Мэв, близким к равновесным. К2 , как следует из рис .7 , 
приЕ*-»0 (238Np и Ри) стремится к значениям, соответствующим 

<К 2 У х 5, а не « 10, как по оценке (7), с м . также [29] . Из рис.7 видно, 
что уменьшение <(Кр^>вдвое при значительном разбросе данных о К2 для 

2Ри ведет к большой неопределенности установления величины Af . 
Наконец, и з - за наличия ступенчатой структуры К0 ( E v ) у Np и 239 Pu, 
спектр переходных состоянии которых не имеет энергетической щели, 
неочевидной становится сама возможность определения Af по величине 
скачка öK^ (7). 

Отказ от предположения об аномальной величине энергетической щели 
делает необходимым переосмысливание физической природы четно - не 
четных различий для барьеров деления. Во многих работах, в особенно
сти, посвященных систематизации экспериментальных данных о периодах 
спонтанного деления и высоте барьеров, различия четных и нечетных 

•1 О 1 
Ef-Bn Мэ6 

« tf 
х; 6.0 
UJ-5 .5 

5.0 

• 
А 

• 
• 

• 

• • 

а А • 
• 1 . . „ 

f • • а 

232 256 2« 
А 

Ш 

Р и с . 8 . а)Пороги вынужденного деления четно-четных — • , нечетных —а и нечетно-
— нечетных — А ядер; 

б) Отношение средних нейтронной и делительной ширин Г„ /Pf в зависимости от 
разности E f — Вп . Обозначения те же, что и для а ) . 
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Р и с . 9 . Отношения коэффициентов b / a и c /b в зависимости от Е т а х (х— для 2 3 2 Th; 
v - для 238U ; Д - для 2 3 8 Р и ; о - для 2 4 0 Ри ; • - для 2 4 2 Р и ). 

ядер связываются с разностью энергетических поверхностей в переход
ном и равновесном состояниях, т . е . A f - A 0 . Примеры таких систематик 
[33] представлены на р и с . 8 . В них использованы значения E f , как 
обычно, определенные для четно —четных делящихся ядер из каналового 
анализа угловой анизотропии деления в (d,pf) и (y,i) - реакциях [5,10] 
( см.ниже таблицу 1), для нечетных и нечетно - нечетных - из порога, 
наблюдаемого в сечениях деления нейтронами. Расстояние между двумя 
ветвями зависимости Гп /Г[ от E f - Вп из статистических соображений 
может быть оценено как Af + А0 . Оно, согласно рис .86 , составляет при
мерно 2 Мэв . Как эта величина, так и расщепление E f на рис.8а соот
ветствуют предположению о значительной разности Af — AQ, составляющей 
в среднем 0,5 - 0 , 7 Мэв. Однако, это широко распространенное объясне
ние четно - нечетных различий E f противоречиво, поскольку в рамках 
предположения о значительной разнице Af и А0 должно было бы наблюдать
ся расщепление данных рис.8а и 86 у нечетных и нечетно — нечетных 
ядер на величину Af - Д 0 , а оно отсутствует ( с м . подробнее [32] ). 

Таким образом, вопрос о природе четно — нечетных различий барье
ров деления не может быть решен с помощью гипотезы о возрастании 
энергетической щели с деформацией ядра, но остается также открытым, 
если принять Af" A0 . 

В . Фотоделение ч е т н о - ч е т н ы х ядер 2 3 2Th, 238U, 2 3 8 Pu, 2 4 0Pu, 2 4 2 Pu 

Измерения производились на внутренней вольфрамовой мишени силь
ноточного микротрона в интервале граничных энергий тормозного спектра 
7 — квантов Е т а х = 5 — 8 Мэв . При возбуждении фотонами этих энергий 
четно — четные ядра образуются лишь в состояниях I* Г и 2+в результате 
дипольного и квадрупольного поглощения, соответственно. Полное угло 
вое распределение осколков, поэтому, в самом общем случае имеет вид: 

W(u) = а + b sin2u + с sii£ 2v (8) 
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Если, согласно гипотезе О.Бора [1] , пороги деления для состояний 
Iя ,К удовлетворяют соотношениям Ef (1~,1)> Ef (1",0)> Ef (2+,0), то качест
венно энергетическая зависимость угловых распределений осколков дол
жна сводиться к следующему: отношения 

b / a . P ( r g ' " » c / b . ^ Р(Г,1) 
3 ofР(2+,0) 
4а1-р(Г,0) О) 

растут с уменьшением энергии возбуждения. Это соответствует наблю
даемой картине (рис .9 ). При высоких энергиях оба отношения малы, 
поскольку Р(Г,0) - Р(1",1)«:Р(Г,1) и сг^/сгу"« 1, но в подбарьерной облас
ти b / a достигает значения 100 ( 232Th, Em a x= 5,4 Мэв), а 
с/Ь >. 3 ( 2 4 0 Р и , Е т а х = 5 Мэв) . 

Р и с . 1 0 . Схематическое изображение зависимостей анизотропии и сечения фотоделения 
для случаев одногорбного (а) и двугорбого (б) барьеров. 

Однако попытка количественного объяснения наталкивается на серь
езную трудность. Отношение проницаемостей двух барьеров, имеющих 
разную высоту и кривизну вершины, вообще говоря, немонотонно зависит 
от энергии и имеет максимум при энергии, совпадающей с вершиной ниж
него из барьеров. Полное сечение фотоделения вблизи порога 

, . Р(Г,0) . _, 2тгРу „ , 
at« g y p / i - п \ + р с ' г д е н и ж е энергии связи нейтрона Р. = ——— «; 1, дол
жно сравниваться с сечением фотопоглащения <уу и выходить на плато 
при Р(1~,1)«Р(1~,0)т е Рс<К 1 , т . е . при энергии наблюдаемого порога Tf, 
которая несколько ниже Ef(l",0) [33] . Эта ситуация схематически пока
зана на рис .10а . 

На рис.11 вверху изображены непосредственные экспериментальные 
результаты в виде зависимости выходов осколков Yj ( £ Y( = Y ) , соот
ветствующих различным компонентам в угловом распределении (8), от 
граничной энергии тормозного спектра. По этим кривым было произве
дено восстановление энергетических зависимостей парциальных состав-
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Р и с . 1 1 . Энергетические зависимости выхода Y ( E m a x ) , сечения деления <Tf(Ey) и их 
угловых компонент Yi(Em ax), an (Еу) в реакции ( 7 , f ) . 
Emax "" граничная энергия тормозного спектра, 
Еу — энергия монохроматических фотонов. 
Вверху Y ( Е т а х ) и Yj (Еш а х) , посередине — at(EJ и оц (Е г ) , внизу отношения - c / b , b / a и 
In оу как функции в произвольных единицах. Вертикальные стрелки показывают положение 
энергии связи нейтрона Вп . 

ляющих сечений фотоделения o-fi(Eafi = <7f) в пересчете на монохромати
ческие 7 — кванты (рис.11 посередине). На рис.11 внизу приведены 
соответствующие энергетические зависимости b / a , c /b и c j . 

Парадоксальным, с точки зрения только что изложенных простых 
представлений, является следующий факт: значение энергии, при которой 
анизотропия - отношение b / a — достигает максимального значения, л е 
жит у изотопов плутония почти на 1 Мэв ниже наблюдаемого порога Tf , 
в то время как согласно общепринятому описанию эта точка должна быть 
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выше Tf (рис. 10а). Количественно расхождение является очень резким: 
там, где b / a принимает максимальное значение, сечение фотоделения 
должно примерно совпадать со своим значением в плато и а]~, а факти
чески оно в сто раз меньше. Пока рассматривались только данные о вы
ходах Yj,b/a и c/b в зависимости от Е т а х . ЭТОТ факт проявлялся не так 
резко, но тем не менее отмечался нами ранее как труднообъяснимый в 
рамках традиционных представлений, и мы высказывали два предположе
ния [3,34] , в соответствии с которыми наблюдаемый в угловой анизотро
пии порог Ef ~Tf , а не больше Tf . Однако после дифференцирования 
Y. (Em ) выяснилось, что этот порог меньше Tf , причем разница выходит 
за пределы любых неопределенностей. 

II . ИНТЕРПРЕТАЦИЯ 

Перечислим наиболее существенные результаты обсуждения предста
вленных экспериментальных данных. 

1. В энергетической зависимости проницаемости барьера наблюда
ются отступления от экспоненциального монотонного хода в виде резонан-
сов . Положения резонансов Fj^ , соответствующие разным квантовым ха 
рактеристикам К* , не совпадают. 

2 . С увеличением числа нуклонов в узкой области масс делящихся 
ядер каналовые эффекты вблизи наблюдаемого в сечении порога исчеза
ют, смещаясь в подпороговую область энергий. 

3 . Выдвинут ряд аргументов против гипотезы о значительной разни
це в энергетической щели в переходном и равновесном состояниях. Одна
ко отказ от этого предположения не устраняет трудности объяснения чет 
но — нечетных различий в барьерах деления . 

Круг явлений, не укладывающихся в традиционную картину деления, 
значительно шире и выходит за рамки вопросов, связанных с угловой ани
зотропией разлета осколков (спонтанноделящиеся изомеры, группировка 
резонансов сечения деления медленными нейтронами). Для их объяснения 
весьма плодотворной оказалась модель двугорбого барьера деления 
[12,13] . Согласно [12] , переходное состояние во второй яме (между 
максимумами А и В) подобно обычному компаунд- состоянию ядра равно
весной формы. Если вероятность диссипации энергии коллективного дви
жения в нуклонные степени свободы велика, то ядро, прежде чем разде 
литься, будет дважды претерпевать эволюцию перехода внутренней энер
гии в энергию деформации. В этом смысле реакция деления может р а с 
сматриваться как двухступенчатый процесс. Это качественно новая осо
бенность и является источником обсуждаемых эффектов. 

Наличие квазистационарных уровней во второй яме приводит к тому, 
что проницаемость барьера, в отличие от монотонной функции (2), в 
окрестности уровней изменяется резонансным образом [12,35] . Кроме 
резонансов с шириной ~ 0 , 1 Мэв, типа тех, которые реализуются при д е 
лении 2 3 2 Th быстрыми нейтронами, в сечении деления медленными ней
тронами наблюдается группировка сильных и слабых резонансов - струк
тура с шириной резонансов огибающей порядка 0,01 —0,1 кэв и расстоя
нием между резонансами порядка 0,1 — 10 кэв . Согласно [12] , первые 
связываются с вибрационными состояниями, вторые — с состояниями 
внутреннего возбуждения. 
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Первоначально резонансы первого типа пытались относить к состоя
ниям в первой яме [7,36] , однако, соображения о диссипации колебатель
ной энергии во внутренние степени свободы эту возможность поставили 
под сомнение [12,13] . Для обсуждения данного вопроса, п о - в и д и м о м у , 
весьма существенна принадлежность резонансов проницаемости к опре
деленной комбинации Kv ( см .рис .3 ) . Если вибрационные состояния свя
зывать с первой ямой, то для объяснения этого факта придется привлечь 
слишком сильное предположение о сохранении К в продолжение всей эво
люции делящегося ядра. 

Положения резонансов с разными Кж не обнаруживают регулярной 
структуры, расстояние между ними во многих случаях (рис.3) значитель
но меньше ожидаемого для вибрационных состояний (~~hwx 0,5— 1 Мэв). 
Этот факт, по — видимому, свидетельствует о том, что резонансы Ij^ для 
разных комбинаций К17 следует относить к вибрационным состояниям в 
разных ямах. Иначе говоря, он свидетельствует о наличии расщепления 
кривых потенциальной энергии деформации в зависимости от квантовых 
характеристик, в соответствии с основной идеей модели О .Бора . Квази
стационарные состояния во второй яме, благодаря резонансному измене
нию РК7Г(Е), играют значительную роль в развитии каналовых эффектов при 
делении ядер. 

Исчезновение каналовых эффектов в угловой анизотропии деления 
вблизи порога, наблюдаемого в сечении, при увеличении числа нуклонов 
в делящемся ядре, согласно [12] , связано с изменением структуры дву
горбого барьера: уменьшением максимума В и углублением ямы между 
максимумами. Допустим, следуя [12] , что яма на барьере достаточно 
глубока и ядро в ней живет достаточно долго по сравнению с характерным 
периодом миграции величины К. В этом предположении ядро "забывает" 
о квантовых состояниях, в которых оно находилось при прохождении пер
вого барьера А, и дальнейшее развитие процесса деления будет опреде
ляться спектром состояний на барьере В . 

Очевидно, что в случае EfB £. E fA будет осуществляться традиционная 
ситуация : разнообразие форм W(v) и значительный масштаб изменения 
угловой анизотропии вблизи наблюдаемого порога деления. В противо-

ТАБЛИЦА 1. ПАРАМЕТРЫ БАРЬЕРА ДЕЛЕНИЯ ПО ДАННЫМ 
РЕАКЦИИ (T,f) 

Ядро 

232 -j>k 

238 и 
2 3 8 р и 

м о Ри 
2 4 2 Pu 

„2+ ,0 
EfB 

Мэв 

5,7 

5,0 

5,2 

5,0 

5,0 

Г.о 
k f B 

Мэв 

6,0 

. 5,4 

5,4 

5,1 

5,2 

Т ^ Е ' ' " ) 

Мэв 

6,0 

5,8 

6,1 

6,0 

6,1 

6 AB 

Мэв 

0 а 

0,4 

0,7 

0,9 

0,9 

а Значения характеристик, приведенные в таблице, с л е 
дует рассматривать как оценки, имеющие точность 
~ 0 , 2 М э в . 
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положном случае EfB < EfA может возникнуть принципиально новая карти
на, так как наблюдаемый в сечении порог определяется высотой большего 
из барьеров, т . е . E fA , а реализующийся спектр каналов дел ения-энергией 
возбуждения в критической точке В . При достаточной разнице 
<5AB=EfA — Efg > 0 каналовые эффекты в угловых распределениях осколков 
будут проявляться в существенно подбарьерной области энергий. При 
этом около порога плотность каналов деления может быть уже значитель
ной, так что на опыте будет реализовываться распределение К, близкое 
к статистическому. 

Экспериментальная картина изменений W(u) и А (Е) в рассмотренных 
в данной работе случаях удовлетворительно согласуется с этим описани
ем . Полученные из анализа экспериментальных данных по фотоделению 
(рис.106 и U) значения порогов приведены в т а б л . 1 . Нижняя оценка 
6АВ ** Tf — Efg увеличивается от тория к плутонию, в соответствии с пред
сказаниями работы [12] . Мы полагаем, что положение максимумов Ь /а 
не связано с квазистационарными состояниями (1'Г,К)= (1",0), поскольку 
аъ в окрестности порога Е fg ведет себя плавно, экспоненциально спадая 
с уменьшением энергии фотонов. Поскольку в большинстве случаев c /b 
монотонно растет с уменьшением энергии, для порога Efg в таблице при
ведены верхние граничные значения. 

Значения 6АВ в табл .1 согласуются с оценками, полученными из ана
лиза группировки резонансов сечения деления 237Np и 2 4 0Ри медленными 
нейтронами [35] . Отметим, что обсуждаемое явление —смещение кана-
ловых эффектов в угло.вой анизотропии в подбарьерную по сечению деле
ния область энергий, по — видимому, наблюдается также в исследованиях 
реакций типа (d,pf). Экспериментальные данные [4,5] показывают, что 
максимум угловой анизотропии, за который ответственны состояния 
К = 0 , находится в области Е < В П , где делимость ядер ау/сгс« rj /Гу<К 1. 
Для объяснения этого парадокса авторы [5] допускают, по нашему мне
нию, слишком сильное предположение, что радиационная ширина Г̂ , пример
но на порядок превосходит значения, наблюдаемые при Е А В П в (п,т) ~ реак
циях . 

В рамках изложенных представлений модели двугорбого барьера де 
ления можно также понять природу четно — нечетных различий Ef , пред
ставленных на р и с . 8 . Поскольку данные о высоте барьеров деления, 
определенные из энергетических зависимостей угловой анизотропии 
(четно — четные ядра) и сечения деления (нечетные и нечетно - нечетные 
ядра) относятся к различным барьерам В и А, соответственно, при анали
зе четно — нечетных различий Ef необходимо учитывать разность <5АВ . 
Расщепление Ef на рис.8а именно и соответствует этой величине, умень
шающейся, как и в т а б л . 1 , в сторону более легких делящихся ядер. Р а с 
стояние между ветвями семействаГ^/1} = f ( E f - B„) для тяжелых ядер 
( Г п / 1 | < 1) включает в себя 6АВ= 2 Мэв - (Д г + До)=«0,6 Мэв при 
Af« A 0

Ä 0,7 Мэв . Для легких ядер (Ц/lf » 1), как показано на рис .86, 
это расстояние уменьшается ÄoAf + А0

Х 2 AQ»3 1,4 Мэв, согласуясь с <5AB
Ä 0 . 

Отметим, в заключение, еще одно обстоятельство, касающееся описа
ния вероятности деления в целом. Свойства угловых распределений ос 
колков показывают, что, кроме каналовых эффектов, связанных с квази
стационарными состояниями во второй яме, при делении реализуются ка
наловые эффекты в старом смысле, т . е . обусловленные расщеплением 
состояний на барьере В . При этом отсчет числа каналов, определяющих 
вероятность деления следует вести от барьера В , а не от дна второй ямы, 
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как можно было бы ожидать, исходя из роли квазистационарных состоя
ний. Данное предположение подтверждает величина к | при энергиях, 
близких к порогу: Ко для четно—четных ядер по мере приближения к 
барьеру В стремится к нулю, а для нечетных — к одночастичному значе
нию (рис.7) . Пример расчета сечения деления 2 4 0 Ри быстрыми нейтро
нами в этом предположении, позволяющем получить удовлетворительное 
описание экспериментальных данных в околопороговой области энергий, 
приведен в работе [35] . 

Авторы выражают глубокую благодарность П.Л.Капице, А . И . Л е й -
пунскому, В .М. Струтинскому за интерес к исследованиям и М . К . Г о л у -
бевой и Н.Е.Федоровой — за большой труд по просмотру стеклянных де
текторов, широко использовавшихся в измерениях. 
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DISCUSSION 

J. PEDERSEN: I want to hear your comment on the 240Pu (y, f) ex
periment. I cannot understand how you get a sharp peak in the b/a ratio 
using a channel picture. Could not this peak be due, instead, to a 1" 
resonance state? 

I. KOVACS: I think that this possibility cannot be ruled out; how
ever, it is difficult to solve this problem without further investigation. 
In our paper it is mentioned that the quantitative explanation of the ex
perimental data is rather complicated. 

J.R. HUIZENGA: I wish to suggest an alternative explanation for 
the decrease in the value of b/a with decreasing photon energy. This 
comment is made in a spirit of speculation. If the second or outer 
barrier is higher than the inner barrier, one may at very low energies 
have delayed fission due to an isomer competing with prompt fission. 
In this case, one would expect b/a to decrease at very low energies 
owing to the fact that the original angular momentum alignment is lost 
for isomer fission. Hence, an isotropic contribution is introduced and 
b/a decreases. 

P. von BRENTANO: Let us consider the photofission of even nuclei. 
The new idea about the double barrier introduced here implies that after 
transition through the first barr ier with a given K-quantum-number you 
can have a change of K-value before you go over to the second barr ier , 
and therefore you lose the anisotropy associated with the first lowest 
channel. Now, these are exactly the same nuclei we have discussed this 
morning in connection with papers SM-122/74, 128 and 102. We think 
there is strong evidence here of vibration at intermediate states, and 
the transition through the second well is quite fast. Therefore it seems 
to me that there is a contradiction in the interpretation offered here in 
terms of channels. There is a confusion as regards, on the one hand, 
vibration energy and, on the other hand, change in the K-quantum-
number in the passage through the second well in the photofission ex
periment. I do not think that both can be true. Either we have resonances 
and К is preserved, unless the damping is excessively strong, or we 
have channels, strong damping, in which case we can lose the anisotropy. 
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Depending on the photon energy, we can gain the anisotropy and lose it 
again. That looks like resonance coming in and disappearing again. 

J.R. HUIZENGA: In answer to Brentano, I wish to point out that 
his comments are applicable to fission induced with relatively high-
energy charged particles. For very low photon energies the ratio of 
isomeric to prompt fission may be much larger. 





IAEA-SM-122/110 

SPONTANEOUS FISSION ISOMERS 
WITH VERY SHORT HALF-LIVES* 

R. VANDENBOSCH, K.L. WOLF 
University of Washington, Seattle, Wash., 
United States of America 

Abstract 

SPONTANEOUS FISSION ISOMERS WITH VERY SHORT HALF-LIVES. A technique has been developed 
to investigate spontaneously fissioning isomeric states with half-lives in the nanosecond region. Decay of 
the isomers is observed in the time intervals between cyclotron beam bursts, which are 2 ns in duration and 
separated by 88 ns intervals. The time distribution of the delayed events is obtained by using a time-to-pulse 
height converter to measure the time between the arrival of a beam burst and the detection of a fission frag
ment by a solid-state counter. A number of spontaneous fission isomers of plutonium isotopes have been 
discovered in helium ion bombardment of uranium isotopes. Isotopic assignments are based on excitation 
functions for the isomeric states. Spontaneous fission isomers which have been identified are 237Pu ( t , / 2 = 120ns), 
239Pu ( t ! / 2 a:400 ns), and 240Pu (t i /2 = 4.4 ns). Upper limits for the half-lives of 235Pu and 238Pu have also 
been obtained. The half-life results are discussed in relationship to the systematics of ground-state spontaneous-
fission half-lives, with emphasis on odd-even effects. Isomer ratios have also been meausred, and from these 
ratios approximate isomeric excitation energies are deduced. 

INTRODUCTION 

Some years ago Polikanov and collaborators [1] discovered a short
lived spontaneous fission activity whose half-life was much too short to 
be attributed to spontaneous fission from a nuclear ground state and was 
therefore assigned to the decay of an isomeric state. Interest in spon
taneous fission isomers has increased considerably with the determina
tion of the excitation energy of such an isomer and the realization that 
the spin of the isomeric state was considerably lower than the value 
required to account for the gamma decay retardation by a spin-forbiddenness 
effect. These developments led to increased interest in the idea that 
spontaneous fission isomers were actually shape isomers, corresponding 
to a second minimum in the potential energy along the fission degree of 
shape deformation. Calculations by Strutinsky [2] indeed predicted that 
such a secondary minimum in the deformation energy should be expected 
over a considerable mass region in the heavy elements. At the time this 
study was initiated the only known spontaneously fissioning isomers were, 
with one exception, odd-odd americium nuclei. It was felt that if. shape 
isomerism were responsible for fission isomers, it should occur in all 
types of nuclei. 

Since a search [3] had already been made in the half-life region of 
10 /us to one hour, we decided to investigate shorter lifetimes. If the 
odd-even variation in spontaneous fission half-lives of nuclei in their 
ground states was also present in isomeric half-lives, half-lives between 
a microsecond and a nanosecond would be quite likely. An independent 
study in this time range has been pursued by Lark and collaborators [4] 
using a technique based on fission-in-flight of recoiling reaction products. 

Research supported in part by the US Atomic Energy Commission. 
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EXPERIMENTAL METHOD 

The method employed in this study is a direct electronic measurement 
of the time between the arrival of a burst of particles at the target and 
the time of fission decay of the isomeric state. The University of 
Washington 60-inch cyclotron has been used in most of the experiments 
reported here. This cyclotron produces beam bursts of less than 2 ns 
width at 88 ns intervals, with no observable beam between beam bursts. 
An electrically-driven beam chopper [5] was used in some of the measure
ments to deflect away two out of each three beam bursts and hence increase 
the time between beam bursts to 264 ns. The energy of the helium ion 
beam of the cyclotron is varied by the use of degrader foils in front of 
the target. One experiment was also performed using the University of 
Washington FN tandem Van de Graaff. The helium ion beam was chopped 
and bunched [6] to obtain 6 ns wide beam bursts at 420 ns intervals. 

«- t , 
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INDICATE COUNTS 

AS FOLLOWS: 

t g • > 100,000 

H I 1,000-100,000 

| ? V ^ I 0 - 1 0 0 0 

D'-'o 

w и 
15 nsec 

FIG.T. Example of a two-dimensional time spectrum. The prompt peak is in the upper right-hand 
comer, and the events along the diagonal correspond to delayed fission. 

The time distribution of fission events is determined by using a fast 
signal from a semiconductor fission detector and a signal from the cyclo
tron or buncher oscillator to start and stop, respectively, a time-to-
amplitude converter. The time resolution of the prompt fission peak is 
typically 2. 5 ns full width at half-maximum, which is comparable to the 
beam-burst duration. The difficulty is that the ratio of delayed to prompt 
fission is usually of the order of 10"5, so what is of interest in order to 
distinguish true delayed fission events from prompt events is the width 
of the prompt peak at about 10"6 of its maximum intensity. The delayed 
side of the prompt peak exhibits a tail which does not drop off at 10-6 of 
the maximum of the prompt peak until 15 to 20 ns have elapsed. This 
tailing is presumably due to pile-up effects in the detector and fast elec
tronics. It is possible to eliminate most of this effect by using two in-
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dependent time-meäsuring systems with the two fission detectors at 
180° with respect to each other so as to detect complementary fragments. 
The probability that the rare pile-up effects will occur simultaneously in 
both detectors is very small. The signals from the two time-to-amplitude 
converters are presented to a 1024 channel two-dimensional analyser 
whose gate is only opened when the two time-to-amplitude converter sig
nals are in coincidence and when the energy deposited in the detectors 
corresponds to that expected from fission fragments. A two-dimensional 
time spectrum is illustrated in Fig. 1. The prompt peak occurs at the 
upper right-hand corner. Those events where one detector system gave 
spurious time information lie along the edges of the time spectrum where 
they cannot be confused with true delayed events which lie on a diagonal 
line extending down from the prompt peak. The absence of coincident 
events with tailing in both detectors is demonstrated by the cleanness of 
the region between the diagonal and the edges of the time spectrum. 

RESULTS 

The results of various reactions studied will be discussed as they 
relate to the various plutonium isomers characterized or searched for in 
this work. 

24Qpu 

This isomer was produced when 2 3 8u was bombarded by 23 to 28 MeV 
helium ions. The decay curve for this isomer is shown in Fig. 2. The 
half-life of 4. 4 ±0.8 ns was extracted from the decay data using the average 
lifetime method of Peierls [7]. The assignment of this activity as an isomer 
of 240Pu is primarily based on the excitation function displayed in Fig. 3. 
An (a, 2n) is the only reaction one expects to exhibit a maximum at a 
helium ion energy of 25 MeV. Further support for this assignment is ob
tained from the absence of this activity in deuteron bombardment of 238U 
and 237Np. The isomer ratio crm/ag is (8. 6 ± 2. 4) X 10"4, based on the 
excitation function for the ground state reported by Wing et al. [8]. It 
has been assumed here and for the remainder of the isomer ratios re 
ported in this work that the only mode of decay of the isomer is spon
taneous fission. И other decay modes compete the isomer ratio will 
increase. 

239 p u 

Helium ions with an energy higher than 28 MeV produce a much longer-
lived isomer which is identified from the excitation function shown in Fig. 4 
as being due to the 238U(of, 3n)239Pu reaction. Attempts to measure the 
half-life have met with only limited success because the half-life is long 
compared to the interval between cyclotron beam bursts, even when the 
interval between beam bursts is increased to 264 ns by use of the beam 
chopper. At present a lower limit of 400 ns has been set for the half-life. 
As long as the half-life is longer than the time between beam bursts it is 
possible to obtain an isomer ratio, and a value of approximately 5X10"4 

is obtained assuming a cross-section for the ground state of 65 mb [8]. 
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FIG.2. Decay curve for 2 4 0 mPu. 
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FIG.3. Excitation function for the 4 .4 ns isomer compared to (<x,n) and(a,2n) excitation functions of 
Wing et a l . , identifying the isomer is being produced by the 238U(a,2n)240Pu reaction. 



IAEA-SM-122/110 443 

зг 36 40 
HELIUM ION ENERGY (MeV) 

FIG.4. Excitation function for the 238U(a,3n)239mPu reaction. 
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FIG.5. Decay curve for 2 3 , m Pu. 

238 Pu 

At tempts to produce th is i s o m e r by the 2 3 8U(a, 4n) and 236TJ(ar, 2n) r e 
act ions were unsuccessful . If one a s s u m e s that the i s o m e r ra t io is 5X10"4 

or g r e a t e r , an upper l imit of 2 ns can be placed on the half-life of 2 3 8 m Pu. 



444 VANDENBOSCH and WOLF 

2 3 7Pu 

T h e r e have been some difficulties and confusion in the charac te r iza t ion 
of this i s o m e r . Delayed fission observed between cyclotron beam b u r s t s 
of 34 MeV helium ions on 236U gave a half-life of l e ss than 50 n s . Use of 
the beam chopper on the cyclotron to produce b u r s t s at 264 ns in t e rva l s , 
however, revealed that the decay curve was complex, with a longer- l ived 
component a lso p resen t . To fur ther cha rac t e r i z e the longer- l ived 2 3 7 Pu 
i somer , the 235U(o, 2n) react ion was employed using the longer t ime in t e r 
vals between beam b u r s t s achievable with the tandem Van de Graaff beam 
chopper. The decay curve i s shown in F ig . 5. The half-life is found to 
be 120 ±30 ns and the i s o m e r ra t io is {4.1 ± 1. 0)X10"4 , based on a ground-
s ta te c r o s s - s e c t i o n of 15 mb [9]. 

We a r e therefore left in the unpleasant si tuation of having i s o m e r s 
with two per iods , both of which, a s excitation functions or c r o s s bombard
ments indicate, should be at t r ibuted to the s a m e isotope. Our tentative 
explanation of th is anomaly is that, indeed, t h e r e a r e two fissioning i s o m e r s 
in 2 3 7 Pu, differing in spin and having different ha l f - l ives . The s h o r t e r -
lived i somer is p resumed to have a high spin and not to be produced in 
significant yield by 25-MeV alphas o r 13-MeV deute rons . 34-MeV alphas 
br ing in a maximum angular momentum which is a factor of two higher 
and the h igher - sp in , shor te r -ha l f life i s o m e r i s then produced in s igni
ficant yield. 

236 Pu 

Attempts to produce 2 3 6 r apu by the 2 3 6 U(a, 4n) and the 2 3 4U(a, 2n) r e 
act ions were unsuccessful . If the i s o m e r ra t io i s 5X10"4 , an upper l imit 
of 4 ns can be set on the half-life of 2 3 6 m P u . It should be mentioned, 
however, that a 34 ns i s o m e r was observed in the proton bombardment of 
2 3 7Np by Lark et a l . [4] and at t r ibuted to 2 3 6 m Pu . 

TABLE I. PBOPERTIES AND METHOD OF PRODUCTION 
OF SPONTANEOUS FISSION ISOMERS 

Isomer 

240 Pu 

239 Pu 

238Pu 

237 Pu 

236 Pu 

Reaction 

23!U(a,2n) 

238U(a,3n) 

238U(a,4n) 

236U(a,2n) 

2S5U(a,3n) 

235U(a,2n) 

236U(a,4n) 

234U(a,2n) 

Half-life (ns) 

4 .4 ± 0.8 

2:400 

< 2 

(Complex decay) 

120 i 30 

< 4 

Isomer ratio 

(8.6 ± 2.4) x 10"4 

(5lJ. s)x:Hf 

( 4 . 1 ± 1.0) x 10"" 
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A s u m m a r y of the r e s u l t s is presented in Table I. We wish, in pa r 
t i cu la r , to ca l l attention to the i somer r a t i o s , a l l of which a r e within a 
factor of two of each other . We have assumed in a l l c a se s that spon
taneous f ission is the only decay mode of the i s o m e r s . 

Pu 
—r-

OEVEN-EVEN 
Д EVEN-000 

о л // 

GROUND 
STATES 

ISOMERS 

О Д 

236 238 240 242 
MASS NUMBER A 

FIG.6. The logarithm of the spontaneous fission half-life is plotted as a function of mass numbet fot 
the plutonium isotopes. The solid and dashed curves for the isomeric-state half-lives have the same A 
dependence as exhibited by the even-even ground states, and have been normalized to 2*>mpu a n d 237mPUi 

respectively. The half-lives for M l m P u , M 2 m Pu, and 2 4 3 m p u have been taken from the work of Lark et al . [ 4 ] . 

DISCUSSION 

F i g u r e 6 shows the spontaneous fission half - l ives for both the ground 
s ta te and i s o m e r i c s t a tes of the plutonium iso topes . Our r e su l t s a r e shown 
by the open symbols , and those of L a r k et a l . by the closed symbols . Note, 
f i r s t of al l , that the i s o m e r i c - s t a t e half - l ives a r e some 102 8 t imes sho r t e r 
than the g round-s ta te ha l f - l ives . 

The full curve a t the bottom for the even-even i s o m e r s has the s a m e 
var ia t ion with m a s s number exhibited'by the ground-s ta te half- l ives and 
has been normal ized at A = 240. Our r e su l t s indicate that the even-even 
i s o m e r i c s ta tes a r e consis tent with th is t r end . The r e s u l t s of La rk et a l . 
for 2 3 6 pu and 2 4 2 Pu a r e , however, longer than expected. The i s o m e r ra t io 
repor ted by L a r k et a l . for 236pu i s a factor of 20 lower than that exhibited 
by neighbouring i so topes . A poss ible in terpre ta t ion of th is resu l t i s that 
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the isomeric state they observed is a two-quasi-particle state with an un
usually long half-life and an unusually low yield. This is supported by the 
measured excitation energy of the isomer, which is more than 1 MeV 
higher than for the neighbouring heavier isomers. Less is known about 
the 242Pu isomer, and further work is necessary to conclusively determine 
its relationship to the systematics. 

The retardation of the even-odd spontaneous fission rates that we ob
serve appears to be of the order of a factor of 100. A similar but larger 
effect is known for ground-state spontaneous-fission half-lives and has 
been attributed to a "specialization energy" associated with the non-zero 
angular momentum of an odd-mass-number nucleus. Since the total an
gular momentum of the nucleus must remain constant with deformation, 
a nucleus with an unpaired nucleon must stay in a Nilsson level of a certain 
spin as the nucleus deforms until another level of the same spin is crossed. 
Then the odd nucleon can readjust its orbit if it is energetically advantageous. 
Similar effects can operate in odd-odd nuclei, or for the two quasi-particle 
state proposed above. For an even-even nucleus the spin of the lowest 
nucleonic state at any deformation is zero since all nucleons are paired. 
The paired nucleons can always exploit level crossings to stay in the 
nucleonic state of lowest energy and still conserve angular momentum. 
Nuclei with unpaired nucleons will therefore tend to have a higher fission 
barrier and consequently longer life-times than even-even nuclei. The 
effective mass is also probably different with unpaired nucleons. 

Our results for the half-life and isomer ratio of the even-even nucleus 
240 Pu may shed some light on the origin of the half-life anomaly in 242mAm. 
It has been known for some time that it is impossible to construct a one-
dimensional two-humped fission barr ier for 242Am which is consistent with 
the known ground-state barrier height, isomeric-state excitation energy, 
and ground state and isomeric state spontaneous fission half-lives. Cal
culations performed here and elsewhere [10] using the half-life and exci
tation energy of the isomer and the barr ier height of the ground state pre
dict a ground-state half-life which is a factor of approximately 1013 too 
long. Alternatively, the anomaly may be characterized as a discrepancy 
between the observed excitation energy of the isomer, 2. 9±0. 4 MeV, and 
the excitation energy required to account for the two half-lives, which is 
less than 1. 5 MeV. 

It has been suggested by a number of people that this may be evidence 
for the necessity of considering another dimension in the potential-energy 
surface, such as non-axially symmetric or reflection asymmetric (P3 ) 
deformations. In this view there would be a path in the two-dimensional 
surface from the equilibrium ground state deformation to the point of 
emergence from the fission barr ier which would have a higher penetrability 
than the product of the penetrabilities for the paths connecting the ground 
state and the isomeric state, and the isomeric state to the point of emergence 
from the fission barr ier . If another dimension in the deformation is res 
ponsible for the 242mAm discrepancy, one might expect it to be a general 
phenomenon and be operative in even-even 240Pu also. A test of this hypo
thesis can be made for this case, as the ground- and isomeric-state spon
taneous fission half-lives are known as well as the fission barr ier for the 
ground state (5.15 MeV). Using the formalism of Nix and Walker [10], 
one concludes that the excitation energy of the isomer must be less than 
2. 8 MeV to be consistent with a one-dimensional potential energy surface. 
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Although there has been no direct measurement of the excitation energy of 
the isomer, it is possible to deduce a value from the spacing of inter
mediate structure in neutron-induced fission of 239pu. The value we de
duce from the intermediate structure [11] is 2.3 MeV. (This differs from 
the value deduced by Patrick and James [11], perhaps because of a dif
ference in the level-density parameter used and the treatment of pairing-
energy corrections. Our value is based on a level-density parameter ob
tained by matching the observed compound nuclear level density at the 
neutron binding energy, and assuming a pairing correction of 1. 2 MeV at 
both the ground-state and isomeric-state deformations.) This value of 

i i i i i i i i i i i i i 

E,=5.l5MeV E2=5.20MeV 
1iw=838 keV / \ f \ tiw=643 keV " 

• » • » • , 

,
r r E i = 2 . 3 5 M « V \ 

,* "v/ 

— I I I I I I I I I I L I 1 _ 

DEFORMATION-» 

EXP. CALC. 
t i , (isomer) 4.4 x I0"9sec 4.4 x 10"» sec 

t „ ( g . s . ) 1.3 x 10" yr 1.3 x 10" yr 

Isomer ratio 8.6 x I0"4 8 x 10"* 

Intermediate structure Юд) 4 6 0 eV 4 6 0 eV 

Gross structure: 
ER, 4.95 MeV 4.95 MeV 
ER2 4.4 4.34 

FIG. 7. Comparison of experimental values with those calculated for the one-dimensional barrier illustrated. 

the isomer excitation energy is consistent with a one-dimensional inter
pretation of the relationship between the half-lives, barr ier height and 
isomer excitation energy, although this comparison of course does not 
exclude the role of other dimensions. It does suggest that another effect 
is probably responsible for the large discrepancy in the case of 242Am. 
A possible explanation is that the specialization energies of the gound and 
isomeric states are different in 2*2Am. These states are not expected to 
have the same spin, and therefore their potential-energy surfaces may be 
quite different. In the caseoof 240Pu, the spin of both the isomeric and 
ground states is expected to be zero. 

I would like to pursue this 240Pu case a bit further and see to what 
extent all of the available data for this nucleus can be made consistent 
with a single one-dimensional potential. The result is shown in Fig. 7. 
The potential is shown in the upper part of the figure, and the calculated 
quantities are compared with the experimental values in the lower part 
of the figure. The calculation of the penetration through a double-humped 
barr ier has been performed using the method of Wong and Bang [12]. 
The isomeric state half-life is dependent on the height and curvature of 
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the right-hand barr ier . The ground state half-life is dependent on all the 
barrier parameters. The isomer ratio depends on the height of the lowest 
barrier and the depth of the second minimum. The intermediate-structure 
spacing is also dependent on the depth of the second minimum. The gross 
structure is dependent on all of the barrier parameters in this parametriza-
tion. It can be seen that a satisfactory account of all the observed quanti
ties can be obtained. I should like to emphasize, however, that this com
parison only demonstrates consistency with this potential, and not the 
uniqueness of this potential. 
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Abstract 

CHARGED-PARTICLE STUDIES OF ISOMERIC FISSION. Delayed fission events due to isomeric fission 
have been produced using 3He and 4He beams from the Max-Planck-Institut MP Tandem Van de Graaff 
accelerator. The isomeric nuclei which recoil from the target and subsequently fission in flight are detected 
by a square cone array of plastic foil detectors mounted along the beam direction. From the distribution of 
fission tracks along the plates, half-lives are calculated on the assumption that the recoil has its full momentum. 
In the following, we list the bombarded targets, the most probable reactions, the assumed final nucleus in which 
isomerism occurs, the bombarding energies, and the deduced half-lives: 233U (4He, 2n) 235Pu, 26.1 MeV, 20 ns; 
235U(4He, 2n) 237Pu, 26.1 MeV, 50 ns; 236U(4He, 2n)238Pu, 26.1 MeV, about 500 ns; 238U (4He, 2n) 240Pu, 
26.1 MeV, 7 ns; 237Np(3He, pn)238Pu, 26.1 and 30 MeV, about 500 ns; 237Np(3He, p2n) 237Pu, 26.1 and 
30 MeV, 40 ns; 237Np(4He, 2n)239Am, 26.1 MeV, 110 ns; 239Pu (3He, p2n)239Am, 30 MeV, 110 ns; 239Pu 
(4He, 2n)241Cm, 26.1 MeV, 20 ns; 242Pu + 3He, 30 MeV, half-life of the order of 1 us ; 241Am + 3He leading 
to Cm or Bk, 30 MeV, 45 ns. As only few cross bombardments have been made and the assignment of the 
reaction mode is often not unique, many of our isotopic assignments are somewhat tentative. 

INTRODUCTION 

Fission isomerism has been observed in the uranium region 1—3). We have studied the isomeric 
fission with 3He and 4He induced reactions. Previously isomers have been studied by (p,xn), (d,p), 
and heavy ion spallation reactions. 1-3) The study of isomers with 4He and 3He beams has some 
advantages over the lighter bombarding particles. The recoiling isomers have a higher velocity and 
this will reduce multiple scattering in the target and one can in principle obtain rather accurate 
measurements of the life-time of the isomers. The lowest bombarding energy of the helium ions 
which can be used for the production of isomers is, however, twice as high as for the single charged 
particles. Therefore also the excitation energy of the compound nucleus is much higher for the ex
periments with helium ions than for the experiments with protons and deuterons. The high excita
tion energy of the compound nucleus allows many possible decay channels as (xn)- and (xnyp)-
channels with various integer numbers x and у are open. This makes the assignment of isomeric 
fission to a particular nuclide considerably more difficult than in the case where fewer reactions are 
possible. 

EXPERIMENTAL PROCEDURE 

A: EXPERIMENTAL SET UP AND SCANNING TECHNIQUE 

The basic technique used for lifetime measurements was the recoil-distance method, using 10 jim 
Makrofol plastic foils as detectors for the fission fragments from the recoiling isomers. The beams 
of 3He and 4He were obtained from the Max-Planck-Institut Model MP Tandem Van de Graaff accele
rator with energies of 26.1 and 30.0 MeV. Beam currents obtained varied between 1 and 3 мА. The 
targets were prepared by electroplating of approximately 100 ng/cm^ of the oxide of the isotope onto 
a nickel backing of lmg/cm^ by the radiochemical group at Kernforschungszentrum, Karlsruhe. Two 
experimental arrangements were used. The arrangements shown in Figure 1 in which four Makrofol 

''" On leave of absence from Florida State University Tallahasee 
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detectors are placed in a square cone array around the beam axis was used for the cross section and 
life-time measurements, while a stopper foil arrangement shown in Fig. 2 was used for an angular dis
tribution measurement of the recoil isomeric products and for checking the existence of isomers with 
half-lives longer than 500 nsec. Following the bombardments, the detector foils were etched in 6N 
NaOH at 70°C for 15 minutes, washed, dried, and then scanned with a high voltage probe^) in order 
to enlarge and blacken the holes made in Makrofol by fission fragment tracks. 

A modification to this scanning technique has been used which allows rapid processing of the 
Makrofol foils and makes the use of even larger foils quite feasible. After the Makrofol detector 
foils are etched and dried in the usual way, they are placed on a grounded copper plate. The detec
tor foil is then covered by a second plastic foil, which is aluminized on the side touching the Makro
fol. The aluminum surface is then brought into contact with a high voltage probe and the voltage 

FIG. 1. Recoil arrangement used for measuring half-lives of isomers. The parts indicated are : A) Beam 
collimators; B) target, C) fission isomer collimators, D) detector cone, E) monitor counter, F) "black-
body" isomer trap, G) Faraday cup. 
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FIG. 2. Angular distribution of recoiling isomers of the reactions 242Pu + 3He, which in this case leads 
probably predominantly to the 14 ms !,lAm isomer. A schematic drawing of the stopper foil arrangement 
used in this measurement is also shown in the figure; the method of measurement is discussed in the text. 
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raised until sparking occurs at the etched holes. The sparking not only darkens the holes in the 
Makrofol but burns off the aluminum coating. This terminates the sparking in the vicinity of each 
hole and prevents short circuiting. The aluminum foil can as well be scanned in the manner used 
for the Makrofol itself. 

B: BACKGROUND EFFECTS 

Makrofol foils etched and scanned show a few holes in places, where they were not hit by 
fission fragments The background rate varies; it is about 0.05 tracks/cm2 for 10 ̂ m Makrofol. 
As we use trapezoidal shaped foils mounted in a square cone the background becomes noticeable 
only at distances bigger than about 15cm from the target. Background from the foils is therefore 
mainly a problem for isomers with long half-lives for which the decay extends nearly over the whole 
length of the foils; it is less important for the detection of very short-lived isomers although the de
duced half-life depends on the background subtraction. The background rate is very much reduced 
for 15 мт Makrofol, but the detector efficiency is down by a factor 2 as the angle of acceptance is 
only about ± 40° with the vertical to the foil surface whereas it is ± 60° for 10 pm Makrofol. Other 
foils as Hostaphan can be used for the detection of fission fragments too. It is our experience that 
10 мт Hostaphan foil has less background than a Makrofol of the same thickness. 

C: ANGULAR DISTRIBUTION OF THE RECOILING ISOMERS 

An important consideration in the determination of the cross sections and lifetime for the 
isomers is the angular distribution of the isomers leaving the target foil. The calculations of the 
cross sections take the angular distribution into account since the angular acceptance of the cone 
arrangement is just ± 20° on either side of the beam axis. The assumption that the recoiling isomer 
moves with the full recoil energy given by the nuclear reaction is justified only if the angular distri
bution of the isomers does not indicate that appreciable scattering has occured in the target. Thus, 
an angular distribution strongly peaked in the forward direction for isomers produced in a com
pound nucleus type reaction with the evaporation of slow neutrons would indicate that the multiple 
scattering of the isomeric recoils was not appreciable. A broad angular distribution would indicate 
the possibility of large energy losses in the target. The angular distribution of the recoiling isomers 
can, in the stopper foil technique, be reflected in the radial distribution of tracks in the detector 
foil. The experimental set-up for the measurements of angular distributions is shown in the insert 
of Figure 2. Isomeric recoils moving at angles between about 11° and 55° to the beam axis are 
stopped in the stopper foil and fragments from their fission are detected in the detector foil mount
ed on the baffle. The angular distribution measured from the isomers resulting from 2 4 2Pu + He 
is shown in Figure 2. The isomer in this case is probably the 14 ms isomer of 2Am * $> formed 
via the (^He, 2np) reaction. As can be seen from the figure, the strong peaking of the angular dis
tribution in the forward direction implies that the energy losses in the target are small if these los
ses are mainly of the nuclear scattering type. 

RESULTS 

The results of our work are summarized in Table I. We have indicated in the table the target, 
bombarding particle, incident energy, the probable reaction responsible for each isomer, the half-
life, and the cross section calculated from our data. The decay curves from which the half-lives and 
cross sections were calculated are shown in figures 3-7. Discussions for specific cases are given 
below. 

For each but one of the cases considered here, it is assumed that the isomeric recoil ion leaves the 
target with the full momentum imparted by the incoming helium ion. The exception is the 235U(d,p) 
236rj reaction which we discuss below. The evaporation of neutrons and charged particles lead
ing to the isomeric state is considered not to appreciably alter the recoil velocity and, because of 
the small acceptance angle of the cone arrangement, it is assumed that no appreciable energy loss 
has occured during the passage of the recoil isomer through the target material. Some of the re
actions which have not been discussed in a previous paper " ' will be discussed in some detail in the 
following: 
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TABLE I. SUMMARY OF RESULTS. THE STATISTICAL ERRORS IN 
HALF-LIFE DETERMINATION ARE ESTIMATED TO BE ± 30% 

Target Bombarding 
Particle 

Bombarding 
energy (MeV) 

Assumed reaction Half-life 
(nsec) 

Cross-section 
(Mb) 

233 
235T 

236, 

U 

V 

238L 

237 Np 

237 Np 

2 3 9Pu 
2 3 9 p u 

241 Am 

242, ;Pu 

241 Am 

«He 
«He 

«He 

% e 

Зне 

«He 
ЗНе 
Зне 

*Не 

«Не 

26,1 
26,1 

26,1 

26,1 
26,1 

26,1 

30,0 

26,1 
30,0 
30,0 

26,1 

26,1 

{ 

{ 
{ 

(4He,2n)235Pu 
(4He,2n)237Pu 
( « Н е . г п ) 2 3 ^ 
С^Не.п) 2 3^ 
(«Не.гп) 

}• 
240 Ри 

(4He,2n)239Am 
<3He,2np)237Pu "J 
(3Не,пр)238Ри > 
(3Не,р)239Ри J 
(^е . гпрЯ^Ри 1 
(3Не,пр)238Ри I 
(3Не,р)239Ри J 
(«Не.гп)241^!! 
(3He,2np)239Am 

Bk.Cm 
( ' f a e . n ) 2 4 5 ^ -I 
( ^ е . г п ) 2 4 4 ^ J >500 

20 
60 

-500 
30 
7 

ПО 

40 

-500 

50 

-500 

20 
ПО 
45 
12 

244, Вк («НМ) 
( « Н е » 2 4 ^ } 100 

0,18 
0,45 
0,3 
0,06 
0,05 
0,65 

0,15 
0,4 

0,05 
0,4 

0,04 
0,14 
0,06 
0,02 

-0,2 

0,02 

The absolute cross-sections quoted are very uncertain because of the unknown chemical and surface 
properties of the target. The correction factors to the given cross-sections could be factors 10 or even 
larger. The brackets indicate that the observed half-lives and cross-sections can be assigned to any isotope 
within the bracket. 

236rj + 4 H e 

When bombarding 23ojj ^ j j 4^je paj-tjdeg of 26.1 MeV we see two isomers with half-lives 
of 30 nsec and about 500 nsec respectively (see fig. 3). The 30 nsec half-life was obtained by sub
tracting the contribution of the long-lived component. The isotopic assignment is rather difficult 
in this case. As the Copenhagen group 3 ' does not observe any isomer of those half-lives in Np, 
these two isomers are probably in Pu produced by (4He,2n)and(4He,n) reaction; the ( He,3n) 
reaction can be excluded by energy considerations. From cross-section arguments " ' we would 
tend to assign the long component (0.3 цЪ) to 23°Pu because generally the (4He, 2n) reaction is 
dominant. The 30 nsec isomer (0,06 дЬ) should then be in 2 3 9Pu. However, results obtained by 
VANDENBOSCH ' ' indicate that the long-lived component is in 239Pu. As we observe an over
lap of two exponential decays in this case our cross-section values might not be very reliable: 
from our data we can not exclude the possibility that the assignment given above is to be reversed. 
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242Pu + 4He 

Bombarding 2 4 2Pu with 4He we find a situation similar to that in the case 
236и + 4 H e . W e 

observe a superposition of two decays with half-lives of 12 nsec and 2: 500 nsec respectively (see 
figures 4a and 4b). Again from cross section arguments we tend to assign the long-lived isomer to 
^*Cm, the short-lived one to 243cm . Other spallation reactions, e.g. (4He,pn) can be excluded 
because they would lead to known isomers with half-lives different from those observed here. 
2 4 1Am + 4He 

We observe the decay of a fission isomer with half-life of about 100 nsec following the bom
bardment of 2 Am with «He . The cross section is rather small (0.02 ub) leaving the assignment 
open. Perhaps we have observed an isomer in Bk (probably in 2 4 3 ' 2 4 4 Bk) . 
2 4 1Am + 3He 

The reaction induced by ^He-particles at 30 MeV leads to an isomer decaying with a half-
life of 45 nsec. At the high excitation energy of the compound nucleus obtained with incident 

He ions reactions with the emission of charged particles are favoured according to spallation 
data °' . It is therefore possible that we deal with a (hie ,p) reaction producing an isomer in л Ст 
to which POLIKANOV and G. SLETTEN 8) assign an isomer with a half-life of 37 nsec. 

The (^He,pn) reaction can be excluded as this would lead to 242Cm for which the Copen
hagen group does not observe any decay they could assign to this isotope. It cannot be a ( He,p2n) 
reaction either because we have assigned to 2 4 i Cm an isomer with a half-life of 20 nsec. Neverthe
less the possibility that we have a (^He.xn) reaction going on leading to an isomer in Bk can not be 
excluded. 
2 5 5ц ц г Р) 236ц 

Bombarding 2,55U with deuterons of 11 and 13 MeV the Copenhagen group observed an 
isomer in 236^ ^^th a half-life of 110 nsec produced by the (d,p) reaction *). We measured the 
same isomer for deuteron energies varying from 13 to 20 MeV (see figures 7a and 7b). Assuming 
full momentum transfer from the incoming to the recoiling particle we would derive a half-life of 
110 nsec too. However, we think that the outgoing proton with an energy of about the deuteron 
bombarding energy contributes appreciably to the recoil momentum. As in our arrangement 
only recoils within 20° with the beam direction are allowed to decay within the cone the corres
ponding protons have to be emitted with backward angle larger than 120° giving the recoils a 
higher velocity. Therefore we deduce for the isomer in •"°U the somewhat smaller value T y 2 = 

70 nsec. 
In the discussion given in the text we have in some ca se s used the hypothesis 
that t he r e is only one i s o m e r in each isotope. Recent m e a s u r e m e n t s by 
Elwyn and Fe rguson p resen ted at this conference (Abstract SM-122/54, and 
discussions) cas t doubt on this hypothesis . 

CONCLUSIONS 

We should like to point out that while the cross bombardment technique with He ions can, 
in some cases, clarify the isotopic assignments, the situation is not entirely clear in all cases. The 
higher excitation energies produced by helium ions at bombarding energies above the Coulomb 
barrier lead to many possible final nuclei since several neutrons and perhaps even charged particles 
may be evaporated. Bombardments with 4He are rather certain to produce (4He,n) and (4He,2n) 
reactions in the energy range from 25-30 MeV although, for isomers produced with very small 
cross sections, other reactions are possible. ^He induced reactions proceed from a very energetic 
compound nucleus and the evaporation of up to three neutrons or two neutrons and a proton is 
very likely. 
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Although the techniques used here, and by other workers 3 ' 7 ' are prejudiced in favour of the 
detection of isomers with half-lives in the 5 to 500 nsec region, we fee', it is remarkable that so 
many of the isomers already identified have half-lives in this region. The implication of this near 
constancy of half-life is either that, except for those known cases of the even Arnericicium isotopes, 
the barrier regulating the fission decay of the isomers is remarkably constant over a large region of 
the periodic table, or that the nuclear state determining the half-life is somehow a common proper
ty of these isotopes and that the usual description of the fission decay of these isomers is incorrect. 

In addition it seems also that the half-lives of the isomers are not proportional in a simple way 
to the half-lives of the spontaneous decay of the ground states. E.g. the half-lives of the isomers in 
2 3 9 Puand 2 4 0 Pu are 500 and 7 nsec respectively, whereas the ground states have half-lives of 
5.5'1015 у and 1.2-1011 y. Also we find for the isomer in 2 3 6 U a half-life of 70 nsec and for the 
isomer m 

242cm 
a half-life of 12 nsec whereas the spontaneous half-lives are 2 '101 6yfor2 3 6U 

and 1.4-10'y for ^ m . These problems certainly warrant further theoretical studies and they 
may probably also be clarified by the experimental observation of more isomers which would help 
to establish a systematica. 
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DISCUSSION 

Discussion on papers SM-122/110 and SM-122/29 

A.J. ELWYN: I would like to report on some measurements of the 
half-lives and production cross-sections for spontaneously fissioning 
isomers in isotopes of U and Pu induced by fast neutrons of energy 
2.2 MeV and 0.55 MeV. The measurements were performed by 
Dr. A.T.G. Ferguson and myself. 

Neutrons in pulses of about 1 ns duration are generated by the 
3-MeV-pulsed-proton beam from the IBIS Van de Graaff machine. For 
production of 2.2 MeV neutrons a Mo windowed tritium gas target was 
used and for the 0.55 MeV neutrons a Li metal target was employed. 
The fissile samples were deposits 1.5 mg/cm2 thick as oxides on plati
num backings. Fission fragments were detected in a Si surface barrier 
counter and the time distribution of the pulses was measured relative 
to the proton beam, pulse with a time-to-amplitude converter. 

With the experimental arrangement at the IBIS accelerator the in
tensity of any residual beam between beam bursts in the machine is found 
to be less than about 10"6 of the main beam intensity. Thus, the time 
distribution of the pulses in any, even weakly excited, delayed fission 
process could be observed quite cleanly. 

Figure A shows the time distribution of the pulses following neutron 
bombardment of the 239Pu sample (time increases to the left in this 
figure). The large peak near channel number 855 corresponds to the 
prompt fission of 239pu induced by 2.2 MeV neutrons. In an analysis of 
the events in the "tail" of this peak, the observed distribution is found 
to be consistent with the existence of two short-lived periods - a fairly 
intense 5 ns activity, and a weaker activity with a half-life of 28 ns. 
Figure В shows more clearly the analysis of the events in this tail after 
a small background of time-independent counts has been subtracted. 

In a similar manner analysis of the distributions for the U isotopes 
are, except for238U, consistent with the existence of short-lived activi
ties that have half-lives between 20 and 67 ns. For 238U no activity with 
a half-life greater than about 2 ns was observed, and the shape of this 
distribution could be taken as representative of the shape of the "prompt" 
peak. 

As a test, the time distribution of a-particles in the 10B (n,a)6 Li 
reaction was obtained. On the basis of an analysis of this time distribu
tion, it is concluded that for the fissile samples no activity with half-
life i. 15 ns and an intensity as great as 5 X 10"5 of the intensity of the 
"prompt" peak should be observed., if it is assumed that the neutrons 
responsible for any spurious "tail" have an energy close to that of the 
primary neutrons. For neutrons of any lower energy this limit can be 
substantially reduced because of the increasing ratio of the (n, a)-to-
prompt-fission cross-sections at lower energies. 

The results from analysis of the time distributions for the nuclei 
studied are shown in Table A. 

The half-lives and integrated intensities listed in columns 3 and 4 
are based on, at least, two independent runs for each sample, and involve 
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FIG. A. Time distribution of pulses following neutron bombardment of 23sPu sample. 
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TABLE A. RESULTS FROM ANALYSIS OF TIME DISTRIBUTIONS 

Energy 
(MeV) 

2.2 

0.55 

Target 

(X 10_9 sec) 

239pu 

233ц 

234U 

2 3 5 U 

2 3 8 U 

233ц 

(X 10"' sec) 

29.0 ± 3 . 8 

4 .1 - 5.2 

30.4 ± 4 . 9 

1 9 . 7 ± 4 . 9 

66.6 ± 8.7 

34.9 ± 4 . 5 

Delayed _ ?i. 
Prompt 

(X10 - 4 ) 

4 .1 

4 .3 

4.7 

1.2 

3.1 

Prompt 
°nf** 

(X 10_ 2 4cm ) 

2.0 

2.0 

2 .1 

1.5 

1.3 

No lifetime observed 

7.4 2.0 

Delayed 

°nf* 
(X 10" 28) 

8.2 

86.0 

9.6 

1.8 

4.0 

15.0 

* Error about ±50°/o. 
** Taken from BNL 325 - Ref. [ 5 ] . 

the detection of not l e s s than 7.5 X 106 events in the prompt peak. F o r 
233 U at 0.55 MeV, the total number of counts in the prompt peak was 
3 X 106 . Note that the half-life measured at 0.55 MeV is in agreement 
with the r e su l t at 2.2 MeV. The e r r o r s quoted on the half- l ives a r e 
based on a combination of the s ta t i s t i ca l uncer ta in t ies in the ana lys i s , 
and on es t imates of sys temat ic e r r o r s in the exper iment . 

It is reasonable to a s sume that the observed act ivi t ies a r e associated 
with nuclei produced in the (n,-y) reac t ion on the t a rge t s l isted in Table A. 
F o r 2 4 0Pu (produced in the 2 3 9Pu (n, y) react ion) , as mentioned previously, 
two act ivi t ies a r e observed. The 5-ns half-life is in agreement with 
r e su l t s repor ted by a number of exper imenta l groups (N. Lark et a l . , in 
Nuclear S t ruc ture (P roc . Int. Symp. Dubna, 1968) 90; K.L. Wolf and 
R. Vandenbosch, Bull. Am. phys. Soc. Ser ies 2E 13_ (1968) 1407, and 
contribution SM-122/110 to this Conference; V. Metag et a l . , contr ibu
tion SM-122/29 to this Conference), but the 29-ns activity with an in
tensi ty s m a l l e r by a factor of 10 than the sho r t e r decay, has not p r e 
viously been observed. In the s tudies of the 233U, 234U and 235U sample s , 
leading to the production of 234U, 235U and 236U final nuclei , respect ive ly , 
single act ivi t ies w e r e seen . The 67-ns activity associa ted with 236U is 
in agreement with other r e su l t s (see References above). No previous 
activity assoc ia ted with 234U and 235U final nuclei have been repor ted . 

In s u m m a r y , the r e su l t s shown in Table A suggest that shor t - l ived 
act ivi t ies a r e observed in the neutron-induced fission of 233U, 2 3 4 U, 
235U and 2 3 9 Pu. The integrated intensi t ies assoc ia ted with these l i fe
t imes a r e ~z, 10"4 of the intensi ty in the prompt-fission p r o c e s s , and 
appear , t he re fo re , to be l a r g e r than some previously repor ted resu l t s 
(see References above) based on charged-par t ic le - induced fission. These 
ra t ios (as seen in column 4 of Table A) a r e fu r the rmore considerably 
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larger than those previously reported (G.N. Flerov et al., Nucl. Phys. 
A97 (1967) 444) for neutron-induced reactions leading to the production 
of the Am isomer states. By demonstrating the existence of more than 
one short-lived isomer in 240Pu this work emphasizes the complexity of 
the situation with regard to fissioning isomers. 

H.W. SCHMITT: We are currently working on experiments at Oak 
Ridge which, we hope, may provide a connection between the vibrational 
states in the second minimum and fission isomers. The idea is shown 
schematically in Fig .С The double barrier is shown, and a level cor
responding to a vibrational state in the second minimum is indicated. 
The effect of such a level, according to BjjzSrnholm and Strutinsky 
(Nuclear Structure (Proc. Symp. Dubna, 1968), IAEA, Vienna (1968) 
431), is that a peak appears in the subthreshold-fission cross-section, 
such as that which occurs at a neutron energy En = 1.4 MeV in the 
236U(n,f) reaction cross-section (left-hand side of Fig.C). 

0 1 2 3 4 0EF0RMATI0N — — 
f(MeV) (b) 

(a) 

FIG.C. a) 23sU(n, f) reaction cross-section versus neutron energy; b) Connection between vibrational 
states in second minimum and fission isomers. 

Let us now consider the following argument: Most of the fission 
events observed at En = 1.4 MeV will be prompt events, corresponding 
to direct penetration of the barrier at that energy. If, however, the 
system is somehow trapped in this vibrational level, perhaps with small 
but finite probability, then this state may occasionally decay by gamma 
emission to the ground state of the second minimum, i.e. in competition 
with prompt fission. In these rare cases, then, the fission events which 
are observed should be delayed, and their half-life should be equal to 
that of the corresponding fission isomer. 

A preliminary experiment to test this idea has been carried out. 
A pulsed beam of monoenergetic neutrons was obtained by means of the 
T (p,n) reaction at the Oak Ridge 3-MV pulsed Van de Graaff accelerator. 
With the experimental arrangement shown in Fig.D, the distribution of 
times between the proton beam pulses and fission fragment pulses in 
the surface barrier detector was measured. The corresponding fragment 
pulse amplitudes were simultaneously recorded in a second parameter, 
and analyses which were carried out indicated the absence of pulse 
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FISSILE TARGET 

FIG.D. a) Experimental arrangement; b) number of events versus time (see text). 

amplitude effects on the observed time distributions. Runs were made 
at En = 1.1, 1.4, 1.6 and 1.8 MeV. 

To summarize the results, at En = 1.1, 1.6 and 1.8 MeV the time 
spectra of fission events were essentially the same, and are represented 
by the lower curve sketched in Fig.D. At E„ = 1.4 MeV a curve such as 
the upper one sketched in Fig.D and showing a small component of de
layed fission events was obtained. The half-life obtained was about 3 ns 
and the ratio of delayed to prompt fission events was about 10"3 . Re
peated runs at the various energies gave essentially the same results. 
If these results are confirmed by the experiments now being initiated, 
in which the beam time-profile will be independently monitored (a 
problem in all fission isomer experiments with pulsed beams), it would 
appear that isomer formation might in these cases show resonance be
haviour as a function of excitation energy and that it might not be un
reasonable to expect the correction proposed above between vibrational 
states in the second minimum and fission isomers. 

G. SLETTEN: I would like to present some recent results on fission 
isomers obtained by Dr. Polikanov and myself in Copenhagen. We have 
heard in the three preceding papers on fission isomers that there might 
be more than one fission isomer ascribed to the same nucleus. Pro
bably this is also the case with the americium isotopes. In Fig.E we 
see that the bombardment of 243Am with 13.0 MeV deuterons gives two 
new fission isomers. We assign to 243Cm the nanosecond activity de
tected by the fission-in-flight method and polycarbonate detectors and 
to 244Cm the microsecond activity detected electronically with a pulsed 
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beam technique. In Fig.F you see the half-life curve obtained. The 
assignment of both isomers is made on the basis of their excitation 
function behaviour. The above preliminary result means that, in addi
tion to the already known 1.1-ms isomer in 244Am, we probably have a 
second isomer with 6.5-j^s half-life. This finding suggested that the same 
thing could be possible also for the other odd-odd americium isomers. 

238Pu + p 

" 9 P u +• d 

2 i o p u + d 

2t1Am+d 

'«Am + d 

T i / 2 

5 nsec 

~ 4 psec 

~100 psec 

27 nsec 

35 nsec 

6.5 usee 

ISOMER 

2 3 7 m A m 

239mAm? 

2Д0тДт? 

«i-Cm? 

M™Cm 

" ' "Am? 

FIG.E. Some recent results on fission isomers. 
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Half-life curve obtained with м з А т + а, 13.0 MeV reaction. 

In bombarding 240Pu with deuterons at 13.0 MeV, we observe an 
isomer with about 100-ijs half-life as indicated in Fig.E. We believe 
that the decay is due to an isomer in 240Am formed through a (d, 2n) 
reaction since, in carrying out the (p, 2n) reaction on 241Pu that leads to 
the same final nucleus, we observe a similar half-life. As you know, 
an isomer of 0.9-ms half-life in 240Am has already been reported. 
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We think therefore that this nucleus also has two fission isomers. 
In Fig.E we have also indicated the possibility of an approximately 
4-jus fission isomer in 239Am, in which a 180-ns isomer has already 
been reported. The assignment of the new 4-^s isomer is however un
certain, but it implies, in any case, the existence of one more double 
isomer, since the most probable reaction products 240Pu and 239Am 
already have isomers assigned to them. In conclusion, one may say 
that the existence of more than one fission isomer in the same nucleus 
seems to be the rule rather than the exception. 

In Fig.E we also present the observation of a 5-ns fission isomer 
in 237Am. The assignment here is unambiguous, since the excitation 
function shows a threshold behaviour typical of a (p, 2n) reaction. This 
half-life also fits nicely into the half-life systematics which is known 
already to exist for the odd-odd and odd-A americium fission isomers. 
(Lark, N., Sletten, G., Pedersen, J. and Bj^rnholm, S. submitted to 
Nucl. Phys. (1969).) 

We also observe a 27-ns isomer on bombarding 241Am with deuterons. 
Proton bombardments of both 241Am and 243Am at energies where (p, 2n) 
reactions are the most probable seem to rule out the existence of nano
second isomers in both 240Cm and 242Cm and the assignment of the 
27 nsec activity to 241Cm. Therefore, our tentative conclusion on the 
Cm isomers is that we have an odd-even effect in the half-lives. 

As regards the results presented by Dr. Elwyn on the work done 
by him and Dr. Ferguson, I would like to mention that we, too, have 
observed the 236U isomer, which we populate through the (d, p) process. 
On the other hand, we fail to observe either the 234U or the 235U isomer. 
For 234U we have a limit which is 30 times less than the cross-section 
we measure for 236U, while Elwyn and Ferguson get the same cross-
section within a factor of two. 

Lastly, I would like to say that much of the information we now have 
on fission isomers has not contributed significantly to the understanding 
of the phenomenon as such. Many new levels have been put on the isotope 
chart but I think that we must, in the future, focus our attention more 
on the precise description of the individual isomers. 

J .P . THEOBALD: Since there are so many laboratories working on 
shape isomerism, I would like to ask if any of you knows about the ex
istence of a shape isomer in 238Np and its half-life, because there is 
some confusion in the literature. This is also interesting in view of the 
Saclay experiments on subthreshold fission. 

G. SLETTEN: I would just say that we observe, on bombarding 
238u with neutrons, a 300 ns fission activity, which in an earlier report 
we assigned to 238Np. However, this assignment is rather uncertain and 
I think today we are in no position to say that there is an isomer 238Np. 
We are more inclined to ascribe this to 239Np, but this is very uncertain. 

S. BJ0RNHOLM (Chairman): It must be said that with the many new 
isomers that have been reported the present situation is confusing. In 
addition to these mentioned here, F . Ruddy and J. Alexander of the 
University of Stoney Brook, USA, for example, report nanosecond 
isomers in the Po - Rn and 147~150Gd regions. This is another very 
important challenge to our understanding of what is going on. At present, 
we certainly seem to be in a growth phase rather than one of clarification. 
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Abstract — Аннотация 

VARIATION OF KINETIC ENERGY OF FRAGMENTS IN FISSION OF 235 U WITH 0. 006 - 20eV NEUTRONS. 
Utilizing the LNF ONYal neutron spectrometer working in the energy range between 0. 006 and 20 eV, the 
variation in fragments' kinetic energy (Ejg) was studied, applying the method of relative yields (W) 
measurements, in the thermal neutron region and at 11 resonances of 235 U. It was found that the resonances 
at 0.29, 2. 04, 3.14, 4. 84, and 7. 09 eV can be sorted in a group of resonances with small values of W and 
EK . The resonances at 1.14, 3.60, 6.40, 8.78, 12.4, and 19. 3 eV form a group with big values of W and 
Ej£. Comparison of W with radiochemical data on fragments' yield at thermal and resonance region of 235U 
showed that Eĵ  is larger at more asymmetrical fission. From the values W (I) and W(II) for the two groups 
of resonances, the change in the average kinetic energy of fragments 2AEjr = 0. 74 + 0. 32 MeV was 
determined. 

О ВАРИАЦИИ КИНЕТИЧЕСКОЙ ЭНЕРГИИ ОСКОЛКОВ ПРИ ДЕЛЕНИИ 2 3 5 U НЕЙ
ТРОНАМИ С ЭНЕРГИЕЙ 0 , 0 0 6 - 2 0 э в . На нейтронном спектрометре ЛНФ ОИЯИ в диапа
зоне энергий нейтронов 0,006 — 20 эв методом измерения относительного выхода W оскол
ков из двух различных по толщине мишеней исследовалась вариация кинетической энергии 
осколков Ек в тепловой области и в 11 резонансах 2 3 5U. Найдено, что резонансы 0,29 эв , 
2,04 эв , 3,14 эв , 4,84 эв и 7,09 эв можно выделить в группу резонансов с меньшим з н а ч е 
нием W и, соответственно, Е к , а резонансы 1,14 э в , 3,60 э в , 6,40 э в , 8,78 э в , 12,4 эв и 
19,3 эв — в группу с большим YV и Е к . Сопоставление значений W с радиохимическими 
данными по выходам осколков деления в тепловой области и в резонансах Uпоказывает , 
что , по-видимому, Е к больше при более асимметричном делении. Из значений W ( I ) и W(I I ) 
для двух групп резонансов определено изменение средней суммарной кинетической энергии 
осколков 2ДЕ К = 0 ,74* 0,32 М э в . 

В каналовой теории деления [1] предполагается, что при делении 
тяжелых ядер нейтронами ряд характеристик процесса деления может 
зависеть от значений спина I и проекции спина К на ось симметрии де
лящегося ядра в седловой точке . 

Андреевым [2] и Усачевым [3] обсуждались причины, которые мог 
ли бы вызвать изменение кинетической энергии осколков Е к при делении 
ядер s- и р —нейтронами. Экспериментальное исследование зависимос
ти средней кинетической энергии осколков Е к о т энергии бомбардирующих 
нейтронов Е н для 2 3 3 и и 2 3 5 U[3] показало, что Е к отлична для s- и Р - н е й 
тронов. Зависимость Е к от определенного значения I можно было бы 
получить, изучая Ек в резонансной области Ен при делении тяжелых 
ядер s —нейтронами. Возможные изменения Е^в нейтронных резонан
сах U исследовались в работе [4] . В данной работе приводятся р е 
зультаты исследования вариации Е к при делении 235 U нейтронами в диапа
зоне энергий 0,006 — 20 э в . Расширение энергетического интервала в 
сторону малых Е н позволяет сопоставить возможные изменения Е к в ре 
зонансах с наиболее надежными данными Сэйлора [5] и Даббса [6] о 

465 
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спинах первых нейтронных резонансов 235U, которые были получены при 
помощи поляризационной техники. 

МЕТОДИКА ИЗМЕРЕНИЙ 

235 
Исследование зависимости Ец(Ец) для Uосуществлялось путем 

сравнения относительных выходов осколков деления из двух мишеней 
разной толщины в одном и том же интервале энергий нейтронов [4]. 
В качестве детектора осколков использовалась двойная импульсная 
ионизационная камера с-сетками. Одна половина камеры регистрирова
ла осколки, вылетающие из тонкой мишени, а другая -осколки из толстой 
мишени. В разных сериях измерений использовались мишени разной 
толщины: толщина урановых слоев менялась в пределах ~рх 30 — 350 
м к г / с м 2 и 1 — 4 м г / с м 2 для тонкой и толстой мишеней соответственно. 
Импульсы от осколков, зарегистрированных в соответствующих полови
нах камеры, далее усиливались, пропускались через пороговое устрой
ство и поступали в Измерительный центр Лаборатории нейтронной физи
ки Объединенного института ядерных исследований (ОИЯИ). Временные 
спектры деления для толстой и тонкой мишеней измерялись многоканаль
ными временными анализаторами с промежуточной памятью. Обработка 
полученной информации проводилась на ЭВМ . 

В качестве источника тепловых и резонансных нейтронов использо
вался импульсный реактор ЙБР ОИЯИ [7] . При работе реактора ИБР 
совместно с микротроном [8] камера устанавливалась на расстоянии 
L = 16,5 м от активной зоны реактора, и разрешение нейтронного спек
трометра составляло ~ 0 , 2 м к с е к / м . В реакторном режиме разрешение 
было ~ 3 м к с е к / м . Для уменьшения фона от рассеянных нейтронов каме 
ра окружалась защитой. 

Более подробное описание детекторной аппаратуры и некоторые осо
бенности использования ее для спектрометрии осколков деления в усло
виях работы с импульсным источником нейтронов - реактором ИБР при
водятся в работе [9] . 

РЕЗУЛЬТАТЫ ИЗМЕРЕНИЙ 

Относительные выходы осколков определялись как отношение W 
числа зарегистрированных делений в соответствующих резонансах 2 3 5U 
или интервалах Ец временных спектров деления толстой и тонкой мише
ней. 

Фон во временных спектрах в области первых резонансов 2 3 5 Uопре
делялся при помощи резонансных фильтров из Cd, Rh, Ag и Вг , поставлен
ных на пропускание . Например, при работе реактора ИБР совместно с 
микротроном величина фона во временных спектрах деления для толстой 
мишени в резонансах 8,78 эв , 4,84 эв и 0,29 эв составляла 1%, 18% и 0,6% 
от суммы счетов под соответствующими резонансами, В области Ен 
0,08 — 0,04 эв фон был порядка 0,3% от суммы счетов делений в каждом 
из энергетических интервалов. 

Условия измерений в данной работе выбирались такими, что наиболее 
существенные поправки — на мертвое время анализатора и ослабление 
нейтронного потока в толстой мишени — не превышали 1% для наиболее 
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сильного резонанса 8,78 эв . Условия, в которых проводилось каждое из 
измерений величин W, подробно описаны в [10] . Значения W калиброва
лись на величину W = 1,00 для резонанса 0,29 э в . 
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Р и с . 1 . Зависимость W и асимметрии деления R [12] от Е н . • — данные работы [12] 

О - [15] ; А - [16] ; О - W. 

На рис.1 представлены значения W, которые являются средними по 
всем измерениям. Можно отметить, что для резонансов 0,29 эв , 2,04 эв , 
3,14 эв , 4,84 эв и 7,09 эв W £ l,00j_a для резонансов 1,14 эв , 3,60 эв , 
6,40 эв , 8,78 эв , 12,4 эв и 19,3 эв W ь 1,01. Возможность разделения 
резонансов на две группы по величине W проверялась при помощи "нуле
вой" гипотезы о совпадении центров распределений [11] обеих групп при 
уровнях значимости q = 0,01 и 0 ,05. Проверка показала, что можно до
пустить существование двух групп величин W с центрами распределений 
W ( I ) и W(II) . В разделах 1 и 2 таблицы 1 приводятся средневзвешенные 
и средние арифметические значения W ( I ) и W(I I ) , а также разность 
W (II) — W(I ) , характеризующая величину эффекта разделения резонансов 
на две группы. Можно отметить совпадение в пределах ошибок величин 
W ( I ) , W (II) и W(II) - W ( I ) из обоих разделов таблицы для каждого изме 
рения и для средних по всем измерениям. Сравнение величин W(II) — W(I) 
для измерений 7,8 и 9, которые проводились при порогах дискриминации 
20,55 и 80 Мэв в канале толстой мишени,показывает, что при повышении 
порога имеется тенденция к увеличению эффекта разделения резонансов 
на группы. 

Между резонансами 0,29 эв и 1,14 эв значение W близко к 1,00, в о з 
растая до W ~ 1,01 по мере приближения к резонансу 1,14 э в . Из рис .1 
видно, что в интервале Ен 0,02 — 0,2 эв величина W имеет промежуточ
ное по сравнению с W в резонансах значение. В области 0,008 — 0,012 эв 
имеется небольшой подъем в значениях W, который выходит за пределы 
ошибок. В работе [ 12 ] , примерно в том же диапазоне Ец , также отме
чалась нерегулярность в значении величины R (Ен), характеризующей 
асимметрию деления 5U. 

Необходимо отметить некоторое сходство между зависимостью 
W (Ен) на рис. 1 и изменением выходов наиболее длиннопробежных т я 
желых осколков при делении 2 3 5U нейтронами, которое исследовалось в 



ТАБЛИЦА 1. РЕЗУЛЬТАТЫ ИЗМЕРЕНИЙ 

05 
05 

Измерение 

1 

2 

3 

4 

5 

6 

7 

Среднее по всем 
измерениям 

1 

W(I) 
W(II) 

0,997 ±0,005 
1,036 ±0,005 

0 ,997±0,018 
1,036±0,007 

0,999±0,010 
1,041 ±0,014 

0,997 ±0,010 
1,031 ±0,014 

0 ,995±0,008 
0 ,993±0,008 

0,992 ±0,007 
1,013±0,006 

0,997 ±0 ,009 а 

1,019±0,010 

0,997 ±0 ,003 
1,029±0,003 

W(II)<- W(I) 

0,039 ±0,007 

0,039±0,019 

0,042±0,017 

0,034±0,017 

- 0 , 0 0 2 ± 0 , 0 1 1 

0,021 ±0,009 

0 ,022±0,014 

0,032 ±0,004 

2 

W(l) 
W(n) 

0,974±0,011 
1,033±0,008 

0,993 ±0,028 
1,028±0,010 

0,995 ±0,019 
1,043±0,020 

0,997 ±0,022 
1,030±0,021 

0,989 ±0,025 
0,989 ±0,009 

0,971 ±0,017 
1,005 ±0,007 

0 ,968±0 ,025 а 

1,012±0,013 

0,980 ±0,008 
1,025 ±0,005 

W(II) - W(I) 

0 ,059±0,014 

0,035 ±0,030 

0 ,048±0,028 

0,033 ±0,031 

0 

0 ,034±0,018 

0,044 ±0,028 

0,045±0,010 

И о л а > 
о ш 

W(I) для измерения 7 сосчитаны без резонанса 4,84 эв. 

Примечания: 1. В измерениях 1-4 пороги регистрации осколков из толстой мишени устанавливались на уровне 35 -45 Мэв. В измерениях 
5,6 и 7 пороги равнялись 20,55 и 80 Мэв соответственно. 

2. В колонках 1 и 2 приводятся средневзвешенные и средние арифметические значения соответственно. 
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работе [13] , как в тепловой области Е н , так и при Ен , равной 0,29 эв , 
1,14 эв , 2,04 эв , 4,84 эв , 6,40 эв , 7,09 эв и 8,78 э в . 

ОБСУЖДЕНИЕ 

1 . О в а р и а ц и и Е к 
Наблюдаемые в данной работе вариации значений W в нейтронных 

резонансах 2 3 5 U H разделение резонансов на две группы по величине W 
можно сопоставить как со значениями 1" , определенными в работах 
[5,14] , так и с условными разделениями резонансов на две группы, кото
рые проводились авторами работ [4,6,15-19] , хотя трудность такого 
сопоставления из - за отсутствия полной и достаточно надежной информа
ции о спинах резонансов 23&U очевидна. 

В таблице 2 для резонансов, которые исследовались в данной работе, 
приводятся величины I" , условные значения спина или данные, на основе 
которых проводилось разделение резонансов на две группы. Полученные 
нами значения W для первых трех резонансов согласуются с выводами 
авторов [5,17] о том, что спины резонансов 0,29 эв и 2,04 эв должны от
личаться от спина резонанса J_, 14 эв . С результатами Даббса [6] наше 
распределение по значениям W для резонансов 0,29 эв , 1,14 эв и 8,78 эв 
также совпадает. Наиболее полно ( з а исключением резонанса 6,40 эв ) 
наши результаты согласуются со спиновой идентификацией, проведенной 
Кирпичниковым и др . [19] на основании результатов интерференционного 
анализа сечений. С данными других работ [4,14-16,18,19] наши резуль
таты согласуются частично. 

На р и с . 1 , вместе с результатами Фалера и Тромпа [12] по асиммет
рии деления 235U, приводятся данные работы [15] и более поздние данные 
тех же авторов [16] для сильных резонансов 8,78 эв и 19,3 э в . Можно 
отметить, что для них большей величине W соответствует существенно 
большая по сравнению с тепловой точкой асимметрия деления R. В рабо
те [12] обнаружено, что выход осколков симметричного деления в резо 
нансе 0,29 эв в 1,3 раза больше, чем при делении нейтронами тепловых 
энергий. По_значению W резонанс 0,29 эв попадает в группу резонансов 
с меньшими W. Хотя число резонансов, для которых W сравниваются с 
асимметрией R , K сожалению, мало, сопоставление этих величин наводит 
на мысль о том, что резонансам с пониженным по сравнению с тепловой 
точкой выходом осколков симметричного деления соответствуют большие 
значения W и, соответственно, большие Е к осколков и наоборот. Кана-
ловая теория деления предсказывает, что деление составного ядра 236TJ 
по каналу с I = 3 " является более асимметричным, чем при делении по 
каналу c l * = 4" [1] . На основе этого предположения и отмеченной выше 
связи между значениями величин W и асимметрией деления можно было 
бы считать вероятным, что в резонансах 2 3 5 и с I* = 3 ' E R B среднем 
больше, чем в резонансах с I" = 4". Для выяснения вопроса о том, ка 
кая из величин больше, Ек(3~) или Ек(4"), очевидно необходимо провести 
исследования относительных выходов осколков W для большего числа 
резонансов и при более высоких Ен . С другой стороны, необходимо 
устранить противоречие между значениями спинов для резонансов 
0,29 эв (11Г= 3") и 1,14 эв (1'г= 4"), определенными Сэйлором [5] и про
тивоположными значениями I для них, которые следуют из совокупности 
данных работ [6,14,19] . 



- J 

ТАБЛИЦА 2. ДАННЫЕ О РЕЗОНАНСАХ 235U 
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2 . О к о л и ч е с т в е н н о й о ц е н к е и з м е н е н и я Е к в н е й т р о н 
н ы х р е з о н а н с а х 235U 

Хотя статистическая точность измерений, ограниченная условиями 
опыта, и является относительно невысокой, тем не менее можно пытать
ся количественно оценить изменение Ек от одной группы_резонансов 
( с большим W) к другой группе резонансов ( с меньшим W) следующим 
приближенным способом. Согласно работе [20] , зависимость между 
пробегом R и энергией Е осколков деления дается полуэмпирическим 
выражением: 

R = ß E a (1) 

где обе величины ß и а зависят от вида осколка и вещества, в котором 
происходит торможение осколка. Для группы осколков в слое мишени, 
имеющих одну и ту же начальную кинетическую энергию Е и пробег R, 
нетрудно получить выражение, которое связывает изменение относитель
ного числа зарегистрированных осколков с относительным изменением 
начальной энергии осколков: 

v ~ № ^ м 1 ~ Aj a 
Xi-KüEjEjEi- Ai 1 - (E i /E) a {г> 

В формуле (2) Ej -энергетический порог регистрации осколков, 
Ai = (N/NO)EJ - отношение числа зарегистрированных осколков ко всем 
осколкам в мишени (с начальной кинетической энергией Е ) . В работе 
[21] , в частности, показано, что расчеты средней остаточной энергии 
осколков, доли осколков^вышедших из мишени, в предположении неко
торого среднего пробега R и средней энергии осколков Е для всех оскол
ков, хорошо согласуются с более строгими расчетами этих же величин с 
учетом действительного энергетического распределения начальных энер
гий осколков. Поэтому далее для простоты полагалось, что 
R = R = 7,4 мг /см2 для U 0 2 [21] и Е = Е = 84 Мэв при делении 2 3 511теп-
ловыми нейтронами [22] . Величины А; , необходимые для вычисления Х; 
при разных Ej и р , определялись из данных работы [21]. Значения 
Xi (Ei ,p ), которые требуются для расчетов по формуле (2) , представлены 
графически на р и с . 2 . Переходя к конечным приращениям в (2), величину 
AN/N можно найти из соотношения: 

A N ^ W f l l ) - W(I) (3) 
N ~ W(II) 

Разности W(II) - W(I) приводятся в таблице 1 . 
Следует отметить, что неоднородность слоя мишени может привести 

к тому, что в действительности доля осколков, выходящих из мишени и 
зарегистрированных детектором^ будет отличаться от Ai для данного 
значения средней толщины слоя р . Поэтому нами определялась "эффек
тивная" толщина Рэфа) мишени [10] , которая соответствует действитель
ной величине Aj . Для мишени, которая использовалась в измерениях 
5 - 7 Р л л = 1,8±0,15 мг /см2 . 

" э ф ф . ' ' 
Изменение средней кинетической энергии осколков АЕ или средней 

суммарной кинетической энергии парных осколков 2ДЕ определялось по 
формуле (2) с использованием значений Xj (E ; ) из рис .2 для 
р = р . . = 1,8± 0 ,15мг /см 2 . Для E t = 20 Мэв (измерение 5) W (I) и 
W (II) практически одинаковы. По разностям средневзвешенных и сред-
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них арифметических W(II) и W(I) _{_таблица 1 ) для Ei = 55 Мэв получаем 
(2ДЕ) с р в з в = 0,74±0,32 Мэв и (2АЕ ) с р . а р и ф м = 1,22±0,66 Мэв соответ
ственно. В ошибки этих величин входят погрешности в определении 
Рэфф и ошибки разности AW. Сопоставим более точную из величин 
(2ДЕ) с р в з в . = 0,74±0,32 Мэв с оценками энергетического интервала меж
ду уровнями 3"( К = 0 ) и 4" ( К = 1 ) для составного ядра 23бив седловой 
точке . В последних работах [23 ,24] величина этого интервала оцени
вается в ~ 0,4:5 Мэв [23], а в [24] приводятся две существенно отличаю
щиеся по величине оценки: 0,8 Мэв и 0,3 Мэв . Наше значение несколько 
выше величины 0,45 Мэв, хотя и согласуется с нею в пределах ошибок, 
и близко к величине 0,8 Мэв из работы [24] . 

X; 
5 

4 

3 

2 

0 
1 Z 3 h 5 6 7 J 

Р и с . 2 . Кривые Х ; ( Е , , р ) . Пороги Е; указаны в М э в . Пунктирная кривая соответствует 
Е[ = 55 Мэв . Толщина слоя р в м г / с м ? . 

Можно указать на некоторые факторы, которые могут вызвать до
полнительное возрастание разности AW. По данным работ [15,16] , вы
ход осколков симметричного деления меняется в резонансах 235у н а 
30—40%. Однако гораздо более существенным могло бы оказаться даже 
малое изменение выхода наиболее вероятных (и в среднем наиболее вы
сокоэнергетических) осколков деления. 

В заключение авторы выражают благодарность Ф.Л.Шапиро, В . И. Мос
товому и Л .Б .Пикельнеру за обсуждения и полезные советы и Н.Чико-
ву - за участие в наладке аппаратуры . 
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Abstract 

NEUTRON MULTIPLICITY MEASUREMENTS FOR 233U, 235U AND 239Pu RESONANCE FISSION. The 
dependence of the fission-neutron multiplicity on incident neutron energy was investigated for 23JU. 235U 
and 239Pu. The experiments used the Rensselaer Electron Linear Accelerator as a source of neutrons, a 
70-cm diameter gadolinium-loaded scintillation tank to detect the fission neutrons, and multiplate 
ionization chambers to detect the fission events. 

The results of measurements for 20 resolved resonances in z39Pu below 100 eV show that the 17 
values fall into two groups. The grouping is strongly correlated with the spins of the individual resonances 
with the J=0 levels corresponding to high values of neutron multiplicity and the J=l levels corresponding to 
low values. The average multiplicity for the J=0 group is about 3°/o higher than the average for the ]=1 
group. The observed multiplicity grouping would lead to assignments of J=l for the 0.298 and 23.9 eV 
levels, both of which were previously unassigned. 

Variations in fission-neutron multiplicity were observed among the low-energy resonances of both 
233U (below 10 eV) and 235U (below 25 eV), and spin assignments have been made for 13 resonances in 
235U. The results in the energy region from 0.01 to 0.3 eV show that the multiplicity is independent 
of energy for 233U but show a statistically significant decrease for 235U in going from 0.3 to 0.01 eV. 

1. INTRODUCTION 

Experiments over the past few years have shown that some features 
of the fission process vary from resonance to resonance in the common 
fissile nuclides. For example, Cowan and others [1] have observed 
variations in the fission-product mass yield, and Melkonian and Mehta [2] 
have shown that the kinetic energy of fission differs significantly from 
one resonance to another. These results can be interpreted as indicating 
that the mean number of neutrons emitted per fission v should also vary 
in a systematic manner among these resonances, and the experiments 
described here are an attempt to measure this variation. The results 
presented in this paper are restricted to the energy region from 0.01 eV 
to 100 eV for 239Pu, 0.01 eV to 5.5 eV for 233U, and 0.01 eV to 25 eV for 
235jj 

2. EXPERIMENTAL TECHNIQUE 

For the experiments reported here the neutrons were produced by the 
Rensselaer 100 MeV Electron Linear Accelerator. The detector system 
consisted of a multiplate fission ion chamber at the centre of a 70 cm 

* Work sponsored by the US Atomic Energy Commission under Contract AT(30-3)-328. 
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gadolinium-loaded liquid scintillator tank which was located 25 metres 
from the source of neutrons (see Fig.1). Fission events were detected 
by the occurrence of a coincidence between the signals from the fission 
chamber and prompt-fission gamma-ray events from the scintillation 
tank. The fission neutrons were detected, after thermalization in the 
scintillant, by means of the gamma radiation emitted following neutron 
capture in the gadolinium. These events were counted by a 10 MHz scaler 
for 32 ^s following the detection of the coincidence. The detected neutron 
multiplicity (up to a maximum value of 11) for each of 256 time-of-flight 
channels was first stored in a temporary buffer in a specially designed 
logic circuit and then transferred to a 256 X 12 array in the memory of 
a PDP-7 on-line computer. 

2° 2' t 2* CF BKGD "STOP" 

FIG. 1. Major components of experiment. 

There was a significant probability that a background event would 
have been detected during the 32-JUS counting interval. It is to be expected 
that the background multiplicity per fission gate would be correlated with 
the scattering, capture, and fission cross-sections of the materials 
present in the fission chamber. To determine the number of background 
events per gate (as a function of time of flight) background sampling 
pulses from a free-running pulse generator were used to initiate simula
ted fission coincidences. The multiplicity data associated with the back
ground sampling pulses were treated exactly as were data from fission 
coincidences, and were stored in an additional 256 X 12 array in the 
computer. To prevent accidental events due to overlap of two or more 
fissions (or backgrounds) no events (fission or background) were stored 
which occurred within 120 /us of another event. 

The interpretation of the experimental data, that is the extraction of 
v values, requires the application of corrections for several effects. 
The principal ones are spontaneous fission, accidental coincidences, 
and scaler dead-time. Spontaneous fissions were detected only from 
the 239Pu chamber and, as the rate was independent of neutron time of 
flight, the corrections can be applied with some confidence. However, 
the accidental coincidence rate was correlated with the scattering and 
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capture cross-sections of the materials in the fission chamber. Since 
the accidental coincidence rate is highest at resonances where the 
capture-to-fission ratio a is highest, it is important that the correction 
be carefully applied if one is to avoid spurious correlations between a 
and v . For 239pu both the spontaneous fission and accidental coincidences of 
the corrections amounted to 0.1 to 2% of v . Corrections in the range of 
0.3 to 2% were applied for scaler dead-time effects. The variations in 
this correction were primarily associated with the time-of-flight depen
dence of the observed background multiplicity. 

Ultimately, the confidence with which these corrections can be 
applied, and in fact the credibility of the experimental conclusions, de
pends upon the reproducibility of the results under a variety of experi
mental conditions. For this experiment data were taken, for selected 
time-of-flight regions, with the neutron intensity (fission rate) varying 
by a factor of four, with a factor-of-twenty variation in the accidental 
coincidence rate, and with approximately a factor-of-four variation in 
the ratio of the spontaneous to induced fission rates. The v values in
ferred from all of these data agreed to within 0.5%, the precision of 
these sensitivity measurements. 

A 252Cf fission chamber was permanently mounted in the "through 
tube" of the scintillation tank, and 252Cf spontaneous fission v data were 
taken concurrently with data from the plutonium or uranium chambers. 
Thus, all neutron-induced fission v values could be expressed relative 
to the 252Cf v value, permitting data acquisition that was nearly inde
pendent of electronic gain drifts. Because of differences in location and 
geometry, no absolute intercalibration was made between the neutron 
multiplicity values for 252Cf spontaneous fission and 233U, 235U, or 239Pu 
neutron-induced fission. The set of v data for each nuclide was separately 
normalized to a standard prompt v value at thermal-neutron energy 
(0.0253 eV). The standard values, which were based on Westcott' s [3] 
recent evaluation, were: 

(233U) = 

f̂ U) = 
(239Pu) 

2.5007 

2.4266 

= 2.8698 

3. 239Pu RESULTS 

The manner in which the fast memory of the PDP-7 computer was 
configured limited the number of time-of-flight channels to 256. Thus, 
to obtain adequate energy resolution, it was necessary to take the re 
sonance fission data in three sets of overlapping runs, one from 0.01 to 
13 eV, another from 6.5 to 45 eV and a third from 20 to 100 eV. Even 
with three fields of data the energy resolution is not good enough to 
permit the complete separation of close-lying levels. It was, therefore, 
necessary to develop criteria that would permit the selection of time-
of-flight regions assignable to a single level. A rather subjective ap
proach was used that involved selecting resonances which appeared 
isolated and which would be predicted to be isolated on the basis of 
multilevel fitting parameters [4]. Also analysed as single levels were 
regions containing two levels which were not resolved in the present 
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TABLE I. z d a Pu RESONANCE SPIN (J) ASSIGNMENTS 

Resonance energy 
(eV) 

0.298 
T.85 

10.95 
11.9 
14.3 
14.7 
15.5 
17.7 
22.3 
23.9 
26.2 
32.3 
41.5 
44.5 
47.6 
52.6 
62.7 
75.0 
81.0 
90.0 

Present work 

1 
1 
1 
1 
1 
1 
0 
1 
1 
1 
1 
0 
1 
1 
0 

(0)* 
0 
1 
0 
0 

Sauter and 
Bowman [5] 

1 
1 
1 
1 
1 
0 
1 
1 

0 
1 
1 
0 
1 

1 

DIRECT 

King and 
Block [6] 

1 
1 

1 

1 

0 

Asghar [7] 

1 

1 
1 

1 

1 
1 
0 
1 

1 

1 

Cowan et a l . [1] 

1 
1 
1 

1 
(0) 
1 
1 
1 
1 

1 
0 

INDIRECT 
Melkonian 

and 
Mehta [2] 

1 

(1) 
0 

(0) 
(1) 
1 
1 

1 

Farrell[4] 

1 
1 
0 
1 
1 
1 
1 
0 
1 
1 
0 
1 
0 

.1 
0 

* Parentheses indicate uncertain assignments. 
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experiment but which appear to have the same compound nuclear spin, 
e.g. the 74.2 and 75.0 eV J = l levels. The values for the 20 time-of-
flight regions are shown in Fig.2 as a function of E0 , the resonance 
energy; the error bar on each point corresponds to a standard devia
tion determined from the counting statistics. It can be seen that there 

PROMPT NEUTRONS/FISSION 

FIG.2. "Pu v values for 20 resonances below 100 eV. 

are variations among the v values for these resonances, and that the 
values appear to fall into two distinct groups. A grouping of all of these 
levels with v values greater than 2.900 into one set (high) and all below 
into another set (low) has been made. Each of the sets has been tested 
with a weighted chi-square fit and found to be consistent with the hypo
thesis that the values conform to a normal distribution about a constant 
(mean) value. On the other hand, when the entire set of 20 levels was 
similarly tested, it was found that the probability was less than 0.01 
that the individual values are from a normal distribution about a single 
mean. The results of these tests have led to the conclusion that v does 
vary from resonance to resonance for the neutron-induced fission of 
239Pu and that v for any isolated level can in all likelihood have just one 
of two possible values. 

On the basis of a very simple model of the fission process it might 
be expected that a low-lying fission channel would be associated with a 
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FIG.3. z35Pu v variation for incident neutrons below 1 eV. 
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FIG.4. 235U v variation for incident neutrons below 1 eV. 
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higher value of fission neutron multiplicity than a channel that lies higher 
at the fission saddle point. Since, for low-energy neutron-induced fission 
of 239Pu, the 0+ channel almost certainly lies below the 1 , it would 
follow that the high group of v values would be attributed to the 0+ channel 
and the low values to the 1+ . Spin assignments based on the y-grouping 
have been made for the 20 resonances studied and are listed in Table I. 
Also shown in the table are direct spin assignments (statistical g-value 
determinations) by Sauter and Bowman [5], King and Block'[6], and 
Ashgar [7], and indirect assignments by Cowan et al. [1] (fission yield 
asymmetry), Melkonian and Mehta [2] (fission fragment kinetic energy 
variations), and Farrel l [4] (multilevel fit to the 239Pu fission cross-
section). The agreement among assignments based on the z7-grouping, 
the direct (g-value) determinations, and the multilevel fitting is ex
cellent. A two-sided rank-mean test of the relationship between the 
v -groupings and the direct determinations of J indicates that the pro
bability that the observed correlation is a chance occurrence is about 
0.0005. However, because of the statistical uncertainties associated 
with the values, it is not expected that the correlation would be perfect. 
The distribution of values about the two means has been shown to be 
approximately normal, and it would not be improbable to find an "overlap" 
between the two distributions. This is probably the case with the 52.6 eV 
resonance which falls into the J=0 group but is assigned to J=l in all of 
the other table entries. 

The average values of v haye been computed separately for the two 
spin groups. It is found that v (J=0) is about 3% greater than v (J=l), 
corresponding to the production of about 0.09 more neutrons for fission 
through the 0+ channel. Measurements of the energy dependence of v 
for 235U over a range from 0.025 to 14 MeV [8] indicate that at very low 
neutron energies v increases by 0.088/MeV of excitation energy. If the 
same functional relationship exists for 239Pu in this energy region, and 
if all of the excess saddle point energy is available for additional neutron 
emission, then the present observed v difference can be interpreted as 
indicating that the 0+ channel lies about 1.0 MeV lower than the 1+ 
channel. 

In addition to the measurements at resolved resonances there were 
also measurements made of the v variations over the thermal region. 
The results are shown in Fig.3. It can be seen that the value of v for 
the 0.298 eV resonance is about 1% lower than the value at 0.0253 eV. 
The observed distribution of v values suggests that a "negative energy" 
J=0 level is making a significant contribution to the fission cross-
section at very low energies. An attempt was made to" synthesize the 
observed v variation from the know parameters for the 0.298 eV level 
and an assumed J=0+ "negative energy" level, while conserving the 
total measured fission cross-section. The synthesized distribution de
viated from the measured one, indicating that both J=0+ and J=l + 

"negative energy" levels might be contributing. 

4. 235U RESULTS 

Fission multiplicity data were taken for 235U over the thermal energy 
region and in the resonance region up to 25 eV. The thermal results are 
plotted in Fig.4. There is an apparent variation of v over the thermal 
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FIG.6. U v variation for incident neutrons below 5.5 eV. 
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TABLE II. 2J5U RESONANCE SPIN (J) ASSIGNMENTS 

Resonance energy 

(eV) 

6.39 

7.08 

8.79 

11.67 

12.39 

15.45 

16.10 

16.67 

18.05 

19.30 

21.10 

22.95 

23.65 

. 

Present work 

4 

3 

3 

4 

4 

U* 

4 

4 

4 

4 

3 

3 

U 

Ashgar et a l . [9] 

4 

3 

3 

4 

4 

3 

(4)+ 

3 

3 

4 

3 

Weigmann et a l . 

4 

3 

4 

3 

3 

3 

4 

3 

3 

4 

[10] 

* Unassigned 
+ Uncertain assignment. 

region for this nuclide, with a multiplicity reduction of about 0.6% from 
the 0.3 eV resonance to 0.012 eV. Variations of this magnitude must be 
looked upon with suspicion because of possible systematic biases and 
statistical fluctuations. However, this measurement was repeated with a 
different set of experimental conditions and the same variation observed. 
From a careful consideration of possible systematic effects, a V varia
tion of this magnitude cannot be attributed to any time-of-flight dependent 
bias. We thus conclude that the observed thermal variation is a true r e 
flection of a change in v . 

The resonance region v results are plotted in Fig.5. The data for 
the resonance region have not been completely analysed and the results 
for the 13 resolved resonances shown in Fig.5 have been arbitrarily 
normalized. The resonance v values appear to fall into two groups, a 
high group containing the 8.79 eV level and a low group containing the 
19.3 eV level. If the same method of assigning compound nuclear spins 
is applied to these results as was applied to the 239Pu results, then the 
resonances with high values of v can be assigned to J'r=3_ and the re 
sonances with low values to J* =4". Spin assignments for these 13 levels 
are shown in the Table II along with assignments by Ashgar [9] and 
Weigmann et al. [10] based on capture gamma ray spectra measurements. 
The agreement among the three sets of assignments is seen to be quite 
good though possibly fortuitous since the grouping might have an addi
tional dependence on K, the rotational quantum number. 
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5. 233U RESULTS 

Data were taken for 2 3 3U only for the resonances below 5 eV and for 
the t he rma l region, and the resul tant v values a r e shown in F ig .6 . The re 
is an indication of a grouping of the v values in the resonance region, but 
the s ta t i s t ica l quality is too low to pe rmi t any firm conclusions to be 
drawn. We have concluded however that v is constant (to about 0.2%) 
over the neutron energy range from 0.01 to 0.2 eV. 

6. SUMMARY 

The var ia t ion of fission multiplici ty v has been determined up to 
severa l tens of eV for the common fissi le nuclides 233U, 2 3 5U, and 
239Pu to an accuracy of a few tenths of one per cent. The measured 
value of v in isolated resonances of 235U and 2 3 9 Pu is cor re la ted with 
the compound nuclear spin, the l a r g e r v values corresponding to 3" and 
0 compound s ta tes respect ive ly . This cor re la t ion of v with spin can be 
in terpre ted in t e r m s of the channel theory of f ission, with the 3" and 0+ 
s ta tes lying lower at the saddle point than the 4" and 1 + s t a t e s . This 
variat ion of v from resonance to r esonance has implicat ions to r eac to r 
calculations and to the in terpre ta t ion of n and a exper iments which depend 
upon the fission multiplici ty. 
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D I S C U S S I O N 

Yu. V. RYABOV: Variat ions of the average number of prompt fission 
neutrons for 235U and 239Pu in the resonance neutron energy region have 
been investigated on the Pulsed Fas t Reac tor (PFR) at JINR. A 500- l i t re 
cadmium-loaded liquid scint i l la tor was used for detecting the number of 
neutrons pe r fission event. F o r each resonance the value of(ven) was 
obtained as the rat io of the total number of neutrons recorded to the total 
number of fission events, taking the corresponding backgrounds into account 
(?n i s the neutron detection efficiency). The r e su l t s indicated the p resence 
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of two sys t ems of levels with J^<i7> = 1. 009 ± 0. 001 (J =4") and Vj<v)> = 
0.989 ± 0.002 (J = 3") for 235U, and 17/<ьг> = 1.013 ± 0 . 0 0 3 (J = 1+) and 
!7/<F> = 0. 962 ± 0. 017 (J = 0") for 2 3 9 Pu. 

F r o m the current ly accepted ideas about the spect rum of in termedia te 
s ta tes at c r i t i ca l deformation it follows that within the energy gap a few 
3" and 4" s ta tes belonging to different к a re available for 235U fission. 
Only two 0+ and f s ta tes a re apparent ly available for 239Pu fission. T h e r e 
fore, the observed difference in V i s determined by the difference in the 
height of the effective b a r r i e r s corresponding to the contributions of all 
the available 3" and 4" s ta tes for 235U fission and to the 0+ and 1+ s ta tes only 
for 239pu fission. Using the known value of dy/dE, we can evaluate the 
difference in b a r r i e r heights for channels of var ious na tu re s : 
AE(235U) = 0. 36 ± 0. 04 MeV and ДЕ (239Pu) = 1. 16 ± 0.39 MeV. 

E. DERMENDZHIEV: I would like to draw the au thors ' attention to the 
following. Of the eight resonances of 239Pu which were studied by the 
authors and by Ryabov et al. at Dubna, the authors of the p resen t paper 
obtained opposite effects in the case of s ix. On the other hand, since the 
total f ission energy i s constant, the inc rease in the mean kinetic energy 
E k of the f ragments should be accompanied by a dec rease in v'. F o r 
ins tance, in the case of the resonances in 235U at 0. 29 eV, 1.14_eV and 
8.78 eV, which are convenient for study, we obtained data for Ek that 
cor re la ted well with the Dubna r e su l t s for V but disagreed with the resu l t s of 
Dr. Weinstein et al . It s e e m s to me that the reason for d i sagreement 
between the authors ' data on V and the Dubna r e su l t s for Ej< and V should 
be sought in the conditions of the exper iment . I think that, as a resu l t of 
re la t ively high thresholds of fragment reg i s t ra t ion in the chamber , the 
fragment spec t rum above the threshold may be enriched with h igher -energy 
light f ragments in the resonances for which an inc rease in Ё к i s observed. 
It i s known that v i n c r e a s e s with the a symmet ry of fission. Consequently, 
the average number of neutrons V for fragments above the threshold may be 
different from V. We calculated J?" for 235U on the assumpt ion that 
AEk = 1 MeV. P r e l i m i n a r y r e su l t s show that actually !/{A'Ek= 1 MeV) 
k, v(AEk = 0). 

S. WEINSTEIN: It i s unlikely that the fission chamber d iscr iminat ion 
threshold could be respons ib le for the difference between the r e su l t s 
obtained at the two l abo ra to r i e s , since our measu remen t s have been 
repeated at s eve ra l different threshold sett ings with no d iscernable effect 
on the detected V va lues . Moreover , the "conservation of fission energy" 
argument is incomplete , s ince it does not include possible fission channel 
var ia t ions in the re la t ive division of the fragment excitation energy between 
gamma decay and prompt neutron emiss ion . 

L. WILETS: It would be helpful in visualizing Dr. Weinste in ' s resu l t 
if he could display a h is togram of the frequency of U v e r s u s ~v. 

S. WEINSTEIN: The his togram is shown in F ig . A where the a r e a under 
the l a rge peak i s about four t imes that of the s m a l l e r one and the full width 
at half maximum height i s the same for both. 

J . R . NIX: There a r e at leas t two independent a rguments one can put 
forward for deciding which spin group would be expected to correspond to 
the l a r g e r number of neut rons , and they give the opposite conclusions. ! The 
f i rs t argument is purely exper imenta l and has been d iscussed by Weinstein 
and also by C r a m e r and Br i t t . F o r 2 3 9 Pu+h the m a s s dis t r ibut ion measu red 
by G. A. Cowan et a l . [Phys .Rev . 144 (1966) 979] indicates a l a r g e r number 
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of symmetrical divisions for J = 0 states than for J = 1 states. Combining 
this with the second experimental result, viz. that a larger total number of 
neutrons are emitted for symmetrical divisions than for asymmetrical ones, 
we see that more neutrons should be emitted for the J = 0 group, which is in 
agreement with Weinstein's experimental results. On the other hand, the 
simplest theoretical consideration would be to assume that the fission 
barr ier for the J = 1 state lies above the barrier for the J = 0 state by a 
constant amount everywhere. The J = 0 state corresponds to zero internal 
excitation and the J = 1 state to some internal excitation. Therefore under 
the simplest assumption the additional internal excitation energy in the 
J = 1 state would remain in the form of excitation energy and would contribute 
to a larger number of neutrons for this group, which is the opposite con
clusion from the above. 

FIG. A. Frequency versus v. 

S. WEINSTEIN: It is possible that the J = 1 channel lies below the 
pairing gap, in which case it, too, would have no internal excitation. 

Yu. V. RYABOV: I agree with the theoretical argument of Dr. Nix. 
Similar ideas were expressed also by Dr. V.N. Andreev (USSR). 

As regards the experimental argument, we should however bear in mind 
that according to Cowan's data the fragment yield of a symmetric mass is 
greater for J =. 0+ (239Pu) and smaller for J = 3 (235U). Evidently, one cannot 
therefore ascribe the increase of КуУ in the case of individual resonances 
solely to increased neutron emission from symmetric-mass fragments, 
since this effect is opposite for 235U and 23?Pu. 

J. SCOBIE: At the previous Symposium measurements were described 
of the ternary-to-binary fission ratio as a function of neutron energy across 
several resonances in235U. (Physics and Chemistry of Fission (Proc. 
Symp. Salzburg, 1965)2, IAEA, Vienna (1965) 429.) As I recall, some 
structure was observed, and therefore I should like to ask Dr. Weinstein 
if he has considered the possibility that the variations he has described 
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could be due solely to variations in the yield of the scission neutrons. It 
is not obvious that the yield of the latter should vary in the same way as 
that of the remainder of the fission neutrons across resonances. If the two 
groups behave differently in this respect, then it might follow that the 
angular distribution would vary from resonance to resonance, and this might 
explain the divergences between the results of Weinstein and those de
scribed by Ryabov, if the geometric arrangement of the experiments was 
not identical. 

S. WEINSTEIN: It is my understanding that the fission neutron detection 
efficiency for both arrangements is relatively insensitive to the angular 
distribution of the emitted neutrons. 

A. MIGHAUDON: I should like to comment on the paper of 
Dr. Weinstein and the ensuing discussion. Attention has been mainly 
devoted to verifying whether there are correlations betweenthe properties 
of the fission phenomenon (multiplicity of fission neutrons and kinetic 
energy of fragments) as manifest in the resonances, on the one hand, and 
the spin of these resonances, on the other. The discussion has accordingly 
related chiefly to the spin of the resonances but little to the exit channels 
of fission. This is quite surprising, since according to Bohr, it is the 
channel characteristics that influence the fission properties. These pro
perties cannot, therefore, be tied to the spin of the resonances unless the 
exit channels are sufficiently different for the two spin states. 

The only characteristic of the exit channel which was considered is the 
height of the channel barr ier although it led Dr. Weinstein and Dr. Nix to 
opposite conclusions. In fact, even if the barrier height plays a very 
important role in calculating the fission probability according to the mode 
considered, it seems that it has little effect on the fission properties of this 
mode. On the other hand, accoding to Bohr's theory, the configuration of 
the nucleus at the threshold point is probably more important. 

Let us consider, from this point of view, the case of the resonances 
of 239Pu and 235U. 

1. Pu. The resonances have spins 0 and 1+. The transition states 0 + 

correspond either to the ground state or to the quadrupole vibration j3. 
These are therefore essentially symmetrical states. The same is not true 
of the transition state 1+, which is considered to stem from the coupling of 
the two octupole vibrations K = 0 and K= 1 , i . e . asymmetric states. For 
the two spin states, the exit channels are thus very different in nature. 
The same should be true of the fission properties. And this is what is 
found for the mass distribution of the fission products, as measured by 
Cowan, which shows that it is more symmetrical for 0+ resonances than 
for 1+ resonances. Besides, since the number of fission neutrons is 
higher in the case of symmetric fission, the multiplicity of the fission 
neutrons should be greater for 0+ resonances (and not because the barrier 0 
is lower). And this is what the Rensellaer Polytechnical Institute group 
has found. 

2. 235U. The situation is less clear than in the case of 239Pu. According 
to the data presented by Dr. Pattenden and myself for Session D, sum
marized in Abstracts SM-122/57, 91 and 92, the channel К = 0" seems to be 
practically forbidden and the only important channels are К = 1" and К = 2". 
These are two octupole channels of very similar properties, both containing 



490 WEINSTEIN et a l . 

the two spins 3" and 4". Under these conditions, we must expect, on the 
one hand, that the fission properties will not vary much from resonance to 
resonance and, on the other, that these small variations will not necessarily 
be correlated with the spin of the resonances. And this is what is ob
served in the experimental results, in which the effects of varying the 
fission properties are much smaller than in the case of 239Pu and the 
correlations with the spin of the resonances are much more dubious in 
nature. 
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Abstract — Resume 

STUDY OF THE NEUTRON EMISSION OF CALIFORNIUM-252 FRAGMENTS AS A FUNCTION OF THEIR 
CHARGE. The charge, energy and neutron emission of californium-252 fission fragments were measured 
simultaneously. From these measurements the authors obtained the variations in the average number of 
neutrons emitted as a function of the charge and energy of the fragments. The variation in the average 
number v of the neutrons emitted, studied as a function of charge, reveals the fine structures which are 
correlated with the fine structures of the mass distributions. These fine structures, on the other hand, do 
not appear to be connected with the parity of the fragment charge. The results giving the variations of 
(dv)/(dET), of the kinetic energy of the fragments and of the widths of the different distributions as a function 
of Z are presented and discussed. 

ETUDE DE L'EMISSION NEUTRONIQUE DES FRAGMENTS DE FISSION DU CALIFORNIUM-252 EN 
FONCTION DE LEUR CHARGE. Une mesure simultanee de la charge, de l'energie et de remission neutronique 
des fragments de fission du californium-252 a ete" menee ä bien. On a tire de cette mesure les variations du 
nombre moyen de neutrons emis en function de la charge et de Tenergie des fragments. L'etude de la variation 
du nombre moyen v de neutrons emis en fonction de la charge fait apparattre des structures fines qui sont 
correlees aux structures fines des distributions en masse. Par contre ces structures fines ne paraissent pas liees 
ä la parite de charge du fragment. Les resultats donnant les variations de (dyJ/fdEj) de l'energie cinetique 
des fragments et des largeurs des differentes distributions en fonction de Z. sont presentes et discutes. 

De nombreux travaux experiraentaux ont eu pour objet la mesure de 
l'emission neutronique prompte des fragments de fission en fonction de la 
masse de ces fragments. Ainsi, en ce qui concerne le 252Cf, Whetstone [1] 
et Bowman et al. [2] ont pu mettre en evidence la fameuse courbe en 
«dent de scie» representant la variation du nombre de neutrons prompts 
emis en fonction de la masse des fragments. Puisqu'il existe une relation 
entre la masse et la charge des fragments, il peut parattre superflu de 
mesurer leur emission neutronique en fonction de leur charge. Nous 
pensons toutefois que cette mesure reste interessante pour les deux raisons 
principales suivantes: 
- La determination de la charge des fragments permet de mettre en evidence, 

sur les quantites mesurees simultanement, des effets dus ä la parite du 
nombre de protons des fragments de fission. 

- Grace au developpement des detecteurs au Si(Li), il est maintenant 
possible d'obtenir des resolutions experimentales de une unite de charge, 
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soit environ 2, 5 unites de m a s s e . Une tel le resolut ion est comparable 
aux mei l l eures m e s u r e s de temps de vol et p resente , de plus, l 'avantage 
d ' e t re independante du nombre de neutrons emis pa r les f ragments . 

Ces considerat ions nous ont amenes a en t reprendre 1'experience de-
cr i te ic i . Nous avons pu, independamment de la mesu re de la valeur 
moyenne du nombre de neutrons emis en fonction de la charge des frag
ments , de te rmine r la var iance de ce nombre, la va leur moyenne de l ' energie 
cinetique des fragments en fonction de leur charge, la covariance de 
1'emission neutronique de deux fragments complementa i res et la var ia t ion 
du nombre de neutrons emis en fonction de l ' energie cinetique d'un fragment 
de charge donnee. 

1. DISPOSITIF EXPERIMENTAL 

Les fragments de fission etaient emis pa r une source de 252Cf de 
2 • 10s f issions par minute deposee sur un disque de plat ine. Les fragments 
emis ä l ' in te r ieur d'un angle solide d 'environ 20° etaient detectes , et leur 
energie analysee par une jonction a b a r r i e r e de surface ORTEC. 

Un scint i l la teur liquide charge en gadolinium et r ea l i se pa r Nuclear 
En te rp r i s e permet ta i t de de tec ter les neutrons . Ce detecteur , ayant une 
forme spherique d'un me t r e de diametre , etait place immedia tement 
d e r r i e r e le detecteur de fragments de fission. De cette man ie re , les 
neutrons emis par le fragment detecte etaient preferent ie l lement comptes . 

Le detecteur de rayons X etait une diode Si(Li) de 200 m m 2 X 3 mm 
montee dans un ensemble fabrique par TMC. La resolut ion de l 'ensemble 
etait de 1 keV ä 30 keV. Un col l imateur etait dispose de telle maniere 
que seuls les rayons X emis par les fragments se dir igeant v e r s le detecteur 
ORTEC pouvaient e t r e de tec tes . 

Lorsqu 'une coincidence se produisai t en t re le detecteur de rayons X et 
le detecteur de fragments de fission, on procedait , d'une par t ä 1'analyse 
de l1 amplitude des impulsions qu ' i ls del ivraient , d 'aut re par t au comptage 
des neutrons dans deux por tes de 50 /us; la p r e m i e r e por te etait ouverte 
immediatement apres la coincidence, la deuxieme 200 /j.s plus tard; cette 
deuxieme porte permet ta i t done de m e s u r e r le brui t de fond de l ' exper ience . 
Les resu l t a t s des analyses d1 amplitude et des comptages etaient a lors 
t r a n s c r i t s su r une bände magnetique, entra inee par une platine incrementa le , 
et pouvant e t re lue d i rec tement par les ord ina teurs du centre de calcul de 
Saclay. Chaque evenement etait ainsi c a r a c t e r i s e par quatre quantites 
b ina i r e s : 

X(i) amplitude de 1'impulsion del ivree par le detecteur de rayons X 
F(i) amplitude de l ' impulsion del ivree par le detecteur de fragments 

de fission 
NU(i) nombre de neutrons detectes immediatement ap res 1'evene

ment de fission 
NUB(i) nombre de neutrons comptes dans la porte de brui t de fond. 

2. TRAITEMENT DES DONNEES 

Les quantites NUB(i) n 'etant pas co r r e l ee s avec les au t res quanti tes, 
on a pu en t i r e r facilement le brui t de fond de l ' exper ience , soit 0,1757 
neutrons par fission. 
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La valeur maximale utile de NU(i) a ete trouvee egale ä. 4. Le nombre 
de canaux d'analyse des energies de fragments de fission ayant ete ramene 
ä 64, dont 30 canaux utiles, on regroupa les donnees sous la forme de 
5 X 30 spectres de rayons X. Apres се regroupement, la premiere etape 
du traitement fut done d'analyser ces 150 spectres de rayons X. 

2 .1 . Traitement des spectres fournis par le detecteur de rayons X 

Nous avons traite ces spectres par une methode de moindres carres 
semblable a. celle decrite par Watson et al. [3]. Les spectres etaient 
consideres comme des superpositions de spectres elementaires et d'un 
bruit de fond. Le bruit de fond du ä des interactions Compton de haute 
energie fut trouve etre compatible avec une forme parabolique. Les re-
ponses elementaires, correspondant chaeune ä. la reponse du detecteur aux 
rayons X. К caracteristiques d'un element chimique, furent calculees ä 
partir des tables de Wapstra [4], de la variation de l'efficacite du detecteur 
en fonetion de l1 energie des rayons X et de la largeur de sa fonetion de reso
lution; la variation de cette largeur avait ete determinee ä l'aide de sources 
etalons telles que le 241Am et le 137Cs. 

Les tables de Wapstra ont ete etablies dans le cas d'un atome une fois 
ionise. Toutefois Watson [5] a montre que l'ionisation elevee des fragments 
de fission ne conduisait pas a. une modification substantielle des energies et 
des intensites relatives des raies Ka et Kß. 

Dans 1'experience de Watson et al. [3], les rayons X detectes etaient 
pratiquement tous emis par les fragments a l 'arret . Dans le cas de notre 
experience, ils sont au contraire emis par des fragments en vol. II s'ensuit 
que les rayons X subissent un effet Doppler. Nous avons calcule, grace a. 
un programme de Monte-Carlo, les modifications apportees aux fonctions de 
reponse par cet effet Doppler. Pour ce faire, nous avons utilise les valeurs 
des constantes de temps d'emission de rayons X donnees en fonetion de la 
masse des fragments par Kapoor et al. [6]. Dans le cas de notre experience, 
nous avons trouve que l'effet Doppler se traduisait essentiellement par un 
elargissement de la fonetion de resolution de l 'ordre de 0, 2 keV et par un 
decalage de 1'energie des raies inferieur ä 0, 15 keV. Nous avons verifie 
que la prise en compte de cet effet ne modifiait pas substantiellement nos 
resultats. Aussi, etant donne l'incertitude sur la correction d'effet 
Doppler, nous avons prefere n 'enpas tenir compte dans les resultats pre-
sentes ici. 

A la suite du traitement decrit ci-dessus, nous avons done obtenu un 
tableau d'intensites a trois dimensions Y(Z, Xp, n), ou Z est la charge du 
fragment, Xp l'amplitude de l'impulsion delivree par le detecteur ORTEC, 
et n le nombre de neutrons detectes. 

2.2. Correction de reponse des detecteurs de fragments de fission 

Schmitt et al. [7] ont prescrit une methode qui permet, a partir de 
l'amplitude de l'impulsion delivree par un detecteur de fragments de fission 
et de la masse de celui-ci, d'obtenir la valeur de l'energie cinetique du 
fragment, soit: 

EF = (am +b) XF +cm+d 
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Les coefficients a, b, c, d sont de te rmines a pa r t i r du spec t re des 
amplitudes de l ivrees pa r le detecteur dans le cas ou l 'on observe une source 
de 252Cf sans condition de coincidence. Une m e s u r e independante de Inexpe
r ience proprement dite nous a pe rmis de de t e rmine r ces p a r a m e t r e s . P a r 
a i l leurs , nous avons fait co r respondre a chaque charge Z une m a s s e 
moyenne des fragments donnee par les re la t ions : 

252 
m = -7ГТ- Z - 2 pour le fragment leger (1) 98 

252 
98 
252 

m = —r- Z + 2 pour le fragment lourd (2) 

Nous avons pu ainsi t r a n s f o r m e r le tableau Y(Z, XF ) n) en un tableau 
Y ( Z , E F , n ) . 

L ' examen du tableau bidimensionnel T, Y(Z, E F , n) nous pe rme t d 'e tudier 
la dis t r ibut ion des energies cinetiques des fragments de charge donnee. En 
ut i l isant les re la t ions (1) et (2), ces distr ibutions peuvent e t re comparees a 
ce l les obtenues pour un fragment de m a s s e donnee. La compara ison es t 
pa r t i cu l i e rement inst ruct ive avec les donnees de Schmitt et a l . [8] dont nous 
ut i l is ions la methode de cal ibrat ion. La figure 1 r ep resen te ainsi la v a r i 
ation de 1'energie cinetique moyenne des fragments en fonction de leur 
charge, obtenue d'une par t dans ce t rava i l , d ' au t re par t pa r t ransformat ion 
des r esu l t a t s de Schmitt et al . 

On r emarque que nos m e s u r e s donnent des va leurs de cette energie 
cinetique sys temat iquement infer ieures d 'environ 2 a 3 MeV a celles obte
nues par Schmitt et a l . , tout au moins pour le fragment leger . Nous ne 
pouvons pas fournir d 'explication t r e s sat isfaisante de ее fait. II est 
possible qu ' i l s ' ag i s se d'une e r r e u r d 'origine exper imenta le . Si cela 
n 'e tai t pas le cas , nous suggerons l 'explication suivante: 

II existe probablement une cor re la t ion entre les va leu r s elevees du 
spin des f ragments de fission immedia tement ap re s la sc i ss ion et la proba-
bilite de conversion in te rne . P e u t - e t r e ces va leurs elevees du spin des 
f ragments cor respondent -e l l es a une energie d 'excitat ion plus impor tante . 
Nous avons l ' intention d ' e c l a i r c i r ce point u l t e r i eu rement . 

2 . 3 . Correc t ion d'efficacite du detecteur de neutrons 

En ce qui concerne r e m i s s i o n neutronique, 1'experience peut se r e -
sumer par deux tableaux bidimensionnels . Le p r e m i e r donne la va leur 
moyenne du nombre de neutrons detectes en fonction des va leu r s de Z et 
Ер, le deuxieme la var iance de la dis t r ibut ion du nombre de neutrons 
detec tes pa r fission en fonction des m e m e s p a r a m e t r e s . Soit: 

N(Z,EF) = Vn Y(Z,EF, n) /Yy(Z, EF, n) 
n n 

et 

E2(Z,EF) = ^ ( n - N ( Z , E ) ) 2 Y ( Z , E F , n ) / ^ Y ( Z , E p n ) 



IAEA-SM-122/78 495 

E, 

Г if 
О О О о 

п./.. 
100 

о О 

- 9 0 и 
80 

м 

4 0 
I , I , 

5 0 
I • 

. Z 60 
J i-

FIG.l. Variation de l'energie cinetique Ej; des fragments en fonction de leur charge Z. 
• Nos resultats. 
О Valeurs obtenues par transformation des resultats de Schmitt et al. [8]. 

II s 'agit , a p a r t i r de ces tableaux, d 'obtenir les tableaux s imi l a i r e s 
decrivant la dis tr ibut ion du nombre de neutrons emis p a r chaque fragment . 
La just if icat ion du t ra i t ement p resen te c i -dessous se t rouve dans une autre 
publication [9 ] . 

La p r e m i e r e etape consis te a. c o r r i g e r les donnees pour teni r compte 
de la dis t r ibut ion des neutrons de brui t de fond B(n), de va leur moyenne В 
et de var iance of. Le nouveau tableau cor r ige N c (Z, EF) es t obtenu pa r 

N C (Z ,E F ) = N(Z, EF) - В 

Eappelons que 
В = 0,1757 

Pour le tableau co r r ige , ^(Z, Ep) on a de шёше 

E^(Z,EF) = E2(Z,EF) - <J2
B 

aD = 0, 1915 
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La deuxieme etape consiste ä prendre en compte l 'efficacite de de
tection des neut rons . Cette efficacite est supposee dependre du sens et de 
la g randeur de la v i t e s se du fragment emet teur . Dans la geometr ie de 
1'experience, eile est beaucoup plus grande pour les neutrons emis pa r le 
fragment se dir igeant v e r s le de tec teur ORTEC. Sa valeur moyenne par 
fragment, pour les neutrons de fission du 252Cf, a ete t rouvee egale a 30,4% 
en uti l isant comme valeur de reference le nombre moyen total de neutrons 
prompts emi s pa r fragment du 252Cf: 

f = 1 , 8 9 1 

La var ia t ion de l 'efficacite en fonction de la grandeur et du sens de 
la v i t esse des fragments a ete obtenue grace a. un calcul de Monte-Car lo 
simulant l 'evaporat ion de neutrons de fission et les conditions exper imenta-
les de detection. La proport ion des neutrons detectes provenant du frag
ment se dir igeant v e r s le detecteur a ete t rouvee egale a. environ 95%. Si 
on designe pa r l ' indice 1 le fragment se dir igeant v e r s le detecteur et pa r 
l ' indice 2 le fragment complementa i re , on a les re la t ions : 

z2 = 
M x = 

щ = 
E 2 = 

Vj = 

v2 = 

98 - Z1 

2 5 2 x z ± 2 98 х * 1 ± г 

252 - M]. 

мх 

-v/2E1 /M1 

M, 

— ъ 
M 2 

Le nombre moyen de neutrons detec tes s ' ec r i t a lo r s en fonction des 
nombres moyens de neutrons emis par les deux f ragments : 

N c (Zv Ex) = A{\) X v(Zv Ex) + B(V2) y(Z2, E2) (3) 

ou A(V) est l 'efficacite de detection des neutrons emis pa r un fragment de 
v i tesse V se dir igeant v e r s le detecteur , B(V) l 'efficacite de detection des 
neutrons emis pa r un fragment se dir igeant dans le sens oppose. 

Pour le cas ou le fragment 2 se dir ige v e r s le detecteur , on obtient: 

N c (Z2, E2) = A(V2) v (Z2, E2) + B(Vj) v (Zj, Щ) (4) 

Les deux equations (3) et (4) permet tent de de t e rmine r V(ZX, E]) et 
F(Z 2 , E2), nombres moyens de neutrons emis pa r chacun des f ragments . 
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Pour les variances des nombres de neutrons emis cr2(Z, E) et leur 
covariance ц1: (Z, E) on peut montrer que [9] 

S C I Z J . E J ) = Afv /c r^Z^E! ) +2A(V1)B(V2)/u„(Z1,E1) 
( 5 ) 

+ Nc(Z!,Ei) - AtVjf I ' I Z J . E ] ) 

et une relation similaire pour E^Zg, E2). On voit qu'il manque une equation 
pour resoudre le probleme. Dans un premier temps, nous avons suppose 
que \ilt = 0. 

En ce qui concerne les variances, nous nous sommes contentes de 
traiter les distributions du nombre de neutrons emis par les fragments de 
Z donne, sans tenir compte de la valeur de leur energie cinetique. Le 
raisonnement precedent reste valable si Г on affecte ä chaque fragment une 
energie cinetique moyenne. 

3. RESULTATS ET DISCUSSION 

3 .1 . Variation du nombre moyen de neutrons emis par les fragments en 
fonction de leur charge 

Le traitement presente au paragraphs precedent est complet en ce 
sens qu'il permet d'obtenir les quantites v(Z,EF). 

On peut en deduire facilement la valeur de V(Z), valeur moyenne du 
nombre de neutrons emis par le fragment 

v{Z) ^ y(Z,EF) X ^ Y(Z,EF,n) / ^ Y ( Z , E p , n ) 
EF n ' n E p 

La figure 2 et le tableau I montrent les resultats ainsi obtenus. On a 
egalement presente la variation du nombre total de neutrons emis par 
fission. La figure 2 permet de degager deux conclusions: 

- II apparatt une structure fine dans l'emission de neutrons par le 
fragment lourd. On distingue en particulier deux plateaux, respectivement 
pour les charges (52 - 53 - 54) et (55 - 56 - 57). La figure 3, ou l'on a 
presente la valeur moyenne du nombre de neutrons detectes et la courbe de 
rendement en masse pour le fragment lourd, semble indiquer une corre
lation entre les structures fines de la distribution en masse et Celles mises 
en evidence dans l'experience presente. 

- II est facile de demontrer [11] que l1 energie liberee par la fission 
est, toutes choses egales d'ailleurs, augmentee en moyenne d'environ 
2 MeV si les fragments ont une charge paire. Une telle quantite equivaut 
"a l'emission d'environ 0, 3 neutron supplemental re. Un tel effet n'apparalt 
pas sur la figure. Si l'on calcule la valeur moyenne de l'emission neutro-
nique totale pour les fragments de charge paire (52 - 54 - 56 - 58) et celle 
des fragments de charge impaire (53 - 55 - 57), on trouve respectivement: 

V . pair 

V. 
impa i r 

= 3, 66 ± 0,06 

= 3, 66 ± 0, 04 
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FIG.2. Variation du nombre moyen de neutrons emis en fonction de la charge des fragments. 

О Nombre de neutrons emis par fragment v(Z). 
• Nombre total de neutrons emis par les deux fragments en fonction de la charge du fragment lourd v T (Z). 

II semble done que l'effet de parite soit inferieur a 0, 1 neutron, soit 
environ 0, 6 MeV. 

La figure 1 montre que cet effet de parite n'apparalt pas non plus dans 
l'energie cinetique des fragments. On est done amene ä supposer qu'il 
apparalt essentiellement sous la forme d'energie cinetique des neutrons et 
surtout d'emission gamma. 

3.2. Etude de la variance de la distribution du nombre des neutrons emis 
par les fragments 

On a reporte sur le tableau I les valeurs des variances de remission 
neutronique en fonction de la charge des fragments. Ces valeurs ont ete 
obtenues en supposant que la covariance /u„ etait nulle. On constate une 
faible variation de ces quantites a. l 'interieur de chaeun des groupes lourd 
et leger. Les valeurs moyennes ponderees de ces variances valent res-
pectivement pour le groupe lourd et le groupe leger 

rj2 = 1, 108 ± 0, 033 
L 

a2 = 1,446 ± 0, 040 
H 

NIFENECKER e t a l . 

П. - ' , , 

I I I 

I 4 
3 

1 . 
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TABLEAU I. VARIATION EN FUNCTION DE Z: 
DU NOMBRE MOYEN v DE NEUTRONS EMIS PAR FRAGMENT, 
DE LA VARIANCE cr„2 DE СЕ NOMBRE, 
DU NOMBRE TOTAL DE NEUTRONS EMIS PAR LES DEUX FRAGMENTS 
COMPLEMENT AIRES 

z 
40 

41 

42 

43 

44 

45 

46 

52 

53 

54 

55 

56 

57 

58 

59 

60 

У 

1,46 ± 0,146 

1,61 ± 0,1 

1 ,86 ± 0,06 

1,93 i 0,03 

2,22 ± 0,05 

2,33 ± 0,12 

2,37 ± 0,13 

1,34 * 0,12 

1,37 ± 0,06 

1,38 ± 0,09 

1,76 ± 0,035 

1,89 ± 0,07 

1,8421 0,05 

2,07 ± 0,08 

»T 
3,53 ± 0,16 

3,45 ± 0,11 

3,75 ± 0,09 

3,69 ± 0,05 

3,60 ± 0,10 

3,71 ± 0,13 

3,72 ± 0,18 

<*Z 
1,29 ± 0,22 

1,39 ±0,16 

1,29 ± 0,10 

1,00 ± 0,045 

1,25 ± 0,073 

1,12 ± 0,210 

0,9 ±0,193 

1,55 ± 0,30 

1,78 ± 0,12 

1,50 t 0,20 

1,29 ± 0,07 

1,73 t 0,11 

1,25 ± 0,09 

1,52 ± 0,13 

1,61 ± 0,19 

1,58 ± 0,53 

Si l 'on rapproche ces va leurs de la var iance du nombre total de neutrons 
emis pa r fission donnee pa r T e r r e l l [12] on devrai t avoir : 

„ 2 ^ „2 . 2 

T L H 

Or 

<4 = 1, 55 ± 0, 04 

On voit done que 

II s 'ensui t qu ' i l doit ex i s te r une ant icorre la t ion entre les emiss ions de 
neutrons par l es f ragments lourd et l eger . Nous pouvons ca lcu ler la va leur 
minimale de cette an t icor re la t ion en ajoutant aux equations (5) l 'equation 

а т = 1 ) 5 5 = CTH + a b + 2 ^ 
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FIG.3. 

p Couibe en distribution en masse d'apres Fräser et al . [10]. 
• Nombre moyen de neutrons detectes emis par le fragment lourd d'apres nos resultats. 

La correction d'efficacite du detecteur n'a pas ete faite pour les donnees de cette figure. 

On obtient a lo rs 

ц„ = -0 , 55 ± 0, 03 

a,2 = 1, 177 ± 0, 03 

a = 1,406 ± 0, 04 
H 

3 . 3 . Etude de l ' emiss ion neutronique en fonction de l ' energie cinetique 
des f ragments 

La figure 4 mont re la var ia t ion du nombre moyen de neutrons emis en 
fonction de l ' energ ie cinetique des fragments pour differentes cha rges . 
Ces courbes comportent toutes une zone l inea i re . La va leur de cette pente 
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FIG.4. Variation du nombre de neutrons en fonction de l'energie cinetique totale des fragments. 

• Nombre total de neutrons emis par une paire de fragments. 
A Nombre de neutrons emis par le fragment leger. 
V Nombre de neutrons emis par le fragment lourd. 

en fonction de la charge est reportee sur la figure 5. II semble d'apres 
cette figure que la valeur de la pente soit sensible a la parite de Z. Cette 
pente est liee ä l'energie moyenne emportee par le premier neutron emis 
par le fragment. D'apres le modele du noyau compose, l'effet de parite doit 
jouer essentiellement dans la competition entre remission 7 et Remission 
du dernier neutron. En effet, remission 7 sera favorisee si le dernier 
neutron doit empörter un grand moment angulaire; cette circonstance doit 
se presenter lorsque les etats accessibles apres emission du dernier 
neutron ont un spin faible, ce qui est le cas pour les fragments residuels 
pair-pair. On concoit done que, dans la mesure ou la probabilite de 
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FIG.5. Energie moyenne emportee par neutron en fonction de la charge des fragments. 

X Moyenne effectuee sur les deux fragments complementaires. 
• Moyenne par fragment. 

n ' eme t t r e qu'un neutron n 'es t pas negligeable, la pente consideree c i -
dessus depende de la par i te des noyaux, de тёте que, probablement , 
l ' energ ie emise sous forme de rayonnement y . 

CONCLUSION 

L'e tude que nous avons en t r ep r i se a p e r m i s de m e t t r e en evidence des 
s t ruc tu re s fines dans Remiss ion des neutrons p a r le fragment lourd de 
fission. Ces s t r u c t u r e s , qui semblent c o r r e l e e s aux s t ruc tu re s fines de 
la dis t r ibut ion en m a s s e , pourra ient s e r v i r de guide dans l1 in te rpre ta t ion 
de ces d e r n i e r e s . 

Nous avons egalement mont re qu ' i l exis tai t une an t icor re la t ion entre 
les nombres de neutrons emis p a r les f ragments complementa i r e s . 

Enfin, si l'effet de par i te de charge ne semble appara l t re ni dans 
l ' energ ie cinetique, ni dans r e m i s s i o n de neutrons , il semble se faire 
sent i r dans l ' energ ie moyenne empor tee par neutron. 
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D I S C U S S I O N 

W. JOHN: I have published high-resolut ion measu remen t s of the yield 
of X - r a y s from fission, which show that there a re large var ia t ions , of a 
factor of two or more , between adjacent e lements . In your paper you quote 
a resolut ion of 1 keV, which is insufficient for complete separat ion of 
X- r ays from the adjacent Z ' s . Do you feel that you have taken your r e s o 
lution into account cor rec t ly in searching for an odd-even effect in the 
neutron emiss ion? 

H. NIFENECKER: In the f i rs t measu remen t we made of X - r a y s 
associated with the fission of 235U we actually found wide fluctuations in 
the X- ray yield from charge to charge . This was repor ted at the March 1967 
meeting of the F rench Phys ica l Society. These fluctuations were found with 
a 1.2 keV X- ray resolut ion, and are in good agreement with your r e su l t s . 

The contribution of Z+ 1 to the Z yield has been determined to be at 
most 10% so that this is the maximum amount by which the odd-even effect 
could be reduced in our data. Bes ides , we t r ied two different se ts of 
r e sponse functions, one of which was Doppler-shif ted. Both these se t s 
gave substantial ly the same r e s u l t s . 

S.S. KAPOOR: I see that your measu remen t s on V v e r s u s Z do not 
show a pronounced saw-tooth behaviour s im i l a r to U-versus -mass 
m e a s u r e m e n t s . Do you have any comments on that? 

H. NIFENECKER: Our measurement i s , in fact, in agreement with 
Whets tone 's r e su l t s but, to some extent, at var iance with those of Bowman. 
This could be due to the fact that we, unlike Bowman, used an extended 
neutron detector , as Whetstone had done. Other r easons could be the un
folding procedure used by Bowman and, possibly, underes t imat ion of the 
Compton background in our exper iment . 

P . ARMBRUSTER: If fission fragments a r e formed with high p r i m a r y 
spins, as most of the exper iments have confirmed, neutron emiss ion 
occurs from the high-spin s ta te . As lit t le angular momentum is ca r r i ed off 
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by the reactions, gamma emission starts from the high-spin states. These 
states are, in any case, higher in energy than the pairing gap. Such high 
spin levels (of the order of 10ft) of even and odd nuclei do not differ appre
ciably. The prediction that the additional scission energy may be found 
as gamma energy is in agreement with our present picture of de-
excitation of high-spin, highly excited nuclei. 
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NEUTRON EMISSION IN THE 
FISSION OF 213At* 
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Abstract 

NEUTRON EMISSION IN THE FISSION OF zl3At. A thin target of 209Bi was bombarded with 53. 25 MeV 
He ions at the Oak Ridge Isochronous Cyclotron. Two silicon surface-barrier detectors were used to measure 

kinetic energies of fragment pairs and to provide timing pulses for the measurement of the velocity of one of 
the fragments. Three pulse-heights, related to the two fragment energies and to the time-of-flight were 
recorded event-by-event. These correlated data were used to calculate pre-neutron and post-neutron emission 
masses and total kinetic energies. The average numbers of neutrons emitted from single fragments and from 
both fragments together were obtained as functions of fragment mass and total kinetic energy. Distributions 
in fragment mass and total kinetic energy, before and after neutron emission, were also obtained. The results 
are presented in terms of several simple distributions, such as the average number of neutrons emitted as a 
function of fragment mass, and also in terms of correlated distributions, such as the yield as a function of both 
mass and total kinetic energy. 

The distributions in fragment mass and total kinetic energy peak at symmetry, in agreement with earlier 
results. The average total kinetic energy is 146.2 MeV before neutron emission and 141. 3 MeV after neutron 
emission. The average number of neutrons emitted from single fragments rises monotonically from about 2.3 
neutrons at fragment mass 90 to 5 neutrons at fragment mass 120. This trend is in accord with trends predicted 
by the liquid-drop theory of fission, but the slope of the average neutron number versus mass curve is considerably 
greater than predicted by theory. The average total number of neutrons emitted per fission from both fragments 
is 7.4 ± 0. 5. The available energy for given fragment mass pairs, calculated from mass tables, is compared 
with the sum of the measured total kinetic energy and the two fragment excitation energies estimated from the 
measured neutron numbers. 

I. INTRODUCTION 

One of the simplest and most thoroughly Investigated descriptions 
of the complex process of fission is provided Ъу the liquid drop model of 
nuclei. Due to its basic simplicity, it was possible to obtain, from 
assumed initial conditions, calculated probability distributions of fragment 
masses, kinetic energies, excitation energies and angular momenta £l,2J. 
The theoretical mass distributions always peak at symmetric mass divisions, 
while it is.a well-known experimental fact (3] that at low excitation en
ergies mass distributions from fission of nuclei heavier than radium peak 
away from symmetry. In spite of this failure (which may be due to the ab
sence of consideration of single particle effects in the liquid drop 
description) the model was found to account for the general features of 
mass and total kinetic energy distributions from the fission of nuclei 
lighter than radium [l,2,Vj. The purpose of the study reported here is to 
obtain a relatively complete description of the energetics of the fission 
process in the region of nuclei where the liquid drop theory has been suc
cessful. This was achieved by determining simultaneously not only fragment 
masses and kinetic energies, but also fragment excitation energies as de
duced from the numbers of neutrons emitted from fragments. Further moti
vation was provided by the fact that no neutron emission data were available 
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for any nuclei lighter than radium. Neutron emission in proton-induced 
fission of radium was studied recently [5!» and the results were discussed 
in terms of symmetric and asymmetric components. In the fission of 
we have previously found no indication of an asymmetric component [6J, and 
it is therefore of interest to compare our present results with those deduced 
for the symmetric component of radium fission. 

The neutron emission data in this work were obtained by an indirect 
method in which kinetic energies of fragment pairs are measured together 
with the velocity of one of the fragments [7]. This method is particularly 
well suited to studies involving relatively light nuclei where fission prob
abilities are small, and where background effects in direct neutron counting 
experiments are, therefore, expected to be large. A further advantage of 
this method is that it is not dependent on the assumption that neutrons are 
emitted from fully accelerated fragments. According to Eismont [8J, when 
single fragment excitation energies are greater than 20 MeV, (as is true in 
our case), the assumption of neutron emission from fully accelerated frag
ments may not hold. Thus, both the direct neutron counting method £9,10J, 
and methods which rely on differences between double time of flight and 
double energy experiments fllj yield results that may be in error. 

The choice of the target,209ßi, the bombarding projectile, Tie, 
and its energy, 53-25 MeV, were governed by the availability of target and 
projectile, and also by a compromise between acceptable counting rates and a 
minimum contribution from fission following neutron emission from the com
pound nucleus (second chance fission). Experimental details and a descrip
tion of the data processing are given in the next section. In Section III 
experimental results are presented and discussed, and Section IV contains 
energy balance considerations and a comparison with liquid drop calculations. 

II. EXPERIMENTAL ARRANGEMENT AND DATA PROCESSING 

A target consisting of a vacuum-evaporated deposit of -4Bi (nominal 
thickness: 50 Hg cm~2) on a 5 t̂in nickel foil was bombarded with 53-25 MeV 
\He ions from the Oak Ridge Isochronous Cyclotron. The beam level was kept 
at about 75 nA throughout the experiment to avoid pulse pile-up effects. 
The target was accurately positioned at the center of a vacuum chamber. One 
surface barrier semiconductor detector (detector 1) was located at the end 
of a flight tube which was at a 90° angle to the beam direction. Another 
detector (detector 2) was located in the plane defined by the beam and the 
flight tube. In the case of our combination of target, projectile, and 
bombarding energy, center of mass effects were not negligible. It was found 
that detector 2 had to be placed at a laboratory angle of 79° with respect 
to the beam direction to maintain co-linearity with detector 1 in the 
center-of-mass system for the most probable fission events. The active sur
faces of the two detectors were at 105.93 cm an<ä 5«*tO cm, respectively, from 
the center of the chamber. The geometric arrangement was such that the 
partners of all fragments incident on detector 1 were detected by detector 
2. Pulses related to the energies of the fragments were amplified with 
standard charge sensitive preamplifiers and linear amplifiers and corre
sponding channel numbers were recorded on punched paper tape with a multi- • 
parameter pulse-height analyzer. Fast timing pulses were generated by 
transformer coupled circuits (commercial time-pickoff units) and were used 
to start and stop a time-to-amplitude converter. The resulting pulses, 
which were proportional to the difference in time T between the arrival of 
the fragments at the two detectors, were also analyzed and the channel 
numbers recorded, in a correlated manner, together with the energy pulses. 
A fast coincidence circuit was used to open linear gates through which the 
three coincident pulses passed before reaching the analyzer. The resolution 



IAEA.-SM-122/124 507 

of the time system, after computer correction for amplitude dependent time 
shift, was about 0 Д 5 ns. 

From measured excitation functions £l2] for Tie-induced fission of 
2°9м, it was estimated that about 15$ of the observed fissions resulted 
from the fission of 2:l-2At rather than ^^At. In our data-processing pro
cedure we used a value of 213 amu for the compound nucleus mass, A0, but a 
repetition of the calculations with A = 212 resulted in only a small de
crease in the number of emitted neutrons. This decrease was within the 
limits of estimated errors; therefore, we believe that our results are 
essentially unaffected by neutron emission prior to fission. 

About 18,000 events were measured and processed on a digital com
puter. The calculations were based on those of reference 7 but differed 
in some important aspects. In particular, the large center-of-mass effect 
introduced serious complications. 

The first step in the data analysis consisted of an event-by-event 
iterative calculation. The measured energy pulse heights were first con
verted to laboratory energies by means of mass-dependent calibration equa
tions £13]. The laboratory energies were then corrected for target and 
backing thickness effects by adding to the measured energies, E, , appropriate 
correction factors, -AE^, given by ЛЕ^ = с Ejj2 jl^}, where с is a constant 
obtained from auxiliary experiments. The corrected laboratory energies were 
converted to center-of-mass energies. From the measured time difference T, 
the time-of-flight of fragment 1 was calculated by using the approximate 
time of flight of fragment 2 to the near detector. The post-neutron emission 
mass was then calculated by using the relationship m. = (2EJ../V2) where E/. 
is the actual laboratory energy of fragment 1 before target thickness cor
rection, and v is the fragment velocity calculated from its time-of-flight. 

All the calculations to this point were part of the first event-by-
event iteration. This was necessary because a knowledge of the masses of 
both fragments was required in several of the steps. Approximate values 
were used for the mass of fragment 2. The result of this first step was an 
X-, vs. X2 array (where X-j_ and X 2 are the pulse heights associated with the 
kinetic energies of fragments 1 and 2) with m, values stored at each 
location. Values of m, are the averages of m. for given X. Xo combinations. 

In the second step the method of complementary points [7] was used 
to generate a second X. X„ array with values of nu stored in its locations. 
Center-of-mass conversions were also useci in the calculation of this array. 
In the third step we obtained values of mg for every event from the 
mj.\ X ) array. 

The fourth step consisted of a repetition of the iterative event-by 
event calculation of step 1, with the difference that at this stage we used 
the m_ values obtained above instead of the approximate values for m. used 
initially. 

In the final step we made use of the following relationship [7jf 

с с W 
* ~ 

1 + 4 1+-
V2 

In this equation, as in the rest of the paper, asterisks distinguish 
pre-neutron emission quantities from post-neutron emission values. K - and 
Ej~ are post-neutron emission fragment kinetic energies in the center of mass 
system. Values of Е щ , E^g, and m-j_ were all known for every event at this 
stage of analysis, and the calculation of m. can, therefore, be made on an 
event-by-event basis with the following reservation: the second mass, т~, 
is not known separately for each event and it is necessary to use m_ dis-
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cussed above and calculated for each event in step 3- Thus_the only devia
tion from an event-by-event procedure is due to the use of nu, which 
represents nu averaged over the small subspace defined by particular X, X_ 
combinations. Throughout the analysis random number techniques were used, 
whenever appropriate, to transform distributions from one set of coordinates 
to another. Finally the number of neutrons emitted, v., was obtained from 

Vl = \ - "i 

and the various distributions of interest were generated. 
The experiment was calibrated by means of a companion ' Cf experi

ment performed immediately following the cyclotron bombardment. Conditions 
in the two experiments were kept as nearly the same as possible, and iden
tical methods of data analysis were used in the two cases. By slight vari
ation of the appropriate detector calibration constants, within their 
published uncertainties, it was possible to obtain overall averages of 
post-neutron emission light and heavy masses in the californium experiment 
which agreed to within ±0.1$ with published values [13J. Overall average 
measured light and heavy kinetic energies were kept within ± 0.5$ of the 
published values. As would be expected the curve of average neutron 
number versus mass from this calibration experiment agreed well with direct 
neutron counting results [l5], particularly in the light fragment region. 
For heavy fragments, the slope from our method is steeper than that of 
Bowman et al [l5j. This difference is, however, understood in terms of 
dispersion effects [7J. It was not necessary to apply dispersion correc
tions to our 213At data, since it was found [l6j that such effects are not 
important when there is no deep valley present in the mass distribution. 

III. RESULTS 

A complete description of our results would consist of an array of 
total kinetic energy versus fragment mass, with a number of counts and an 
average number of emitted neutrons associated with each location in the 
array. However, the presentation and discussion of such four-parameter 
arrays is difficult, and we shall, therefore, concern ourselves with various 
doubly dimensioned arrays, simple distributions, and overall averages. 
Table I gives the averages and root mean square values of the pre- and post-
neutron emission mass and kinetic energy distributions. The overall average 
number of neutrons emitted from single fragments, v , and from both frag
ments together, v„, are also given in Table I. The energy and mass distri
bution results are consistent with earlier double energy measurements [k]. 
Energy balance considerations discussed in the next section indicate that 
our neutron emission results may be high, and, within the error limits in
dicated, the true average neutron emission values may be slightly lower than 
those given in Table I. 

_Figure 1 shows average number of neutrons_emitted from single frag
ments, v,(mf), and from both fragments together, \L(mf), as functions of 
mass. The mass-yield curve is also shown for reference. The v (m.) curve 
rises monotonically from light to heavy fragment masses. The cnaracteristie 
"sawtooth" structure present in such curves from the fission of heavier 
nuclei at low excitation energies is not found in this case. However, the 
mass region (125 - 130 amu) associated with such dips is on the extreme 
high-mass ̂wing of the mass distribution in the present experiment, and this 
may account for the observed absence of structure. 

The slope of the v̂ (mj_) curve near the peak of the mass distribution 
is 0,11 neutrons per amu, compared with 0.08 neutrons per amu from the 
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TABLE I. RESULTING DATA 

E^ (MeV) 

rrij (amu) 

v* (cm/ns) 

". 
Up 

dEv /dm*(MeV/amu) 

EK (MeV) 

m [ (amu) 

Experimental 
average rms width о 

146.2 

106.5 a 

1.153 

3.7 

7.4 

0.78 

141.3 

103.1 

±1 .0 

i 0. 005 

±0 .5 

±1 .0 

± 0.03 

±1 .0 

±0 .5 

7.53 

10.23 

0.118 

Theoretical 
average rms width о 

139.0 6.12 

106.5 7.71 

0.17 

This value is not a true measurement but results directly from the method of data processing. 
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FIG. 1. Average number of neutrons emitted from single fragments, v (m*), and from both fragments together, 
&i (m*), as a function of fragment mass. The mass-yield curve, in arbitrary units, is shown for reference. 

proton-induced-fission of 226>Ra [5]. This may indicate a trend toward 
steeper slopes in the case of lighter fissioning nuclei. 

The lower part of Fig. 2 snows the pre- and post-neutron emission 
mass distributions. Due to the steep neutron emission curve, the post-
neutron emission distribution is considerably narrower (23.6 amu FWHM) than 
the pre-neutron emission distribution (26.0 amu FWHM). The center section 
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mass. Centre section: experimental average total energy, <̂  E„(m*)> as a function of mass (closed circles). 
The solid line gives theoretical results from Ref. [ 1 ] . Lowest section: pre- and post-neutron emission mass 
distributions. Total yield is normalized to 200?o. 

of Fig. 2 shows the average total kinetic energy, ̂ E ^ ^ , as a function of 
mass. This curve is in good agreement with earlier results [h]. The upper 
section of the figure shows the root mean square widths, <Tw(m?)) of the 

КДт.) distributions. The O- values are essentially constant over the whole 
range, except for a slight decrease in the wings of the mass distribution. 

The contour diagrams of Fig. 3 give the most nearly complete de
scription of our results. Due to the relatively large statistical fluctu
ations from one MeV-amu box to another, all contours shown in Fig. 3 were 
considerably smoothed by the use of compressed arrays in which events were 
averaged over 5 MeV by 5 amu unit areas. In the upper section of Fig. 3, 
the number-of-events distribution is shown. The labels on the contours 
refer to actual numbers of observed events in the 5 MeV by 5 sjmx boxes. 
This experimental mass-total kinetic energy distribution is similar to those 
of reference It- and in good agreement with theoretical calculations. 
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FIG. 3. Top section: contour diagram of the number of events as a function of fragment mass and total 
kinetic energy. The numbers on the contours refer to numbers of events per 5 MeV by 5 amu area. Lower 
left: contour lines of average numbers of neutrons emitted from single fragments as a function of mass and 
total kinetic energy. Lower right: contour lines of total number of neutrons emitted from both fragments. 
In both lower portions, the outermost contour from the top portion of the figure is indicated, by a dashed line, 
for reference. 

In the lower parts of Fig. 3 the neutron emission results are shown 
as functions of both mass and total kinetic energy. Neutron emission re
sults from single fragments are shown on the left and total neutron numbers 
(emitted from both fragments) are given on the right. In both cases the 
outermost contour of the yield distribution is indicated by a dashed line 
for reference. The diagonal orientation of the single fragment neutron 
number contours shown in the lower left part of Fig. 3, was anticipated on 
the basis of our v (nL ) results and simple energy considerations. Since, 
for a given mass division, the total energy available is a constant, in
creasing kinetic energies must be accompanied by decreasing fragment ex
citation energies and, thus, lower neutron emission. This effect, coupled 
with the rising values of v.. with increasing m,, produces the observed 
distribution. These energy effects are also reflected in the total neutron 
number contours (Fig. 3, lower right), where the high kinetic energy tip of 
the distribution has iL values of only about 6 associated with it, while in 
the broad low kinetic energy region, on the average,_over 8 neutrons are 
emitted per fission event. The bending down of the v. contour lines below 
EL = iho MeV is, however, not explained. 
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IV. DISCUSSION 

A. Total Energy Balance 

We shall now compare the total energy of both fission fragments as 
deduced from our measurements with the total energy, EL, available for 
"••--'-•- For a specific fragment pair, E_ is given by fission. 

*T Q + E 

where E is the center of mass energy of the projectile and Q is the dif
ference c¥n nuclear binding energy between the target and projectile on the 
one hand and the two fragments on the other. Values of Q can be obtained 
from mass tables and are a function of both the masses and the charges of 
fragments. For any specific charge division, a plot of Q versus fragment 
mass results in a parabola. Peaks of such parabolas indicate energetically 
favored combinations of charge and mass. The parabolas obtained from 
Seeger's mass formula [17J are shown in Fig. k. Similar results have been 
obtained from other mass formulas fl8j. The "envelope" of the parabolas of 
Fig. k provides, as a function of fragment mass, an estimate of the total 
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FIG. 4. The "Seeget Mass Formula" parabolas represent the total energy available for fission (see text). The 
open triangles represent the total energy of у rays emitted from fragments. Open circles refer to the energy 
lost by the fragments due to neutron binding energies. When neutron kinetic energies are added to the binding 
energies, the total energy lost by neutron emission is obtained (open squares). Addition of у and neutron 
energies gives the total fragment excitation energy curve (closed squares). The experimental total kinetic 
energy is given by closed triangles. Addition of kinetic energy and total excitation energies gives the empi
rical total energy (closed circles) which is to be compared with the mass parabolas. (See text for discussion). 
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energy available. This energy should equal the sum of the fragment kinetic 
and excitation energies, i.e., E_ = E £ + E ^ = E £ + E + E „/where EL. is 

the total fragment excitation energy and E ^ and Exg are the individual 
fragment excitation energies. Since each evaporated neutron reduces the 
fragment excitation energy Ъу the sum of the neutron binding and kinetic 
energies, it is possible to obtain values of E ^ and E ^ from neutron 
emission data and from an estimate of the effect of 7-ray emission following 
neutron emission. Thus the fragment excitation energy is given Ъу 

v 
Exl = £ , (Bnl + Что) + V n=l 

where Bn-j_ and 2 7 ^ are the binding and kinetic energies of the n'th neutron 
emitted from fragment 1 and E„-|_ is the energy removed from fragment 1 by 
у rays. The summation is carried out over all neutrons evaporated from a 
given fragment. A similar equation exists for EX2> 

We applied the above relationship to our results, and the summation 
was carried out over our experimental v (m?) values for each value of mf. 
The neutron binding energies for a given fragment mass were obtained from 
Seeger £l7j, using the most energetically favored charge split. Values of 
Yj_ were assumed to be constant and equal to 1.2 MeV, and E , was taken to 
be one-half of the binding energy of the (v + l)th neutron; By adding 
these excitation energies for complementary masses we obtained the total 
fragment excitation energy curve shown in Fig. k. To these •^EL.(mf)\ 
values experimental values of total kinetic energies, S&-(№?) \ , were 
added, and the empirical Ep curve of Fig. k was generated, as was dis
cussed above, this empirical curve should coincide with the peaks of the 
mass-formula parabolas. It can be seen from Fig. k- that the empirical E_ 
curve lies, in fact, about 12 to 13 MeV above the calculated curve. Assuming 
that the mass formula parabolas represent accurately the available energy, 
this discrepancy would_ indicate that our average value of the total number 
of emitted neutrons, vT, is about 1.5 neutrons too high. This is greater 
than the estimated error of ± 1.0 neutron and could be due to an unknown 
systematic error. The discrepancy, however, is rather small (6$ of the 
total available energy) and could be due to errors in the mass tables or 
to our approximate treatment of the energy balance problem. 

B. Comparison with Liquid Drop Theory 
The liquid drop theory, with which we shall compare our results, has 

been developed by Nix and Swiatecki [l] and by Nix [2J. In the former work, 
the nuclei were parametrized in terms of two spheroids only, while in the 
latter work the parametrization consisted of two spheroids joined, whenever 
appropriate, with a hyperbolic neck. Due to the parametrization restriction 
of reference 1, results from the early calculation were expected to apply 
only to fissioning nuclei lighter than radium. The later calculations f_2] 
are more general but have not been carried out in the same detail as those 
of reference 1. For example, from reference 1, we can obtain values of 
single fragment excitation energy as a function of mass, while the results 
from reference 2 yield, in the first approximation, a constant excitation 
energy for all masses. We have chosen to compare with the latest results £2j 
for the averages and rms values of overall distributions (see Table I), but 
in the case of comparisons of conditional distributions, ^ E j ^ m J ) ^ and 
/EK(m*)^> , theoretical values have been obtained from reference 1. 

In the center part of Fig. 2 <^E£(m£)^ is compared with theory. It 
can be seen that the agreement between the'shapes of the two curves is very 
good. Such agreement was also observed in earlier work £h]. The absolute 
values of the two curves are about 2 MeV -apart. This discrepancy is in-
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FIG. 5. Liquid drop and total theoretical excitation energies of single fragments as a function of mass (see text). 
Experimental results are given by closed circles. 

creased to 7 MeV when the comparison is made with the recent calculations Ы, 
as can he seen from the average E^ values of Tahle I. 

The comparison of fragment excitation energies deduced from our 
neutron measurements with theoretical excitation energies is complicated Ъу 
the fact that the liquid drop predictions are restricted to the excitation 
energy resulting from the deformation of the fragments (vibrational energy 
of references 1 and 2). The total single fragment excitation energy, E ^ , 
however, consists not only of this deformation energy, E,,, but also of 
intrinsic internal excitation energy, Е щ . The total fragment excitation 
energy is given by 

\ ED + EH = E dl d2 *Ы + E. h2 
where E,-, and Eg are the total excitation energies due to deformation and 
internal excitation respectively, in Fig. 5, the liquid drop excitation 
energy, ^Е^-Дт*) у , is shown. Values of ̂ Evit^),) were obtained from 
the relationships 

and 
\ = \ + ED + =hl 

VEh2= »ЗД! 

=*> 

The first equation defines, through energy balance, the total internal ex
citation, Eg, while the second equation assumes that internal excitation 
energy divides in the same ratio as the fragment masses. For the purpose 
of comparing theoretical and experimental slopes of excitation energy versus 
mass curves, we have used values of vEj^n^),^ in the above equation ob
tained from the Seeger [17J mass formula (see Fig. V), while values of. 
< Е£(Ш£) У were calculated as in reference 1. The resulting <СЩц(и£)У 
values were added to ^ЕдтС111!)^ values to give the theoretical excitation 
energy curve of Fig. 5. Experimental neutron numbers were converted to 
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fragment excitation energies as described in the previous subsection IV-A 
and the results plotted in Fig. 5. It can be seen that the slope of the 
experimental curve is considerably greater than that of the theoretical 
curve. The values of dE^/dm^ near symmetric mass divisions are given in 
Table I. The experimental value of О.78 MeV/amu is in considerable dis
agreement with the theoretical value of 0.17 MeV/amu. As an alternative 
to the liquid drop model calculation, we can estimate a value of dE -,/dm* 
as follows: E x can be obtained from Em = E*- + Ex, where E™ is again ob
tained from Seeger's mass formula D-7]> but E*. now is the measured total 
kinetic energy. If Ey is divided simply in tne same ratio as the masses, 
we obtain a value for dE^/dm* of 0.28 MeV/amu. This value is still con
siderably smaller than the experimental result, but is in better agreement 
with the experiment than the liquid drop prediction. ^ 

It is interesting to note that the experimental value of dE^/dm^ 
from the symmetric component of 'Ac fission £5J is 0.4-9 MeV/amu, compared 
with a liquid drop prediction of 0.l6 MeV/amu. In the 2^-5At case, the 
liquid drop theory prediction of 0.17 MeV/amu is similar to the theoretical 
value for 22?Ac, but the observed slope in this work, О.78 MeV/amu, is 
considerably higher than that from 227AC fission. Thus, contrary to ex
pectation, the dE^j/dm* results from the fission of the heavier nucleus 
are in better agreement with theoretical results than the results from the 
lighter 213At. 

We conclude that the liquid drop model gives a more nearly adequate 
description of the mass and total kinetic energy distributions, than of the 
excitation energy distribution. The usefulness of the model thus remains 
restricted to its ability to account for the gross features of observed 
fission distributions, but quantitative estimates based on the model have 
only limited success. 
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DISCUSSION 

H, NIFENECKER: The authors appear to have used the calibration 
method of H.W. Schmitt. When this method is applied without special pre
cautions, for example in the case of 235U, the variation in the number of 
neutrons as a function of mass, which can be calculated from the results 
given by radiochemistry, is not correct. Is it not necessary to adjust the 
parameters given by Schmitt? 

F. PLASIL: It is indeed necessary to adjust the detector constants 
in these experiments, because the results are very sensitive to the cali
bration relationships. Small variations in response characteristics are 
found among fission-fragment detectors. For this reason, experiments of 
the type described in this work are always accompanied by a 252Cf experi
ment with the same detectors, and the calibration constants are adjusted 
(within the published uncertainties) so that v{m) for 252Cf agrees with the 
direct neutron counting experiments. The method of obtaining neutron 
information from radiochemical results should not be confused with the 
method described in this work, since the two methods differ fundamentally. 

J. PETER: At Orsay we performed experiments on neutron emission 
during the fission induced by 156 MeV protons on 238U and 209Bi. At this 
bombarding energy, the mass of the fissioning nucleus was not defined, and 
one of the aims of the experiment was actually to measure the number of 
neutrons evaporated by the nucleus before fission. We measured the velocity 
distribution of the neutrons collected at different angles to the direction of 
fragments. As regards the neutrons evaporated by fragments, our results 
were essentially the same as those obtained by the authors in the case of 
bismuth, i. e. a y(M) curve increasing smoothly with M and having a slope 
much greater than predicted by the liquid-drop model. In the case of 
uranium, the curve was modulated by the saw-tooth curve due to fissioning 
nuclei of low excitation energy. One question that engaged our attention was 
the possible neutron emission during scission. Did you consider this 
problem? 

F. PLASIL: As regards the question of pre-fission neutrons, as I 
have pointed out, the bombarding energy used by us was, in our view, 
sufficiently low for the contribution from second-chance fission to be less 
than 20%. We estimated the magnitude of this effect from the measured 
excitation function for this reaction given in Ref. [12]. As far as the 
scission neutrons are concerned, these would, in our case, be in
distinguishable from pre-fission neutrons. We do not, in this experiment, 
obtain values of either pre-fission or scission neutrons. While these may 
both exist, their only effect is to change the value of the compound nucleus 
mass used in our analysis. We have investigated the result of using the 
wrong compound nucleus mass, and even with 100% second-chance fission, 
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i. e. when the compound nucleus mass was lowered by one unit, the only 
effect on our results was that the neutron curve was lowered by about one 
neutron number. 

H.W. SCHMITT: In connection with Dr. Nifenecker's remarks con
cerning detector calibration, I would like to say that our calibration proce
dure, described at the 1965 Salzburg Symposium and in Ref. [13] of this 
paper, is based on careful measurements with79Br, 81Br and 127I ions. 
These masses bracket the light-fragment group, but use of the calibration 
equation over the entire range of fragment masses represents an extrapo
lation into the heavy-fragment region. If this extrapolation is not quite 
correct, the difficulty with cumulative yield calculations for 235u (n^, f) may 
be explained. 

The method described by Dr. Plasil is not to be confused with the 
procedures used in cumulative yield calculations. They are, in fact, 
fundamentally different, as may be seen from detailed study of the two 
methods for obtaining neutron emission data. 
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Abstract 

A STUDY OF THE PROMPT GAMMA RAYS OF 252Cf- FISSION. The prompt gamma-ray spectra in the 
range between 50 and 550 keV were measured simultaneously at angles of 90° and 180° with respect to the 
fragment direction. By using fission fragment energy as an additional parameter, it was possible to find well-
resolved gamma lines; cases of Doppler shifts were easily observed. The amount of shift was used to deduce 
fragment masses. The type of Doppler spectrum was used to classify gamma life-times according to three 
intervals: ( t < 1 0 " 1 2 s , 10"12s < t < 2 X 10-°s, 2 X 10"9s < t < 10"7s). The first limit is due to the fragment 
stopping time in the backing of the Cf-foil (10" l 2s) . The fragment time of flight from source to detector 
determined the second interval to 10"12< t < 2 X 10"9s, while the last interval was limited by the electronic 
coincidence width to 10"7 s. About half of the gamma lines were found to lie in the second interval and could, 
therefore, be assigned to definite fragment masses. 

1. INTRODUCTION 

The fission process leads to a great number of different, highly excited 
fission fragments. These fragments must, therefore, emit a very complex 
gamma spectrum. Early measurements of this spectrum by Maienschein [1], 
Rau [2], using Nal-crystals, showed no prominent features because of the 
relatively poor energy resolution. Bowman [3] was able to resolve the 
spectrum to a considerable extent. In addition, he could assign the lines to 
definite fragment masses. 

To obtain a more complete description of the de-excitation of a fission 
fragment, it is necessary to know also the life-time of the prompt gamma 
lines. Johansson [4] could show that 55-65% of all the gamma rays are 
emitted with a half-life of approximately 10"u-10"10 s, 15% between 1СГ9 

and 10" 10 s and 15-25% less than 10"11 s, but without assigning these half-
lives to definite energies. 

The purpose of our measurement was to make an energy determination 
as well as an estimation of the life-time of the emitted gamma lines between 
50-550 keV and to assign these lines as far as possible to fragment masses. 

2. EXPERIMENTAL SET-UP 

Figure 1 shows the experimental arrangement and the electronic block 
diagram. The 252Cf - source was prepared by electrospraying the activity 
on a Pt-foil of 0.5 mil thickness. Two surface-barrier Si(Au)-detectors, 
arranged at right angles to each other, are used to measure the fission-
fragment energies. The Ge(Li) detector measured gamma rays emitted 
either parallel (or antiparallel) or at right angles to the flight direction of 
the fragments. 

519 



Ol 
to 
о 

252 Cf- fo i l 

Ge(U)-dct. 

- I n v ä m ] — ^ a m p t . fr 

Si(Au)-dct. 

Ц * jpreamj |arnpt 

SI(Au)-d«t. 

- | t r i a 9 cf^ 

I come, | W\ 

to ADC 1 

routing pulse J . 

routing putse 

gate I — tp ADC 2 

U 

-о 

§ 

FIG. 1. Experimental set-up and electronic block diagram. 



1AEA-SM-122/21 521 

In a two-parameter experiment, the gamma spectrum between 50 and 
550 keV was measured as a function of fragment energy in one of the 
Si(Au)-detectors. Data were taken simultaneously in two geometries: 
1. Emission of the prompt gamma-rays at right angles to the fragment 

motion 90°-geometry. 
2. Emission of the prompt gamma-rays under 180° or 0° to the fragment 

motion 180°/0°-geometry. 
The data were stored simultaneously, but separated according to these 

geometries in a 2-by-8-by-1024-channel matrix. Every gamma spectrum 
was stored in 1024 channels, and the fragment energy was subdivided into 
eight different groups. 

The analogue part of our electronics consists of two separate fission-
energy circuits, representing the two different geometries which are in 
fast coincidence (2т = 10"7 s) with the gamma-ray spectrum. If a coin
cidence occurs, an event is stored in the part of the matrix which corre
sponds to the output of the two ADC's and to the routing pulse (which defines 
the geometry). 

The gamma coincidence rate was about 1.3 cps for each geometry, the 
random rate was less than 1.5%. The energy resolution of the Ge(Li) 
detector was constant at 3.2 keV fwhm over the measured gamma-energy 
range. 

3. METHOD 

With our method, it is possible to relate the measured gamma lines to 
well-defined fragment-energy groups. In addition, lines of low intensity, 
which are invisible in the composite spectrum, could be found now. The 
measurement in two geometries now permits an estimate of the emission 
time of the gamma quanta [5]; in a few cases they can also be assigned to 
fragment masses. 

When a gamma quantum of energy E0 is emitted at an angle a with 
respect to the line of flight of the fission fragment, the energy E of the 
gamma in the laboratory system is given by the Doppler-shift formula 

E = E0 (1 + vcos a/c) (1) 

where v is the velocity of the fragment and с velocity of light. For our 
geometries the formula simplifies to: 

90°-geometry: E± = E0 

180°/0°-geometry: E | =E 0 ( l±v /c ) = E± ( l±v/c) 

Evidently, in the 90°-geometry we can measure the true gamma energy 
while in the 180°/0°-geometry, depending on the velocity and direction of 
flight of the fragments (0° or 180° relative to the gamma emission) we 
observe a gamma energy which is Doppler-shifted by ± E0 v /c . 

The thickness of the Pt-carr ier foil of the Cf-source was such that 
one of the fragments was always stopped in the material. 



Emission-time interval 1 Emission-time interval 2 Emission-time interval 3 

0 < T < 1 0 1 2 s 

E»(A) E„(B) 
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Fragment В in Det.-L I I 

Fragment A in Det. t l I 

Fragment В in Det.fJ I I 

10 •12 T-=2 -10"9 s 

E r ( A ) E , (B) 

I I 
I I 

I I 
I I 

2-10~э-=Т -=10"' s 

Ey(A) E r(B) 

I I 
I I 
I I 
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Or 
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to 

I 

Г-Det. О jW6r~ Q<*•-<• 

I I Det.X 

FIG. 2. Doppler shift in the energy of a gamma quantum emitted from a fission fragment. 
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TABLE I. MEASURED GAMMA ENERGIES AND THEIR ASSIGNMENT 
TO FRAGMENT MASSES AND EMISSION-TIME INTERVALS 

Energy (keV) ± 0 . 5 

248.9 

244.9 

220.3 

216.0 

207.3 

202.6 

198.9 

196.0 

194.5 

191.1 

189.4 

187.3 

186.2 

181.9 

176.4 

171.8 

154.2 

141.1 

139.0 

128.5 

119.8 

111.7 

105.9 

101.7 

Mass (amu) ± 5 

132 

143 

148 

149 

-
-
-

132 

-
-

151 

161 

-
-

115 

-
133 

125 

97 

102 

-
152 

-
-

Time interval 

2 

2 

2 

2 

3 

3 

3 

2 

3 

3 

2 

2 

3 

3 

2 

3 

2 

2 

1 

2 

3 

2 

3 

3 

This happens in about 10"12 s . Meanwhile the other fragment flies with 
a velocity v through the space until it r eaches the fission detector after an 
average t ime of ^ 2 ns , where it will also be stopped. 

It can now be shown that the emiss ion t imes can be classified into th ree 
in tervals (Fig. 2). 

Let us f irs t a s sume that a fragment emi ts a gamma quantum in a t ime 
T < 10"12 s (time in terval 1) in the 180° /0° -geomet ry . If this fragment is 
moving toward the Pt-foi l , a positive Doppler shift + E x v / c is formed and if 
it i s moving toward the fission-^detector (det. \\) a negative shift -Ej. v / c of 
the gamma energy E0 appea r s . If, however, the l i fe- t ime of the gamma ray 
l ies between 10"12 and 2 X 10"9 s (time in terval 2) and if it is emitted in the 
180°/0°-geometry, the re i s , depending on the direct ion of flight, e i ther no 
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FIG.4. Gamma spectrum in 180°/0"-geometry summed over all fragment energies. 

Doppler shift (because the fragment is already stopped in the Pt-foil) or a 
gamma line shifted by -Exv/c reaches the detector. Finally, if a quantum 
is emitted during the third time interval (2 X 10"9 < T < 10"7 s irrespective 
of whether it is moving toward the foil or toward the detector [\\), no Doppler 
shift will be observed, because the emitting fragment is already at rest . 
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The upper limit of this range is determined by the electronic coincidence 
width. In the 90°-geometry, we have cos 90° = 0, and therefore none of the 
gamma lines are Doppler-shifted. 

By comparison of the spectra of both geometries, the sign and the 
value of the Doppler shift of Eo can be determined. From the type of 
Doppler pattern observed, the life-time can be estimated. From the value 
of the Doppler shift the velocity of the fragment can be calculated and from 
this the fragment masses which have emitted the gamma lines can be 
approximately determined. This mass determination can only be done for 
the time intervals 1 and 2 where a Doppler shift is observed. 

4. RESULTS 

The spectra were decomposed on an IBM-360 system by gradual peeling-
off of standard spectra starting from the highest energy. This gave the 
results presented in Table I. 

One can see that 12 of the found gamma lines are emitted in the second 
interval, between 10"12 and 2 X 10"9 s. In the first interval (T< 10"12 s) 
one line could be found. The lines assigned to the 3rd interval also may be 
from the (n, 7)-reactions in the Ge(Li) detector, caused by fission neutrons. 
In intervals 1 and 2 only gamma quanta emitted from fission fragments are 
measured because for the neutron-capture events no Doppler shift occurs. 

In Figs 3 and 4 a part of the gamma-ray spectra for the two geometries 
summed over all fragment energies is shown. Without any analysis 
program the difference between gamma-ray spectra from the two geometries 
can be seen. 

At the beginning of each gamma spectrum there are two peaks with 
66.2 keV and 75.2 keV. These are not gamma transitions of the fragment 
but arise from X-ray transitions (Ka and Kg) in the Pt-foil. Half of all 
occurring fragments are stopped in this foil and may remove electrons 
from the K-orbit. 
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DISCUSSION 

P. ARMBRUSTER: The explanation of the strong К X-ray peaks you 
find for Pt cannot be an excitation mechanism by nearly adiabatic atomic 
collisions. The cross-section is much too small. A possible explanation 
is the photo-effect of prompt gamma rays in the backing. The К X-rays 
produced by this mechanism are coincident with the fission event, and the 
cross-sections of excitation are higher by orders of magnitude than in the 
case of nearly adiabatic atomic collisions. 

F. SEMTURS: I do not know the cross-sections of these two processes. 
Of course, if the cross-section of excitation through prompt gamma rays is, 
as you say, really higher by orders of magnitude than the other cross-section, 
your explanation of the cause of the two К X-ray peaks is right. 

L.V. EAST: Could the К X-rays observed by you be due to excitation 
in the Pt-foil from beta-decay of the fission fragments? 

F . SEMTURS: Apart from the fact that the fission rate is much too 
small for this explanation of the observed К X-rays, it can be said that the 
beta-decay on fission fragments is about 10~7 s after the scission 
point. These events can only contribute to the random coincidences in our 
measurements. 

F . HORSCH: I wonder if you have compared your results with Bowman's 
measurements on the fragments of the same fissioning nucleus, namely 
252Cf. It is somewhat surprising that none of your mass-assigned gamma-ray 
lines coincides with his values. 

F . SEMTURS: I was also surprised that our results showed a rather 
poor agreement with Bowman's gamma-ray experiment on 252Cf fission. 

M. NEVE DE MEVERGNIES: Are you sure that all the lines you 
identify in your gamma-spectra are true single lines and possibly not 
doublets? An unresolved doublet with two components of different half-lives 
might give a spurious energy shift in your experiment. 

F . SEMTURS: In regard to your comment, I would like to say that 
the value of the Doppler shift is determined only by the velocity of the 
fragments. It does not depend on the emission time of the gamma rays. 

In reply to your question, I would say that two energy peaks from 
different fragments could be resolved from the computer program if 
these energies differed by more than 2 keV. From the velocity-mass 
correlation of the fragments you can see that the Doppler shift has a value 
of 2. 5-5% and, therefore, a gamma energy of greater than 100 keV is 
shifted by a value greater than 2. 5 keV. Thus, in these cases no unresolved 
doublets are possible. 



IAEA-SM-122/44 

PROMPT GAMMA RAYS EMITTED 
FROM INDIVIDUAL FRAGMENTS 
IN NEUTRON-INDUCED FISSION 

F. HORSCH, W. MICHAELIS 
Institut für angewandte Kernphysik, 
Kernforschungszentrum Karlsruhe, 
Federal Republic of Germany 

Abstract 

PROMPT GAMMA RAYS EMITTED FROM INDIVIDUAL FRAGMENTS IN NEUTRON-INDUCED FISSION. 
Prompt gamma rays associated with moving fission fragments of specific masses have been observed in thermal 
neutron-induced fission of 235U. The geometrical layout of the apparatus prevents detection of photons emitted 
from stopped fragments and determines the effective time resolution to about 1 ns after fission. Spectra are 
measured by means of a high-resolution Ge(Li) detector with 3. 5 "jo photopeak efficiency for 60Co. An 
8" 0 x 9" Nal(Tl) anti-Compton shield suppresses the Compton distribution in the spectra and the recording 
of events produced by fast fission neutrons. The coincident fission-fragment masses are deduced from their 
correlated kinetic energies as measured by two Si solid-state detectors. The observed Doppler shift in gamma-
ray energy allows the assignment of lines to single members of fragment pairs. Data are processed in a 
256 x 256 x 2048 channel matrix. The main objective of these experiments is a study of the properties of 
individual neutron-rich nuclei far off the stability line. 

INTRODUCTION 

From a comparison of the conventional chart of the nuclides with 
the lines of vanishing proton and neutron separation energies as 
derived from semi-empirical mass formulae it is evident that the 
number of nuclei so far not investigated considerably exceeds the 
number of nuclei which have already been studied satisfactorily. 
Therefore, extension of the methods of nuclear spectroscopy to regions 
far off the stability line will certainly increase the understanding 
of various nuclear properties. A useful means for producing very 
neutron-rich nuclei which are not accessible by usual nuclear re
actions is provided by the nuclear fission process. The bulk of data 
accumulated in the past with this process has been obtained by the 
application of fast chemistry or other separation techniques with 
subsequent investigation of the radioactive decay schemes. Since a 
lower limit in halflives is inherent in all these methods, it is de
sirable to study in an on-line experiment the prompt de-excitation 
mechanism of individual primary fission fragments. 

Such investigations are of considerable importance also for a 
better understanding of the fission process itself. There is in
creasing evidence that in asymmetric fission the properties of the 
nascent fragments, rather than those of the initial compound nucleus, 
essentially determine the characteristics of the various distributions 
and correlations observed for this process. 

Examining the radiation emitted from fission fragments of spe
cific mass has become possible by the rapid development of semicon
ductor detector technology and associated electronics during the past 
few years. First studies have been performed by Bowman et al. £*1J 
and by Watson /~2_/ using the spontaneous fission of 252Cf. It is 
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FIG. 1. Geometric arrangement at the tangential through-hole of the reactor FR 2. 
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desirable to extend these measurements to thermal neutron-induced 
fission, both in order to compare the results with those obtained 
from 252cf and to cover fragment mass regions where the yield in 
spontanious fission is low. 

Various experimental difficulties are inherent in experiments of 
this type at a reactor. In order to insure a negligible energy loss 
of the fragments in the target, the source thickness is limited to 
about 70 W.g/cm . Thus for the accumulation of a sufficient number 
of counts in a multiple parameter experiment a neutron beam of high 
intensity and long measuring periods are required. The beam intro
duces restrictions on the geometry of the experimental setup and 
severe background and shielding problems arise. Electronic drifts 
must be controlled very carefully. 

The present paper describes the measurements of prompt gamma-
ray spectra associated with moving fission fragments of specific 
masses from fission of 235u by thermal neutrons. This study is a 
part of a more general programme for investigating with high reso
lution all the prompt radiations emitted in neutron-induced fission. 

EXPERIMENTAL PROCEDURE 

Fig. 1 shows the geometric arrangement of the installation at 
the Karlsruhe reactor FR 2. The instrument was located at a tangen
tial channel which passes through the heavy water of the reflector. 
Collimation of the neutron beam was done in such a way that the 
target was irradiated only by neutrons emerging from a graphite 
scatterer placed in the centre of the channel. A cooled bismuth 
single crystal filter of 20 cm length was used to reduce the gamma 
radiation in the beam. The thermal flux at the target position was 
approximately 7X10? n/cm2sec_/_3_7. A 50 ̂ g/cm2 235u fission source 
prepared by electrospraying £_ kj was placed between two 600 mm2 Si 
solid-state fission detectors as displayed in Fig. 2. Gamma rays co
incident with fragment pairs were measured in the energy range 
100 keV to 2 000 keV by means of a 28 cm? coaxial Ge(Li) detector 
surrounded by an 8" 0 X 9" Nal(Tl) anti-Compton shield ГЪJ• This 
combination improved the peak-to-Compton ratio by a factor of two 
to four, depending on gamma-ray energy, and reduced considerably 
interfering gamma lines produced by inelastic scattering of fission 
neutrons in the germanium counter. The geometric layout of the 
apparatus determines the effective time resolution to about 1 nsec 
after fission. The gamma-ray collimator and the rounded, i.e. 
doughnut-shaped, fission-fragment collimators were adjusted in such 
a way that photons emitted later than 1 nsec tiae-of-flight had to 
penetrate several cm of lead for triggering the triple coincidence 
circuit. In particular, this method prevented the detection of gamma 
rays emitted by stopped fragments. 

In order to eliminate electronic drift during the run, the gamma 
detector system was digitally stabilized using an ultra-stable pulse 
generator ££>J- F°r stabilization of the silicon detectors the 
fission spectrum itself was taken as a reference. The counters were 
operated in the saturation region and a constant bias was maintained 
throughout the experiment. The energies of fission fragments were 
obtained from repeatedly measured single spectra with the aid of the 

The source was supplied by CBMN, Euratom, Geel/Belgium 
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FIG. 2. Schematic view of the experimental set-up. 

mass-dependent pulse-height calibration equations given in Ref. £?J * 
Detectors were replaced whenever the peak-to-valley ratio became 
smaller than 15. The fast timing was based on the leading edge prin
ciple and the electronic time resolution was ko nsec. The measured 
chance coincidence rate was well below 2 % of the true coincidence 
rate. 

The triple pulse-height data were processed in a 256 x 256 x2(A8 
channel matrix via the Karlsruhe Multiple Input Data Acquisition 
System (MIDAS). Provisional masses U were calculated from the corre
lated kinetic energies using momentum and mass conservation. Data 
were stored on magnetic tape in the form (U. -\, E-r- , Xy). Here M. ^ 
denotes the mass of the fragment moving towards the Ge(Li) detector, 
E-j- is the total kinetic energy of both fragments and Xy represents 
the gamma detector pulse-height. Fragment masses before and after 
neutron emission were obtained by taking into account the relation
ships between the average number of neutrons V and the fragment 
mass £"8J'. The variation of V for a specific mass with the total 
kinetic energy of the fragments £ 9 J introduces an additional small 
mass dispersion. For the individual masses considered in the following 
section the average number of neutrons varies by less than ± 0.5 
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neutrons for total kinetic energies within plus or minus one гшв width 
of the mean /~10_7. This value is small compared to the average mass 
resolution in this experiment which is estimated to be approximately 
4 amu FWHM. 

RESULTS AND DISCUSSION 
Sorting of the triple data according to individual final masses 

of the fragments revealed a pronounced structure in the corresponding 
gamma-ray spectra. The pattern changed clearly for different mass 
ratios. Examples are shown in Fig. 3, where the results are given in 

Mass ratio 
1.62 

FIG. 3. Sectional display of prompt gamma-ray spectra for various values of mass ratio with the heavy 
fragments moving towards the gamma-ray detector. The spectra are unsmoothed. 
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the energy range from 100 keV to 1000 keV for the mass ratio values 
1.26, 1.^3, and 1.62. In all three oases the gamma counts were re
stricted to events in which the heavy fragments were moving towards 
the Ge(Li) counter. 

Examples for the dependence of the gamma-ray energies on the 
fragment velocity and the direction of motion are given in Fig. 4. 
The upper spectrum in this figure represents the case where the 
light fragments (A = 96 i 1) were travelling towards the gamma-ray 
detector, the lower spectrum holds for the light fragments moving 
away from the detector. The measured sign and magnitude of the 
Doppler shift were used for the identification of the emitting 
member of the fragment pair. The observed shift in energies was con
sistent with expected values derived from experimental fragment 
velocity distributions /~11_/ and the geometry used in this experi
ment. Some weak tmshifted lines which appear in the spectra have to be 
attributed to inelastic scattering of fission neutrons in the germanium 

EnergytkeVJ 

FIG. 4. Observed prompt gamma-ray spectra for the fragment mass ranges A = 95-97 and A = 136 - 138. 
demonstrating the dependence of gamma-ray energy on the velocity and direction of the fragment motion. 
The two spectra represent the cases: 

(a) Light fragments moving towards the gamma-ray detector, and 
(b) heavy fragments moving towards the gamma-ray detector. 

The letters L and H indicate some assignments to the light and heavy fragments, respectively. 
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TABLE I. TENTATIVE ASSIGNMENT OF PROMPT GAMMA RAYS 
TO INDIVIDUAL FRAGMENTS 

Neutron-

Fragment 
mass 

A 

91 i 1 
93 ±1 
95 ±2 
95 i l 

96 i 2 
98 i 1 
99 i 1 

100 1 1 

101 i 1 
102 i 1 
103 i 2 
103 ±1 

104 i 2 

104 i 1 

131 i 2 
138 i 1 
139 i 1 

141 i 2 
141 ± 1 
142 * 1 
143 i 2 
143 i l 

144 i l 
147 i 1 

induced fission of m U 

This work 

Most probable 
charge a 

Zp 

36 
37 
38 
38 

39 
40 
40 

40 

41 
41 
41 

41/42 

41/42 

42 

51 
53/54 

54 

55 
55 
56 
56 
56 

56 
58 

(keV) 

706 
144 
249 
813 
834 
376 
193 
123 
157 

98 
210 
351 
495 
622 
325 
174 
518 
136 
296 

(157) 
556 
581 
191 
366 
965 
585 
283 
372 
482 
723 
475 
357 
429 
492 
115 
198 
330 
507 
294 

Fragment 
mass 

A 

100 i 1 
99 i l 

105 i 1 

139 i l 
139 i 1 

140 ± 1 

144 ±1 
144 4 1 

146 i l 

Spontaneous fission of tblCf 

Refs[l] and [2] 

Charge Ь 

Z с 

40 е 97 
39 e 210 

42 e 190 

54 i 1 586 

54 i 1 479 

56 e 116 
55 e 198 

(keV) 
d 

98' 
210 

191f 

283S 

116f 

198f 

293s 

a Derived from the tables given in Ref. [12] 
k Obtained from К-X-ray measurements. 
c Directly measured gamma-ray energies. 

Calculated from conversion electron data, 
e Atomic number assumed for calculating the gamma-ray energy listed in column 7. 

Calculated values with the Z assignment specified in column 5. 
8 Calculated using the most probable charge Zp. 

detector. AH spectra shown in Figs 3 and 4 are unsmoothed. Only in a 
few cases a smoothing procedure was applied for analysis of weak lines 
or complex structures. 

In Table I 39 gamma rays have tentatively been assigned to in
dividual fragments. The masses were arrived at by comparing the peak 
intensity in adjacent mass intervals the centres of which differing 
in general by 2 amu. Those masses were selected where the gamma-ray 
lines appearedwith their highest intensity. Many lines occurred 
distinctly only in one mass-sorted spectrum. This fact provides ample 
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evidence for the correctness of the estimated mass dispersion and the 
assumed error of ± 1 amu in the mass assignment. If a gamma-ray peak 
which is now considered to correspond to a single gamma ray turns 
out to be a closely spaced doublet or a triplet, the energy listed in 
Table I refers only to the centroid. In some cases, a gamma line was 
clearly distinguished in one member of the spectrum pair whereas the 
Doppler shifted partner could not be located since in either possible 
position intense lines or complex structures occurred. 
Such lines were not included in the table. 

The most probable charge quoted in Table I for the given frag
ment masses have been derived from the Tables in Ref. /~12J7. For 
comparison, data reported by Bowman et al. /~1 J and by Watson £ 2 J 
for spontaneous fission of 252(jf have also been included in Table I. 
Only those transitions from these measurements have been tabulated 
which may be identified with gamma rays observed in the present ex
periment. Quite good agreement is found both in photon energy and in 
mass assignment. The atomic numbers derived from K-X-ray measurements 
coincide within experimental errors with the most probable charge, 
and the deviation of the Z values used for calculating the transition 
energy from conversion electron data is also at most one unit of 
charge. 

It is worth-while to note that in the spectra belonging to 
fragment masses A > 104 groups of gamma rays with energies between 
250 and 320 keV and around *f00 keV seem to come forward which might 
be identified with the regular structure observed by Johansson /l3_/ 
in measurements of the delayed gamma radiation from fission fragments 
of 252cf. This structure occurred in the mass range 92 to 110 and 
suggested a rotational behaviour giving experimental evidence for the 
existence of a new region of stable deformation in this mass range. 
Unfortunately, the statistics in the present experiment above A=102 
were still too poor to locate the gamma-ray lines with confidence. 

CONCLUSIONS 

The experiment described has successfully demonstrated that the 
various difficulties can be overcome which are inherent in reactor 
experiments for studying the prompt radiation emitted from individual 
fragments in neutron-induced fission. Though the results are still 
too incomplete to allow any definite theoretical conclusions, they 
are encouraging enough to initiate systematic studies of this type, 
thus extending the investigation of primary fragments to mass 
regions which are not covered with sufficient yield in spontaneous 
fission. Meanwhile a new version of the experiment with increased 

9 2 
intensity (neutron flux ~ 10 n/cm sec) and improved system reso
lution has been installed at the reactor FR 2. It is reasonable to 
assume that such studies will reveal important information on neutron-
rich nuclei far off the stability line and, via the properties of the 
nascent fragments, will provide a better insight into the fission pro
cess itself. 
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DISCUSSION 

H. NIFENECKER: Have you measured the mass and energy resolution 
of your fission-fragment detection, making use of the characteristic 
gamma rays you measured? 

F. HORSCH: As you have seen in the gamma-ray spectra of Figs 3 and 
4, the individual lines lie on a relatively high background. Therefore, the 
true intensity distribution of a specific gamma-ray line as a function of 
mass is affected by the background intensity distribution versus mass. 
Nevertheless, we have tentatively plotted such resolution curves, assuming 
a smooth dependence of background on energy for the specific gamma-ray 
line, and we found a mass resolution of about 4 mass units FWHM. 

W. JOHN: I wish to report some studies of the gamma rays from 
isomeric transitions in primary fission fragments from 252Cf. My collabo
rators in this work are J . J . Nesolowski and F . Guy. 

In referring to "isomeric transitions", we have avoided the term 
"delayed", which usually means "after beta decay". Here we are concerned 
with prompt radiation, but with life-times more than a thousand times 
greater than for the bulk of the transitions, or life-times from a few nano
seconds to a few microseconds. 

We have made four-parameter measurements of the isomeric gamma-
rays from spontaneous fission of 252Cf. Figure A is a diagram of the 
experiment. Fission fragments from a thin foil here are detected by Si 
detectors. A Ge diode detects gamma rays from fission fragments which 
have stopped on the left Si detector. Since the fragment is at rest, there 
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FIG. A. Diagram of experimental arrangement. 

is no Doppler shift of the gamma-ray energy. A shield prevents the Ge 
detector from "seeing" the source and defines the fragment emitting the 
gamma ray. The time delay between fission and gamma emission is 
measured by starting a time-to-amplitude converter on the fission pulse 
and stopping on the gamma pulse. The four signals are digitized and 
recorded on magnetic tape for subsequent analysis by computer. Figure В 
is a plot of the relative gamma-ray yield per fragment per nanosecond 
versus fragment mass for three gross time intervals. All gamma-ray 
energies are lumped together. Note that the ordinate is per fragment, i . e . 
the fragment yield has been taken out. The isomeric gamma-ray yield 
peaks strongly in certain mass regions, roughly 92, 97, 110, 128, 134, 
147 and 157. The peaks decay with time with various half-lives. For 
example, note how the shoulder at mass 97 for early times becomes a 
peak later. 

In 1960 Johansson made a measurement of the prompt gammas with 
half-lives of the order of 10"11 sec using Nal. The yield versus mass had 
generally a saw-tooth shape. In 1964 he measured isomeric transitions 
with half-lives of the order of 10"8 s to 10"7 s. The yield was similar to 
what we have shown here. In reviewing Johansson's work, we were struck 
by a correlation between the early and late gamma rays, which has apparently 
escaped notice so far. 
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'CF delayed radiation yield 
i — i — i — i — i — г 

100 110 120 130 140 150 160 
Mass (post-neutron) 

F I G . B . Yield of de layed g a m m a rays versus f iss ion-fragment mass for three t i m e intervals after fission. 

100 110 120 130 
POSTNEUTRON MASS 

FIG.C. Relative gamma-ray yield per fragment versus fission-fragment mass, data taken from 
Johansson, S.A.E., Nucl. Phys. K) (1964) 378, 64 (1965) 147. The vertical dashed lines indicate 
correlated structure between the prompt and delayed gamma-ray yields. 
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In Fig. С we have plotted Johannson's data points. He drew a line 
through the points. The upper curves are the early gammas, the lower 
the isomeric gammas. Valleys in the early yield occur at mass numbers 
where peaks occur in the late yield. The vertical dashed lines are drawn 
at the approximate masses where peaks occur in our own data. In fact, 
the mass scale is designated postneutron from our own work. It was 
necessary to shift the upper curves down by two mass units, which is 
probably within the accuracy of the data. 

J i i i i i i i_ 
90 100 110 120 130 K0 150 160 

PRENEUTRON MASS 

FIG.D. The upper curves ate total gamma tay yields obtained by adding the prompt and delayed yields in 
Fig.C. The lower curves are the number of neutrons per fragment/tom Bowman, et al . 

This correlation suggests that the occurrence of an isomeric transition 
at a given mass simply subtracts from the early yield and adds to the late 
yield. The total yield may then be a fairly smooth function of mass. Since 
the data were only relative, we normalized so that the peaks at 110 and 
130 approximately filled the valleys. This normalization implies that 
~-20% of the transitions are late. We then added the curves to produce 
curves of the total yield shown in Fig. D. 

The upper dashed curve is the total yield; however, since no credibility 
can be placed on the remaining "fine" structure, we have drawn in a smooth 
average curve. Below we plotted the number of neutrons per fragment from 
Bowman et al. The similarity in the saw-tooth curves is very marked. 
Even the curious hump near mass 95 is apparently reproduced by the 
gamma curve. Here the hump is produced by the isomeric gammas. 

Although we find isomeric gammas from nearly every mass, the 
intensity is concentrated on relatively few masses. We can use our multi
parameter data for a more detailed examination. The gamma rays from the 
mass 130 region come predominantly from mass 134 (not doubly-magic 132). 
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FIG.E. Gamma-ray 
spectrum obtained by 
sorting the data for 
fragment mass 134 
events for the time 
interval from 8 to 
72 ns after fission. 
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FIG.F. Gamma-ray 
spectrum obtained by 
sorting the data for 
fragment mass 134 
events for the time 
interval 72-542ns. 
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I will, therefore, illustrate our analysis on mass 134. Figure E is the 
gamma-ray spectrum from 8-72 ns from the mass 134 region. Figure F is 
for 72-542 ns. Note the resolution of the peaks. (The significant data 
extend up to ~ 1. 5 MeV.) Figure G is for t = 542-1942 ns. We can now, if 
we wish, pick out a peak for further analysis. 
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FIG.G. Gamma-ray spectrum obtained by sorting the data for fragment mass 134 events for the time 
interval 542-1942 ns. 

Figure H represents such an analysis for a 297 keV gamma ray from 
mass 134. In the upper left we have counts versus gamma-ray energy to 
determine Ey (296. 8) and in the upper right counts versus mass showing that 
it peaks at 134. Below is the decay curve showing a half-life of 170 ns. 

One of the strong gamma rays from mass 134 has an energy of 1280keV. 
In Fig.I we plot the energy of the 2+ to 0+ ground-state transition energies 
for N = 82 nuclei. Extrapolating to Z = 52, which is believed to be the most 
probable charge for A= 134, we find 1.28 MeV. Therefore it appears that 
our gamma ray is the ground-state transition in 134Te. 

To date we have analysed over 100 gamma rays in this manner. Time 
does not permit me to elaborate; besides, the analysis is continuing. 
However, I would like to emphasize that we have no good explanations for 
the nature of these isomeric transitions. 

Since the fission process populates these states in a unique manner, it 
may be valuable to achieve an understanding of isomerism in fission frag
ments. 
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TABLE A. DELAYED у RAYS FROM FISSION PRODUCTS OF 
THERMAL FISSION OF 235Ua 

E (keV) 
(ДЕ M i 1 keV) 

107 

152 

65 

77 

115 

125 

165 

197 

ll/2 <И 

8.5 ± 0.5 

8.0± 0.5 

80 

30 

20 - 27 

2 

8 - 11 

8 - 9 

Mass number 

89 ± 0,2 

89 i 0.2 

100 ± 2 

100 ± 2 

100 i 2 

100 ± 2 

100 ± 2 

100 ± 2 

Relative yield 

22 

22 

17 

9 

100 

22 

43 

22 

a The intensity of the 115 keV y-transition corresponds approximately to 50% of the chain 
yield of mass number 100. 
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J. UNIK: In connection with Dr. John's observations, I would like to 
say that approximately three years ago at the Argonne National Laboratory, 
we performed virtually the same experiment as described by him and 
observed similar results, particularly in regard to the delayed gamma rays 
originating from primary fragments of mass 134. We further determined 
by examination of the characteristic К X-rays emitted from these fragments 
that the gamma rays assigned to mass 134 can be attributed mainly to the 
element tellurium (Z = 52), as he deduces. 

P. ARMBRUSTER: We looked into isomeric gamma emission with our 
gas-filled mass separator. After a flight time of 1 jus through the separator, 
gamma emission in the time range (1-100) ßs after fission was investigated. 
The following gamma-quanta were found. The mass assignment is 
preliminary. 

K. DIETRICH: I would like to point out a possible implication of 
these measurements, which is probably obvious to many of you. The delayed 
gamma rays may originate from transitions between oblate and prolate 
states of the fission fragments. They could thus indicate the existence of 
excited states of oblate shape in medium heavy nuclei. In my view, there
fore, these experiments provide extremely interesting information. 
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MASS D E P E N D E N C E OF ANISOTROPY 
AND YIELD O F P R O M P T у - R A Y S 
IN 2 3 5U T H E R M A L FISSION 

P. ARMBRUSTER, F. HOSSFELD, H.LABUS, K. REICHELT 
Institut für Festkörper- und Neutronenphysik, 
Kernforschungsanlage Jülich, 
Federal Republic of Germany 

Abstract 

MASS DEPENDENCE OF ANISOTROPY AND YIELD OF PROMPT /-RAYS IN 235U THERMAL 
FISSION. The yield of prompt у-rays and the anisotropy of the angular correlation, у-ray versus fission 
product, have been measured. A time-of-flight and energy measurement on single fragments gives the 
mass, y-rays emitted in flight are observed in the time interval of 3 x 10"12-2 X 10"10s after fission through 
a slit collimator of adjustable width. Only those у -rays emitted by the fragment the mass of which is 
detected in the time-of-flight energy spectrometer are recorded, у-rays are detected in the energy range 
between 0.1 and 1.5 MeV by plastic scintillators for angles of emission of 30", 90° and 150°. 

1. INTRODUCTION 

Information on the breaking of the nucleus in the final stages of fission 
may be gained by studying the properties of fission fragments. Besides 
the well-studied quantities as primary mass, primary charge, kinetic 
and excitation energy, there is a further quantity which gives only little 
information but which seems to be of equal interest for the breaking 
process: the primary angular momenta of the virgin fission fragments. 
The absolute size of the angular momenta determines the distribution 
of the excitation energy between prompt neutrons and prompt y-quanta. 
An alignment of the angular momenta shows up in the angular distribution 
of the emitted Y-quanta. 

The average values of the 7-energy, the number of 7-quanta, and the 
anisotropy of 7-emission have been interpreted qualitatively as an emission 
from nuclei with rather high values of spin (I ~ 10 h) aligned perpendicular 
to the fission axis [1,2] . The alignment of reaction products is a general 
property of heavy-ion reactions and must hold true for fission fragments 
according to both the dynamic liquid-drop-model calculations of Nix and 
Swiatecki [3] and recent calculations of Rasmussen et al. within their 
molecular model of fission [4] . A complete alignment being assumed, 
the anisotropy of 7-emission may be regarded, under certain further 
assumptions to be discussed later, as a measure of the angular momentum 
[5] . On the other hand, the multiplicity of 7-emission depends on the 
initial spin value and excitation energy of the 7-emitting nucleus, as 
7-quanta have to carry off the high angular momenta [6] . The multiplicity 
of 7-emission has been shown to depend strongly on the nuclear structure 
of the fission fragments [7 ,8 ] . A similar dependence may be expected 
for the anisotropy of 7-emission. 

Two methods of measuring the number of prompt 7-quanta emitted 
from single fragments are known. The first method applied by Johansson 
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uses the fact that y-emission is delayed by 10-12 - 10-10 s and fission frag
ments move with a velocity of 109 cm/s [7] . A geometrical separation 
on the y-emission from the two fragments becomes partly possible by 
observing the 7-emission from fragments in flight through a collimator 
system with an aperture corresponding to the distance between the frag
ments, when they emit the bulk of their y-quanta 10"3 - 10_1 cm. A second 
method uses the relativistic change of the solid angle between source and 
detector for systems emitting in flight to obtain the number of y-quanta 
from single fragments [8]. This method supposes that all y-quanta are 
emitted in flight. It gives the total number of all y-quanta independent 
of the emission time whereas the collimator method is restricted mechanic
ally to emission times longer than 5 ps. 

The anisotropy depending on the mass ratio of a fragment pair may be 
measured by using a pair of solid-state detectors and an angular correla
tion set-up [9] . To our knowledge, there is no measurement of the 
anisotropy depending on the fragment mass. In the following a set-up 
is described, which combines an angular-correlation measurement 
with the collimator technique introduced by Johansson, and which may 
be used to measure the mass dependence of the anisotropy for y-quanta 
emitted in times longer than 5 ps, the mass ratio dependence of the 
anisotropy for all y-quanta, and the number of y-quanta by both methods 
mentioned. The experiment has been planned to establish experimentally 
the close connection between the multiplicity of y-emission and anisotropy, 
as both quantities are governed by the primary angular momentum of the 
fragment. 

Two simplified models of deexcitation of a fragment have been 
discussed in the literature, and calculations within these models have 
been published [5, 10] . 

The high spin of the fragment may be reduced by a stretched cascade 
of y-quanta. The spin change per y-quantum emitted is then given by the 
multipolarity of the radiation emitted. The initial spin is given by the sum 
of the multipolarities of all y-quanta emitted. The anisotropy of the 
y-emission depends only on the multipolarity, and not on the value of the 
initial spin. Within this model, the multiplicity of y-emission assumes 
a given multipolarity of the radiation, for example, mainly E2, a direct 
measure of the initial spin; the anisotropy, however, is independent 
of the initial spin, and cannot be used to provide information on the quantity 
of interest, the initial spin. The model gives an upper limit of the initial 
spin values [10] . 

In a second model of deexcitation, the level density of the excited 
nuclei to be described within the statistical model governs the deexcitation. 
Within this model there is no direct way to calculate the initial spin from 
the multiplicity, since many cascades of deexcitation depending on the 
nuclear structure of the fragment are open. The anisotropy of y-emission, 
however, is simply connected with the initial spin. If the initial spin of 
a fragment is higher than the average spin of all its excited states at a 
certain excitation energy given by the spin-cut-off parameter of the 
level-density formula, but not larger than the square of this value, then 
a formula first derived by Strutinsky holds. The angular distribution of 
y-radiation emitted in flight is given by 

WL(tf) = 1 +kL(I/a2)2 sin2tf +2ß costf (1) 
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where kL is a factor depending on the multipolarity, кг - 1/8, k2 = -3/8, 
I is the initial spin, a the spin-cut-off parameter, -0 the angle between 
7-quantum and fission axis, and ß the velocity in units с = 3 X 1010 cm/s . 
The second term takes only account of the relativistic change of the solid 
angle rather than of the relativistic change of energy. 

A multipolarity of mainly L = 2 and well known values of the spin-
cut-off parameter being assumed, the initial spin may be calculated 
from the measured anisotropy [5] . 

Since a and kL are in any case slowly varying functions of the frag
ment mass, a strong mass dependence of the anisotropy means, that the 
initial spin of the fragment depends strongly on the nuclear structure of 
the fragment. The stretched cascade deexcitation mechanism will not 
largely contribute to the deexcitation. The measurement of anisotropy may 
be interpreted as a means of measuring primary spins of the fragments, 
or, at least, as a means to decide between a statistical or stretched cas
cade deexcitation mechanism. 

2. EXPERIMENTAL SET-UP 

A 235u fission product source generated in a thermal neutron beam 
leaving the reactor FRJ-2 vertically is surrounded by four -y-detectors 
and four fission product detectors arranged in circles in planes per
pendicular to the neutron beam. The source is a UF4-layer (1 mg/cm2) 
on a scintillating backing. The scintillations from fission products stopped 
in the backing are registered by a photomultiplier seeing the source via 
a mirror system and generating pulses to start two time-to-pulse height 
converters. The time-to-pulse height converters are stopped by signals 
from the four fission product or four -/-detectors, i .e . the time-of-flight 
of fission products or of т-quanta and prompt neutrons, respectively, 
is measured. 

The fission product detectors are silicon surface barrier detectors 
with an active area of 400 mm2 . They measure the energy of the fission 
products and produce the abovementioned fast stop signal for the time-
of-flight measurement. The flight path of the fission fragments is 20 cm. 
Time-of-flight and energy of a detected fission product are registered and 
used to determine its mass. 

A mass determination by a time-of-flight and energy measurement 
is not restricted as severely by the target thickness as a mass determina
tion by an energy measurement of the two complementary fission products. 
The flight paths provide a natural definition of the direction of flight, 
necessarily needed for any measurement of angular correlation. A 
mechanically stable source with a well-defined surface makes possible 
an adjustment of the source position within a few hundreds of a millimeter. 
The accuracy of the source positioning contributes decisively to the ac
curacy of the time measurement of 7-emission. 

7-emission in the directions 30°, 90° and 150° relative to the direction 
of flight of a fragment is observed. To achieve the highest possible de
gree of symmetry in the experimental arrangement, a system of eight 
detectors, four Y-detectors and four fission-product detectors has been 
chosen, each of them having geometrically the same surroundings of 
detectors. The y-detectors are plastic scintillators of 5 cm thickness. 
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T h e t i m e - o f - f l i g h t d i f f e r e n c e b e t w e e n f a s t n e u t r o n s a n d y - q u a n t a f r o m the 
s o u r c e to t he 7 - d e t e c t o r s a l l o w s a d i s c r i m i n a t i o n b e t w e e n p r o m p t n e u t r o n s 
and y - q u a n t a . A q u a n t i t a t i v e s e p a r a t i o n of p r o m p t n e u t r o n s and y - q u a n t a 
h a s b e e n a c h i e v e d . 

FIG. 1. Experimental set-up used to measure anisotropy and yield of prompt у -emission. The figures 
refer to 1) steel collimator, 2) target holder and fine adjustment, 3) neutron beam exit window, 4) Si-
surface barrier detector, 5) у-ray exit window, 6) lead shield, 7) plastic scintillator у-detector, 
8) 56 AVP photomultiplier, 9) source adjustment, 10) mirror, 11) vacuum flange, 12) neutron beam 
entrance window, 13) neutron beam collimator, 14) neutron beam shutter. 

T h e y - d e t e c t o r s o b s e r v e t he f i s s i o n s o u r c e t h r o u g h a c o l l i m a t o r 
s y s t e m c o n s i s t i n g of two p a r a l l e l 3 c m t h i c k , 40 c m d i a m e t e r s t e l l p l a t e s . 
T h e d i s t a n c e b e t w e e n t h e p l a t e s m a y b e a d j u s t e d w i t h i n 1 c m a n d 5 X 10" 3 cm 
w i t h a n a c c u r a c y of a few h u n d r e d s of a m i l l i m e t e r . T h e s o u r c e a n d i t s 
m e c h a n i s m for a d j u s t m e n t a r e put i n s i d e a c e n t r i c ho l e in t h e s t e e l c o l l i 
m a t o r . T h e s o u r c e i s m o v e d r e l a t i v e to t he у - c o l l i m a t o r in o r d e r t o e n a b l e 
o b s e r v a t i o n of e i t h e r f ly ing o r s t o p p e d f r a g m e n t s . S o u r c e a n d m i r r o r , 
f i s s i o n - p r o d u c t d e t e c t o r s , and t h e c o l l i m a t o r a r e m o u n t e d in a v a c u u m 
c h a m b e r , e v a c u a t e d in o r d e r to p r e v e n t e n e r g y l o s s e s of f i s s i o n p r o d u c t s 
on t h e i r w a y to t h e i r d e t e c t o r s . T h e s o u r c e p o s i t i o n a n d t h e c o l l i m a t o r 
w id th a r e a d j u s t e d and c h a n g e d f r o m o u t s i d e t h e c h a m b e r w i thou t b r e a k i n g 
t h e v a c u u m . F i g u r e 1 s h o w s t h e v a c u u m c h a m b e r a n d ' o n e of t he fou r 
y - d e t e c t o r s . 

T h e e l e c t r o n i c s u s e d to r e g i s t e r t i m e - o f - f l i g h t a n d e n e r g y of t h e 
f r a g m e n t s , t h e e n e r g y of t h e y - q u a n t a , and the d e t e c t o r c o m b i n a t i o n of 
t h e o b s e r v e d f i s s i o n - p r o d u c t p r o m p t - y - q u a n t u m c o i n c i d e n c e a r e s h o w n 
in F i g . 2 . T h e f o u r - p a r a m e t e r e v e n t s a r e r e c o r d e d even t b y e v e n t on 
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paper tape. An event is recorded only if one out of the four fission 
products and one out of the four y-detectors have received signals within 
the coincidence resolution time, and if the signal registered in the y-detector 
fulfils the flight-time discrimination criterion against fast neutrons. The 
large anisotropy of prompt neutron emission makes a quantitative 
discrimination against fast neutrons necessary. Figure 3 gives a time-
of-flight spectrum of the counts detected in the y-detector measured with 
a 50 cm flight path. A characteristic fission-product mass spectrum 
obtained with a 20 cm flight path may be seen from Fig. 6. The mass 
resolution amounts to about 10% and is by far inferior to the resolution 
obtained with longer flight paths or the two-detector technique. Figure 4 
shows the time resolution of the collimator system. Depending on the 
position of the target the y-quanta seen through the collimator are either 
emitted by both fragments or only by one of them. An enrichment of 
y-quanta may be achieved either for quanta emitted from flying or from 
stopped fragments. 

A combination of 16 different pairs of a y-detector and a fission-
product detector is possible. The rates of these 16 pairs are registered. 
Eight pairs give the intensity at 90°, four at 30° and four at 150° relative 
to the direction of flight of the fragment. 

Measuring at angles •O and n --Ö is advantageous in that all anisotropics 
from relativistic effects cancel in pairs. All these anisotropies are equal 
in size but different in sign for angles ü and ir -1). Small differences in 
solid angle and detection efficiency of the detectors cancel as well, as 
each y-detector is, relative to each fission product detector, twice a 90°-, 
once a 30°-, and once a 150°-detector. 

Besides the abovementioned symmetry of our detector arrangement, 
an intensity increase by a factor of four is obtained relative to an ar
rangement with only one fission-fragment detector. Intensity problems 
are of major interest. A relative accuracy of 10% in the anisotropy coef
ficients which themselves are of the order of 10%, needs a counting rate 
of 104 for each subgroup the anisotropy of which is to be determined. 
The high mass resolution to be obtained in a double energy measurement 
is of no use unless the counting rates for each subgroup are, at least, 
104. Our thick target technique with low mass resolution and y-energy 
resolution gives at a collimator width of 5 X 10"2 cm, looking at both 
fragments, counting rates of 5/min for all detector pairs. The thermal 
neutron flux at the source amounts to 5 X 108 s"1 cm"2 and cannot be in
creased decisively for any beam of our reactor. 

3. MEASUREMENTS 

The coincidence rates nLKof the 16 combinations of y-detectors and 
fission product detectors have been measured. The coincidence rates have 
been corrected for the detection efficiencies and solid angles of the counters 
by calculating relative values of these quantities directly from the measured 
rates. The relative detection efficiency of a counter L is given by 

LK К = 1,2,3,4 
q, = r-^v with 

X X n i* L= 1,2,3,4 l L K 

L К 
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ЩнП ЩнП Is^Jl [STHTI 

I.D. Integral-Discriminator AJXC Analog-Digital- Convtrttr 

Si-Hl. Silicon -Htavy-Ion-Otfktor S.Ch.A.Singlt-Channtl-Anatyfr 

IRC. Timo-Amptitudt Conwlw SD.O. eatt-Dtlay-Gentrator 

FIG. 2. Electronic equipment used to measure anisotropy and yield of prompt у-emission. 
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F r o m the r a t e s nLK the re la t ive numbers of т-quanta Щ-5, М , Е ) emitted 
from the source a r e calculated for the different detector combinations 
cha rac te r i zed by fixed angles between the coun te r s : 

Пц;(т>, M,EY ) 
N(i>,M,E ) = 

q L q K 

1+p 
[Gx(t) p( l + e1cos i i+a 1 ( t ) s in 2 0)+G 2 ( t ) ( l - e ^ c o s t f + a ^ t ) sin2iJ)] (2) 

1000-

500-
prompt neutrons 

, prompt y-Radiation 
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tlnsecJ 

• tCnsecJ 

FIG.3. Time-of-flight spectrum of events recorded in the y-detector. The good discrimination between 
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with G ;(t) being number of y-quanta emitted from a fission product at t ime t. 
The indices 1 and 2 r e fe r to m a s s M and the complementary m a s s (A - M ) , 
respec t ive ly , p is the factor giving the enrichment of fragments of mass 
M, if a col l imator is used, aj(t) i s the anisotropy coefficient and e{ = (2 + r)/3; 

the re la t iv i s t ic 0°/90° anisotropy, ß = v / c of the fission fragment. The 
factor 2 a r i s e s from the re la t iv is t ic sol id-angle var ia t ion, r takes account 
of two further re la t iv is t ic effects. The number of y-quanta surpass ing an 
electronic threshold and the absorption efficiency change if the energy of 
the quanta is changed. Both quanti t ies contribute to the re la t iv is t ic an iso
t ropy. With a threshold of 50 keV and an average spec t rum of prompt 
7-quanta r is equal to -0 . 15. 

/3(t) dt 
1 + T / t = J3f 

gives the average values of ß for fragments stopped in the backing. T is 
the average half-life of the prompt т -quanta , t e x a cha rac te r i s t i c stopping 
t ime depending on the stopping power S. t£X(ps) = 1.23 k-i(mg/cm2)p"1A1 '2(ps) 
with к from S = к N/ET In the plast ic scint i l la tor backing t e x amounts to 
1. 6 p s . The stopping t imes vary for low- and h igh-a tomic-number m a 
t e r i a l s between 1 . 6 - 0 . 5 p s . 

N(•0) has been measu red at th ree ang les . F r o m these three measured 
r a t e s t h r ee quanti t ies have been derived for further evaluation: 

N< = T Ni(rt) +Ni(jr - 0) + 2 N ^ | 

. R - N J W - Nt(ar - * ) 

Ni(i>) + Щ{* - -0) - 2 N j ( £ 

Ni(tf) + Ni(jr - -a) + 2 N j f f 

(3) 

In Table I equations connecting N,, A f , and A^ with the quantit ies 
of in te res t have been compiled. The cases of no enrichment (p = 1-
measu remen t without col l imator) , of high enr ichment (p -> oo-view on the 
üying f ragments and p -» 0-view on the backing), and of any enr ichment 
a r e compared . The quantity у is the ra t io of the prompt т -y ie lds of f rag
ments of m a s s M and m a s s (A - M). 

A m e a s u r e m e n t demonstra t ing different degrees of enr ichment is 
shown in F ig . 5. The an iso t rop ies given have been measured with \> = 30° 
but have been plotted a s values for the genera l ly used angles i> = 0°, 
IT/2, and jr. The re la t iv i s t i c anisotropy i nc r ea se s with increas ing de
g r e e of enr ichment . 

In the following, exper iments with our se t -up , possible and a l ready 
done, will be discussed according to a measu remen t of the three quanti t ies 
N ; , A? , and A N . 



TABLE I. COMPILATION OF EQUATIONS CONNECTING THE EXPERIMENTALLY 
DETERMINED QUANTITIES Nj , A* , A N D A f . 

mtasurtd ^ s P 
quantity > ^ 

N, 

" , 

< 

< 

A: 

N 

+ 0 
t > tips 

p 0,10*0*«) 
P*' 

6,(1) +PGJ1) 
P+1 

py*i 

e , P - / , Y e , j 
У+Р 

YP <*«•<*, „ л 
2(py+t) 

2(У*р) 
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1) N\: 

F r o m the value of N ; the 7-yields a r e obtained. A measu remen t with 
no col l imator (p = 1) gives the average yield depending on the m a s s ra t io 
and 7-energy . A measu remen t with col l imator gives the m a s s dependence 
of the 7 -yield a s a function of t ime . With no view on the backing the clean 
7- radia t ion from one fragment G ;(t) is seen. F igure 4 shows the total 
counting r a t e for different source posi t ions. The average emiss ion t ime 
for the component separa ted by the col l imator amounts to 8.5 + 1.5 p. s. 
The re la t ive 7-yield for this component is plotted in F ig . 6. Fo r compar ison 
the re la t ive yield for the case of no enr ichment is given. This yield is 
the average yield from both f ragments . It does not depend on the m a s s 
r a t io , whereas the m a s s dependence of the 8. 5- ps-component s e e m s to be 
ve ry s t rong . The agreement of our investigation of 235U 7-yields with the 
investigation of 257Cf spontaneous fission 7-yie lds repor ted by Johansson [7] 
is good. 

2) A.R: 
1 

The re la t iv i s t ic an iso t ropies Aj and A2 for a pai r of complementary 
fragments allow us to de te rmine the enr ichment factor p, the m a s s de 
pendence of the yield r a t io 7, and the m a s s dependence of the average 
emiss ion t ime of al l 7-quanta in fission if this t ime is of the o rde r of the 
stopping t ime . The re la t iv i s t ic anisot ropies is the case of p = 1 give the 
ra t io of y ie lds , and an average value of the emiss ion t ime T. Our measu red 
values averaged over the l ight- and heavy-f iss ion-product group a r e with 
p = 1, A\ = 3.0 + 0. 5% and A* = 0.3 ± 0.5%. These values give Gx/G = 
= 57 ± 5% and T = 2.0 + 1 . 0 p s . Light fragments emit a slightly higher 
number of 7-quanta than heavy f ragments , in accordance with m e a s u r e m e n t s 
r epor t ed ea r l i e r [11, 12] . The average emiss ion t ime is much sma l l e r 
than the t ime measured with the col l imator technique. Bes ides the radiat ion 
observed with the col l imator technique there s e e m s to be another con t r i 
bution to the prompt emiss ion with an emiss ion t ime of ~ 2 ps . L o w - m a s s -
number stopping m a t e r i a l s with long stopping t imes a r e advantageous for 
the observat ion of this short component. The effect of emiss ion in flight 
in solids has a l r eady been discussed by Skarsvag but not exper imenta l ly 
observed as a platinum s topper with stopping t imes of 0.4 ps has been used. 
A measu remen t with a high enr ichment factor of flying fragments is a good 
means of testing the exper imenta l se t -up as the value of Af approaches 
the known full re la t iv i s t ic anisotropy е ; ( r ight-hand side of F ig . 5). A high 
enr ichment factor of fragments stopped in the backing (left-hand side of 
F ig . 5), which is exper imental ly difficult to r ea l i z e , would give the average 
emiss ion t imes a s a function of m a s s . 

3) Af : 

The nuclear anisot ropy A^1 has been measu red with no enr ichment 
(p = 1). The anisotropy averaged over both f ragments , that is the an i so 
tropy as a function of m a s s r a t io , is plotted in F ig . 7. No s t rong m a s s 
dependence has-been observed . The exper imental values of Aj1 and A2 
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FIG. 7. Nuclear anisotropy of a fragment pair as a function of mass. The experimental values for comple
mentary masses must be identical. 

have to be identical, a criterion fulfilled within the statistics. A measure
ment of the time dependence of the anisotropy for single fragments is ob
tained with an enrichment of either flying or stopped fragments. Both 
measurements give the same result, but as the latter is experimentally 
much more difficult, the experiment is done with an enrichment of flying 
fragments only. Unfortunately, Fortuna has left the experimentalists 
shortly before the Conference and, therefore, we cannot present results 
on the nuclear anisotropy depending on the fragment mass as we had 
originally intended to do. The average value of the anisotropy of all 
fragments amounts to 5 = 13. 5 ± 1. 1% in agreement with former experi
ments [13,14]. 

Assuming quadrupole emission and a = 5.0 [15] a value of I = 15 is 
obtained from Eq.(l) . This simple evaluation has to be taken as an inter
pretation within a model which might not be realized in physics as simply 
as we think. If dipole radiation contributes considerably to the prompt 
7-radiation, which is compatible with the emission times, and if a con
siderable amount of stretched cascade deexcitation occurs, then the ob
served value of the anisotropy must be interpreted as a mixture of aniso
tropics of L = 1 and L = 2 radiation not described within the statistical 
model. 
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DISCUSSION 

С SYROS: I would first like to point out that the general remarks of 
Dr. Armbruster concerning the multipolarity of the gamma radiation 
emitted by fission fragments correspond to the theoretical result that rota
tional states, even with higher angular momenta, are populated'more 
easily at the saddle point than vibrational states. 

As regards the angular distributions and particularly the relativistic 
anistropy, I would like to ask whether there is an appreciable difference 
between the accuracy obtained and the effect in question. I have just seen 
the results obtained by Professor Fong on the fission fragment velocities, 
which show that in the most favourable cases - relatively small fragment 
masses and higher energies - the ratio V/c does not exceed 0.03. Could 
you please comment on the significance of the observed anisotropy of the 
relativistic effect? 

P. ARMBRUSTER: The fragments are accelerated to this final speed 
in about 10"20 ns. Gamma-emission is too slow a process to occur in 
these times. All quanta are emitted later from fragments at full speed 
(f~4%). 

W. NÖRENBERG: I wish to make a comment on the calculation of spin 
distribution of fragments in fission. Rasmussen, Mang and myself (to be 
published in Nucl.Phys. (1969)) have studied the bending mode in the mole
cular model of fission in the special case of 239Pu(n,.h> f). By expanding the 
bending mode function into spin eigenfunctions, we obtain for the fragment 
spin a mean value of about 7ft. This calculated value is only about half 
the value you have obtained from experiment. Can you comment on this 
discrepancy? 

P. ARMBRUSTER: The values of initial spins from anisotropic 
measurements depend on the model which is used for this evaluation. In 
the early stage of our knowledge of the de-excitation mechanism of fission 
fragments, we should not rely excessively on the absolute values of the 
spins we obtain. I would not definitely state that there is no agreement 
between spin calculation and the experiments. 

H. NIFENECKER: There is some evidence that the energy carried 
away per neutron is greater than the 6. 6 MeV value. One would expect 
there to be competition between neutron and gamma emissions even at very 
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high excitation energies. For that to be possible about 10% of the gamma 
rays would have to be emitted in a very short time. Is this compatible with 
the experiments? 

It would also be interesting to know if the energy carried away by 
gamma rays varies with the total kinetic energy of the fragments of the 
fission mass. 

P. ARMBRUSTER: The measurements carried out recently at OakRidge 
National Laboratory by F. Pleasonton et al. may be analysed for gamma 
energy and gamma yields, depending on mass and kinetic energy of the 
fragments. These data may give an answer to your question how the energy 
is distributed between gamma-quanta and prompt neutrons. 

R. VANDENBOSCH: With regard to the large angular momentum you 
have deduced, and the discrepancy with theory mentioned by Dr. Nörenberg, 
I should like to remark that on the basis of isomer ratios we deduced an 
angular momentum of about 8 h, which is more in accordance with what one 
would expect. 

I agree with you that there are difficulties in the statistical model 
calculations, but this applies to both isomer ratios and anisotropies. 
I believe the key element in our analysis was the use of parameters which 
successfully reproduce isomer ratios in reactions for which the initial 
angular momentum is known. I would suggest that a similar approach be 
applied to the anisotropy measurments. 

E. HAGEB^): I would like to stress the point that isomeric yield ratios 
are measured for single isolated nuclides and one should be careful in 
generalizing such results in order to make them valid for all fission products. 

The gamma rays may also come preferentially from selected nuclei and 
thus may not represent all fission fragments of each mass equally well. 

The latter remark should also apply to the experiment of Nifenecker et al. 
on neutrons, since the variations in X-ray yield along a chosen Z-value may 
pick only one or a few of the isotopes. 

P. ARMBRUSTER: As long as the gamma-energy emitted from the 
fragments is of the order of a few MeV we assume that no such selection 
occurs. 

E. HAGEBp: I meant that the gamma-ray emission itself may select 
the nuclei for you. 

P. FONG: When I wrote my doctoral dissertation 16 years ago, I 
concluded from the statistical theory that the nascent fission fragments 
are expected to have a probability distribution in the spin values with a 
most probable value of about 10. (The dissertation is now published in 
P. Fong, Statistical Theory of Nuclear Fission, Gordon and Breach, 
New York (1969); see p. 34.) The value is so large that the distinguished 
members of the dissertation committee were rather unhappy and asked many 
questions. It is gratifying to know that eventually after so many years 
experimental evidence supporting the prediction of high-spin values is 
forthcoming. 
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Abstract 

ANGULAR DISTRIBUTION OF GAMMA RAYS FROM THE FISSION OF ZS5U INDUCED BY 14-MeV 
NEUTRONS. Experiments are reported which were performed to study the angular distribution of the gamma 
radiation following fast-neutron-induced nuclear fission. The investigations were, in particular, focussed on 
the influence which the angular momentum imparted to the compound nucleus by the fast neutrons has on 
the angular distribution of the y-rays. 

The fission of 235U is induced by 14-MeV-energy neutrons from the T(d, n) a reaction. The fission 
fragments are detected by a gas-scintillation counter filled with a mixture of Ar and Ni gases, the 
y-rays by 5 cm X 5 cm Nal(Tl) crystal with an energy threshold of 120 keV. The intensity of the y-rays 
is measured at 90° and 174° to the direction of fragment motion. 

The flight times of fission neutrons and y-rays are measured with a 20-ns overlap-type time-to-pulse 
height converter while the background was covered simultaneously with another converter delayed with 
respect to the former. The signals from both converters are analysed by a multichannel analyser with divisible 
memory. The flight path, which is chosen to be about 70 cm, makes it possible to separate the neutron from 
the gamma counts. The geometry is designed to keep the direction of the outflying fission fragments nearly 
the same as that of the incident fast neutrons. In this way the angular momenta of the fast neutrons aie normal 
to the flight path of the fragments. 

The measured gamma intensities are extrapolated to 180° on a computer using Strutinski's formula 
n(S) ~ 1 + В sin .9. On transformation of the measured data from the laboratory system to the system of 
fragments the anisotropy is found to be A = 1(180°)Л (90°) = 1.33 ± 0.05. The main angular momentum 
of fission fragments is calculated from the anisotropy as 15 h units. 

As compared with the thermal-neutron-induced fission the present results indicate an additional 
contribution from the angular momentum of the compound nucleus to the anisotropy of the angular 
distribution attributed to the effect of the angular momentum imparted to the fission fragments by non-
collinear scission. 

1. INTRODUCTION 

The angular and energy distributions of the prompt gamma rays from 
the fission process are of particular interest because of the information 
they give about the fragment angular-momentum distribution and its role in 
the not yet fully understood mechanism of fission. 

For thermal-neutron-induced, as well as for spontaneous nuclear 
fission, the angular distribution of the prompt gamma rays relative to the 
direction of fission fragment motion has already been analysed by several 
authors [1-11]. The 10-15% excess intensity of the gamma radiation in 
the direction of fragment motion is generally attributed to the relatively 
large angular momenta imparted to the fission fragments as a result of 
non-collinear scission. The data of the angular distribution of prompt 
gamma rays measured relative to the axis of fission permit the average 
value of the fragment angular momentum to be estimated. 
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562 JEKI et a l . 

The estimations based on experimental data with the use of approxi
mate values of nuclear temperature and moment of inertia give 5-10 n for 
the average fragment angular momentum in the case of quadrupole radiation. 

Investigations of the anisotropy as a function of gamma energy showed 
a decrease in anisotropy at higher gamma energies [3, 9, 11]. 

Angular-distribution measurements on gamma rays from fission induced 
by particles of higher than thermal energies involving larger angular mo
mentum transfer have not been reported, as yet. The aim of the present 
experiments was the investigation of the changes caused in the angular 
distribution of the gamma radiation by the larger angular momentum im
parted by fast neutrons to the compound nucleus in the direction normal to 
that of fragment motion. In fast-neutron fission, the average number of 
emitted neutrons increases as compared with slow-neutron fission because 
of the higher excitation energy, but the evaporation of neutrons from the 
fission fragments does not involve any appreciable loss of angular momen
tum. The estimated maximum angular momentum imparted by 14-MeV 
neutrons («* 8 ft) is expected to lead to a considerable change in the average 
fragment angular momentum which should be reflected by the angular 
distribution of the prompt gamma rays. 

2. EXPERIMENTAL ARRANGEMENT 

14-MeV neutrons were produced by a T(d, n) a reaction. The angular 
distributions were measured with the equipment depicted schematically in 
Fig. 1. The U-target, enriched to 96% in 235U, 25 cm2 in surface and of 
2 mg/cm2 thickness, was mounted at 6.5 cm from the tritium target. 
Under these conditions, the solid angle of the U-target was ±20° for the 
direct neutrons. The fission fragments were detected by a gas scintillation 
counter. Thei collimator prepared from thin Al-foil, which delimited the 
direction of fission-fragment motion within the gas scintillation detector to 
an accuracy of ± 20°, was mounted directly on the U-target. A mixture of 
80% argon and 20% nitrogen gas, kept at a pressure of 1 atm was used in the 
gas scintillation counter. The gas was let into the air from the scintillation 
chamber. In this way, the complicated processes of gas purification could 
be avoided and the gas could be kept free from possible contamination. The 
choice of a gas scintillation counter prevented counting other than fission 
events, in spite of the large background contribution from fast neutrons 
and gamma radiation. The fission gamma rays were detected by a 
5 X 5 cm Nal(Tl) scintillation counter mounted at 55-70 cm from the 
U-target, as determined by the relative position of the fission detector. 
This distance made it possible to separate the gamma and neutron counts 
with respect to flight time. 

In the fast-slow coincidence system the fast pulses from the fission and 
gamma ray detectors were taken to three time-to-pulse height converters, 
each covering an interval of 30 ns, operating on the principle of overlap and 
delayed by 15 ns relative to one another. The background was measured 
by the coincidence counts between converter 1 and coverter 2 (master 
converter) while the coincidence counts between the master and converter 3 
simultaneously measured the background and the effect pulses. Each of the 
measuring intervals was set to a duration of 20 ns by the pulse-height 
discriminators coupled to the converter outputs. The threshold energy of 
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FIG. l . Schematic diagram of the experimental arrangement. 

the gamma ray detector was determined by the sensitivity of the master 
converter and checked with the use of the 120 keV line from 75Se. The 
output pulses from the master converter which coincided with pulses from 
both converters were suppressed. The 512 channel analyser was gated by 
a three-channel coincidence-anti-coincidence unit driven by the output 
pulses from the discriminator of the fission fragment detector, from the 
"OR" gate for coincidences and from triple coincidence events. The dis
criminator level of the fragment detection was set to accept only pulses 
generated by true fission events. 

The preset scaler of this discriminator triggered the automatic change 
of angle after a preset number of fission counts and prevented the analyser 
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from operating duringthe change of angle. The ratemeter and level re
corder controlled by the output pulses from the preset scaler permitted 
the stability of the neutron yield, the number of angular changes 
and the life-times of the measurement to be observed. Since the gamma ray 
detector had to be kept in a fixed position because of the heavy lead shielding, 
the angle between the directions of fragments and gamma rays was varied 
by changing the position of the fission detector. The change in solid angle 
caused by this procedure was measured with the use of a 137Cs-on-aluminium 
backing of the same size as that of the U-target and prepared specially for 
this purpose. 

3. RESULTS 

The intensities of the gamma rays at 90° and 174° relative to the 
direction of fission fragment motion were measured for a life-time of more 
than 900 h. Because of possible fluctuations in the neutron generator and 
electronic levels, the angle of detection was changed all 20 min and the 
results were printed and checked all 24 h. The effect and background counts 
were summed separately for either angle, and the angular distributions were 
evaluated from the "pure" counts in the two gamma peaks and corrected 
for the solid-angle factor. 

The intensities measured at two angles were fitted by the method of 
least squares to the formula 

I(tf) ~ 1 + В sin2(i>) 

and extrapolated to 180°. The value of the anisotropy was found to be 
A = I(180°)/I(90°) = 1.27 ± 0.05. The error of this value was estimated 
from the statistical er ror of the measured data. Upon applying the 
corrections for emission from flying fragments, using the method de
scribed in [10], the anisotropy in the centre-of-mass system of fragments 
is A=1.33 ± 0.05. 

In terms of Strutinsky's theory the parameter В used in the above 
formula is given as 

в • Ч ( # ) ! 

where kL = - 3/8 in the case of quadrupole radiation, j is the average 
angular momentum of fragments, I = 2/5 mr0

2 A5'5 is the moment of inertia 
of fragments (m = the nucleon mass, A= 117, the average number of nucleons 
per fragment and r0 = 1.3 fm) and T = 0. 4 MeV, the nuclear temperature of 
fragments upon neutron emission [3]. If we use the above expression for 
B, we see that the observed anisotropy requires an average fragment 
angular momentum of about 15 fi. 

Comparison with the results obtained for thermal-neutron fission 
shows an increase in the anisotropy of the angular distribution of prompt 
gamma rays which seems to be due to an additional contribution from the 
angular momentum of the compound nucleus. 
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Abstract 

DELAYED NEUTRONS IN FISSION. A survey is given of the recent work on delayed neutron emission 
from fission products. The experimental, phenomenological and theoretical aspects are reviewed briefly and 
discussed in the light of the systematics of fission and nuclear structure. 

1. INTRODUCTION 

The relationship between the topic of this talk, which is "Delayed 
Neutron Emission", and the subject of this symposium, which is "Fission", 
is a genetic rather than a conceptual one. The main connection is that 
so far the fission process happens to be the best source for producing 
medium weight nuclides with a high neutron excess, where delayed neutron 
emission is abundant. The bearing of fission on the phenomenon of 
delayed neutron emission is thus mainly indirect, via the nuclidic yields 
and distributions.which depend of course on the mechanism of the fission 
process, fission systematics and the de-excitation processes of the 
fission fragments. However, this relation should not be pressed too far, 
either as an argument for motivation, or otherwise. 

In this respect, I would like to touch on a point of terminology. 
Neutrons emitted in fission are divided into three types according to the 
time scale of emission. The first type includes the Scission (or Central) 
Neutrons. These are emitted at the instant of scission and can be 
regarded as really prompt neutrons. Then, -vlO--^ sec after scission, 
when the highly deformed fission fragments are far apart and fully 
accelerated, de-excitation by neutron emission takes place. For the 
sake of distinction and accuracy, these neutrons, regarded so far as 
'prompt' ones, deserve to be termed 'delayed' neutrons. Many orders 
of magnitude after the neutron and subsequent gamma de-excitation 
processes are over, radioactive decay begins to take place, and it is 
then that we observe the 'delayed' neutrons, which should in fact be 
termed radioactive neutrons. The term 'delayed' neutrons is of a more 
phenomenological character, suitable for reactor people rather than for 
the physicist who aims at a definitive term. However in deference to 
common usage, we adopt here the usual terminology. 

The state of knowledge and current work on delayed neutron emission 
have been reviewed and discussed several tines since the treatise by 
Keepin (completed in 1964) [1], and the review paper presented at the 
previous Fission Symposium (1965) [2]; for example there is the survey 
"Status 1966" [3] and especially the recent comprehensive treatment of 
the various aspects of "Delayed Fission Neutrons" which appeared as pro
ceedings of a panel held in April 1967 [4]. 

Neutron emission following the beta decay of some fission products 
was first observed and correctly interpreted 30 years ago. Nevertheless, 
the numerous investigations have till very recently yielded only an in-
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TABLE I. HALF LIVES AND YIELDS OF DELAYED NEUTRON GROUPS [1 , 14] 

Ol 

о 

Group No. 
(i) 

1 

2 

3 

4 

5 

6 

Yield: 
(n/104 fission) 

Thermal fission of 233U 

T | (s) and 
relative abundance 

55.00 t 0.54 

0. 086 ± 0. 003 

20.57 ± 0.38 

0.299± 0.004 

5.00 ± 0.21 

0. 252 t 0. 040 

2.13 ± 0.20 

0.278± 0.020 

0.615 ±0.242 

0.051 ±0.024 

0.277 ± 0.047 

0.034 ± 0.014 

66 ± 3 

Thermal fission of 235U 

Ti (s) and 
relative abundance 

55.72 ± 1.28 

0.033 ± 0.203 

22.72 ± 0.71 

0.219± 0.009 

6.22 ± 0.23 

0.196 ± 0. 022 

2.30 ± 0.09 

0.395± 0.011 

0.610± 0.083 

0.115± 0.009 

0.230 ± 0.025 

0.042± 0.008 

158 ± 5 

Thermal fission of " 9Pu 

ТА (S) and 
relative abundance 

54.28 ± 2.34 

0. 035 ± 0.009 

23.04 ± 1.67 

0.298 ± 0.035 

5.60 ± 0.40 

0.211± 0.048 

2.13 ± 0.24 

0.326 ± 0.033 

0.618± 0.213 

0.086± 0.029 

0.257 ± 0.045 

0.044± 0.016 

61 ± 3 

Spontaneous fission of252 Cf 

ТА (s) and 
relative abundance 

0 

26.8 ± 1 . 1 

0.31 ± 0 . 0 1 

6.1 ± 1.4 

0.22 ± 0.02 

2.0 ± 0.3 

0.30 ± 0.03 

0.5 ± 6.1 

0.17± 0.05 

-

86 ± 10 
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complete picture of the identity of the nuclides concerned, and their 
yields, and very fragmentary information on their disintegration 
schemes, neutron energies, etc. The difficulties H e in the very great 
complexity of the fission product matrix and the short half-lives of 
the nuclides in question, and the inaccurate data on nuclidlc distribu
tions in fission» Lack of information on the masses and structure of 
nuclides on the neutron excess side of the stability line handicaps any 
quantitative predictions and a precise treatment of this phenomenon. 

The basic interest in delayed neutron emission stems from its 
importance in the study of nuclear structure and transitions, the shape of 
the nuclear energy surface, and mass and binding energy formulae in the 
neutron rich region, far off the nuclidic stability line. Delayed 
neutron emission affects to a certain extent the mass yields determined 
by analysis of isobaric decay products. The practical importance has 
to do with nuclear reactor control [5,6]. The need for accurate delayed 
neutron data is of crucial importance in predicting the transient 
behavior and stability of fast reactors, especially for the large power-
breeder program and for reactors operating at very high temperatures 
(e.g. in nuclear propulsion) where losses by diffusion must be taken 
into account. Other applications are concerned with nondestructive 
assay of fissionable species using integral neutron counting [7] or 
kinetic response methods [8]. 

2. GROSS DECAY MEASUREMENTS; GROUPS, HALF-LIVES AND YIELDS 

The number of delayed neutrons (henceforward d.n.'s) emitted per low 
energy fission event is in the range of 0.006 to 0.016,depending on the 
fission source. Regularities are_oJbsexv.e_d_jS.uch_.as- that,.the._d..jn. yield 
incr̂ s_esu-wj..th_tb.e_mass numb~er~of the fissionable nuclide within an 
isotopic series, and diminishes-wTth increasing atomic number of The 
nuclides^ ÄIsöjaTjKs'"d.n. yield aepends-'on̂ -the energy._ö_f .fchg_~fission-
inducing neutrons. These regularities are consistent with the 
systematics of fission, and are linked with the increasing abundance of 
d.n. precursors as the production and relative distribution of neutron 
rich nuclides increases beyond the closed neutron shells. 

A longstanding discrepancy, which led to all kinds of odd impli
cations , between this regularity and the experimental yields for fission 
with ^15 MeV neutrons has lately been resolved. It had been reported 
that the d.n. yields increase by a factor of 2 or more when going from 
thermal or fission spectrum neutrons (where yields do not vary) to 
15 MeV. However the new results [9,10,11] indicate a drop in yields 
with energy increase, the ratios being in the range 1.60 to 1.94 at 
"\<3 and VL5 MeV for different fission sources [11]. This is in accord 
with qualitative predictions based on fission systematics. 

Analysis of the composite decay of the d.n.'s observed with 
different fission sources (ranging from 232xh to 252cf; fission either 
spontaneous, or induced by thermal to 15 MeV neutrons) showed that the 
precursors fall into six exponential components or groups with approxi
mate half-lives of 55 sec, 22 sec, 6 sec, 2 sec, 0.5 sec and 0.2 sec [1]. 
The search for longer lived groups in 235u fission has lead to negative 
results [e.g.[12]). The first group (i=l) was found to conist of only 
one component - 87вг - with an upper limit of 0.5% for other possible 
contributors [13]. Other groups are known to be composites of several 
precursors in each group. 

Despite the striking similarity among the group half-lives in the 
various fission reactions, the respective values are distinctly 
different and group abundances vary considerably from case to case 

1 

http://are_oJbsexv.e_d_jS.uch_.as-
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TABLE II. EXPERIMENTAL DATA ON DELAYED NEUTRON 
PRECURSORS FROM FISSION 

Precursor 

85 As 

87 , 
As 

87 Se 

" S e 

»'Br 

»Br 

юВг 

90 Br 

5,Br 

«Kr 

93Kr 

4 M 

2 . 0 2 8 * 0.012 
2.15 i 0.15 

1.4± 0.4 

5 . 8 ± 0.5 
5.9 

2.2 i 0 .3 

54.5 1 0.9 

5 5 . 4 ± 0.7 
55 .8± 0.5 

55.4 
54.5 

16.3 i 0.8 

15.9 ± 0.2 

15.6 

16.3 

4 .4 ± 0.5 

4 . 5 ± 0.8 

2 . 6 ± 0.6 

1.6 

~0 .4 

1.86 ± 0.01 

1.19 i 0.05 
1.29 ± 0.01 

Pn 
(n/100 dis.) 

22 ± 5 
11 1 3 

J 

<0.8 
0.4 ± 0.1 

6 .4± 2 .5 

(2 .6± 0.5) 
3 . 1 ± 0.6 

2.63 ± 0.05 c 
2.2 ± 0.4 
2.5 ± 0.4 

(5.8 ± 1.6) 
6 . 0 ± 1.6 
3 . 5 i 0.9 
E .Oi 1.0c 
4. 0± 0.8 
3 . 9 ± 0.9 
4 . 0 i 1.4 

(12 i 3) 
7± 2 

5 .2± 1.1c 
8 ± 2 
7 . 0 ± 2 . 8 
6.1 i 1.4 

(IS ± 4) 
23 1 3 c 
11. 5± 4 

0. 04 ± 0.0007 

3 . 9 i 0.6 
2.6 ± 0.5 

Cumulative 
fission yield 

(for " 5 U); O ) 

0.485 

1.09 

1.4 

0.65 
0.8 

2.28 

2 .4 

2.78 

2.78 
3 .0 

2.42 

2 .7 
2.42 

1.75 

1.4 

0.40 

1.68 
1.69 

0.53 

0.53 

d.n. yield 
(n1 s per 104 

835 U fissions) 

8.0 
9 . 7 i 8 

0.44 
<1.0 

0 .56± 0.14 

4.16 
5.1 ± 2 . 0 

5.7 

5.2 
5 . 9 ± 0.4 

11.12 

12.3 

1 2 . 1 ± 3 . 3 

16.94 

20.8 
18 .8± 5.7 

21.0 

16.2 ± 5.2 

(5.52) 

0.07 
0.07 

1.75 

1.38 

Comments 

_ _ BS, 8 в . 
CF As 
CF 

CF(d) 

CF(d) 
CF 

CF 

CF 
CF 
CF 
CF 
С 
CF 
CF 

CF 
CF 
CF 
с 
CF 
CF; b 
CF 

CF 
CF 
CF 
с 
CF 
CF 
CF; Ь 

CF 
с 
CF; b 

CF 

isn 

CF 
isn 

Reference 

29 
27 

33 

30 
33 

33 

54, (53) 
52 
13 
36 
31 
32 
33 

53 
52 
36 
31 
32 
35 
33 

53 
52 
36 
31 
32 
33 
35 

53 
31 
32,33 

35 
33 

21 

22 
21 
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Precursor 

M Kr 

" K r 

"Rb 

93Rb 

94 Rb 

ssRb 

"Rb 

"Rb 

98 у 

131 Sb 

135 Sb 

1 3 , T e 

' " I 

138-

4 
00 

0.2 

<0.5 

4 . 4 8 1 0.02 

5 . 8 9 1 0.04 

5.86 1 0.13 
6.2 

2.67 1 0.04 
2.67 

0.36 1 0.02 

0. 23 ± 0.02 

0.135 1 0. 010 

~2 

11.3 ± 0.02 

1.696 ± 0.021 

3-5 ± 0.5 

24 .4 1 0.4 

24.4 
24.4 

6.3 

6.9 
6.3 

Pn 
(n/100 dis.) 

n .d. 

n .d. 

0.012± 0.004 

1.43 ± 0.18 
2.6 1 0.4 
1.65± 0.30 
1.8 1 0.5 

1 1 . 1 1 1.1 
7.5 1 1.9 

7.10 1 0.93 

12. 7 ± 1.5 

>20 

0. 8± 0.4 

0. 08 1 0. 02 

8 1 2 

n .d . 

(3 . 0 1 0. 5) 
3 . 0 1 0 . 5 
5 . 3 1 0.6 с 
5 . 1 ± 1.0 
4 . 8 ± 1.3 

(2.2 1 0.5) 
1 . 9 1 0 .5 
7 . 3 1 0.8 c 
2 . 4 1 0.8 
2 . 5 1 0.6 
3 . 3 1 0.8 

Cumulative 
fission yield 

(for 23SU); №) 

0.08 

0.01 

5.18 
5.19 

4 .0 
4.23 

4 .0 
3 .8 

1.9 
1.9 
2 .3 

0.66 
0.46 

0.17 
0.06 

0.02 

2 .9 
2 .4 

2.19 

0.485 

0.63 

4 .11 

4 .5 

2.68 

4 .2 

d.n. yield 
Cn' s per 104 

! JSU fissions) 

(0.38) 

(0.08) 

0.06 
0.06 1 0.02 

7.2 
6.0 

6.60 
6.8 

14.2 
21.1 
1 7 . 2 1 2.4 

4 .7 
3.3 

2.15 
0.8 

0.4 

2 .3 
1 .81 0.9 

0.18 
0.28 1 0.004 

3.88 
3 . 5 1 0.3 

(0.63) 

19.7 

22.4 
21.7 1 3 . 6 

6.73 

10.3 
10 .3± 1.6 

Comments 

isx 

isx 

isn 

isn 

isn 
CF 

isn 
CF 

isn 

isn 

isn 

CF 

CF 

CF 

CF(d) 

CF 
CF 
с 
CF 
CF 

CF 
CF 
с 
CF 
CF 
CF 

Reference 

51 

51 

21 

20, 19 
22 
21 
33, (32) 

20, 19 
33, (32) 

20, 19 

20, 19 

20 

33 

29, 28 

29 

33 

53 
52 
31 
32 
33 

53 
52 
31 
32 
33 
35 
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TABLE II (cont.) 

Precursor 

139j 

140. 

.«! 

141 Xe 

14!Xe 

l45Xe 

>44Xe 

,4SXe 

l 4 ,Cs 

'«Cs 

, 4 S o 

' «Cs 

CO 

2 . 0 ± 0.5 

2 .3 
2.0 

- 0 . 8 

~0 .3 

1.73 ± 0.01 

1.24 ± 0.02 

<1 

<1 

<1 

24. 9 ± 0.2 

2.5 i 0.3 
1.68± 0.02 

1.69 ± 0.13 

1.05 ± 0.14 

pn 
(n /100dis . ) 

(4 .5± 1.5) 
21 ± 3 с 

6.4 ± 1.9 
6. 0± 1.7 
5 . 7 ± 1.7 

12 ± 8 

n.d. 

0.054± 0.009 

0.45 ± 0.08 

n.d. 

n .d . 

n .d. 

0. 073 ± 0. Oil 

~ 0 . 1 
0.27 i 0. 07 

1.13 ± 0.25 

1.10± 0.25 

Cumulative 
fission yield 

(for aiU); (%) 

1.10 

2 .1 

0.236 
0.8 

0.032 

1.14 
1.14 

0.31 
0.312 

0.05 

5.10"5 

0 

4.60 
4.61 

3 .1 
3.48 
3.11 

1.43 
1.37 

0.41 
0.34 

d.n. yield 
(n ' spe r 104 

"STJ fissions) 

6.60 

13.1 
12.7 t 3.6 

2.83 
10 i 6 

(0.35) 

0.06 
0.06 

0.14 
0.14 

(0.08) 

(~0) 

<~0) 

0.33 
0.345 ± 0.05 

0.84 
- 0 . 3 

0.84 

1.61 
1.6 

0.45 
0.4 

Comments 

CF 
с 
CF 
CF 
CF 

CF 

CF 

isn 

isn 

isx 

isx 

isx 

isn 

isn 
isn 

isn 

isn 

Reference 

53 
31 
32 
33 
35 

32, 33 

33 

21 

21 

51 

51 

51 

21 

20 
21 

20 

20 

Notes: d.n. yield in round brackets — predicted values (see Table IV); the underlined values are based on selected 
experimental Рп*$, otherwise taken from the respective references-
Fission yields taken from Wahl's tables [44] and Zp calculated according Ref. [48]. 
n.d. - detected but not determined. 
isn — determined by isotopic separation and neutron counting, 
isx — determined by isotopic separation and mass cross contamination. 
CF - assignment by chemistry and fission systematics. 
b — Pn's normalized to those of 8TBr (2.5) and 137I (4.8), respectively. 
с - calculated by considering best fit to 7 different fission reactions, 
d — detection of daughter. 

(see Table I ) . An outstanding discrepancy was un t i l recently the case 
of 252cffwhere only 3 groups, v iz . i - 2 , A and 5, were observed. A recent 
measurement however indicated [14] the presence of the expected 6-sec 
group (see Table i ) . The s ixth group was not measured, due to the 
re la t ive ly long t r a n s i t time (^0.7 sec) of the experimental se t -up. 
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TABLE III. RATIOS AND INDEPENDENT FISSION YIELDS BY 
SELECTIVE RECOIL LABELLING OF HALOGEN DELAYED NEUTRON 
PRECURSORS (FROM 235U THERMAL FISSION) 

Nuclide 

87 Br 

e s B r 

89 Br 

90 Br 

137j 

138 j 

139 j 

Pn (%) 

2.5 

4 

7 

12 

4 .8 

2.5 

6 

IFY (<Й 
(Wahl's values [44]) 

1.19 

2.14 

2.13 

1.29 

3.48 

2.51 

1.08 

IFY derived from experimental ratios 
and accepted Pn values a 

(%) 

labelling in CH4 

[36] 

(1.19) 

2.32 ± 0.20 

1.59 i 0.12 

-
-
-
-

labelling in CH3I 
[35] 

(1.19) 

2 .06± 0.15 

2.01 ± 0.12 

1.10± 0.07 

(3.48) 

3.27 ± 0.2 

1.03± 0.06 

a Normalized to 87 Br and 137I, respectively. P " s from Tables V and VI. 
p errors were not included. 

The longest lived group has not been found, due to the sharp drop in 
the yield of 8?Br in 252cf fission with the shift of the light mass 
peak toward the heavier range. 

Since the mathematical analysis of the gross delayed neutron curves 
ignores growth and decay effects, which are quite important, the contri
butions of the shorter lived groups are increasingly underestimated and 
discrepancies are expected between the sums of the contributions of 
individual precursors and the delayed neutron group abundances - a point 
to which attention should be paid when compilation and comparison work 
is done. This is seen in Tables V and VI. The fit between the gross 
neutron observations (group half-lives, yields, etc.) and the sum of 
individual data of both identified and expected precursors is discussed 
in section 4. 

Another observation of interest is that the variation of group yields 
and group ratios with energy in fission seems to show distinct and sharp 
changes at the threshold values for first, second and third chance fission, 
where the excitation energy and neutron numbers of the respective residual 
fissioning nuclei drop [15]. 

3. IDENTIFICATION OF PRECURSORS 
Identification of the delayed neutron precursors from fission calls 

for very rapid radiochemical separation techniques, a problem which 
becomes very difficult as the half-lives of the species involved become 
shorter [16,17,18]. An added difficulty is that chemical separations yield 
mixtures of isotopes of the element selected, along with their respective 
decay products, presenting a composite, the analysis of which into 
individual nuclides is a major technical problem. This explains the 
scarcity of data on the individual nuclides. 



TABLE IV. ESTIMATED AND EXPERIMENTAL NEUTRON EMISSION PROBABILITIES 

d.n. precursor 

MGe 
"As 
85As 
8SAS 
87Se 
88Se 
8,Br 
88Br 
89Br 
90Br 
91Br 
9JBr 
92Kr 
93Kr 

«Kr 
9 sKr 
, 2Rb 
93Rb 
MRb 
95Rb 
96Rb 
97Rb 
97Y 
98Y 
"Y 

Q * 

7.54 
9.99 
9.05 

11.35 
7.27 
6.33 
6.68 
8.98 
8.04 

10.33 
9.18 

12.01 
5.31 
8.15 
6.56 
9.45 
7.80 
6.62 
9.45 
7.87 

10.76 
9.03 
5.35 

, 8.24 
6.51 

Bn 

4.15 

9.06 
4.10 
6.22 
6.40 
4.85 
5.46 
7.15 
5.22 
6.21 
4.57 
6.21 
5.06 
6.30 
4.33 
6.22 
7.35 
5.14 
7.17 
4.64 
6.62 
3.92 
5.22 
7.55 
4.44 

Qfi-Sn 

3.39 
0.93 
4.95 
5.13 
0.87 
1.48 
1.22 
1.83 
2.82 
4.12 
4.61 
5.80 
0.25 
1.85 
2.23 
3.23 
0.45 
1.48 
2.28 
3.23 
4.14 
5.11 
0.13 
0.69 
2.07 

Pn (calc . )** 

8. 9± 1.1 
~ 1 . 3 
15.8 ± 1.8 
16.6± 1.9 

~ 1 . 1 
2 .5± 1.9 
1.9± 1.4 
3 .5± 2.7 
6. 8 ± 0.8 

12 ± 1.4 
13.8 ± 1 . 6 
20.2 ± 2.3 

< 0.5 
3 . 5 1 2 . 7 
4. 7 ± 0.5 
8.3± 1.0 

< 0.5 
2 . 5 * 1.9 
4.8 ± 0.5 
8.3± 1.0 

1 2 . 1 * 1 . 4 
16.6 ± 1.9 

< 0.5 
- 0 . 8 

4.2 ± 0.5 

Pn (exp.)*** 

-
16.5 ± 6 

-
0.4 ± 0 . 1 
6.4 ± 2 . 5 
2.5 ± 0 . 5 
4 ± 1 
7 ± 2 

12 ± 3 

-
-

0.04 ± 0.007 
3.3 ± 0.5 

-
-

0.012± 0.004 
1.8 ±0 .5 . 
7.5 ± 1.9 
7.1 ± 0 . 9 

12.7 ± 1.5 
>20 

-
0.8 ± 0.4 

-

Ratio (calc./exp.) 

. 
-

0.96 

-
2.75 
0.39 
0.76 
0.88 
0.97 
1.00 

-
-
-

1.06 

-
-
-

1.39 
0.64 
1.2 
0.96 
0.83 

-
1.00 

-

Cumulative 
fission yield 
in 23s U; (%) 

0.093 
0.646 
0.485 
0.31 
1.09 
0.65 
2.28 
2.78 
2.42 
1.75 
0.40 
0.07 
i .68 
0.53 
0.08 
0.01 
5.18 
4.0 
1.9 
0.66 
0.17 
0.02 
4.75 
2.9 
0.54 

d.n. yield 
(n/104 fissions of J35U) 

calculated 

0.83 
0.84 
7.66 
5.15 
1.2 
1.62 
4.33 
9.73 

16.46 
21.0 

5.52 
1.4 

< 0.84 
1.85 
0.38 
0.08 

<2 . 09 
10.0 
9.1 
5.5 
2.05 
0.3 

< 2 . 3 
2.3 

•2 .27 

experimental 

-
8.00 

-
0.44 
4.16 
5.7 

11.12 
16.94 
2.1.0 

-
-

0.07 
1.75 

-
-

0.06 
7.2 

14.2 
4.7 
2.15 

> 0 . 4 

-
2.3 

-

sub-total (light mass peak) 114.8 100.2 



TABLE IV (cont.) 

d.n. precursor 

133 Sn 
134 Sn 
134 Sb 
135 Sb 
136 Sb 
«6 т е 
137 Те 
137 ! 

138 J 

139 ! 

140 J 

1 4 1 ! 
141 Xe 
' « X e 
143 Xe 
•«Xe 
"«Xe 
141 Cs 
142 Cs 
"43Cs 
144 С ; 

14S C s 

Q% 

7.24 
6.07 
8.70 
7.52 
9.54 
4.47 
6.48 
5.79 
7.80 
6.67 
8.93 
7.42 
5.85 
4.34 
6.65 
4.67 
7.14 
4.97 
7.24 
5.73 
8.05 
6.07 

„* 

7.11 
3.43 
7.35 
3,86 
5.20 
4.02 
5.63 
4.45 
5.86 
3,89 
5,35 
3,52 
5,79 
3,93 
5.59 
3,85 
5.81 
4,65 
6.20 
4.09 
6.16 
3,83 

<VBn 

0.13 
2.64 
1.35 
3.66 
4.34 
0.45 
0.85 
1.34 
1.94 
2.88 
3.58 
3.90 
0.06 
0.41 
1.06 
0.82 
1.33 
0.32 
1.04 
1.64 
1.89 
2.24 

Pn (calc .)** 

< 0.5 
6.1± 0.7 
2.2 ± 1.7 

10 ± 1 . 1 
13 ± 1 . 5 

< 0.5 
~ 1 

2.2 ± 1.7 
3.8± 2.9 
6.7 ± 0.8 
9.8 ± 1.1 

11.1± 1.3 
< 0 . 5 
< 0.5 

1.5 ± 1 . 1 
~ 1 

2.2 ± 1.7 
< 0.5 

1.5 ± 1.1 
3 .0± 2.3 
3.6 ± 2.7 
4.7 ± 0.5 

* Values from Garvey-Kelson mass tables [45]. 
* * Calculated according Pn = K^Qg-Bjj)1"54 (Fig. 2). Errors were ta 

Pn (exp.)*** 

-
-

0. 08 ± 0. 02 
8 ± 2 

- . 
-
-

4.8 ± 1 . 3 
2.5 ± 0 . 6 
6 ± 2 

12 ± 8 
-

0.054± 0.009 
0.45 ± 0.08 

-
-
-

0. 073 ± 0. 011 
0.27 ± 0 . 1 
1.13 ± 0.25 
1.10 ± 0.3 

-

ken as the 
average deviation of the experimental values from the calculated ones: viz. ± 12% 
forQg-B n >S MeV and ± 70</o for 2 > MeV Qg -Bn> 1 MeV; if e xperimental P * s 

Ratio (calc./exp.) 

-
-
-

1.25 
-
-
-

0.46 
1.52 
1.12 
0.82 

-
-
-
-
-
-
-

5.56 
2.66 
3.27 

-

Cumulative 
fission yield 
in , 3 5U; (<tfj) 

0.42 
0.086 
2.19 
0.485 
0.094 
2.02 
0.63 
4.11 
2.68 
1.10 

• 0.236 
0.032 
1.14 
0.31 
0.05 
0.00005 

~ 0 
4.60 
3.1 
1.43 
0.41 
0.054 

d.n. yield 
(n/104 fissions of 235U) 

calculated 

< 0.21 
0.52 
4.82 
4.85 
1.22 

< 1.01 
0.63 
9.1 

10.2 
7.98 
2.28 
0.35 

«0 .57 
< 0.15 

0.08 
~ 0 
~ 0 
<2.30 

4.64 
4.29 
1.48 
0.25 

sub-total (heavy mass peak) 56.33 

TOTAL (170.8) 
166.8 a 

experimental 

-
-

0.18 
3.88 

-
-
-

19.7 
6.73 
6.60 
2.83 

-
0.06 
0.14 

-
-
-

0.33 
0.84 
1.61 
0.45 

-
43.3 

143.5 

values below 2 MeV will decrease to ~30"55>. 
* * * For choice of values see Table П. 

a corrected for 134Sb. 



TABLE V. COMPARISON BETWEEN GROUP (i = 1, 2, 3) YIELDS AND DETAILED PRECURSOR CONTRIBUTIONS 

FROM DIFFERENT FISSION REACTIONS 

Group 
No. 

(0 

1 

2 

3 

d.n. 
precursor 

87Br 
133Sn 

Ti 
2 

(<0 

55 
1 

Group yield: 

88Br 
137 j 

141 Cs 
134Sb 
134Sn 

Group 

8,Se 
8sBr 
92Rb 
"Rb 

16 
24 
25 
11 

? 

'ield: 

6 
4.5 
4.5 
6 
6 

Group yield: 

i 

pn 

2.5 
(0.2) 

4 
4.8 
0.073 
0.08 

(6.1) 

0.4 

7 
0.012 
1.8 
2.5 

2 U thermal fission 

Yc 

3.58 
0.09 

3.03 
2.75 
3.66 
0.714 
0.095 

1.04 
1.63 
4.52 
2.58 
1.31 

n/104 fission 

8.96 
(0. 02) 

8.98 

(5 .7± 0.3) [1] 

12.14 
13.20 

0.27 
0.06 
0.58 

26.25 

(19.7 ± 0.9) [1] 

0.42 
11.42 

0.05 
4.64 
3.27 

19.80 

(16.6 ± 2.7) [1] 

Z3SU thermal fission 

Yo 

2.28 
0.42 

2.78 
4.11 
4.60 
2.19 
0.09 

1.09 
2.42 
5.18 
4.0 
2.68 

n/104 fission 

5.7 
(0.1) 

5.8 

(5.2 i 0.5) [1] 

11.1 
19.7 
0.3 
0.2 

(0.5) 

31.8 

(34.6 ± 1.8) [1] 

0.4 
16.9 
0.06 
7.2 
6.7 

31.3 

(31.0 ±3 .6 ) [1] 

239Pu thermal fission 

Yc 

CM 

0.79 
0.13 

0.85 
3.0 
3.16 
0.93 
0.015 

0.244 
0.502 
2.25 
1.61 
1.34 

n/104 fission 

1.97 
0.03 

2.0 

(2 .1± 0.6) [1] 

3.41 
14.42 
0.23 
0.07 
0.09 

18.22 

(18.2 ± 2.3) [1] 

0.10 
3.52 
0.03 
2.90 
3.36 

9.91 

(12.9 ±3 ) [1] 

252Cf spontaneous fission 

Yc 

0.21 
0.02 ' 

0,174 
1.69 
3.2 
0.25 
0.003 

0.05 
0.10 
0.498 
0.285 
0.788 

n/104 fission 

0.52 
0.004 

0.52 

(0) [14] 

0.70 
8.11 
0.23 
0.02 
0.02 

9.08 

(26.7 ± 3 . 5 ) [14] 

0.02 
0.70 
0.01 
0.51 
1.97 

3.21 

(18.9 ± 3.0) [14] 

I 

Fission yields were taken from Wahl's tables (1968) [44] and Z~ calculated according to Ref. [48]. 
"3U chain yield data were taken from Ref. [47]. 
233Pu chain yield data were taken from Ref. [46]. 
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TABLE VI. SUMMARY OF KNOWN AND EXPECTED CONTRIBUTIONS 
TO DELAYED NEUTRON GROUPS 4, 5 AND 6 
IN 235U THERMAL FISSION 

Group No. 
(0 

4 

5, 6 

d.n. 
precursor 

84 Ge 
84 As 
85 As 
86 As 
88 Se 
90 Br 
92 Br 
9 2Kr 
9 3Kr 
MRb 
98 y 

135 Sb 
137 T e 

139, 

140. 

1 4 I Xe 
1 4 2 Xe 

* 1 4 2Cs 
* M 3 C s 
* 1 4 4 Cs 

145 Cs 

Tj. 
2 (s) 

? 
? 

2 
1 

2 
1.6 

г 
1.9 
1.3 
2.7 
2 
1.7 

г 
2 
0.8 
1.7 
1.2 
2 
1.7 
1.0 

г 

Group yield [ 1 ] : 

91 Br 
»Kr 
»5 Kr 
95 Rb 
96 Rb 
"Rb 

»6Sb 
141 J 

i«Xe 
i«Xe 

0.5 
0.2 

г 
0.4 
0.2 
0.14 

0.3 

Group yield [ 1 ] : 
1 

Pn 
№ 

(8.9) 
(1.3) 
16.5 

(16.6) 
6.4 

12 
(20.2) 

0.04 
3.3 
7.5 
0.8 
8.0 

(1.0) 
6.0 

12 
0.054 
0.45 
1.5 
3.0 
3.6 

(4.7) 

(13.8) 
(4.7) 
(8.3) 
7.1 

17.7 
>20 
(13) 
(11.1) 

1.5 
1 

Thermal fission 
of г» U 

Y c 
№) 

0.093 
0.646 
0.485 
0.31 
0.65 
1.75 
0.07 
1.68 
0.53 
1.9 
2.9 
0.485 
0.63 
1.1 
0.236 
1.14 
0.31 
3 .1 
1.43 
0.41 
0.054 

0.40 
0.08 
0.01 
0.66 
0.17 
0.02 
0.094 
0.032 
0.05 
5X10"5 

n/104 fission 

(0.83) 
(0.84) 
8.0 

(5.15) 
4.16 

21.0 
(1.4) 
0.07 
1.75 

14.2 
2.3 
3.9 

(0. 63) 
6.6 
2.8 
0.06 
0.14 
4.6 
4.3 
1.5 

(0.25) 

84.48 

(62.4 ± 2.6) 

(5.52) 
(0.38) 
(0. 08) 
4.70 
2.15 

>0.4 
(1.22) 
(0.35) 
0.08 

~ 0 

14.88 

(24.8 ± 1.7) 

1«, 143,144 Q experimental values corrected; see remarks elsewhere. 
The values in brackets are calculated, see Table IV. 

With the recent advent of electromagnetic mass analysis methods 
combined in an "on-line" mode with fast radiochemical separation of 
f ission products, the study of individually selected short-lived 
nuclides has become possible. A continuous "on-line" sequence of 
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irradiation,extraction,chemical separation and isotopic separation 
now makes it possible to get practically non-decaying sources for 
interference-free measurements of a given nuclide. By collecting the 
nuclide on a moving conveyor,removal of the growing decay products is 
accomplished. On-line isotopic separation proves to be the most power
ful technique for studying nuclear properties of nuclides far off 
stability, and a considerable amount of data (included in Table II) has 
already been produced with respect to delayed neutron precursors. 

At Orsay, France, fission fragments from 150 MeV proton irradiated 
238ц 

were allowed to recoi l into hot graphite; the Rb and Cs were 
se lec t ive ly ionized upon diffusing out, by surface ionizat ion, and sub
sequently accelerated and isotopical ly dispersed in a mass spectro
meter [ 19,20 ]. Tills permitted the study of d.n. precursors with 
ha l f - l ives as low as 135 msec( Rb). 

At Ames, U.S.A., a uranium target was placed in a beam tube of a 
reactor and the Kr and Xe which diffused out into the ion source of 
the TRISTAN separator were analyzed together with the i r decay products [21]. 
Due to the re la t ive ly long t r a n s i t t imes, ^15 sec, appreciable decay 
occurred which limited detection to a c t i v i t i e s with ha l f - l ives longer than 
1 sec. This assembly demonstrated the extreme sens i t iv i ty of delayed 
neutron detect ion, which was effective even where the neutron branching 
was M}.01%. 

At Soreq, I s r a e l , the SOLIS separator [22] i s connected on-line with 
various interchangeable f ission targets at the external neutron beam of 
a reactor . Various chemical pur i f icat ion s teps , automated and placed on
l ine between the target and the separator , permit observation of a var iety 
of elements, and when used in conjunction with controlled i r rad ia t ion and 
pulsing of the neutron beam, th is system has considerable experimental 
capab i l i t i e s . For example,0.19 sec 94кг i s a case under study {23]. 

Other labora tor ies , e .g . Studsvik, Sweden, (the OSIRIS separator)[24] , 
and a t Grenoble, France, [25], have s imilar f a c i l i t i e s for studying short 
lived f ission products with on-line isotopic separators . 

Fast radiochemical separations have yielded the long known j 
data on halogens, and during the l a s t few years data on Kr, Xe, Rb, As, 
Se and Sb, where new delayed neutron precursors were ident i f ied and 
information was obtained on the i r respective yields and neutron 
branching ra t ios (marked as CF in Table I I ) . The techniques employed 
were mainly gas sweeping based on emanation [26] and hydride 
formation [27,28,29,30,33]. 'Wet' chemistry, such as isotopic and ion 
exchange and solvent ext ract ion, was also employed with remarkable 
success [9,31,32,33] yielding s ignif icant new information even for very 
shor t - l ived species when use was made of a pulsed reactor and automation 
of operations [33]. 

Of special note are 'hot atom' chemistry techniques, e .g . r eco i l 
label l ing by fission produced halogens in gas phase reactions [34,33, 
35,36,37]. Some recoi l reactions were found to proceed with atoms 
produced independently in f i s s ion , while the same species 
formed by precursor decay were discriminated against [33,34,35,36]. 
Combining th is technique with fast gas-chromatography, correlat ions 
between re la t ive independent f iss ion yields and Pn values for halogens 
were obtained [35] (see Table I I I ) . 

Table I I summarizes the present knowledge of individual d.n. 
precursors and the i r abundances. A recent tabulation by del Marmol 
contains complementary experimental information [60]. 
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4. DELAYED NEUTRON PRECURSOR SYSTEMATICS AND DATA EVALUATION 

Delayed neu t ron emiss ion i s p o s s i b l e when ß decay (of the 
delayed n e u t r o n p r e c u r s o r ) l e ads t o an energy l e v e l above the n e u t r o n 
b ind ing energy of the p roduc t ( t he de layed neu t ron e m i t t e r ) , i . e . when 
Qg ~ Bn * 0 *• Neutron emiss ion w i l l t ake p l a c e u n l e s s s e l e c t i o n r u l e s 
h i n d e r such a t r a n s i t i o n , i n which case d e - e x c i t a t i o n w i l l occur by 
Y-ray e m i s s i o n . With i n c r e a s i n g d i s t a n c e from s t a b i l i t y , a long the 
i s o b a r i c c h a i n s , Qg va lue s i n c r e a s e , n e u t r o n b ind ing e n e r g i e s d e c r e a s e , 
and neu t ron emiss ion becomes more abundant . 

P r e d i c t i o n s based on t h e o r e t i c a l and s e m i - e m p i r i c a l c o n s i d e r a t i o n s 
r e g a r d i n g delayed n e u t r o n p r e c u r s o r s p u b l i s h e d i n the f i f t i e s [ 3 8 , 3 9 , 4 0 ] , 
though of g r e a t d i v e r g e n c e , were q u i t e u se fu l as guides fo r the e x p e r i 
m e n t a l i s t s . These , as w e l l as l a t e r a t t emp t s [ 4 1 ] , were s e r i o u s l y 
handicapped by the l ack of p r e c i s e i n fo rma t ion on the n u c l e a r energy 
s u r f a c e and n u c l e a r s p e c t r o s c o p i c d a t a on t he neu t ron excess s i d e of 
the s t a b i l i t y l i n e . With re f inements of s e m i - e m p i r i c a l mass formulae , 
and e s p e c i a l l y wi th the p r o s p e c t of expe r imen ta l d a t a from the o n - l i n e 
i s o t o p e s e p a r a t o r s , one may expec t a r a d i c a l improvement i n t h i s 
r e s p e c t . 

So f a r , neu t ron emiss ion t h r e s h o l d s and p r o b a b i l i t i e s P n were 
i n f e r r e d mainly from v a r i o u s paramete rs r e l a t e d to the d i s t a n c e from 
the s t a b i l i t y l i n e ; fo r example, the charge d i sp lacement of the 
de layed n e u t r o n e m i t t e r [42] ( Z J I _ I - Z) ** gave f a i r approximat ions of 
then unknown P n ' s [ 38 ] (a r e c e n t a t t empt i s g iven i n F i g . 1 ) , [43 ] . 
According t o the Fermi ß t h e o r y , t he p r o b a b i l i t y for p o p u l a t i n g l e v e l s 

i n t he neu t ron e m i t t e r i s de termined by E._ (o (E*) when E8 < Q8 - B n . 
p 2+1,. Г« 

The neu t ron emiss ion p r o b a b i l i t y w i l l then be E„_ ш_. .. (E*) _ , 
p 6+1. 1 T l v 

(Г be ing the channel width for t he co r respond ing d e - e x c i t a t i o n * * * ) ( 
Pappas e t a l . [41] have r e c e n t l y given a d e t a i l e d t h e o r e t i c a l t r e a t m e n t 
t a k i n g i n t o account both the "energy and the angu la r momentum p a t h s " , 
and they a t t empted to c a l c u l a t e t he P n ' s of 87ßr , 137i a n d 85дд a s 
w e l l as the shape of the 8?Br spec t rum,wi th p a r t i a l s u c c e s s . I t i s 
c l e a r t h a t t he accuracy of t he se c a l c u l a t i o n s depends g r e a t l y on t he 
s p e c t r o s c o p i c d a t a a v a i l a b l e , and t h e s e a r e p r a c t i c a l l y n o n e x i s t e n t . 

Using e lementary s e m i - e m p i r i c a l and s t a t i s t i c a l c o n s i d e r a t i o n s 
w e can r e l a t e the neu t ron emiss ion p r o b a b i l i t y t o t h e "window" width 
ДЕ = Qg - Bn , t o the d e n s i t y of a v a i l a b l e l e v e l s and to the compet i t ion 

к \ n 
between n e u t r o n and gamma ray e m i s s i o n . Thus P = С (ДЕ) ш (ДЕ) _ . n J ' n + I Y 

о k-fo Г_ 
Let us assume ш. (ДЕ) = (ДЕ) , then P » С(ДЕ) „ " . I f gamma 

J П I -H 
n Y 

compe t i t i on due t o s p i n and p a r i t y e f f e c t s i s Igno red , an assumption 
which probably ga ins v a l i d i t y a t h i g h e r e x c i t a t i o n e n e r g i e s , then 

Qg r e f e r s t o t he d . n . p r e c u r s o r , (Z,N),and B n t o the e m i t t e r , 
( Z + l . N - 1 ) . 
Zjj-i i s t he most s t a b l e charge co r respond ing to t he neu t ron 
number of t he de layed n e u t r o n e m i t t e r and Z i s the charge of 
t h e d . n . p r e c u r s o r . 
Evidence fo r у d e - e x c i t a t i o n of an energy-a l lowed n e u t r o n 
e m i t t i n g l e v e l i s g iven by the o b s e r v a t i o n of a 6 .5 MeV у i n ° ' B r 
decay ; a l e v e l i n 8?Kr a t 6»5 MeV would be ^ 1 MeV above the Bn , 
which i s ^ 5 . 5 , bu t n e u t r o n emiss ion from t h i s l e v e l might be s p i n 
i n h i b i t e d [ 4 9 ] . 
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FIG.l. Delayed neutron emission probabilities (from Ref. [433). 2,j^.j is the most stable nuclear charge 
corresponding to the neutron number (N-l) of the delayed neutron emitter; Z is the nuclear charge of the 
delayed neutron precursor; P n is the delayed neutron emission probability. 

for % + к - m we have Pn » С(ДЕ)Ш. Such a dependence should result 
in a linear variation of log Pn vs.log (Qß-Bn), m being the slope. 
Table IV and Fig. 2 present the results obtained (using Qg and Bn 

values taken from mass tables based on experimental data [45]). No 
distinction is observed between the Pn's of light and heavy masses, 
nor between even and odd masses (contrary to what has been suggested 
in Ref. 38 on the basis of the Pn vs. (Z^-l - Z) correlations - see 
for example Fig. 1). The best linear fit in Fig. 2 is given by the 
line С , where m = 1.54. For Qg - Bn < 1 MeV the narrow "window" 
reduces the number of levels, and also the selection rules due to 
spin and parity effects may be more pronounced so that the Pn's 
are expected to have lower values and be scattered below the line extra
polated from higher ДЕ values. This is well demonstrated in the case 
of 134Sb which populates a closed neutron shell configuration and may 
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FIG. 2, Correlation of experimental neutron emission probabilities with the parameter (Qg-Bn) using values 
from Ref. [45] . 

not be subject to a statistical treatment. 142 ,143,144cs seem to have 
systematically low Pn values, and from a comparison of references[2l]and 
|20j one would suggest a correction by a factor of ^3. These considera
tions suggest an even smaller error in m than appears from Fig. 2. 
At ДЕ < 1 MeV, inaccuracies of the order of 100-200 keV may affect 
the uncertainties with respect to position and "width" of the window, 
and the results in this range should be taken with some reservations. 

The Pn value or neutron branching ratio of a given nuclide is 
taken as a characteristic constant independent of the formation of the 
nuclide in the fission process. This assumption is legitimate as long 
as formation of isomers can be ruled out, as suggested by several 
authOYS 1ад,39,4Д1. This is -day ? n values are often regarded as 
identical with the observed ratio of d.n. yield to cumulative fission 
yield of the precursor [41]. Since it was found recently that isomers 
are present just beyond closed shells in the region of interest (e.g. 
the 156 sec and 258 sec activities of 90Rb in 150 MeV proton fission 
of uranium [19]) one should reconsider this assumption and its implica
tions, in the light of possible variations of the neutron emission proba
bility with variations of isomer ratios in different sources. A greater 
proportion of the isomer may lead to higher neutron branching due to a 
wider "window" ДЕ. On the other hand,the greater the spin difference 
between either state and the neutron emission product,the smaller the 
Pn will get and vice versa. Of special interest in this respect may 
be the study of heavy ion induced fission where very high angular momen
ta may be introduced. 
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Another point worth mentioning i s that the assumption that d.n. 
emission i s l imited to nuclides having one or more neutrons in excess 
of a closed s h e l l has become outdated. More precise mass values 
indicate that special cases of predicted d.n. precursors may contain 
magic numbers of neutrons, e .g . 84AS , 133gn a n ( j 134$ь. дп experimen
t a l ver i f ica t ion was recently given for the case of 134sb [28]. 

A general experimental study of the de ta i l s of delayed neutron 
systematics in f iss ion has recently been reported by Armbruster e t a l [50] , 
who employed magnetic analysis for mass separation of f iss ion fragments. 
With a separation time of "vl psec and a coarse resolution i t was 
possible to measure mass dependent yields and h a l f - l i f e values of 
d.n. a c t i v i t i e s over the en t i re range of fission products. Fig. 3 
presents the r e s u l t s . The analysis of the data from 235TJ f ission 
indicates that (67 ± 3)% of a l l delayed neutrons are emitted in the 
l ight mass peak while the heavy masses are responsible for only 
(33 ± 3)%; maximum neutron yield appears in the 1-2 sec h a l f - l i f e 
range (1=6). A d i s t i nc t amount of unknown (in 1968) ac t iv i ty appeared 
in the mass region 96-100 when compared with calculated values, and 
this was suggested to be " ° . " ° Y ; a small amount of unidentified 
neutron ac t iv i ty at A *v< 85 to 88 was also indicated. 

- • M E A N MASS A 

5.5 6.0 

- • M A G N E T I C FIELD B(KG) 

FIG. 3. Mass dependence of saturation neutron activity (determined by neutron counting of mass-separated 
fission fragments). From Ref. [ 50]. 

ДА ) 
A JFWHM was "v-5% t o 8% fo r l i g h t masses and л.22% fo r heavy o n e s . 
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FIG. 5. ß and n decay chains in the light and heavy fission product mass peaks in low-energy fission. 

We have made an attempt to use carefully selected data, both 
experimental and calculated, for known and predicted unknown d.n. 
precursors,in order to obtain a complete picture of the mass dependence 
of d.n. emission in 235u thermal fission. This is shown in Fig. 4. 
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At this point I would like to remark that when correlating 
experimental and calculated data of individual precursors, e.g. their 
Pn values and fission data (independent and cumulative yields etc.), 
the inaccuracies stemming from hypotheses like the one for charge 
distributions, prediction of half-lives, presence of isomers etc. 
must be borne in mind. Several attempts to combine d.n. data with 
fission systematics to obtain a consistent picture have been reported 
[4,2,31,33]. Tables V and VI constitute the present attempt. The 
figures suggest that most of the contributions to d.n. emission in 
fission can be accounted for by the known and the few predicted 
precursors. 

The importance of d.n. emission in radiochemical fission yield 
determinations is demonstrated in Fig. 5 where both ß and n decay 
chains of fission products are given with the respective neutron 
branching ratios. 

5. ENERGIES OF DELAYED HEUTRONS 

Our state of knowledge concerning the energies of delayed neutrons 
emitted from fission products is most unsatisfactory. Only spectra of 
poor resolution (̂ 10% or worse) are available, obtained from unseparated 
sources prepared so as to emphasize the relative contributions of the 
different groups in the coarse distribution patterns [55]. Such measure
ments, even with improved resolutions, can only provide data for reactor 
kinetics, but their significance in terms of nuclear properties of indi
vidual precursors is dubious. 

The techniques used for neutron energy studies are % e proportional 
spectrometry, proton recoil spectrometry,and time-of-flight with ß-n 
coincidence analysis. One recent attempt using a time-of-flight technique 
reports the presence of peaks at ̂ 60, ̂ 120 and ^165 keV in the gross 
analysis of 235ц fission where i = 2 and 3 are emphasized [56]. However 
the measurements were subject to poor statistics, random coincidences and 
a substantial y-ray background. Another attempt in this direction, also 
using the same technique, has given preliminary results which indicate 
about 20 discrete lines in the gross spectrum, ranging from 35 keV to 
1.81 MeV (57]. However, it is clear that due to the excessive intensity 
of betas in unseparated fission sources, where one expects or more 
betas per neutron count, all these techniques call for the use of 
separated nuclides at substantial intensities. With the advent of 
isotope separators placed on-line with fission sources e.g. SOLIS [58, 
22] TRISTAN [59] and others, neutron spectrometry of separated precur
sors has now become possible. 

The endpoint of individual spectra is related to the "window" 
(Qg-Bn) which can serve to check the available mass values and 
binding energies. In addition, the shape of the spectrum, especially 
its low energy part, may yield information on level densities above 
the neutron binding energy; pronounced peaks and dips in the spectra 
should be related to the spins of the levels involved, etc. Thus 
neutron spectra may be used as a sensitive test of the assumptions 
made in semi-theoretical calculations of neutron emission probabilities 
based on the statistical model. In general, improved energy measure
ments of separated precursors is a prerequisite for clarifying the 
decay characteristics and structure of these nuclides. Such measure
ments must further be complemented by a study of the other de-excitation 
modes in the series to obtain detailed nuclear structure information. 
This part is still ahead of us. 
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In connection with neutron spectrometry, as well as with respect 
to the discussion of the neutron emission probabilities, it would seem 
that the phenomenological approach to delayed neutron emission from 
the fission aspect is passing away, and the search for more d.n. contri
butors and "missing" precursors will become of secondary importance to 
the study of d.n. emission from the nuclear structure aspect. The 
pressing need today in delayed neutron emission studies is the nuclear 
spectroscopic measurement of individual precursors, from which it is 
hoped to gain more information on the nuclear energy surface and the 
level structure and transitions on the neutron excess side of stability, 
where delayed neutron emission is quite a common phenomenon. 
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D I S C U S S I O N 

A. C. PAPPAS: You re fe r to odd-even effects pointed out by m e 15 y e a r s 
ago and do not find these in your plot. You cannot expect to find odd-even 
effects when you plot P n ve r sus Q ß - B n , as they cancel out f i r s t , an odd-odd 
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parent (large Qe) giving an even-even daughter (large Bn) while an even-even 
parent (small Qß) gives an odd-odd daughter (small Bn). Thus this difference 
(Qß-Bn) is relatively unaffected. Furthermore, your plot is a first approxi
mation and may be expected (crudely) to represent the bell-shaped population 
probabilities you get from a theoretical treatment (i. e. the product of Fermi 
function and level density). 

Did you try to plot the very light (C, N, O) delayed neutron precursors 
in your plot, and what about Tl? 

S. AMIEL: No, I did not. I am inclined to believe that the light nuclei 
should be different from the medium-mass fission products; but of course 
it might be interesting to do as you suggest. I cannot recall a Pn value for 
210T1 but even here I wonder whether, in view of proximity to the lead shell, 
agreement will be observed. 

G. HERRMANN: I would like to make two short comments and ask a 
question. The first comment refers to the neutron emission probabilities of 
142Cs and 143Cs, which do not fit in your systematics (Fig. 2). Therefore, 
you suggest that the experimentally obtained Pn values of these isotopes are 
systematically low. According to your estimates (Table VI), about 40% of 
the alkali contribution to the 2-s group would stem from caesium isotopes. 
However, the results presented in paper SM-122/22 show that the caesium 
contribution is smaller by a factor of about 10, confirming the low Pn values 
of 142Cs and 143Cs. 

My second comment is on the yield of the 55-s group in thermal-
neutron induced fission of 233U, which is smaller than what is expected 
according to the estimated fission yield of 87Br and its Pn value. We mea
sured the cumulative yield of 87Br in this reaction and found that the low 
group yield results from an unexpectedly low 87Br yield. 

Now my question: In Table III you presented independent fission yields 
of iodine and bromine nuclides in the fission of 235U by thermal neutrons; 
these were deduced from relative delayed neutron yields. If I understood 
you correctly, in evaluating these data you make use of the published Pn 
values. However, these values were derived from the same kind of experi
mental data by means of estimated fission yields. Hence, it seems to me 
that you merely get out what others have put in. 

S. AMIEL: The low Cs values should not affect, to a great extent, the 
value of the exponent m. If we correct for the caesiums, we obtain m = 1. 54; 
if we accept them as they are, the value is 1. 84. At this point, where all 
Pn values have considerable experimental errors , I don't think we should 
place too much emphasis on the exactness of the value of m. On the other 
hand, I would not dare use the Pn values derived from gross delayed neutron 
contributions, since fission yields, chemical purity and yields etc. may 
introduce considerable errors . I would rather use values obtained from 
isotopically separated sources, as I have done in my tables. Of course, low 
Pn values may be understood when the statistical considerations (involving 
level populations etc.) which I was using fail, in cases like 134Sb where level 
densities are very low or the difference (Qß-Bn) is low. This information 
is not available as yet from experimental work. 

As regards your second comment, all I can say is , let us wait for the 
experimental values which are at present too fragmentary to draw any 
conclusions. 

In reply to your question, I should like to say that the independent fission 
yield values derived from the recoil displacement of iodine in methyl iodide 
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are based on Pn values obtained by independent experiments. The observa
tion that displacement takes place only with independently produced species, 
viz. energetic fragments, and not with halogens produced by the beta decay 
of the respective precursors, is consistently borne out. On the other hand, 
if this is the case, we can inversely derive Pn values from known fission 
yields and iodine or bromine ratios in displaced methyl halides. In conclusion, 
there is systematic agreement, which may be used to combine and check 
fission yields and Pn values obtained in different experiments by different 
authors. In view of the wide scatter of results from different sources, this 
is of great help. 

P. DEL MARMOL: What would happen if you extrapolate your linear 
formula log Pn = m log (Qß -Bn) to higher (QB -B„ ) energies? I should think 
that Pn will then become higher than 100% and, in order to avoid this, I pre
ferred to correlate Pn with Q6-Bn by a formula of the type Pn = l-e-a(Qß"Bn)z, 

S. AMIEL: I am afraid that extrapolation will bring us to a region of 
~Bnx 0 and Pn must then be ~ 100%. 

I do not see any basis for your formula, whereas the one I use is based 
on elementary considerations of delayed neutron emission. If your formula 
agrees with the experimental values, the two formulae may coincide. 

N. PAPADOPOULOS: I just wanted to mention that we have recently 
improved our method (N. G. Chrysochoides et al. in Delayed Fission Neutrons 
(Proc. Panel Vienna, 1967) IAEA, Vienna (1968) 213) and reduced the random 
coincidences and the gamma background. We hope soon to obtain better 
results with better resolution by the time-of-flight beta-delayed neutron co
incidence technique for delayed neutron-energy-spectrum measurements. 
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Abstract 

DELAYED NEUTRON PRECURSORS IN FISSION OF 235U BY THERMAL NEUTRONS. A search for new 
delayed neutron precursors was performed by using thermal-neutron-induced fission of 235U as the produc
tion process. Individual elements were chemically separated by rapid automatic techniques which permit 
counting to be started within a few seconds after irradiation, in the fastest procedure within 0.5 s. The 
chemical step consists of isotopic or ion exchange with preformed precipitates (Br, I, Rb, Cs, Sr), of ex
traction into quasi-solid reagents (Y, Zr, Nb), of volatilization as hydrides (As, Se, Sb, Те), or of recoil 
reactions with methane forming volatile methyl halides(Br, I). Several new precursors were found, 
e .g . 1.1 s 88Se, 0.5 s slBr, 0.8 s U 0 I , and 0.4 s 1 4 4 . 

The contributions of individual precursors to the group yields in fission of 235U with thermal neutrons 
were measured by comparing neutron counting rates of separated and unseparated samples. In the 2-s, 
6-s, 22-s, and 55-s groups, the total abundances of the identified precursors agree with the group yields. 

From these abundances and estimated cumulative fission yields, neutron emission probabilities 
(Pn) of precursor nuclides were deduced. In addition, the Pn-value of 137I was directly determined by 
measuring its beta and neutron emission rate. 

1. INTRODUCTION 
Since the first Symposium on Physics and Chemistry of Fission, 

our work [1] on delayed neutron precursors [2] in fission of 235U by 
thermal neutrons has been extended because the reactor at this uni
versity became critical in 1967. This reactor can be operated in steady 
state at 100 kW as well as in the pulse mode producing a neutron flash 
with a maximum flux of 1015 n /cm 2 s for about 30 ms FWHM in the latter 
case. Thus, we have good conditions especially for studying short-lived 
fission products including delayed neutron precursors. 

In this work we use a rapid pneumatic tube system described in 
Ref. [3]. Transportation of the samples from the irradiation to the 
chemical separation position takes place within 0.1 to 0.2 s over a 
distance of 4 to 5 m. At one end of the tube system, various chemical 
separation units can be installed. References for the chemical techni
ques used are summarized in a recent review [4]. 

2. SEPARATIONS BY ION OR ISOTOPE EXCHANGE 
Separations by exchange with preformed precipitates can be used 

for many elements if suitable precipitates are existing. A thin layer of 
the precipitate is prepared and the fission product solution is sucked 
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. -S""'n, Connection1 ^~~ 
to 
pneui 
system 

Filter loyer 

Stopcock Detector 

Vacuum 

Filtrate .Filter 
layer 

FIG. 1. Set-up for rapid separations from aqueous solutions by ion or isotope exchange. In the version 
shown on the left-hand side, the detector is placed close to the fixed filter layer. In the version on the 
right-hand side, the layer can be transported to the counting position after separation. 

through the filter layer within a few seconds. During this process, ions 
of the solution replace ions of the filter layer and are, thus, quickly and 
often quantitatively retained by the precipitate. 

The set-up for this kind of separation is shown in Fig. l . A simple 
version can be seen in the left-hand part. The whole unit is connected 
to the pneumatic tube system. The thin filter layer (~ 10 mg/cm2) is 
prepared on a membrane filter, supported by a fibrous fleece and covered 
by another fleece. About 2 cm3 of the uranium solution are irradiated in 
a polystyrene capsule which is transported quickly into the separation 
unit. There it breaks by impact. The solution flows down the walls of 
the polycarbonate vessel and is sucked through the filter layer. A syringe 
injects a washing solution onto the capsule fragments and onto the filter 
layer. A neutron detector consisting of six He counting tubes surrounds 
the filter layer. In this mode of operation, separations were performed 
within 1.5 s. 

Sometimes shielding problems require a larger distance between 
filter layer and capsule fragments. Therefore, the unit shown in the 
right-hand part of Fig.l works with a movable filter layer which is 
transported into the counting position by a second pneumatic tube system 
after the solution has passed the layer. The fragments remain above the 
prefilter. An additional syringe guarantees more effective washing. All 
sequent steps from the end of irradiation to the end of separation are 
operated automatically as described in Ref.[3]. The minimum time re
quirement for separation with this apparatus amounts to 3.0 s. If neutron 
emission probabilities, Pn , are to be measured directly a counter for beta 
rays is installed in addition to the neutron counter. 

With this technique, iodine was separated by exchange with silver 
iodide, and iodine plus bromine were separated with silver chloride. 
These experiments led to the observation of 0.8 s 140I and yielded the 
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contributions of individual halogen precursors to the four longest groups 
of delayed neutron precursors. Also direct measurements of Pn -values 
are being carried out. 

T 1 1 1 1 1 1 1 г 

FIG.2. Neutron decay curve of the alkali fraction and its decomposition (see text). 

The contributions of rubidium and caesium nuclides resulted from 
alkali separations with ammoniummolybdatophosphate (AMP). Figure 2 
shows a decay curve and indicates the chemical yields for rubidium and 
caesium, as well as the contamination by halogens as deduced by the aid 
of long-lived tracers added to the solution before irradiation. The con
tamination is eliminated by subtracting a halogen decay curve, normalized 
in the region of the 22-s group where 97.7% of the neutron activity are 
due to halogens. The resulting curve is resolved into two components 
of 5.9 and 2.3 s half-lives attributable to 6.0 s 93Rb, 2.6 s 94Rb, 1.9 s 
142Cs, and 1.7 s 143Cs [5,6]. To measure the relative contributions of 
rubidium and caesium nuclides the chemical yield of rubidium relative 
to that of caesium was varied by a factor of three. Comparison of the 
observed neutron activities with the relative chemical yields of the two 
elements showed that 96% of the alkali fraction in the 2-s group stem 
from ^Rb. 

3. SEPARATIONS VIA RECOIL REACTIONS 

A second technique (Fig.3) utilizes the formation of volatile com
pounds by recoil reactions and their selective adsorption as a separa
tion step. When fission halogens are stopped in methane they are con
verted into methylhalides with a yield of 5 to 10%. 
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FIG.3. Set-up for rapid separations via recoil technique and following adsorption of the volatile components. 

FIG.4. Neutron decay curve of the bromine fraction separated by the recoil technique. 

The 235U ta rge t - a thin film of UO2 deposited on Al foil - is placed 
in a rabbit-containing methane. After i r rad ia t ion , this rabbit is shot 
onto two hypodermic needles which punch through a si l icone rubber 
d iaphragm. The volatile fission products including methylhalides and 
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aerosols are blown out of the rabbit by nitrogen or methane with a 
pressure of about 3 atm. The aerosols are eliminated quantitatively by 
a membrane filter. More than 80% of the halides and noble gases pass 
to the adsorption traps. In the first trap, filled with silver nitrate ad
sorbed on fire brick, and heated to 80°C, the methyliodide is retained. 
Methylbromide is adsorbed in the second trap, filled with molecular 
sieve. After adsorption, both traps are separated and quickly t rans
ported into the counting positions, 2.5 m away from each other, by a 
pneumatic tube system. 

With this method separations within 0.5 s after the end of irradiation 
have been achieved. Nuclides with half-lives down to 0.2 s should be 
detectable. As an example a decay curve of the bromine fraction is 
shown in Fig.4. From the original curve noble gas contamination was 
subtracted as well as the 55-s group (8 ,Br). Further analysis showed 
the presence of the known bromine nuclides, S8Br to 90Br, and an addi
tional component with a half-life of about 0.5 s. This component should 
be identical to the 0.64 s 91Br detected indirectly by Patzelt et al. [7]. 
Analysis of the iodine fraction gave evidence for a new component with 
a half-life of about 0 .4 s which should be assigned to 0.43 s 141I observed 
indirectly before (Ref. [7]). 

4. SEPARATIONS BY VOLATILIZATION 

The separation of fission products forming hydrides has been described 
by various authors [4]. The apparatus used in the present work is shown 
in Fig.5. Irradiation of about 1 cm3 of uranium solution in a thin glass 
capsule placed in a polypropylene rabbit, open at the front part, takes 
place in a pneumatic tube system. After irradiation the rabbit is t rans
ported to the separation apparatus. The polypropylene rabbit is stopped 
in front of the volatilization vessel whereas the thin glass capsule crashes 
inside the vessel, which contains 12 N HCl. Immediately afterwards, a 
surplus of zinc powder is added by turning a spoon (Fig.5). A violent burst 
of hydrogen occurs which sweeps the hydrides quickly into the absorption 
vessel containing 0.5 N NaOH. There, selenium and tellurium hydrides 
are absorbed whereas arsenic and antimony hydrides pass through. To 
separate selenium and tellurium, the absorption solution is acidified to 
5 N HCl and oxidized by КСЮ3. It is then filtered through t r i -n-
butylphosphate fixed on plastic grains. Tellurium is retained by this 
filter whibh is finally projected to the counting position by a second 
pneumatic tube system, whereas selenium is found in the filtrate. By 
this technique, tellurium and selenium fractions were obtained within 4 
to 5 s with chemical yields of 50 and 20%, respectively, and with sufficient 
decontamination from other delayed neutron precursors. 

As an application, the neutron decay curve of the selenium fraction 
is shown in Fig.6. In the late part of the curve, on the right-hand side, 
87Br and 88Br appear as decay products of 87Se and 88Se. Therefore, the 
half-lives of 87Se and 88Se can be derived indirectly from the initial 
activities of their 87Br- and 88 Br-daughters by varying the time between 
irradiation and separation. The resulting curve, plotted in Fig.6 in the 
upper right corner, gives 5.9 s half-life for 87Se, and 1.7 s for 88Se. 
Components of similar half-lives are also observed in the decay curve 
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Pneumatic 
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Solenoid 42V' 

FIG. 5. Set-up for rapid volatilization 
of hydrides and their selective absorption. 

235, (Лпо,,f) SeHj volatilization 
6 10 14 18 

Movable filter 

25 30 35 

16 24 32 0 100 200 300 

—"• Time after end of irradiation [sec] 
FIG.6. Neutron decay curve of the selenium fraction after volatilization of the hydrides. In the upper 
corner on the right-hand side, the initial activities of bromine daughters are shown, resulting from selenium 
separations with time delay. 

of the selenium fraction as shown in the left part of Fig.6. Hence, 87Se 
and 88Se are identified as delayed neutron precursors. Some difficulties 
arose in the interpretation of the 2-s component because of a contamina
tion by 2.1 s 85As as a few percent of arsenic accompany selenium. The 
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true contribution of 88Se was obtained by varying the yields of selenium 
compared to that of arsenic, as mentioned in section 2 for the 2-s alkali 
activity. 

Similar measurement of the tellurium fraction gave some evidence 
for weak delayed neutron activities with half-lives of about 20 s and 3 s 
which may be assigned to 136 Те and 137Te. However, further work is 
required in order to confirm this conclusion. 

5. HALF-LIVES AND MASS ASSIGNMENTS 

In addition to neutron decay curves, gamma-ray spectra were 
measured with Ge(Li) detectors in some fractions obtained as outlined 
in the preceding sections. From these data and from the neutron decay 
curves, half-lives and mass assignments of several delayed neutron 
precursors and their ancestors were directly or indirectly obtained, as 
summarized in Table I. 

6. DELAYED NEUTRON YIELDS 

One aim of our work is to determine the contributions of individual 
precursors to the delayed neutron groups in fission of 2 3 5u by thermal 
neutrons. Since halogen precursors were known to exist in the four 
longest groups [8] we measured - as a first step - the total contributions 
of bromine and iodine precursors to these groups. This was done by 
removing both elements from the irradiated solution by exchange with 
silver chloride and by counting the filtrate. The decay curves found 
were compared with those of unseparated samples after normalization 
to the same number of fissions deduced from the "Mo activities which 
were produced in both series of experiments. The breakthrough of the 
halogens into the filtrate, typically amounting to about 4%, was measured 
with 82Br and 131I t racers , and corrections were applied. 

The results summarized in Table II show that both the 55-s and 22-s 
groups consist nearly exclusively of halogens whereas non-halogens con
tribute considerably to the two other groups. Hence, the 55-s group 
stems from 87Br, and the 22-s group from 88Br and 137I. A possible 
contribution of the 35-s isomer of 136I [9,10] was checked by producing 
this isomer by the 136Xe (n, p)136I reaction, but no neutron emission was 
found. 

The relative contributions of 88Br and 137I to the 22-s group were 
measured in two different ways. First , the late part of the neutron 
decay curves of unseparated samples was resolved by computer analysis 
into 55-s 87Br, 16.3-s 88Br, and 24.4-s 131I. This gave the following 
contributions to the 22-s group: 

36.3 ± 2.3% 88Br, and 
63.7 ± 2.3% 137I. 

In the second series, chemical separations were applied. 137I was 
separated by exchange with silver iodide, and both, 137I and 88Br, were 
separated with silver chloride. By comparing these curves, which are 



598 SCHÜSSLER et a l . 

TABLE I. SUMMARY OF HALF-LIVES 

Nuclide 

83As 

84As 

MAs 

85As 

"As 

^Se 

8<Se 

87Se 

"Se 

88Se 

«Se 

91 Be 

,3Rb 

MRb 

140] 

141] 

135Te 

136Te 

1 3 7 T e 

' " Т е 

Half-life 
(s) 

13.3 i 0.4 

-5 .6 

6 ± 1 

- 2 . 1 

- 1 

16.7 ± 0.3 

16.5 ± 0.5 

5.9 ± 0.2 

5.9 ± 0.2 

~2 

1.7 ± 0.5 

- 0 . 5 

- 5 . 9 

- 2 . 3 

0.8 ± 0 . 2 

- 0 . 4 

16.6 ± 0.9 

20.9 ± 0 . 5 

- 3 . 5 

3.5 ± 0 . 5 

Nuclide counted 

83 As 
MAs 

*«Se 
85 As 

"Br 

ssse 

8 6 B r 

8,Se 

«'Br 
ssSe 
8 8 B r 

"Br 
93Rb 

MRb 

140] 

141] 

135 Те 
136Te 

' " Т е 
137j 

Technique a 

У 

7 

У 
n 

n 

У 

У 
n 

n 

n 

n 

n 

n 

n 

n 

n 

У 
У 

y.n 

n 

Half-life Literature (s) 

14.1 ± 1 . 1 ' 

5.8 ± 0 . 5 ' 

2.028 ± 0.012 b 

5.8 ± 0.5 b 

0.64 ± 0 . 0 7 8 

5.6 ± 0.5 c 

5.1 ± 0 . 3 d 

5.89 ± 0 . 0 4 d 

5.86 ± 0.13 е 

2.67 ± 0 . 0 4 f 

0.86 ± 0 . 0 4 S 

0.43 ± 0.08 8 

18 ± 2 h 

33 k 

a n : from neutron decay curves 
у : from gamma-ray spectra 

b TOMLINSON and HURDUS [ 13] 
c FRITZE and KENNETT [15] 
d WAHL et a l . [ 14] 
e TALBERTet al . [6] 

f AMARELet al . [16] 
g PATZELTetal. [7] 
h DENSCHLAG[20] 
' delMARMOL[21] 
k WUNDERLICH [22] 

normal ized to the same number of f issions and cor rec ted for chemical 
yie lds , the following values w e r e found: 

35.4 ± 2.3% 8 8 Br, and 
64.6 ±2 .2% 1 3 7I . 

F r o m these values and from the absolute yield of the 22-s group, 
34.6 ± 1 . 8 neu t rons /10 4 f issions [11], the absolute neutron yields of 
8 8 Br and 137I w e r e obtained. The resu l t s a r e given in Table III, t o 
gether with the weak contributions of other p r e c u r s o r s . 
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TABLE II. CONTRIBUTIONS OF NON-HALOGENS TO THE FOUR 
LONGEST GROUPS 

Group 

55-s 

22-s 

6-s 

2-s 

Contribution C/o) 

0.4 ± 1.0 

2.3 ± 1.5 

23 ± 5 

44 ±10 

The absolute yields of 88Br and 137I are the basis for calculating 
the absolute yields of other precursors whose intensities were measured 
relative to these standard nuclides. For the halogens, the relative in
tensities were derived.from the decay curves of bromine and iodine 
fractions isolated as described in sections 2 and 3. Alkali precursors 
were measured relative to the halogen contamination in alkali fractions, 
and selenium and tellurium precursors relative to their halogen daughter 
products. Comparison of the neutron yields of individual precursors 
with the group yields [11] finally gives the contributions, in per cent. 

The results are shown in Table III including some data obtained by 
other investigators. In the 6-s group 93Rb is observed to be a main 
constituent whereas the contribution of 8,,Se is small. Here and in the 
following groups, the sum of the neutron yields found for the precursor 
nuclides is in reasonable, agreement with the group yields obtained by 
Keepin et al. [11]. 

The 2-s group is more complex even if some minor components are 
omitted which contribute less than 1% to the group yield. In addition to 
precursors discussed in preceding sections, a weak neutron activity was 
found in the yttrium fraction isolated by extraction with bis (2-ethylhexyl) 
orthophosphoric acid; possible mass numbers are 98 or 99. A search 
for neutron precursors among the alkaline earths, zirconium, niobium, 
and molybdenum gave negative results. 

Preliminary results for the two shortest periods are also given in 
Table III. Since some of the precursor half-lives are rather uncertain, 
both groups are considered together. This last part of Table HI should 
merely indicate that the present estimates of the precursor yields are 
compatible with the group yields. 

From the general agreement of the sum of precursor yields with 
the group yields it may be concluded that the main delayed neutron pre
cursors have been identified by now. It should, however, be emphasized 
that, apart from experimental e r rors , considerable uncertainties are 
involved when yields of precursors having definite half-lives are compared 
with those of a rather complex group of nuclides characterized by an 
average half-life. 
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TABLE III. DELAYED NEUTRON YIELDS 

Half-life 

[ sec] 

Delayed neutron yield 

( n / 1 0 ' f ) 

55-s group 

sum 

unseparated sample : this work 

Keepin 

5 . 6 i 0 . 3 

5 .6 i 0 . 3 

5 . 9 4 0 . 9 

5 .2 4 0 . 5 a 

22-s group 
16 .3 
24 .4 
20 
2 4 . 9 

' " 1 
i * T e 

'«C. 

sum 

unseparated sample: this work 

Keepin 

1 2 . 1 4 1.5 
2 1 . 7 i 2 . 6 
~ 1 . 2 

0 .34 4 0 .05 b 

3 5 . 3 i 3 .0 

34 .6 4 1.8 (normalized) 

34 .6 ± 1.8 

5 .9 
4 . 4 
6 .2 
6 . 3 
3 . 5 

"Rb 

" I 
" Т е 

unseparated sample : this work 
Keepin 

0 .34 4 
1 7 . 7 4 

6 .6 4 
0 . 3 4 

- 0 . 7 

3 3 . 3 
3 1 . 5 
3 1 . 0 

0 . 1 1 
4 . 2 
1.7 
1.9 

4 . 9 
5 .4 
3 . 6 

2~s group 
2 . 0 3 
1.7 
1.6 
1.3 
2 . 3 
2 . 3 
1.7 
2 . 0 
1.94 

"-""As 
« S e 
»»Br 
" K r 
" ü b 

My 
' * S b 
I M I 

' « C S 

unseparated sample: this work 
Keepin 

7 .7 ± 
0 .32 4 

14 .3 i 
1 . 4 1 4 

1 6 . 9 4 

1.8 4 
3 . 5 4 

9 . 9 4 
0 . 6 5 4 

0 . 8 ь 

0.16 
3 . 5 
0 .27 b 

3 . 5 
0 .9 
0 . 3 d 

2 . 2 
0 .19 Ь 

5 6 . 5 4 5 . 6 
60 . 2 4 7 . 8 
6 2 . 4 4 2 . 6 

0 . 6 - and 0 , 2 - s group 
- 0 . 5 

0.36 
0 .23 
0.14 

- 0 . 8 
0.8 
0.4 

"Br 
«Rb 
*Rb 
"Rb 
fe)Y 
I40j 

unseparated sample : this work 
.Keepin 

1.8 4 0 .7 
4 . 6 4 0 .7 е 

1.7 4 0 .3 e 

1.0 4 0 .5 е 

10 4 10 f 
6 . 4 4 3 . 5 

0 .7 2 . 1 

2 7 . 6 4 10 .6 
2 6 . 0 4 2 . 1 
2 4 . 8 i 2 . 3 

KEEPIN [ 2 ] 
ь TALBERT et a l . [ 6] 
0 Average of values from TOMUNSON [ 1 3 ] . del MARMOL117], and this work 
d TOML1NSON [ 13] 
e AMAREL et a l . [ 5 ] 
f ROECKLet a l . [23 ] 

7. NEUTRON EMISSION PROBABILITIES 

In addition to the absolute neutron yields the neutron emiss ion p r o 
babil i t ies Pn a r e of in t e res t . These values can be derived by dividing 
the neutron yields by the cumulative fission yields of the p r e c u r s o r . 
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TABLE IV. NEUTRON EMISSION PROBABILITIES Pn (%) 

Nuclide 

81 Se 

88 Se 

87 Br 

88 Br 

89 Br 

s°Br 

«Br 

53Rb 

94Rb 

(?8)y 

i 3 6 T e 

l"Te 
137T 

137J 

138J 

139j 

MOj 

141J 

Neutron yield 
(n/104 f) 

0.34 ± 0.11 

0.32 ±0.16 

5.6 ± 0 . 3 

12.1 ± 1 . 5 

17.7 ± 4 . 2 

14.3 ± 3 . 5 

1.8 ± 0 . 7 

6.6 ± 1 . 7 

16.9 ± 3 . 5 

1.8 ± 0 . 9 

~1 .2 

~ 0 . 7 

21.7 ± 2 . 6 

8.0 ± 1 . 9 

9.9 ± 2 . 2 

6.4 ± 3 . 5 

2 .1 ± 0 . 7 

Cumulative yield 

да 

1.2 

0.8 

2.4 

3.0 

2.7 

1.4 

0.4 

2.97 f 

1.52 f 

2.4 

2.2 

1.2 
4.2 

2.4 

1.1 

0.2 

0.02 

Pn №) 

0.3 ± 0.1 

0.4 ± 0.2 

2 . 4 ± 0.1 

4 . 0 ± 0.5 

6 .7± 1.6 

10.4 ± 2.5 

4.5 ± 1.8 

2.2 ± 0.6 

11.1± 2.3 

0 .7± 0.4 

- 0 . 5 

- 0 . 5 
5.2 ± 0.5 

4 . 7 ± 1.0 8 

3 .3± 0.8 

9 .1± 2.0 

34 ±18 

90 + « - 3 0 

Pn РЙ0 
Literature 

== 0 . 8 a 

3 .1 ± 0 . 6 b 

6.0 ± 1.6 b 

7 ± 2 b 

1.43 ± 0.18 е 

2.6 ± 0 . 4 d 

1.59 i 0.29 e 

11.25 ± 1.46 c 

3 ± 0 . 5 b 

2.0 ± 0.5 b 

a TOMLINSON and HURDUS [ 13] 
b ARON et a l . [ 18] 
c AMAREL et a l . [5] 
d AMEL et a l . [ 19] 
e TALBERT et a l . [6] 
f CHAUMONT et a l . . private communication (1969) [24] 
8 Direct measurement 

Most of the cumulative fission yields required are unknown, but have to 
be estimated from fata for adjacent nuclides. For this purpose, known 
or interpolated mass yields were multiplied with fractional cumulative 
yields extrapolated by an empirical method shown in Fig.7 for the light 
and in Fig.8 for the heavy fragments: when fractional cumulative yields 
are plotted in a probability scale versus mass number a network of 
nearly straight lines results for isotopes and isotones. Their cross-
points serve for extrapolation of unknown yields. Another approach to 
estimate such yields has been applied by Wahl et al. [12] to derive 
Pn -values. 

Our results are listed in Table IV and compared with Pn -values 
obtained by more or less direct measurements. With a few exceptions 
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FIG. 9. Neutron and beta decay curve of the iodine fraction separated by isotope exchange 20 s after the 
end of irradiation (direct measurement of the Pn value of I37I). 

the results agree within error limits. For most of the nuclides studied 
the Pn -values lie about 10% below the values directly measured. On the 
other hand, the Pn -values of 140I and 141I are extremely high. This may 
indicate that the cumulative yields decrease less steeply than was as
sumed in Fig-8. Since discrepancies were found between the Pn -value 
of 237I obtained in this work and that reported in literature we have 
compared the beta and neutron decay rates of 137I formed in fission of 
239pu by thermal neutrons. The corresponding decay curves are shown 
in Fig.9. Preliminary analysis of these curves corroborates the 
Pn -value deduced indirectly. 
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D I S C U S S I O N 

L. TOMLINSON: We a r e ca r ry ing out an investigation of delayed 
neutron emiss ion from selenium isotopes s im i l a r to that repor ted in the 
paper by Schu'ssler. Our p re l imina ry r e su l t s a r e as follows: 

87 Se 

88 Se 

Half-life 

(в) 

5.8 

^ 1.4 

Pn (%) 

0.2 ± 0.1 

Not yet evaluated 

The resu l t s ag ree quite well with those given in the p resen t paper and 
a lso those given in the abs t rac t of del Marmol and P e r r i c o s (SM-122/69). 
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Abstract 

SEARCH FOR LONG-LIVED DELAYED NEUTRON GROUPS: PHOTOFISSION CAUSED BY FISSION-
PRODUCT GAMMA-RAYS. A search has been made for long-lived delayed neutron groups with half-lives 
greater than 55 s in the thermal neutron fission of 235U. The neutron counter used in these experiments was 
designed to allow one to distinguish between true delayed neutrons and neutrons produced by (y, n) reactions 
on D and Be impurities. The experimental results showed the existence of apparent delayed neutron groups 
with half-lives greater than 55 s and of very low intensity. These were shown to be neither true delayed 
neutrons, nor photoneutrons from D or Be but were prompt neutrons from the photofission of 238U and 235U. 
Photofission is produced by high energy ( > 4.5 MeV) gamma rays emitted from certain fission products. 
The intensity of the neutrons produced in this way decays with the half-lives of the fission products causing 
the photofission. The half-lives of the "photofission groups" were 3 .1 , 17 and 111 min, with absolute yields 
of 1 x 10"s, 1 x 10"" and 2 x Ю"12 neutrons/fission respectively, under the best conditions. By surrounding 
the irradiated uranium sample with large amounts of 23,U, 235U or 239Pu, it was possible to obtain relative 
photofission cross-sections for these nuclides. The values obtained were: 1.0, 1.4 and 10. 8 for 238U, 235U 
and 239Pu respectively, in agreement with known cross-sections. It is unlikely that photofission groups with 
t i %. 3.1 min will, under any experimental or reactor conditions, be a significant fraction of the total delayed 
neutron yield. However, shorter-lived photofission groups ( t i < 3 min ) may be important, but their yields 
cannot be estimated at present because of a lack of data. The most favourable case is 23sPu, where the photo
fission cross-section is high and the delayed neutron yield is low compared to other nuclides. From the experi
mental results, upper limit values were calculated for the neutron branching ratios of 91Rb, 140Cs, 96Y, and 
133Sb. These were: S O . T J , £ 0 .1% £ 5 x Ю " Ч and £ 3 x ю-*?», respectively. 

1. INTRODUCTION 

Two previous searches have been made for long-lived delayed neutron 
groups with half-lives greater than 55 seconds. Kunstadter, Floyd and 
Borst [ 1 ] discovered long-lived delayed neutron groups during studies of 
the decrease in neutron flux, after shut-down of a uranium-graphite reactor. 
The groups had half-lives of 3, 12 and 125 min. and yields of 5.8 x 10" , 

lO —10 
5.6 x 10 and 2.9 x 10 neutron per fission respectively. Later Kane, 
Kephart and Hammel [2], using 235U foils, found that the yields of these 
groups were at least an order of magnitude lower than reported by 
Kunstadter et al [ljand doubted if they existed at all. It was suggested 
that the long-lived delayed neutron groups were probably photoneutrons 
produced by fission product gamma-rays interacting with deuterium in the 
small quantities of hydrogeneous material present. 

Various theoretical predictions have been made of delayed neutron 
precursors produced in 235ц fission> Pappas and Rudstam [ 3 ] predict delayed 
neutron emission from fission products at lower mass numbers than in any 
other theoretical treatment. They successfully predict all the known 
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delayed neutron precursors, and many others besides - including several 
precursors with half-lives greater than 55 seconds: Rb (58 sec), 

Cs (64 sec), 96Y (2.3 mins.) and 133Sb (2.7 min.). Theoretical 
considerations thus indicate that delayed neutron precursors with half-lives 
up to about 3 min. are possible, but precursors with half-lives of 12 and 
125 min. are extremely unlikely. 

In order to clarify the present situation, a new search has been made 
for long-lived delayed neutron groups in the thermal neutron fission of ^35U<, 
The results are reported in the present paper. The neutron counter used in 
this work was designed to allow one to distinguish between true delayed 
neutrons and neutrons produced by (y, n) reactions on D or Be present in the 
counter. 

2. EXPERIMENTAL 

2.1 Method of irradiation 

Uranium samples.were irradiated at the centre of the BEPO reactor at 
a thermal neutron flux of 1.40 x 10 n cm sec-*. They were then 
withdrawn horizontally from the reactor along a shielded tube to a neutron 
counter situated 4.8 m from the reactor face. The tube used to transport 
the uranium samples contained several holes at the end inside the reactor. 
As the reactor was air-cooled and at a pressure below atompsheric, air 
was drawn down the tube into the reactor. This air flow, together with 
some helium injected through the end of the neutron counter, were sufficient 
to draw the uranium samples into the reactor centre. The air flow kept the 
surface temperature of the samples at about 190°C. 

The samples were withdrawn using 0.5 mm diameter, annealed, iron wire. 
This was made from high purity iron (impurities: Mn 3 ppm, Si 3 ppm) to 
keep the level of radioactivity as low as possible. 21.4 g of uranium 
(isotopic composition: 2 U 80%, 238U 19%, 234U 1%) we're used in the 
experiments. This was in the form of an alloy with aluminium containing 
27% by weight of U. The alloy was contained in three stainless steel cans 
(1.9 cm diameter, 6.5 cm long) and formed a 3 mm thick sleeve inside each 
can. 

2.2 Neutron counter 

The neutron counter was based on a conventional system using BF„ 
counters surrounded by paraffin. However, intense gamma-rays from the 
irradiated uranium samples cause two difficulties: 

(a) Pulse pile-up of small gamma-ray pulses result in gamma-rays 
being counted as well as neutrons. 

(b) The number of neutrons produced by D(Y,n) reactions in the 
paraffin becomes significant at high gamma fluxes. 

From previous experience [4 ], it was calculated that under the 
conditions of our experiment, the gamma—ray flux at the BF3 tubes should 
not exceed 100-200 mR/hr if errors from the above sources were to remain 
small. Lead shielding was therefore introduced between the uranium 
samples and the paraffin moderator to reduce the gamma flux to an acceptable 
level. A sectional view of the final counter design is given in Fig. 1. 
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Fourteen high pressure BF3 tubes (2.5 cm diameter) were connected in 
series with low capacitance cable and arranged symmetrically around the 
uranium samples. Pulses from the counters were fed via amplifiers and a 
discriminator to an automatic counting system. To reduce pile-up effects 
to a minimum the counters were operated at a gas amplification of 30 and 
near the edge of the plateau. To ensure that the gamma flux at the BFg 
tubes did not reach an excessive level, an ion chamber was installed 
(Fig. 1) to monitor this flux during an experiment. 

U SAMPLES ION CHAMBER 

f 
20cir 

Fe ' 
WIRE 

TO 
-REACTOR 

Pb 

[£3 PARAFFIN 

Р1Щ BORATED ' PARAFFIN 

60 cm 
1ЭОСЛ1 

FIG. 1. Neutron counter (sectional view). 

Both D and Be have sufficiently low thresholds (2.2 and 1.67 MeV 
respectively) that photoneutrons can be produced by interaction with 
fission product gamma—rays. Great care was therefore taken to exclude 
all hydrogeneous and beryllium-containing materials from the region of high 
gamma flux in the centre of the counter. All materials present in this 
region were analysed for Be using the (y,n) method described by Iredale [5]. 
The detection limits of the method for various materials were (ppm): 0.1 
mild steel, 0.6 U/Al, 0.04 Pb, 0.1 stainless steel (cans). No Be was 
detected in any material. 

In order to detect low-intensity, long-lived delayed neutron groups, 
it was essential to reduce the background count rate to a low value. After 
surrounding the counter on all sides with cadmium sheet and 20-30 cm of 
borated paraffin and polythene, the background was reduced from 7,000 c/min. 
to an acceptable 100 c/min. Spurious pulse pick-up from the mains supply 
was eliminated by installing a separate mains generator. 

The normal thickness of lead between the uranium samples and the 
paraffin moderator was 20 cm. Provision was made for increasing this to 
21.3 cm by placing a lead sleeve in the counter annulus (Fig. 1). By 
carrying out experiments with and without the lead sleeve present, it was 
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possible to distinguish between neutrons originating in the uranium samples 
and those being formed by photoneutron reactions in the moderator or 
pulse pile-up in the counters. Thus, the measured intensities of delayed 
neutron groups originating in the uranium were independent of the lead 
thickness, whilst those produced in the moderator or counters were reduced 
in intensity by at least 50% when the lead thickness was increased by 
1.3 cm. 

2.3 Preliminary experiments 

The efficiency of the counter for Ra/Be neutrons was found to be 2.67». 
The efficiency for delayed neutrons is probably higher than this because of 
their lower energy. However, an absolute efficiency is not required for 
the present work as the 55 sec. delayed neutron group can be used as a 
standard. 

The gamma sensitivity of the counter was checked as far as possible 
with gamma-rays from 2 Al (1.78 MeV) and 24Na (1.37 and 2.75 MeV). The 
highest strength sources which could be prepared, gave gamma fluxes at 
the BF3 tubes of 20 and 40 mR/hr with 28Д1 and 24Na, respectively. In 
neither case did the high gamma flux cause an observable change in the 
background count rate. 

2.4 Experimental procedure 

The uranium samples were loaded into the centre of the reactor as 
described previously (section 2.1). After the desired irradiation time, 
they were withdrawn to the reactor face in a time of 10 seconds. It was 
possible to estimate to + 2 seconds, the time at which the samples left 
the reactor core. After a cooling time of 15 minutes at the reactor face, 
they were finally drawn into the counter and the decay of neutron activity 
followed. The gamma flux was also monitored at various times. 

The efficiencies of the neutron counter and ion chamber were checked 
at frequent intervals during the experimental programme and the background 
was measured separately for each run. 

2.5 Photoneutrons and photofission 

To study beryllium photoneutrons, 0.84 gm of beryllium in the form of 
a 27« Be/Cu foil was placed in the counter annulus (Fig. 1) with the lead 
sleeve absent. 0.5 ml of D20 was placed in a similar position when 
deuterium photoneutrons were required. To study the production of photo-
neutrons from 13C, 660 gm of graphite in the form of ten 1 cm diameter rods 
were placed in the counter annulus. 

Studies of photofission induced by gamma rays from the uranium samples 
were made by removing the lead sleeve from the counter and replacing by the 
materials given in Table I. 

3. RESULTS 

3.1 Search for long-lived delayed neutron groups 

A series of experiments were carried out using irradiation times of 12, 
50 and 280 min; these times being chosen to emphasize the 3, 12 and 125 min. 
long-lived delayed neutron groups found previously [1 ]. Four experiments 
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were carried out at each time, two with, and two without the lead sleeve 
present. 

During the course of these experiments, it was found that the presence 
of the uranium samples in the counter, caused the background to increase by 
about 9 c/min. Calculations indicated that 97% of this neutron emission was 
due to the (a.n) reaction in the U/Al alloy caused by 234U a-rays and 
3% was due to spontaneous fission of 2 3 8U. 

TABLE I. PHOTOFISSION EXPERIMENTS 

Target material 

U (natural uranium) 

235U (93%235U, 6%238U, 
1% 234U) 

239PU (94.2% 239Pu. 
5.4% 24°Pu, 0.4% 24lPu) 

Form 

3 metal rods, 
6.3 mm diam. 

10 metal rods, 
' 6.3 mm diam. 

Metal sleeve, 
4.3 mm thick 

Metal sleeve, 
10.5 mm thick 

Metal beads 

Oxide pellets, 
10.2 mm diam. 

Weight 
(kg) 

0.39 

2.1 

2.2 

6.2 

0.17 

0.29 
(Pu) 

Distance from 
centre of 
irradiated U 
samples (cm) 

1.7 

1.9 

1.9 

2.2 

1.9 

1.8 

The results of the experiments are shown in Fig. 2. It can be 
seen that long-lived delayed neutron groups were present in addition to 
the 55 second group. For the 12 and 50 min. irradiation times, the 
intensities of the long-lived groups were unchanged when the lead sleeve 
was used in the neutron counter - indicating that these neutrons originated 
in or near the uranium samples. With a 280 min. irradiation time, the later 
part of the decay curve appeared to be reduced in intensity, when the lead 
sleeve was present (Fig. 2) - indicating that some neutron counts were due 
to gamma-ray pulse pile-up in the BF3 counters or to D(Y,n) reactions in 
the paraffin moderator. This is perhaps not surprising as the gamma flux 
at the BFo tubes, in the absence of the lead sleeve, was 100 mR/hr (at a 
decay time of 20OO sec.) compared to 50 mR/hr with the sleeve present. 

3.2 Photoneutrons from beryllium, deuterium and carbon 

In spite of the precautions taken whilst building the neutron counter, 
it was possible that very small amounts of beryllium or deuterium were 
present in sufficient amounts in the centre of the counter, to produce the 
observed long-lived delayed neutron groups. The photoneutron decay curves 
for beryllium and deuterium were therefore measured to see if they were of 
the same shape as the long-lived delayed neutron curve. The results 
(after subtracting the delayed neutron contribution) are shown in Fig. 3. 
For the same irradiation time, the decay curves for beryllium and deuterium 
photoneutrons are almost identical in shape. 
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FIG, 2. Decay curves for various irradiation times. "+Pb" indicates that the lead sleeve was present. The 
decay curves for the 280 min irradiations are shown inset for long cooling times. These curves show the 
individual points - with errors - and are typical of all the curves. 

In Fig. 4 the decay of the long-lived delayed neutrons (55 sec. delayed 
neutron group subtracted) is compared with that of beryllium photoneutrons 
(12 min. irradiation time). It can be seen that the two curves are of 
completely different shape - thus demonstrating that the long-lived delayed 
neutrons are not due to beryllium (or deuterium) photoneutrons. Similar 
comparisons at longer irradiation times revealed the same behaviour, with 
the long-lived delayed neutrons always decaying away more rapidly than the 
photoneutrons. In spite of the poor statistics it was possible to analyse 
the long-lived delayed neutron curve (12 min. irradiation time) into two 
components with half-lives и 3 and 15 min. Although these half-lives 
were similar to those found by Kunstadter et al [l], the yields were at 
least 100 times lower. 

At this stage of the work, it was concluded that there were 4 possible 
origins of the long-lived delayed neutron groups: 

(a) From new delayed neutron precursors. This was ruled out by the 
large differences in yields found by different workers. Further-
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count rates, statistical errors are negligible. 

more, from theoretical considerations (section 1 ) , delayed 
neutron precursors with half-lives greater than 3 min., seem 
most unlikely. 

13 (b) From the C(Y,n) reaction. The mild steel in the vicinity of 
the uranium samples contained a 0.3 gm of C. The threshold 
for this reaction is 4.9 MeV but the cross-section is very low 
and increases only slowly with energy [б]. 

(с) 235., 238,. From U and "~ U(Y,n) reactions. The thresholds for these 
reactions are 5.2 and 6.0 MeV, respectively [7]. The highest 
energy gamma-rays observed from fission products (at the 
appropriate time after fission) are ü 5.3 MeV [8] and 
consideration of the Q values given in Table III indicates 

that the theoretical maximum is in the region of 6 MeV. It 
is possible therefore that some photoneutrons may be produced 
from fqfu, because of its lower threshold, but none are expected 
from U. 

(d) Prompt neutrons from the photofission of U and U. Photo-
fission occurs at lower photon energies than photoneutron emission 
(Fig. 7 and references Гэ], [ ю ] and [ll]) and therefore seems to 
be the most likely source of the long-lived delayed neutron groups. 
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FIG. 4. Comparison of long-lived delayed neutron groups with beryllium photoneutrons (12 min irradiation 
time). 

TABLE II. PHOTOFISSION GROUPS (ERRORS 
ARE ESTIMATED STANDARD DEVIATIONS) 

Half-life 
(mln.) 

3.1 + 0.1 

17 + 2 

111 + 11 

Absolute yields (neutrons/fission) 

6.2 kg U sleeve present 

1.1 (+ 0.3) x 10-8 

9.6 (+ 4.0) x 10"12 

2.0 (+ 0.3) x 10"1S 

No sleeve 

5.2 <+ 2.0) X 

-
-

io-10 

In order to test hypothesis (b), graphite was placed in the counter 
annulus and a 280 min. irradiation carried out. The decay curve obtained 
was identical to that observed in the absence of graphite - thus ruling out 
the С(у»п) reaction as the source of the long-lived delayed neutron groups. 
This finding agrees with previous work [l]. 

3.3 Photofission 
238.. In order to test hypothesis (d), various amounts of U (Table I) 

were placed in the counter annulus. If the long-lived delayed neutron 
groups were due to photofission, then the positioning of large amounts of 

U near to the irradiated uranium samples should greatly increase the 
yields of these groups, without affecting the 55 sec. delayed neutron group. 
The results (Fig. 5) show that this was exactly what happens, thus 
establishing the origin of the long-lived delayed neutrons. 
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The maximum increase in yield obtained by this method was about 20 
fold. The proportion of this increase due to neutron multiplication was 
measured using a neutron source. The presence of the 6.2 kg uranium sleeve 
(Table I) increased the count rate of a Ra/Be source by 137», whilst the 
2.2 kg sleeve caused an increase of 5%. In all other cases neutron multi
plication was negligible. 

TABLE III. FISSION PRODUCTS ABLE 
TO EMIT GAMMA RAYS WITH ENERGIES 
ABOVE 4 MeV (HALF-LIVES S 2 min . ) 

Fission 
product 

88Rb 

142La 

130Sb 

94Y 

104„ 
Tc 

100 
Nb 

*% 

132Sb 

133sb 

96y 

148Pr 

Half-life 
(min.) 

168 (88Kr) 

92 

33, 7 

20 

18 

11, 3 

4.3, 2.6 

3.1 

2.7 

2.3 

2.0 

Theoretical 

4.9 

5.1 

5.8 

5.4 

5.2 

6.2 

6.1 

6.6 

5.2 

6.8 

5.1 

Observed gamma rays above 
4 MeV (with absolute 

abundancies) 

4.75 

4.4, 4.7 

4.1 (11%), 4.3 (13%), 4.4 
(4%), 4.6 (5%), 5.1 (2%), 
5.2 (4%) 

References 

15 

16 

16 

16 

16 

16 

17, 16 

18 

18 

16 

16 

In order to obtain the half-lives of the long-lived delayed neutron 
groups, measurements were made using long irradiation times with the 6.2 kg 
uranium sleeve in position. Besides enhancing the yields of these groups, 
the uranium sleeve also absorbs gamma rays more efficiently than the lead 
sleeve, so that the maximum gamma flux at the BF3 counters was only 50 mR/hr 
(at 2000 sec. decay time - see section 3.1). 

The decay curve for the longest irradiation time and its analysis into 
3 long—lived components is shown in Fig. 6. The data from all experiments 
were analysed by least-squares fitting using a computer program. The 
average half-lives and yields obtained are shown in Table II. Instead of 
long-lived delayed neutron groups the more appropriate and convenient term 
"pnotofission groups" is used. 

239 
According to known data, the cross-section for Pu photofission by 

fission product gamma rays should be between 4 to 10 times larger than for 
U (see Fig. 7). For 2 3 5u the cross-section for the same reaction should 

238 be 1.3 to 2.4 times larger than for ü - as estimated from values at 
higher energy [7] and a plot of fissionability versus Z2/A [9]. 12 min. 
irradiation experiments were carried out with Pu and 2i5\] in the counter 
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FIG. 5. Photofission effect with 238U (12 min irradiation time; amounts of 238U in the counter annulus are 
shown on each curve; experimental points are only given for 2 curves, to avoid confusion). 

annulus to test these predictions. The presence of plutonium in the 
counter increased the background from 10O to 72,000 c/min. This required 5 
identical experiments to be carried out and the results added together to 
obtain a reasonable accuracy. About half of the high background was due to 

Pu spontaneous fission and half due to 0(&,n) reactions in the oxide [l2]. 

Using the 3.1 min. group for comparison and making allowances for mass, 
distance, gamma-ray absorption, and neutron multiplication, the relative 
photofission cross-sections for 238ц 235 U and 239, Pu were found to be: 
1.0, 1.40 + 0.36, and 10.8 + 1.5 respectively in good agreement with the 
predictions given above. 

From a knowledge of the relative photofission cross-sections and 
sample geometry, it was possible to estimate the expected count rate of 
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FIG. 6. Decay curve for 436 min irradiation with 6.2 kg U in counter annulus (individual components 
obtained by least-squares analysis; inset is shown the curve at long cooling times). 

the 3 min. group for the irradiated uranium samples alone. The estimated 
value was 1 6 + 4 c/40 sec, which compares favourably with the observed 
21.5 + 4 c/40~sec (at 1,700 sec). 

4. DISCUSSION 

The results of this work have confirmed the existence of delayed-
neutron" groups with half lives greater than 55 seconds. The observed group 
half-lives of 3.1, 17 and 111 min. are in fairly good agreement with the 
values of 3, 12 and 125 min. found by Kunstadter et al [lj. It has been 
demonstrated that these "delayed neutron" groups are not due to delayed 
neutron precursors or to photoneutrons from beryllium or deuterium but are 
prompt neutrons from the photofission of 23°U and u. Photofission is 
caused by high-energy gamma rays emitted from certain fission products. 

The yields of the photofission groups observed in the present work -
are about 100 times less than found by Kunstadter et al [l] (e.g. 5 x 10 
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FIG. 7. Low-energy photofission cross-sections for 239Pu and Z38U (replotted from Katz, Baerg and Brown [9 ] ) . 

compared to 6 x 10 neutron/fission for the 3 min. group). However 
Kunstadter et al irradiated 3.5 kg of natural uranium compared to 21.4 g 
of 80% 2 3 5u used in the present work. In the former case, about 100 times 
more uranium was available to undergo photofission than in the latter case 
and the higher yield is as expected. Kane et al [2], using U foils 
obtained a low yield of photofission groups for the same reason. 

Table III gives a list of fission products with half-lives greater 
than 2 min., which are capable of emitting gamma-rays above 4 MeV and 
which are probably responsible for the photofission groups. Where no 
experimental data were available, Qg values were obtained from two mass 
equations [13, 14]; those with Qfl > 4.9 MeV were assumed capable of 
emitting gamma-rays with energies above 4 MeV. (4.9 MeV was arbitrarily 
chosen as the limit - so that Rb was included). 

Although few data are available on high energy gamma-rays from 
individual fission products, the gross gamma spectra of uranium fission 
products have been measured up to 6 MeV, at various times after fission 
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FIG. 8. Decay of gamma rays of various energies from gross fission products (replotted from Maienschein 
et al.[8] ). 

[8, 19, 20].. In Fig. 8 the data of Maienschein et al,[8] for 4.0, 4.5, 
5.0 and 5.5 MeV gamma—rays are replotted as decay curves. The 
approximately straight region of the 5.0 and 5.5 MeV curves (between 20O 
and 800 sec.) has a half-life of 2-3 min. and undoubtedly represents the 
gamma-rays which produce the 3 min» photofission group. 

In the present work, using neutron counting we have only been able 
to observe photofission groups with half-lives greater than 55 sec. because 
any shorter-lived groups would have been masked by the delayed neutrons. 
From a study of the gross gamma-ray decay curves (Fig. 8), it is obvious 
that there must be many photofission groups with half-lives less than 3 min. 
As the half-lives of the gamma emitters become shorter, so the average energy 
of the gamma rays will increase and hence the cross-section for photo
fission will increase (Fig. 7). Some of the highest energy gamma rays, such 
as those up to 6.7 MeV from Br and Br [21], may also be above the 
threshold for U and Pu(Y,n) reactions and cause some photoneutron emission. 

From the data available at present, it seems unlikely that photo
fission groups with ti £ 3.1 min. will, under any experimental or reactor 
conditions, be a significant fraction of the total delayed neutron yield. 
However, shorter-lived photofission groups (ti < 3.1 min.) may be important, 
but their yields cannot be estimated until we have more knowledge of fission 
product gamma-ray emission and photofission cross-sections. Photofission 
groups are most likely to be a significant fraction of the total delayed 
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neutron yield in the case of ^d9Pu - where the photofission cross—section 
is high and the total delayed neutron yield is low - compared to most other 
nuclides. 

From the observed count rate of the irradiated uranium samples at a 
decay time of 1,700 sec, one can calculate an upper limit for the neutron 
branching ratio (Pn) of possible delayed neutron precursors with half-lives 
greater than 55 sec. After subtracting out the calculated contribution of 
photofission (section 3.3), the following Pn values were obtained: 

91Rb (58 sec.) $0.7%; 4°Cs (64 sec.) <: 0.1%; 6Y (2.3 min.) $ 

5 x 10™6%; 133Sb (2.7 min.) v< 3 x ю " %. 
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D I S C U S S I O N 

W. L. TALBERT, Jr . : The upper limits mentioned for delayed neutron 
emission with precursor half-lives of the order of T^ =* 55 s can be lowered 
significantly for the cases of 91Rb and 140Cs. In our study of mass-separated 
gaseous fission products and their daughters ( Phys, Rev. 177 (1969) 1805] 
mass 91 and 140 neutron counting rates can be used to estimate limits for 
Pn in the cases of 91Rb and 140Cs. Using for each the observation that Xe-Cs 
or Kr-Rb neutron yields are about equal for each mass chain, and taking 
3:1 as the ratio of photoneutron to delayed neutron emission for mass 91, 
along with very conservative estimates for relative activities for masses 
91/92 and 140/141 for our system, we find that the upper limits are: 

91Rb : Pn < 10"3% 
140Cs : Pn < 2 X 10-5 % . 

S. AMIEL: Can the author indicate any mass formula which will support 
his search for the longer-lived precursors? I am afraid that no formula or 
mass tables currently in use will support such an attempt. 

L. TOMLINSON: We used the predictions of delayed neutron emission 
given by Pappas and Rudstam [ Nuclear Physics 2^ (1960) 353 ], which 
indicated that there may be up to four delayed neutron precursors with half-
lives greater than 55 s. Predictions based on more recent mass formulae 
(such as the one mentioned in your review paper) may not agree with these 
earlier predictions. 

A. C. PAPPAS: I have one comment. Your refer to the work done by 
Rudstam and myself about ten years ago where we used the Cameron formula 
to estimate Qg-Bn values. The nuclides you mention have, according to 
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this formula, a very small value of Qg-Bn and should therefore, from energy 
considerations, be delayed neutron precursors. As was stressed in the 
paper, spin and parity restrictions are serious at these small values and 
the results should therefore be handled with care. 

The new improved formula moves the limits further away and your 
results confirm the importance of spin in delayed neutron emission when 
QB -Bn is very small. 
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EMISSION DE NEUTRONS RETARDES: 
CALCUL DES SPECTRES D'ENERGIE 
ET DES PROBABILITES D'EMISSION 
DES PRECURSEURS 

H. GAUVIN* R. de TOURREIL** 
Institut de physique nucleaire, 
Orsay, France 

Abstract — Resume 

EMISSION OF DELAYED NEUTRONS: CALCULATION OF THE ENERGY SPECTRA AND EMISSION 
PROBABILITIES OF THE PRECURSORS. The calculations given in the paper are intended to explain the delayed 
neutron emission (energy spectra and emission probabilities Pn) which follows the 8 disintegration of the 
precursors produced by fission. The probability of S" transition, the level density ш(Е, J) of the emitter and the 
competion (8~, у) and (8", n) de-energizations are analysed for each precursor studied. All the possible 
channels open to the process of neutron emission on grounds of energy considerations (Qg- , Bn) are taken into 
account through the introduction of the spin and parity selection rules at each stage of the sequence: precursor, 
emitter, final nucleus. 

The results of the calculations are compared with the known experimental measurements of the neutron 
energy spectra and probabilities P n . The precursors 8 '8r, 88Br, 13,I and 53"9,Rb were selected for this 
examination. 

This comparison shows in particular that the structure of experimental energy spectra can be well 
reproduced by the calculations given in the paper. Moreover, it emerges that the spectra calculated are very 
sensitive to the choice of the spins of the precursor and the final nucleus. 

EMISSION DE NEUTRONS RETARDES: CALCUL DES SPECTRES D'ENERGIE ET DES PROBABILITES 
D'EMISSION DES PRECURSEURS. Les calculs presentes tendent ä rendre compte de remission neutronique 
retardee (spectres d'energie et pröbabilites d'emission Pn) qui suit la desintegration 8" des precurseurs 
produits par fission. La probabilite de transition 8", la densite de niveau w(E,J) de l'emetteur, la compe
tition des desexcitations (6", у) et (ß",n) sont, en particulier, analysees pour chaque precurseur etudie. 
Toutes les voies possibles ouvertes au processus d'emission de neutrons par des considerations energetiques 
(Qg-, Bn) sont envisagees en introduisant les regies de selection de spin et de parite a chaque etape de la 
sequence: precurseur, emetteur, noyau final. 

Les resultats des calculs sont confrontes aux mesures experimentales actuellement connues de spectres 
d'energie de neutrons et de pröbabilites P n . Les precurseurs 8,Br, 88Br, 13,I et 93_9,Rb ont ete retenus pour 
cet examen. 

II ressort, en particulier, de cette confrontation que la structure des spectres energetiques experimentaux 
peut Stre bien reproduite par les calculs presentes ici. II apparalt, de plus, que les spectres calcules sont tres 
sensibles au choix des spins du precurseur et du noyau final. 

1. INTRODUCTION 

Une interpretation semi-quantitative du processus de desexcitation 
suivie de remission de neutrons differes a conduit differents auteurs [1, 2] 
ä estimer les tendances des pröbabilites d'emission de neutrons (Pn) pour 
des precurseurs loin de la stabilite, excedentaires en neutrons au-delä des 
couches fermees N= 50 et 82. L'approche semi-theorique a ete par la suite 
precisee en considerant les effets de moment angulaire, de fafon qualitative 
par Sugihara [3] et recemment [4] plus quantitativement par Jahnsen et al. [5]. 

* Laboratoire de chimie nucleaire. 
* * Division de physique theorique, Laboratoiie associe au CNRS. 
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Le travail presente ici se propose de determiner pour des precurseurs 
connus les probabilites Pn d'emission de neutrons et les spectres energe-
tiques correspondants. S'il s'appuie sur les memes fondements generaux 
que les etudes precedentes, il tente de preciser l'effet de certains para-
metres dans l'approche semi-theorique qui peut etre actuellement menee. 
Nos connaissances actuelles dans les domaines de nucleides consideres, 
au-dela des couches fermees ou apparaissent diverses anomalies, sont 
encore tres fragmentaires. On peut penser que les calculs theoriques, tout 
en visant ä reproduire les caracteristiques de remission differee de neu
trons, pourraient apporter des informations sur les proprietes nucleaires 
des noyaux concernes dans le processus etudie. 

Du point de vue experimental, le spectre energetique des neutrons et 
la probabilite totale Pn d"emission sont deux grandeurs mesurables de 
maniere totalement independante. Une confrontation des resultats theoriques 
avec ces deux grandeurs lorsqu'elles sont simultanement connues pour un 
precurseur donne constitue done le test le plus efficace de tout modele 
theorique. Une telle situation ne se rencontre pas actuellement, excepte 
dans un cas. Si les P sont assez bien connus pour un ensemble de pre
curseurs, en ce qui concerne les spectres energetiques on ne dispose que 
des mesures anciennes de Batchelor et Hyder [6] relatives aux groupes de 
periodes 1 a. 4 dans la fission thermique de 235U. Nous avons retenu pour 
confrontation les spectres correspondant aux groupes 1 et 2. Dans le premier 
cas le spectre energetique correspondrait au 8 ,Br seul, dans le deuxieme 
cas il resulterait pour l'essentiel de l'association 88Br et 137I. Les Pn ont 
ete calcules pour ces trois precurseurs ainsi que pour 93-94-95-96]^ £ s o . 
topes pour lesquels on dispose de valeurs experimentales recentes [7]. 
Pour les isotopes de Rb, les spectres energetiques calcules sont proposes, 
dans l'attente des resultats experimentaux. 

2. METHODES DE CALCUL 

Notation. Precurseur : Zit N4, Jt, ж-х 
Emetteur : Ze = Z i + l , Ne = N i - l , Je, тге 
Noyau final : Zf = Ze, Nf = Ne - 1, J f, irs 
Energie maximale de disintegration du precurseur: Qß-
Energie de liaison du neutron dans 1'emetteur: Bn. 

Depuis Bohr et Wheeler [8] le processus admis d1 emission differee 
de neutrons est le suivant: le precurseur (Zj, Nt) dans son etat fundamental 
de spin et parite jf1 forme par disintegration ß le noyau fils emetteur 
(Ze, Ne) dans un etat J^e d'energie d'excitation E. L'emetteur se desexcite 
ensuite par emission у seule si E < Bn ou par emission 7 ou neutron si 
E Ш Bn. On atteint ainsi soit l'etat fondamental de l'emetteur, s'il у a eu 
emission 7 seule, soit le noyau final (Zf, Nf) dans l'etat J f

f d'energie 
d'excitation E f, s'il у a eu emission de neutron. Si Ef =f* 0, l'etat fonda
mental du noyau final est atteint par emission 7. Nous negligeons l'even-
tualite de disintegrations /3 de l'etat (E, J*e) de l'emetteur vers le nucleide 
(Ze + 1, Ne - 1). On distingue done deux etapes dans le processus de desexci-
tation: d'une part la formation de l'emetteur (Ze, Ne) dans l'etat Je

 e d'ener
gie E, d1 autre part la competition (7, n) dans la desexcitation de ce niveau de 
l'emetteur. 
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2 . 1 . Fo rma t ion de l ' emet teur 

Le schema du p roces sus est donne a la figure l a . La probabil i te Pg 
de peupler le niveau (E, J e

e) ä. p a r t i r de l 'e ta t Ji1 est donnee pa r le produit 
de la probabil i te X(Eß-) de d i s in tegra t ion ß~ d 'energie maximale 
E„- = Qg- - E, tenant compte des reg ies de selection, et de la probabil i te de 
t rouve r l 'e tat j j e avec une energie d 'excitation E, c ' e s t - ä - d i r e la densite 
de niveaux de l ' eme t t eu r f2 (E, J*e). 

2 i . Nj, J: " 
ТТТГГГ7Т 

Ofl-

PstLi E , J." ' 

E, J , " ' (2 ) 

v j ' m 
J l l l l l l / l l l l l I I I I I I ! ' 

Z . . N . 
( b ) 

FIG.l. Schema du processus d'emission de neutrons differes. 

a) Desintegrat ion ß~ 

Le p r e m i e r t e r m e X(Eo-), qui n 'es t autre que la constante de desinte
grat ion par t ie l le , es t donne par la theorie de F e r m i et peut e t re expr ime 
sous la forme [9] 

X(Wn F ( Z e , W)(W^ •1)* (W0-W)2WdW (1) 

o"u W et W0 sont, en unites m ec2 , respect ivement , l ' energie totale d'un 
e lec t ron du spec t re et l ' energie totale maximale (Eg- + mec

2) du spec t r e . 
Le coefficient т0 contient la constante de F e r m i . Pour les t rans i t ions 

ß~ p e r m i s e s , qui ont seules ete envisagees dans le peuplement des etats 
eme t t eu r s de neutrons, l 'e lement de mat r ice | p | est independant de 
l ' energ ie de t rans i t ion . L ' expres s ion (1) prend a lors la forme 

X(W0) = к f(Ze, W0) 

ou 

2 „ . 2 , 
f (Z e , W0) = / G(Ze, W)(W0-W) WdW 

CW2- 11̂  G(Ze, W) = t W
w ' F ( Z e , W) 
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Les fonctions in tegra les de F e r m i f(Ze, W0) pour l es differents p r e c u r s e u r s 
select ionnes ont ete calculees a. pa r t i r des Tables de Rose et al . donnant 
G(Ze, W) [10]. Une t ransformat ion d'unite de X(W0) conduit a lo r s a la 
probabil i te X(E„-). 

Les Regies de select ion de Gamow-Tel le r (seules poss ib les ici) en t ra t -
nent pour les t rans i t ions J3 p e r m i s e s : AJ = 0, ± 1, sans changement de 
pa r i t e . Nous avons a lo rs Je = {J; + 1 , J j , Js - 1} et 7re = п{, avec pour chacune 
des va leurs 'de spin Je un poids egal dans la t rans i t ion p e r m i s e . 

b) Express ion de la densi te de niveaux 

Dans le modele du gaz de F e r m i , avec l 'hypothese d 'espacement equi
distant des etats de par t icu les independantes, E r i c s o n [11] obtient pour la 
densite d 'e ta ts individuels de nucleons- l ' express ion 

W(E) = й ^ W e x p 2 N / I Ü (2) 

et pour la densite de niveaux nuc lea i res , dependante du spin 

0 ( E . J e ) = u ( E ) 2 y X
a exp 

2 a2 (3) 

Dans l ' express ion (2), ä l ' energie E correspond une «energ ie d 'excitat ion 
effective» U = E - б. б es t le plus souvent ass imile a. l ' energie d ' appar ie -
ment pour protons et pour neut rons . Pour les nucleides eme t t eu r s , pa i r s 
en protons , qui nous in te ressen t ici , les var ia t ions de б r e su i te r aient done 
de l ' energie d 'appar iement des neut rons . II apparai t difficile actuellement 
pour ces noyaux t r e s excedentai res de fixer l ' impor tance de се t e r m e . 
Aussi , nous avons considere 5 comme un p a r a m e t r e et nous v e r r o n s pa r la 
suite que les r e su l t a t s en sont t r e s dependants. La courbe des va leurs du 
p a r a m e t r e de densite de niveaux a presente une var ia t ion assez l ineai re avec 
le-nombre de m a s s e A (en A/8 environ) mais avec des minimums t r e s 
marques au voisinage des nombres magiques en neut rons , p rec i sement dans 
notre domaine d ' in te re t . Les va leurs de a ont ete deduites d'une recen te 
analyse de resonances nuc lea i res portant su r 200 noyaux, effectuee ä l 'a ide 
de l ' express ion (3) pa r Facchini et al . [12] . 

Compte tenu des va leu r s poss ibles de J e , dans une t rans i t ion 
ß p e r m i s e , le facteur de spin dans l ' express ion (3) definit 1'amplitude 
re la t ive des differentes composantes Je dans le spec t re de neutrons et dans 
Pn . Dans cette express ion a («spin cut-off») est defini theoriquement pa r 
[11] : 

f f <m2> T (U) (4) 

ou <(m2)> est la va leur moyenne du c a r r e de la project ion du moment angu-
la i re total pour les e ta ts de nucleons au voisinage du niveau de F e r m i . 
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Les resultats des calculs ne dependent pratiquement pas de ^m2)> a con
dition que ^m2)> soit suffisarnment eleve, ce qui est le cas en prenant 
pour A~90, <m2)> = 5 et pour A ~ 140 <m2)> = 6, 5, valeurs indiquees par 
Facchini et al. [12]. a2 est souvent explicite en fonction du moment 
d'inertie ß et le modele du gaz de Fermi predit que g est alors donne 
par ^ri„ide. Toutefois, diverses experiences ont montre que ceci n1 est 
vrai qu'ä des energies d'excitation assez elevees et qu'aux basses energies 
f < /rieide • Aussi, nous avons calcule a1 par son expression donnee plus 
haut., 

Dans (4), T(U) est la temperature nucleaire et peut etre calcule ä partir 
de l'expression (2). L'introduction, dans les calculs, de la forme plus 
simple T(U) = \/U/a que nous avons utilisee ne modifie pas sensiblement 
les resultats par rapport ä la forme, plus exacte ä faible energie d'excita
tion, deduite de (2). Precisons qu'a basse energie, precisement, lorsque 
U < 1 MeV, afin d'eviter l'effet du terrae U5/!i, l'expression suivante a ete 
substituee a (2): 

wi , 
ИЕ) = — exp 2 4аЛЗ (5) 

12 a1/4 

Pour resumer ce qui precede sur la formation de l'emetteur, la probabilite 
totale PT de peupler tous les niveaux Je

 e ä partir de J.̂ 1 est done donnee 
par 

I У П(Е, Jee PT = J ^(E.Jj"1, Je
e) dE = J З К Е ^ ^ П С Е . О а Е 

et le poids relatif pour un niveau J e
e a 1" energie E est 

P ' (E, J,1. Je
e) = 

R(E, J , \ J*«) 
P T 

2.2. Desexcitation de l'emetteur - Competition y,n 

Le schema du processus de desexcitation est presente sur la figure lb . 
La probabilite pn pour la desexcitation du niveau (E, J^e) vers un 

niveau (Ef ё 0, J^f) par emission de neutron est donnee par 

P (E J , Jf ) = ^ ^ j (6) 
n r+EErn

Jn(En) 
' * in 

La largeur E. pour 1'emission у est dependante du nombre de masse. Nous 
avons pris, d'apres Stolovy et Harvey [13], pour A ~ 90, Г = 0,30 eV et 
pour A ~ 140, Г, = 0, 16 eV. Nous avons considere E, independent de l'energie 
E dans le domaine d'excitation explore, ce qui est probablement une bonne 
approximation. Г ^ Е ) est la largeur d'emission de neutrons d'energie 
E n = E - B n - E f . 



TABLEAU I. CARACTERISTIQUES DES PRECURSEURS ET DE LEUR FILIATION 

Precurseur 

8 7Rr 
35Bl52 

88Br 
35 53 

137j 
53 84 

93Rb 
37 56 

37 57 

95Rb 
37 58 

96Rb 
37 59 

Emetteur 

87Kr 
3 6 M 5 1 

X 
'S»* 
9 3 S r 
38M55 

MSr 
38 56 

95Sr 
38 57 

9%r 
38 58 

Noyau 
final 

8 6 K r 
36K I50 

87Kr 
36 51 

'S*« 

X 
9$Sr 
38 55 

X 
95Sr 
38 57 

p n 
(<7<0a 

3,1 ± 0 , 6 

6 ± 1 , 6 

3,0 ± 0 , 5 

1,43 ± 0,18 

11,10 ± 1,10 

7,10 ±0,90 

12,7 ± 1 , 5 

V 
(MeV)b 

7,55 ± 0,20 

9,70 ± 0,15 

8,70 ± 0,30 

11,0 ± 0,25 

Bn 
(MeV)c 

5,40 

7 

4,40 

a 

(MeV~')d 

10,5 

11,5 

15,7 

13,5 

14 

15 

15,5 

(eV)e 

0,30 

0,30 

0,16 

0,30 

0.30 

0,30 

0,30 

J i 4 

f 

3/2", 5/2" 

4 . 5 . 6 

1/2* 

5/2 

4" 

5/2" 

4" 

Etats finaux 

(MeV)f 

0 0+ 

[0 5/2* 
10,55 l/2+ 

|_1,52 3/2* 

Го o+ 
11,32 2+ 

Г0 0+ 

^ 0 , 8 2+ 
U,5 2+ 

Г0 5/2+ 
J 0, 25 3/2* 
] 0, 70 1/2* 
U , 90 l /2+ 

Го o+ 

J 0,8 2+ 

U , 5 2+ 

Г0 5/2+ 

J 0. 25 3/2* 
I 0,70 7/2+ 

*-0,90 l /2+ 

a 87-eag,. . i37j_ r e f - [23] . isot0pes de Rb, ref. [7 ] . e D'apres la ref. [13] . 
b Valeurs experimentales de I. Macias Marques, R. Fouoher et a l . (communication privee) [18] . ' Assignations et energies possibles, retenues dans le 
c Estimations d'apres les Tables de masses [16, 17] . present travail. 
d D'apres la ref. [12]. 

> 

1 
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Pour les transitions Je -> Jf, le moment angulaire total des neutrons 
emis est donne par les regies de selection 

J - J, ё J S J +J, 
e f ' •'п е f 

avec j n = £R ± \, £n ayant la parite du produit тге X щ . Les largeurs I^n 

peuvent etre explicitees a l'aide des coefficients de transmission T.3n [14] 

ln 2* 3^n(En) 
\ ( E n ] = D(E. Je) 

ou D(E, Je) est l ' e spacement moyen des niveaux Je de meme par i te dans 
l ' emet t eu r ä l ' energie d 'excitat ion E. D(E, Je) peut a l o r s ' e t r e donne p a r 
l ' i nverse de la densite de niveaux £2(E, Je) qui a ete definie p recedemment . 
Nous expr imons a lo rs Гп sous la forme 

, Tt
J_n(En) 

^ n ( E n ) = 2тгЩЕ, Je) 

Les coefficients de t r a n s m i s s i o n т / п ont ete calcules a p a r t i r du modele 
optique pa r Bjorklund et Fernbach [15] pour le domaine de nombre de 
m a s s e A qui nous i n t e r e s s e ici et pour En variant de 0 a 5 MeV. 

iSi nous posons 

Г т ( Е ) = V X I r n i n ( E n > 
Jf h 

le spectre de neutrons differes est alors donne par 

V "Г V̂  , "i ê Гп (En> 

Je h jn 

et la probabilite d'emission de neutron par 

P(E ) dE n n 

3. RESULTATS 

Les spectres de neutrons P(En) et les probabilites Pn ont ete caicules 
sur Uordinateur UNIVAC 1108 de la Faculte des sciences d'Orsay. Les 
parametres necessaires pour chacune des filiations considerees sont 
presentes dans le tableau I. Pour 8 ' 8Br et 137I, les valeurs de Bn sont 
des valeurs moyennes deduites des Tables de masses de Zeldes et al. [16] 
et de Seeger et Perisho [17]. Pour les isotopes de Rb nous disposons de 
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recentes mesures des energies Q - [18J. L'absence de valeurs Bn ou 
Qß- indique que nous avons examine l'effet de AE = Qß- - Bn. Le choix de 
ЛЕ comme parametre est dicte par une double raison. D'une part il a 
une grande influence sur les caracteristiques que l'on se propose d'evaluer, 
d'autre part on peut montrer que pour un Z donne il est independant de 
l'energie de paire et qu'il devrait ёЧге alors fonction seulement du nombre 
de neutrons. 

Les assignations J.*1, J^ resultent de possibilites du modele en couches 
et ont un caractere hypothetique, le plus souvent. A 1'exception de 86-87ĵ r 
et136Xe, les etats excites finaux sont egalement hypothetiques et s'inspirent 
des Schemas de nucleides voisins ayant des caracteristiques similaires en 
protons et neutrons. 

(HMeVI 
ЛЕ= 0,90 

(o=10,5 MeV ) 
1,10 1.30 

" o(MeV') 

14 

12 

10 

8 

ЛЕИ.2 MeV 
d = 2,3 M «V 

' ' >• 
4 P„% 

Brome-87 

La figure 2a montre, pour Jj , ^i = 3/2 , les variations de Pn en fonction 
de ЛЕ = Qß-- Bn pour differentes valeurs de l'energie 6, definie par 6=E-U 
(voir / 2 . l .b)). Pn varie rapidement avec ДЕ et nous avons constate que, 
tous les parametres maintenus par ailleurs, Pn est peu sensible aux valeurs 
individuelles de Qß- et Bn determinant une valeur donnee de ДЕ. L'influence 
previsible du parametre d'energie ДЕ apparait ici tres nettement, puisqu'il 
suffit d'une variation de 250 keV environ sur ДЕ pour doubler la valeur de 
Pn. Le parametre de densite de niveaux a et le facteur correctif de l'energie 
d'excitation б agissent aussi fortement sur Pn, ainsi qu'il apparait sur les 
figures 2b et 2c. On dispose done d'un ensemble de parametres ajustables 
dont le choix des valeurs, dans la situation actuelle, peut seulement etre 
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guide pa r une necess i te de coherence lorsqu 'on examine un ensemble de 
p r e c u r s e u r s . C'est ce souci qui nous a conduit ä fixer le p a r a m e t r e a 
(tableau I) comme nous l 'avons indique plus haut. P o u r 8 7 B r , avec 
6 = 2 , 3 MeV et ДЕ = 1, 2 MeV, on obtient Pn = 2, 5%, en bon accord avec la 
va leur e x p e r i m e n t a l . La l a rgeur ДЕ exclut done toute desexci tat ion v e r s 
le p r e m i e r niveau excite 2* du 86Kr d 'energie voisine de 1, 5 MeV. 

La figure 3 p resen te le spec t re de neutrons correspondant aux conditions 
precedentes , compare au spec t re du groupe 1 de Batchelor et Hyder. Le 
p r e m i e r pic ä E n < 100 keV correspond ä Demission de neutrons de moment 
angulaire Hn = 1, et le second ä E n = 420 keV aux neutrons in = 3. P a r la 
position des pics en energie le spec t re exper imenta l est bien reprodui t . 
P a r contre le rappor t des intensi tes s ' eca r te sensiblement du rappor t 
exper imenta l . Un etat Jj * = 5/2" du 8 7Br qui favorise Hn = 3 aux depens de 
i n

= 1 semble exclu a for t ior i . 
II s e ra i t necessa i r e de d isposer d'un spec t re exper imental du 8 7Br 

obtenu plus d i rec tement et de me i l l eu re resolut ion pour degager des con
clusions plus definitives. Quoiqu'il en soit il semble que les calculs rendent 
compte de la s t ruc tu re generale du spec t r e . 

Brome-88 

Une analyse en fonction de ДЕ et de 6 a ete effectuee comme ргёсё-
demment pour differentes assignat ions Jj ' . La figure 4a p resen te avec les 
p a r a m e t r e s suivants 

J*1 ДЕ(МеУ) 6(MeV) Spectre P (%) 

5" 1,92 1,90 1 6 
6" 2 ,25 1,90 2 5,5 
6" 1,85 3,80 3 6 

les spec t r e s de neutrons obtenus qui correspondent ä Pn (5") =6%, Pn (6 ) 
= 5, 5% et 6%. Dans le p r e m i e r cas (5") la contribution vient essent ie l lement 
de Ün = 1 et 3, a lo r s que dans le second (6") nous avons in= 3. Dans tous les 
cas on observe que Demission de neutrons v e r s les e tats exci tes de 87Kr 
contribue peu. 

Iode-137 

La Situation apparal t ici beaucoup plus cer ta ine en ce qui concerne les 
ca rac t e r i s t i ques des etats init ial et finaux. Le non-changement de par i t e 
conduit ä. r e m i s s i o n de neutrons £n=2 et 4. La figure 4b donne les spec t r e s 
de neutrons avec les p a r a m e t r e s suivants et Pn cor respondants vois ins de 
la va leur exper imenta le : 

ДЕ(МеУ) 6 (MeV) Pn (%) Spectre 

1,25 1,70 4 1 
1,40 1,20 4 2 
1,25 1,20 3 3 
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On constate ici une variation rapide du rapport des pics in = 2/£n = 4. Les 
spectres obtenus pour les precurseurs 88Br (Pn = 6%, AE = 1, 85 MeV, 
6 = 3, 8 MeV) et137I (Pn = 3%, AE = 1, 25 MeV, 6 = 1,20 MeV) ont ete sommes 
avec les poids respectifs 1/3, 2/3 [19] afin de simuler le groupe 2 de 
22 sec. Le spectre total est presente sur la figure 5 ainsi que le spectre 
experimental de Batchelor et Hyder. La structure d'ensemble de ce der
nier est assez bien reproduite et les intensites relatives des differents pics 
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FIG.3. Spectre energetique calcule des neutrons differes du a,Br (a) et spectre experimental (b) du groupe 1 
[6] analyse ä l'aide des resultats de Keepin et al. [22]. 

ne sont pas en desaccord flagrant. La position en energie des maximums 
est egalement correcte, bien que decalee vers des energies legerement 
plus elevees. Ceci peut etre explique partiellement par la degradation, 
soulignee par Batchelor et Hyder, de 1'energie des neutrons dans le spectre 
experimental. Nous devons remarquer que nous sommes conduits ä pren
dre pour 88Br J ;

 1 =6" ce qui suggere un peuplement important des niveaux 
d'excitation elevee de l'emetteur 88Kr (0+). Les etats J£

 l < 6" seraient ä 
rejeter en raison de la composante ^ = 1 qu'ils introduisent et qui alimen-
terait trop fortement le spectre ä En ~ 100 keV en contradiction avec le 
spectre experimental. 

On peut souligner que dans le cas present l'approche theorique permet 
de rendre compte de fafon assez satisfaisante du spectre energetique expe
rimental a. l'aide de spectres individuels calcules en accord avec les Pn 
experimentaux. 

Isotopes de rubidium 

Comme pour les isotopes precedents une analyse a ete faite en fonction 
de AE et 6. Les J. i introduits sont hypothetiques, mais possibles. Les 
etats finaux des Sr (pair-pair) sont sans doute tres probables compte tenu 
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FIG.4. Spectres energetiques calcules des neutrons differes du 88Br (a) et du 137I (b) pour differents cas de 
J^ i , A E e t a . 

de la systemat ique des noyaux voisins de m i m e s c a r a c t e r i s t i q u e s . P a r 
contre la sequence des e ta ts finaux introduite pa r les Sr (pa i r - impai r ) est 
assez a r b i t r a i r e . II nous a paru qu ' i l eut ete plus a r b i t r a i r e encore de ne 
conse rve r que l 'e tat fondamental. 

Les courbes Pn = f(AE) sont p r e sen t ee s sur la figure 6. Les va leu r s 
exper imenta les de Pn [7] sont obtenues, en par t icu l ie r , en at t r ibuant aux 
p a r a m e t r e s les va leu r s regroupees c i -de s sous : 

Rb 6 (MeV) AE(MeV) P„(%). 

93 
94 
95 
96 

1,2 
2 
1,2 
2 

1,3 
2 
2, 10 
2 ,45 

1,43 
11, 10 
7 ,5 

12,7 

Les va l eu r s de 6 sont vois ines des energ ies d 'appar iement de Gilbert et 
Cameron [20] . Les energ ies AE pour 9S"94Rb sont en bon accord avec les 
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E (MeV) 

FIG.5. Spectre energetlque calcule des neutrons differes de Г ensemble 88Бг + 13,I (a) et spectre experimental (b) 
du groupe 2 [6] analyse a l'aide des resultats de Keepin et al . [22] . 

' ДЕ ( MeV ) 
tf(MeV) =. \2 

93 Rb 

P„ % 

rf(MeV)-2 
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FIG. 6. »»-" -«-«и , , variations de Pn en fonction de ДЕ. 
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Tables de masses [16, 17, 21]. Par contre, pour 95~96Rb elles s'en ecartent 
tres sensiblement. Les Tables de masses conduisent ä des valeurs supe-
rieures de 50% environ. II est clair, d'apres la figure 6, que de telles 
valeurs de ДЕ conduiraient ä des valeurs prohibitives de Pn. La presente 
situation appelle done une etude plus detaillee. 

FIG.7. Spectres energetiques calcules des neutrons diffeies des precurseurs 93~м~35~96[(ь. 

Les spectres calcules avec les conditions precisees ci-dessus sont 
presentes sur la figure 7. Le spectre du precurseur ^Rb, qui est une 
composante importante du groupe 4 de 2 sec, n1 est pas en contradiction 
avec le spectre experimental obtenu pour ce groupe par Batchelor et 
Hyder [6]. 

On remarque que pour les precurseurs 94-95-96jyj ^eg S p e c t r e s presen-
tent une cassure vers 7 00 ou 800 keV. Ce phenomene n'apparait que pour 
des valeurs ЛЕ =Qß-- Bn grandes par rapport a. des energies d'excitation 
assez faibles des etats finaux peuples par emission de neutrons de faible 
moment angulaire. Conslderons par exemple le cas du 95Rb ou le change-
ment de pente est le plus net dans le spectre. Nous avons envisage la 
sequence 

9 5Rb(5/2~)-V 5Sr*(3/2\ 5/2", 7/2") Л MSr (0+, 2+, 2+) 

Le peuplement de l'etat fondamental 0+du 94Sr s'effectue a. partir des diffe-
rents etats J^e de l'emetteur par des neutrons in = 1 et 3. Lorsque, dans 
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l'echelle d'energie des neutrons se referant ä Bn, apparalt l1 alimentation du 
premier etat excite 2+ du94Sr ä 800 keV par emission de neutrons &n - 1, la 
largeur totale EJ., donnee plus haut, prend assez brutalement des valeurs 
plus importantes. II en resulte que la probabilite de desexcitation vers le 
fondamental, p (E , Je

 e, 0+) [expression (6) ] diminue tres sensiblement. 
Dans le spectre de neutrons, с'est done la contribution partielle due aux 
transitions vers l'etat fondamental qui doit subir cet effet. C'est bienceque 
montre une analyse des calculs. 

4. REMARQUES ET CONCLUSIONS 

Quelques conclusions et perspectives peuvent etre degagees des resul-
tats rapportes dans cette etude preliminaire. 

D'une maniere generale, il ressort que les calculs peuvent rendre 
compte des Pn experimentaux avec des valeurs coherentes et vraisem-
blables des parametres qui ont ete choisis, sauf dans le cas de 95~96Rb. 
Les spectres experimentaux de 81Br et 88Br +137I sont dans leur structure 
d'ensemble assez bien reproduits. Par contre les intensites relatives 
des maximums ne sont encore qu'imparfaitement calculees. II convient 
toutefois de souligner que la faible resolution experimentale a tendance 
ä niveler les spectres obtenus par Batchelor et Hyder [6], alors que dans 
les calculs 1'effet des coefficients de transmission Tln entralne une montee 
assez brutale des pics. Dans ces conditions, il devient difficile d'apprecier 
plus en detail les calculs presentes ici, tant que nous ne disposerons pas de 
spectres experimentaux plus precis. 

Toutefois s'il apparaissait que les divergences observees se confirment, 
elles pourraient etre imputees dans les calculs au terme 

Pß (E, J*1, j / e ) =X{Eß-)^ П(Е, Je) 
Je 

Dans X(E -) une dependence en energie de 1' element de matrice nucleaire 
| p | defavorisant les transitions ß vers les niveaux les plus excites de 
Гemetteur aurait pour effet une attenuation des parties hautes des spectres. 
Une telle dependance a ete envisagee [5] et il serait sans doute interessant 
que les calculs puissent en tenir compte. Par contre, on peut voir qualita-
tivement que Pn serait diminuee. Mais les courbes Pn = f (ДЕ) autorisent 
les ajustements de ДЕ dans des limites tres raisonnables. 

Dans le cas du spectre donne pour le groupe 1 par Batchelor et Hyder, 
le desaccord observe sur la figure 3 pourrait etre egalement explique par 
une contribution du precurseur possible, mais non encore identifie, 136Te 
(Ti =33 s). Les regies de selection de Gamow-Teller, pour des transitions 
ß permises, conduiraient a. la sequence 

136Te (0+) >136I*(1+) ^ 1 3 ^ ( 7 / 2 + ) +n 

Si ДЕ <, 500 keV, 1'emission de neutrons ^ = 2 apporterait alors une 
contribution dans le spectre du groupe 1 aux energies voisines de 100 keV. 

On doit remarquer que les calculs, bases sur la methode statistique, 
tels qu'ils sont effectues ici conduisent a des spectres Continus de neutrons. 
Si en realite on est amene ä observer experimentalement des spectres de 
raies, les spectres calcules peuvent etre vus alors comme resultant d'in-
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tegrations sur une suite d'intervalles d'energie autour de valeurs moyennes. 
II semble se degager des calculs que, m§rae dans ces conditions, le rapport 
des maximums dans le spectre de neutrons d'un emetteur peut aider, dans 
certains cas favorables, ä fixer les spins et parites J*' et j " f . 

L'introduction d'etats excites du noyau final ne modifie pas fonda-
mentalement les resultats mais n'est cependant pas negligeable, surtout 
quand ЛЕ = Qß-~ B„ devient grand. Les cas des 

9 4 - 9 5 - 9 6 ^ 
en sont un exemple 

lorsque des conditions particulieres de spin et parite se trouvent realisees. 
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DISCUSSION 

Eiko TAKEKOSHI: I would like to inform you that some recent pre
liminary results are given in "An Approach to Delayed Neutron Emission 
with Gross Theory of Beta-decay" (unpublished note) by Kohji Takahashi 
and Masami Yamada of Waseda University, Japan. 
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A.C. PAPPAS: Iwish to refer to some work done by Mrs. Tone Sverdrup 
in our laboratory (see abstract SM-122/51). Like Gauvin, she uses the 
Fermi beta-decay theory, the level density formula with pairing energy 
correction, and includes spin and parity considerations in all steps of the 
process. Гп/( Гп + Г,) is also taken as energy- and spin-dependent. At 
present the mass formula of Seeger, Zeldes and Swiatecki is used but 
others will also be tried. The Pn values calculated for the single light and 
heavy delayed neutron precursors agree within a factor of 2-4 with the 
experimental values, except in a couple of cases where the deviation is much 
larger. So far as the spectra are concerned, that of 87Br has been calcu
lated (others will be) and shows a much larger fraction of low-energy 
neutrons than Gauvin1 s results. Mrs. Sverdrup also finds - but with much 
lower intensity - the peak at ~ 400 keV, which Gauvin obtains with about 
one quarter the intensity of the low-energy peak. The intensity and the 
shape depend strongly on the shape of the barrier (f-wave). The latter will 
be looked into more closely. Thus, these calculations are not, like those 
of Gauvin, based on parameters (level density, pairing energy etc.) obtained 
from the best fit between the calculated and observed Pn values and then 
used for calculating the spectra. A mixture of both might be the best . 

H. GAUVIN: We had the opportunity of comparing our results with 
your, and there are indeed some divergences. It seems to me that the 
intensity of the second peak in the spectrum which you obtained for 87Br 
is too low. Coir methods differ particularly as regards the spin- and 
energy-dependence of the factor Гп/Гп + П,. I think we should be able to 
converge towards more correct results and for this purpose it would be 
desirable to compare the very bases of our calculations. 

S. AMIEL: Since we observe, as I have mentioned in my paper 
(SM-122/205), a rather insensitive dependence on spin and parity consider
ations when calculating Pn values, I wonder whether you can verify this 
conclusion from your findings. 

H. GAUVIN: In our work we tried basically to find out whether, using 
coherent and reasonable values of the selected parameters, we could 
obtain, for calculated Pn values in agreement with the experimental values, 
energy spectra which, too, would be in agreement with those available now. 
The preliminary results presented show clearly that spin and parity con
siderations have a considerable effect on both Pn and the shape of the 
spectra. Any calculations carried out must take account of these two 
characteristics of delayed neutron emission simultaneously. 
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Abstract 

SOME INVESTIGATIONS OF HIGH-ENERGY GAMMA RAYS FROM SHORT-LIVED FISSION PRODUCTS. 
A knowledge of the high energy у -rays emitted by fission products is of considerable value in fission studies. 
The use of Ge(Li) detectors makes possible accurate measurement of these y-rays, 

The y-spectra of a number of fission_rjroducts with half-lives of a few minutes to a few hours have been 
examined by means of a Ge(Li) detector; the fission products selected have been chosen from those likely to 
emit y-rays of over 2.5 MeV. By comparison of these and other known spectra with the y-spectrum of irradiated 
Z3su the main contributors to the high-energy portion of the fission product spectrum have been ascertained. 

INTRODUCTION 

A detailed knowledge of the JT-spectra of fission products is useful 
for shielding calculations and for the calculation of Jf-heating in reactors 
and associated equipment such as processing plants. Information of this 
kind is also required in other fields, such as studies of photofission. 
Many measurements of the spectra of individual fission products were made 
with sodium iodide detectors which, however, gave rather poor resolution, 
and fine structure in the low energy region was often obtained by other 
techniques such as conversion electron spectrometry. Where gross fission 
products were measured it was usually possible to produce only a broad 
general picture, and heating and shielding calculations were either based 
on the condensation of these spectra into a small number of broad energy 
bands, or on calculations taking into account all the known spectra. 

With the advent of solid state detectors it became possible to obtain 
well-resolved IT-spectra, and in particular to study in greater detail the 
high energy region of the spectra. We have investigated the jf-spectra of 
a number of fission products with half-lives of._a, few minutes to a few 
hours, concentrating on the 2.5-5 MeV region, and we have also determined 
the У-spectra of gross rission products over this range. 

EXPERIMENTAL 

The methods used for the separation of individual fission products 
have been described elsewhere [l]. Most of these fission products were 
obtained from small samples of natural uranium irradiated in the DIDO 
reactor at a thermal flux of about 3 x 10 n.cm. sec. or from samples 
of 93V uranium irradiated in BEPO at a much lower flux. Rubidium-88, 
however, was obtained by irradiation of rubidium carbonate. For the 
spectra of gross fission products lmg. samples of natural uranium encapsu
lated in silica were irradiated in DIDO for various times. After an 
appropriate cooling period the spectra were measured on a coaxial Ge (Li) 
detector of 50cm nominal active volume, and recorded by a Northern 

637 
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Scientific 2048-channel analyser (type 615). The spectra were analysed by 
means of a computer programme based on the GASPAN programme [2j . 

56 
Calibration of the J-spectrometer was carried out with a Co source, 

and the precision of energy measurements is generally of the order of 0.5 
keV. However, slight gain shifts in the electronic equipment result in 
errors in the absolute values of energies amounting to a few keV, and 
corrections for these gain shifts have not been applied to the spectra 
presented here. 

It was found that in general satisfactory spectra of gross fission 
products could be obtained without removing the samples from their silica 
capsules, irradiation of an empty capsule indicating that the only peak in 
the region above 24 MeV arose from the activation of sodium impurity. It 

TABLE I. IRRADIATION, COOLING, AND 
COUNTING PERIODS FOR URANIUM SAMPLES 

No. 

1 

2 

3 

4 

Irradiation 

5 min. 

15 min. 

1 h. 

3 h. 

Duration of 
Cooling 

6 min. 

15 min. 

1 h. 

3 h. 

Counting 

5 min. 

30 min. 

1 h. 

3 h. 

No. of samples 
combined 

11 

6 

3 

2 

IO' 

I I 1 1 1 I 1 1 1 1 1 1 — 
I0OO I2O0 I400 I600 I800 2 0 0 0 

CHANNEL NUMBER 

FIG. l. The gamma spectrum of irradiated natural uranium (5 min irradiation, 6 min cooling). 
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FIG. 2. The gamma spectrum of irradiated natural uranium (15 min irradiation, 15 min cooling). 

CHANNEL NUMBER 

FIG.3. The gamma spectrum of irradiated naturel uranium (1 h irradiation, 1 h cooling). 
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IOOO I200 I 8 0 0 I400 I600 

CHANNEL NUMBER 
FIG. 4. The gamma spectrum of irradiated natural uranium ( 3 h irradiation, 3 h cooling). 

CHANNEL NUMBER 

FIG. 5. The gamma spectrum of rubidium-8 
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I400 I6O0 
CHANNEL NUMBER 

FIG. 6. The gamma spectrum of lanthanum-142. 

was, however, found that in order to obtain satisfactory statistics it was 
necessary to combine the results of several irradiations. The irradiation, 
cooling, and counting periods are given in Table I. 

RESULTS 

The )f-spectra, in the range 2.5-5 MeV, obtained from irradiated 
uranium, are shown in Figs. 1 to 4. The counts are plotted on a 
logarithmic scale, and energies are given in MeV. 

In the spectrum from the 3h. irradiation (Fig. 4) almost all the 
fission product gamma peaks have been identified as arising from Rb and 

La. The small peak at 2.75 MeV is due to a trace of sodium impurity, 
and the peak at 2.64 MeV is due to the fission product Cs. The У-spectra 

oo 142 AR 
of °°Rb and La are shown in Figs. 5 and 6, °°Rb has been studied by a 
number of workers £3,4,5,6}; our spectrum is in close agreement with that 
recently observed by Lycklama et al [б], and in the region of interest 
(2.5-5 MeV) is also in good agreement with that of Aras et al [5j . The 
spectrum of La (Fig. 6) shows a number of high energy peaks not 
previously reported, extending to over 4 MeV. 

In the spectrum from the lh. irradiation (Fig. 3) the peaks due 
to Rb and l La are still the main contributors, but there now appears a 
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84 considerable contribution from Br, whose spectrum is shown in Fig. 7. 
This shows several high energy peaks which do not appear in the spectrum 
obtained by Johnson and O'Kelley [7]. The 2.64 MeV peak due to l38Cs is 
more prominent in the spectrum from the lh. irradiation than in that from 
the 3h. irradiation, and some of the minor Cs peaks are just observable 

г - 8 " 
n « « 5 » 

.">, ^ 

1 7? "7 
Ц^^ДЛЦД; 

8? 

111 

WOO I6O0 

CHANNEL NUMBER 

FIG. 7. The gamma spectrum of bromine-84. 

87 The only other nuclide identifiable in the lh. spectrum is Kr 
whose 2.557 MeV peak is clearly visible. There are, however, one or two 
small peaks which have not been identified. 

In the spectrum from the 15 min. irradiation there are quite a number 
of unidentified peaksggespegially above 4 MeV. The identifiable contribu-ftq 
being due to 84Br and 9 5Y. 
tors are Br. „Y, •"•""es and ~*"La, the most prominent peaks 

Rb cannot be identified in this spectrum, 
although it probably makes a small contribution to the peak at 3.72 MeV. 
The high energy region of the 95Y spectrum has been determined by Fiedler 
and Kennett [8], and the Kr spectrum has been measured by Holm СэД and 
by Lycklama et al [б]. We have measured the spectrum of 89Rb, and our 
spectrum is in good agreement with that of Kitching and Johns [lO]. 

In the spectrum from the 5 min, irradiation very few peaks have been 
identified; those which have being due to 84Br, Rb, and 9 5Y. 
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TABLE IL FISSION PRODUCTS WITH Qß -GREATER 
THAN 3 MeV AND FISSION YIELD GREATER THAN 0. 1% 

Nuclide 

83m „ 
Se 

84„ Br 

86„ 
Br 

87Br 

87Kr 

88Rb 

89Kr 

89„t Rb 

^Rb 

91Rb 

92Y 

93Sr 

94Y 

95Y 

96Y 

98Nb 

10°Nb 

Tc 

Tc 

Half-
Life 

70s. 

31.8 min. 

54s. 

55s. 

76 min. 

17.8 min. 

3.2 min. 

15.4 min. 

2.9 min. 

1.2 min. 

3.53h. 

8 min. 

20.3 min. 

10.9 min. 

2.3 min. 

51 min. 

3 min» 
or 

11 min. 

5s. or 
4.5 min. 

18 min. 

40-
(MeV) 

3.6 

4.7 

7.1 

6.1 

3.89 

5.2 

4.6 

3.92 

6.6 

5.5 

3.63 

4.8 

5.0 

4.2 

6.9 

4.6 

6.1 

4.4 

5.8 

Fission 
Yield (%) 

0.56 

О. 92 

2.0 

3.2 

2.54 

3.55 

4.6 

4.75 

5.55 

5.4 

6.03 

5.9 

6.4 

5.9 

6.0 

5.9 

6.4 

4.1 

1.8 

Notes 

Total yield for 

0й~uncertain 

2.8h. precursor 

Qp-estimated 

Qp-estimated 

QA—estimated 

83Se 

DISCUSSION 

There are many reported fission products with Ctyg-values high enough 
for them to be capable, in principle, of emitting K-rays of over 2j MeV. 
None of these have half-lives of more than a few days, although in a few 
cases they have longer-lived precursors. Table II gives a list of the more 
important of these potential У-emitters, together with their half-lives, 
Qp-values and fission yields. Half-lives and Qp-values have been taken from 
the Table of Isotopes £ll] , and the fission yields are derived from Croall£l2]. 

From the spectra of gross fission products it is clear that after 3h. 
irradiation and 3h. cooling the only significant high energy Jf-rays arise 
from 88Rb and La. For irradiation and cooling periods of lh. other 
nuclides, in particular Br, become important. For shorter irradiation 
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TABLE II. (cont. ) 

Nuclide 

105TC 
10V 
107RU 

128sb 

13°Sb 

132 

134I 
136 

137Xe 
138„ Cs 
139 Cs 
140 Cs 
140. La 
142, La 
143T La 
146„ Pr 

Pr 
152„_ Pm 

Half-
Life 

8 min. 

30s. 

4.2 min. 

11 min. 
or 9h. 

33 min. 
or 
7 min. 

2.3h. 

52 min. 

83s. 

3.9 min. 

32.2 min. 

9.5 min. 

66s. 

40.22h. 

92.5 min. 

14.0 min. 

24.О min. 

2 min. 

6 min. 

Qp-
(MeV) 

3.4 

3.54 

3.2 

4.3 

5 

3.56 

4.2 

7.0 

4.0 

4.83 

4.0 

6.1 

3.77 

4.51 

3.3 

4.2 

4.5 

3.5 

Fission 
Yield (%) 

0.83 

0.38 

0.19 

0.50 

2.0 

4.7 

7.8 

6.4 

6.1 

7.22 

6.42 

6.04 

6.4 

5.9 

5.7 

3.05 

1.68 

0.26 

Notes 

367d precursor 

Ол-estimated 

17m. precursor 

Qß-estimated 

12.8d precursor 

11 min. precursor 

Ол-estimated 

and cooling periods the picture is much less clear, and although some of 
the contributors can be identified there are many still to be identified. 
It is also clear from the spectra that for irradiation periods of over 
15 min. there can be very little contribution from Jf-rays of over 5 MeV, 
but for shorter periods there are obviously contributions from /-rays 
of much higher energy. 
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D I S C U S S I O N 

L. V. EAST: Can you give me some numbers on the resolut ion you 
obtained with your detector in this energy range (2. 5-5. 0 MeV)? 

N. R. LARGE: The detector had a resolut ion of about 5 keV for 60Co 
and about 7 keV in the region of in te res t . 

M. NEVE DE MEVERGNIES: Did you pe r fo rm any half-l ife m e a s u r e 
ments on the unidentified gamma l ives? 

N. R. LARGE: No. The low detection efficiency for the h igh-energy 
gamma r a y s means that we have to accumulate r e su l t s from a number of 
s amp le s in o r d e r to obtain sa t i s fac tory s t a t i s t i c s . It is the re fore difficult 
to de te rmine ha l f - l ives , although it would c lea r ly be of advantage to do so . 

J. EIDENS: I have a comment on Table II of the paper . At the Jül ich 
gas-f i l led on-l ine m a s s s e p a r a t o r we have de termined the Qg values of 
seven nucl ides , and these were all above 3. 0 MeV. The following Qß values 
and half - l ives were measu red : 

91 K r 

9 7 Y 

" N b 
" Z r 

100Nb 
101Nb 
1 0 1 Z r 

5 
5 
3. 
4. 
6. 
4. 
6. 

7 MeV, 
7 MeV, 
7 MeV, 
5 MeV, 
5 MeV, 
6 MeV, 
5 MeV, 

7. 9 s 
1. 11 s 
14. 3 s 
2 .4 s 
6. 6 s 
7. 0 s 
3 .3 s 

The detai led r e s u l t s have been submit ted to Nuclear P h y s i c s . 





IAEA-SM-122/109 

FUNDAMENTAL FISSION SIGNATURES 
AND THEIR APPLICATIONS TO NUCLEAR 
SAFEGUARDS* 

L.V. EAST, G.R. KEEPIN 
University of California, 
Los Alamos Scientific Laboratory, 
Los Alamos, New Мех., 
United States of America 

Abstract 

FUNDAMENTAL FISSION SIGNATURES AND THEIR APPLICATIONS TO NUCLEAR SAFEGUARDS. 
The Los Alamos Scientific Laboratory is presently involved in a research and development program in the 
technology of inspection and identification of fissionable material to meet the growing need for more 
effective national and international controls over nuclear materials. The implementation of an effective 
nuclear safeguards and materials management system requires direct physical methods of detecting, 
identifying, and quantitatively analysing fissionable materials in various practical configurations. 

Practical active interrogation methods are being developed using sources of neutrons to induce fissions 
in the material under investigation. In these methods, quantitative assay is based on detailed observations 
of the delayed and prompt neutrons and gamma rays from fission. The characteristic differences in the 
yields and kinetics of delayed neutrons from the various fission species provide a unique method for ana
lysis of individual fissionable isotopes in unknown mixtures; assay methods using these signatures are 
described. 

To investigate fully all possible signatures of individual fissionable isotopes, one must have detailed 
knowledge of the various emissions associated with the fission process. For this reason, a number of fun
damental measurements of these emissions are being performed at Los Alamos. A review of our delayed-
neutron and gamma-ray work is presented. 

1. INTRODUCTION 

The implementation of an effective nuclear safeguards and materials 
management system requires direct physical methods of detecting, 
identifying, and quantitatively analysing fissionable materials in various 
practical configurations containing both fissionable and non-fissionable 
materials. To be most effective and useful, such assay methods should 
be non-destructive, rapid, accurate, and capable of being carried out 
under a wide range of both laboratory and field conditions, e.g. in 
materials processing plants, fuel shipping facilities, and at reactor 
sites. 

Non-destructive assay methods presently being investigated can be 
divided into two main categories: (1) passive assay, and (2) active inter
rogation. Passive assay methods involve observation of naturally oc
curring neutron and gamma radiations from some of the fissionable 
species (notably 239Pu, 240Pu, and 235U). The naturally occurring gamma 
lines having sufficient intensity for passive assay-applications are 
typically a few hundred kilovolts or less in energy and hence have 
limited penetrability through dense materials. For many practical 
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assay problems this lack of penetrability, together with the absence of 
suitable passive signatures for many fissionable isotopes, often severely 
limits the usefulness of passive methods, and it becomes necessary to 
invoke active interrogation techniques which provide the higher penetra
bility required. From an inspection and surveillance standpoint, it is 
also noteworthy that active interrogation techniques are inherently more 
difficult to subvert or circumvent than are the simpler passive techniques. 

Active interrogation involves the use of an external source of highly 
penetrating neutrons or photons to induce fissions in the material under 
investigation. Neutron sources are particularly well suited for active 
interrogation because of (1) high effective penetrability of fast neutrons 
in nuclear materials generally; (2) sharp, well-defined neutron fission 
thresholds which provide incisive isotopic discrimination; and, (3) readily 
available, inexpensive, compact neutron sources (e.g. D-T neutron 
generators, 252Cf, etc.) of the required intensity and reliability for 
practical assay applications. 

In active interrogation methods using either neutron or photon inter
rogation, quantitative assay is based on detailed observations of one or 
more types of emissions following fission, notably delayed and prompt 
neutrons and gamma rays. The delayed regime has the advantages of 
complete time-separation from the interrogating pulse, and permits the 
use of a minimum amount of counting and data reduction equipment. 

The characteristic differences in yields and kinetic (time-dependent) 
response of the delayed neutrons from the various fission species pro
vide a unique method for analysis of individual fission isotopes in un
known mixtures of fissionable and non-fissionable materials [1]. The 
experimental techniques involved in delayed-neutron assay are rapid, 
non-destructive, and relatively simple and inexpensive. 

In addition to delayed neutrons, delayed fission gamma rays and 
prompt fission neutrons and gamma rays may also be used to provide 
very useful characteristic signatures of individual fission species. To 
explore fully these signatures, a number of fundamental measurements 
are being carried out on fission neutron and gamma-ray yields and 
energy characteristics. 

2. FUNDAMENTAL FISSION DATA 

As the first example of such fundamental measurements, we cite 
the recent Los Alamos studies [2] of absolute delayed-neutron yields 
per fission. The absolute yields of delayed neutrons from 3.1- and 
14.9-MeV neutron-induced fission were measured for all of the major 
fission species: 233U, 235U, 238U, 239Pu, and 232Th. Preliminary meas
urements have since been made of the delayed-neutron yields of 240Pu 
and 241Pu for 14.9-MeV neutron-induced fission [3]. 

The measurement involved the determination of two quantities: the 
number of fissions induced in the sample, and the number of delayed 
neutrons resulting from these fissions. A Cockcroft-Walton accelerator 
neutron source, modulated on and off with a duty cycle slightly less than 
50% and with a period much shorter than any known delayed-neutron 
decay constant, was used to induce fissions in the samples. A modified 
long-counter neutron detector, operating in antisynchronism with the 
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FIG.l. Experimental arrangement for absolute delayed-neutron measurements. The fission counter-
sample assembly is located at the end of the accelerator target tube near the centre of the figure. 

accelerator, measured the delayed-neutron output; two fission counters, 
sandwiching the sample, measured the number of fissions. The general 
experimental arrangement is pictured in Fig.l , showing the neutron de
tector at the left (with Cd cover removed), accelerator target tube 
entering from the right, and the fission-counters-plus-sample sandwich 
positioned at the end of the accelerator target tube. Background radia
tion in the long counter was measured by removing the entire fission 
counter-sample assembly from the neutron beam with the accelerator 
operating in the modulated mode. 

The simple experimental arrangement shown in Fig.l results in a 
minimum of scattering and thermalizing material in the immediate vicinity 
of the sample, as contrasted to the experimental configurations used in 
earlier delayed-neutron yield measurement. The technique of modulating 
the neutron source fully utilizes the high neutron intensities provided by 
compact neutron generators, allowing the use of small samples resulting 
in negligible self-absorption and multiplication corrections. 

The results of these yield measurements are summarized in Table I, 
and a comparison with previous yield measurements for all but 240Pu and 
241Pu is shown in Fig.2. For the five isotopes shown in Fig.2, the delayed-
neutron yield is seen to decrease significantly in going from 3.1-MeV to 
14.9-MeV fission - a result which is expected from the known behaviour 
of fission mass and charge distribution [4], but which is in contrast to 
most previous measurements at other laboratories. 
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TABLE I. MEASURED ABSOLUTE DELAYED-NEUTRON YIELDS 
(Delayed Neut rons /Fiss ion) 

Isotope 

2 3 9 PU 

2 3 3 U 

235 , , 

232 T h 

240 p u 

2 4 1 PU 

14,9-MeV 
fission yield 

0.0043± 0.0004 

0.0043 ± 0.0004 

0.0095 ± 0.0008 

0.0286 ± 0.0025 

0.031 ± 0.003 

0.0057 t 0.0007 

0.0084 ± 0.0012 

3.1-MeV 
fission yield 

0.0069 ± 0.0007 

0.0077 ± 0.0008 

0.018 ±0.002 

0.049 ±0.005 

0.060 ±0.006 

Yield 3.1MeV 
Ratio 14.9 MeV 

1.60 ±0 .09 

1.79 ± 0.10 
t 

1.89 ± 0 . 1 1 

1.71± 0.10 

1.94 ± 0 . 1 1 

Note: Indicated uncertainties are standard deviations. All yield values have been corrected to 
1007o isotopic purity. 
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FIG.2. Absolute delayed-neutron yield measurements versus average energy of the neutrons inducing 
fission. 

In addition to delayed-neutron yields, the group abundances, a j , 
and decay half-lives, T j , of delayed neutrons from 14-MeV-neutron-
induced fission are required in delayed-neutron assay applications based 
on delayed-neutron kinetics. These quantities are being measured at 
Los Alamos using a pulsed accelerator neutron source and a high-
efficiency "slab" neutron detector [5]. Preliminary a;, T, data for 
14.9-MeV-neutron fission of 235U and 238Ü are presented in Table II, 
where a comparison is made with previous measurements [6] for 
thermal neutron fission and fission-spectrum-induced fission (~1.5MeV 
effective incident neutron energy). 
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TABLE II. DELAYED-NEUTRON GROUP ABUNDANCES 

Group 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

a 
Frorr 

asu 

half-life 
Tj(s) 

55.7 ± 1.3 
22.7 ± 0 . 7 

6.2 i 0.2 
2.30 ± 0.09 
0.61 ± 0.08 
0.23 ± 0.03 

54.5 ± 0 . 9 
21.8 ± 0 . 5 

6.0 ± 0 . 2 
2.23 ± 0.06 
0.50 ± 0.03 
0.18 ± 0.02 

50.6 ± 1.9 
19.6 ± 0 . 7 
5.0 ± 0.4 
2.0 ± 0 . 1 
0.41 ± 0.09 
0.16 ±0 .07 

Ref. [ 6 ] . 

Relative abundances 
a ; / a 

238 

Group 
half-life 

TjCs) 

Thermal Fissionsa 

0.033 ±0.003 
0.219 ± 0.009 
0.196 ±0.022 
0.395 ± 0.011 
0.115 ±0.009 
0.042 ±0.008 

Fast Fissions (En = 1 . 5 M e V ) a 

0.038 ± 0.003 
0.213 ± 0.005 
0.19 ±0.02 
0.407 ± 0.007 
0.128 ± 0.008 
0.026 ± 0.003 

1 
2 
3 
4 
5 
6 

52.4 ± 1.3 
21.6 ± 0.4 

5.0 ± 0.2 
1.93 ± 0.07 
0 .49± 0.02 
0.17 ± 0 . 0 1 

14.9-MeV Fissions 

0.063 ±0.006 
0.188 ±0.003 
0.234 ± 0.024 
0.357 ±0 .021 
0.118 ±0.027 
0.04 ±0 .03 

1 
2 
3 
4 
5 
6 

53.6 ± 5 . 1 
21.0 ± 0 . 8 

5.1 i 0.5 
2 .2 ± 0.2 
0.61± 0.07 
0.21 ± 0.02 

U 

Relative abundances 
aj/a 

0.013 ± 0.001 
0.137 ±0.002 
0.16 ±0.02 
0.39 ±0 .01 
0.23 ±0 .01 
0.075 ±0.005 

0.023 ±0.005 
0.148 ±0.003 
0.162 ±0.030 
0.369 ± 0.022 
0.183 ± 0.012 
0.115 ±0.018 

A new weighted least-squares exponential fitting code that can make 
a simultaneous fit to multiple data sets obtained using different irradia
tion and counting times has been written to obtain the a; ' s and Tj ' s. 
This technique eliminates many of the problems encountered when one 
separately analyses pulsed irradiation data for the short periods and 
saturating irradiation data for the longer periods. The 14.9-MeV results 
shown in Table II were obtained using four different irradiation and 
counting times. For 23S U, the irradiating and counting times used were 
0.1 s and 15.5 s, 2.0 s and 202 s, 30.0 s and 252.0 s, and finally 60.0 s 
and 302.5 s. For 238U, somewhat more optimum times of 0.1 s irradia
tion and 15.5 s count, 2.0 s and 61 s, 10.0 s and 121 s, and 60 s irradia
tion and 302.5 s count were used. Background runs were also made with 
the samples removed from the neutron beam, and using the same irradia
tion and counting times. 

Only the longest-and shortest-lived groups show any large changes 
in relative yields in going from 1.5-MeV- to 14.9-MeV-neutron-induced 
fission. The large increase in relative yields of these groups is actually 
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a result of a decrease in the absolute yields of the other groups. The 
absolute yield of the 53-s group for 238U is 0.066% at 14.9 MeV, compared 
to 0.054% at 1.5 MeV. This is consistent with the fact that the fission 
yield of the precursor for this group, 87Br, does not change significantly 
with the energy of the fission-inducing neutrons [9]. Recent delayed-
neutron measurements reported by Cox and Whiting [7] show no signi
ficant changes in the а ; ' s for 235TJ for incident neutron energies between 
0.25 MeV and 1.5 MeV, or for 238U and 232Th from fission threshold to 
2.4 MeV. 
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FIG.3. Gross delayed-neutron and gamma-ray activities versus time for fast-neutron-induced fission 
of 235U and 238U. 

Basic delayed fission gamma-ray data may provide unique isotopic 
signatures or complement delayed-neutron assay methods, depending 
on the specific gamma-ray characteristics measured. The gross delayed 
gamma-ray intensity (total photons per fission-second) over the early 
time range from ~0.1 s to 100 s after fission depends on the isotope 
undergoing fission in much the same way as the delayed-neutron emis
sion; i.e. longer average fission chain lengths correlate directly with 
larger fission yields. The similarity between delayed-neutron and de
layed gamma systematics is illustrated in Fig.3, which shows gross 
delayed-neutron and gamma-ray activities versus time for-neutron-
induced fission of 235U and 238U. The systematics comparison indicated 
in Fig.3 is typical and applies rather generally to the major fission 
species. The delayed gamma-ray activities from 235U and 238U have 
been fitted [8] with five exponentials for times up to 2 X 103 s after 
fission. The resulting gross gamma-ray "periods and abundances" are 
given in Table III. 
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TABLE III. PERIODS AND ABUNDANCES FOR DELAYED GAMMA RAYS 
FROM NEUTRON-INDUCED FISSION OF 235U AND 238U 

Period (j) 

1 

2 

3 

4 

5 

tl/г <*> 

2.9 X 10"J 

1.7 X 10° 

1.3 X101 

1.0 X 102 

9.4 X 102 

Xj(s-i) 

2.4 X 10° 

4 .1X 10"1 

5.3 X 10~2 

6.9X 10"3 

7.4 X lO"4 

Abundances (Percent/Fission) 

bj(235U) 

6.7 X 10° 

1.05 X 102 

1.92 X 102 

1.73 X 102 

1.55X 102 

bj(238U) 

5,4 X 101 

1.76 X 102 

2.81 X 102 

2.02 X 10 г 

1.55 X 102 

-o -Oj (U ) / a , ( U ) Delayed Neutrons 

, -^.- bj(u"e) / b j ( U 2 " ) Delayed Gamma Roys 

I 
10 10 10 10' 10 

GROUP HALF-LIFE (SEC) 
FIG.4. Ratios of delayed-neutron abundances and delayed gamma-ray abundances as functions of the 
appropriate group periods. 

The correlation between delayed-neutron and gamma-ray yields for 
different fission isotopes is further illustrated in Fig.4. Here, ratios 
of the gamma-ray abundances (b j) for 238U and 235U fission and cor
responding ratios of delayed-neutron abundances (ai) for fast fission 
are plotted as a function of the appropriate group periods. It is apparent 
that isotopic analysis based on gross delayed gamma-ray decay is both 
similar and complementary to the delayed-neutron kinetics method of 
assay. 
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sPu. Certain gamma lines 
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FIG. 6. A comparison of a portion of the fission product gamma-ray spectra from MIPu, 239Pu, 23SU, 
and 233U. The lines labeled with a "B" are background from the natural activity present in the samples. 

The measurement of individual short-lived fission product gamma-
ray lines can be applied to the assay of fissionable materials using 
techniques already developed for activation analysis. The method con
sists of detecting characteristic gamma rays from fission products by 
means of a high-resolution Ge(Li) system in the time region of a few 
minutes to a few hours after exposure of the sample to a neutron beam. 
Of particular interest for active interrogation would be any large dif
ferences in the yields of high-energy (penetrating) gamma rays from 
235U(n, F) and 239Pu(n,F). In this case, interrogation with sub-threshold 
neutrons could be used to assay 239pu and 235yj separately, in the 
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presence of a large quantity of 238U, as occurs for example in power 
reactor fuels. Measurements of the spectra of delayed gamma rays 
emitted in the time range 10 min to 2.5 h following thermal neutron 
fission of 233U, 235U, 239Pu, and 241Pu have been performed. 

Figure 5 shows the gamma-ray spectra observed from 8-gm samples 
of 235U and 239 p u i n the energy range 300 keV to 1.45 MeV 60 min after 
a 5-minute thermal neutron irradiation. The samples were located 
~ 5 inches from the 20-c3 Ge{Li) detector, which had a resolution of 
3.6 keV for 60Co gamma rays. A 0.25-in Pb absorber was placed be
tween the samples and the detector to reduce the counting rate from 
X-rays and soft gamma rays. The most striking difference in the two 
spectra is the 724-keV line from 105Ru which appears in the 239Pu spec
trum but not in 235U. (The relative fission yield [9] of 105Ru is a factor 
of 5.5 higher for 239pu than for 235U.) The differences in the relative 
yields of 92Sr and 138Cs (a factor of about 1.5) can also be seen from 
the lines at 1384 keV and 1436 keV. A comparison of the gamma-ray 
spectra from 233^ 235u, 239Pu, and 241Pu obtained in the energy range 
of 630 keV to 1100 keV is shown in Fig.6. These spectra were obtained 
during a 40-min count taken 90 min after the end of a 5-min-thermal-
neutron irradiation. The lines labeled " в " in the figure are from the 
background due to natural activity present in the samples. 

In the time range of ~ 10"6 s to 5 X 10~4 s after neutron-induced 
fission of 235U and 239Pu, nine prominent gamma rays have been observed 
with energies between 205 and 1330 keV [10]. These gamma rays result 
from the decay of four fission fragment isomers with half-lives in the 
range of 3.4 - 80 ps and fission yields between 0.3 and 1.3%. The yields 
of individual isomeric gamma rays from 235y a n ( j 239pu f i s s i 0 n differ 
significantly, and hence constitute a possible basis for isotopic assay; 
however, the corresponding data for other fissioning nuclei are not yet 
available. 

The combined measurement of delayed-neutron and gamma-ray 
response to active interrogation should prove particularly useful for 
assay applications in which the environment of the nuclear material is 
unknown. Because of large differences in the attenuation characteristics 
of neutrons and gamma rays, such combined data can give important in
formation about the materials surrounding, or interspersed with, the 
fissionable material under investigation. 

3 . DEVELOPMENT OF PRACTICAL NONDESTRUCTIVE ASSAY 
METHODS 

The active interrogation methods being developed at Los Alamos 
utilize sources of fast neutrons to induce fissions in the material under 
investigation. The major emphasis to date has been on assay techniques 
based on total delayed-neutron yields and delayed-neutron decay as a 
function of time ("kinetic response" method). The use of delayed radia
tions has the advantage of complete separation of the interrogation 
signal from the measured signal. These techniques have been shown to 
be capable of accurate analysis of individual fissionable isotopes in 
unknown mixtures. 
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FIG. 7. Experimental arrangement for delayed-neutron assay of bare MTR-type reactor fuel elements. 
The neutron generator target is seen at the left, and a high-efficiency delayed-neutron detector is seen 
behind the fuel element. 

The kinetic response method of determining relative isotopic abun
dance consists basically of irradiating an unknown sample with fast 
neutrons and observing the delayed-neutron response as a function of 
time. Delayed-neutron decay is characterized by six exponential decay 
periods, as shown in Table II, each having characteristic group abun
dances which are significantly different for the various fission species. 
The differences in abundances of the six delayed-neutron groups result 
in readily measurable differences in the shape of delayed-neutron decay 
following neutron interrogation. By counting the delayed neutrons emitted 
in various time intervals following neutron irradiation of a sample, these 
decay-shape differences result in measurable differences between the 
fissioning isotopes [11]. For many types of composite systems, the 
kinetic response method is capable of determining relative isotopic 
abundances to within ~ 2% accuracy. 

The yield method of assay is an outgrowth of the repetitive pulsing 
technique employed in the absolute delayed-neutron yield measurements 
previously described in this paper. The unknown samples to be assayed 
are repetitively irradiated with short pulses (50-100 ms) alternating with 
delayed-neutron counting intervals of similar duration. For this mode 
of irradiation, the measured delayed-neutron counting rate is essential
ly proportional to the time-integrated delayed-neutron yield and, in turn, 
to the amounts of the fissionable materials present. Thus, using a suit-
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TABLE IV. DELAYED-NEUTRON ASSAY OF ABSOLUTE AMOUNTS OF 
FISSILE MATERIAL IN MTR-TYPE FUEL ELEMENTS 

14-MeV (D-T) interrogating neutrons 

Actual weighed 235U content 
(grams) 

339.95 (fully loaded) 

320.95 

302.15 

283.95 

265.45 

247.05 

Delayed-neutron assay determination 
(grams) 

calibration point 

320.9 

303.2 

283.5 

266.5 

249.9 

Average Deviation : 0.4<$> 

able flux monitor and/or fission monitor, the absolute amount of material 
present can be determined from measured delayed-neutron yield as com
pared to the yield from a standard of known mass. This assay technique 
has been applied to MTR-type fuel elements and mock-ups with an assay 
accuracy of better than 1% over a wide range of fuel loadings. A typical 
assay arrangement is shown in Fig.7. The target end of a 150-kV-
neutron generator is seen at the left of the figure, and the fuel element 
is between the target and a high-efficiency neutron detector. Represen
tative assay data for bare fuel elements using 14-MeV interrogating 
neutrons are presented in Table IV. 

When the MTR fuel element is enclosed in a massive lead shield 
(of thickness comparable to that of spent-fuel-element shielding casks), 
there is little perturbing influence on the results and accuracy of fuel 
element assay using neutron interrogation and the delayed-neutron yield 
method of assay. Typical assay results for heavily shielded MTR fuel 
elements are accurate to ~ 1% or better [12]. The obvious implications 
for performing assay and burn-up determinations of spent fuel elements 
without removing them from their shielding casks are being actively 
pursued. 

In both the delayed-neutron yield and kinetic response methods just 
described, the energy of the interrogating neutrons can also be varied 
to take full advantage of the greatly increased isotopic discrimination 
afforded by the sub-threshold and super-threshold fission characteristics 
of the various isotopes present in composite systems. In particular, the 
use of sub-threshold and super-threshold neutron interrogation provides 
a straightforward separation of the response of the fissile isotopes 
(e.g. 233U, 235U, 239Pu) and fertile isotopes (e.g 238U, 232Th). This 
technique has been used in conjunction with the modulated accelerator 
delayed-neutron yield method to provide a relatively simple and accurate 
means of determining the isotopic composition as well as the total material 
present in many different types of samples [13]. 
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FIG. 8. Neutron moderating, or "beam tailoring", assembly consisting of tungsten, carbon, and poly
ethylene. The 14-MeV neutron generator target fits into the cavity in the centre of the assembly. 

Different irradiating spectra are produced by surrounding the target 
of a 14-MeV (D-T) neutron generator with various combinations of 
tungsten, lead, carbon, and polyethylene which act as moderators. A 
typical moderator assembly is shown in Fig.8. 

Figure 9 shows the delayed-neutron response for various enrich
ments of 235U obtained using four different irradiating neutron spectra. 
The deviations of curves (c) and (d) from linearity are the result of ab
sorption of the low-energy neutrons by the 235у in the samples. A com
parison of such measurements performed with an unknown sample and the 
response of standard samples of known composition gives quantitatively 
the fissionable materials present in the unknown sample. Table V gives 
a direct intercomparison between typical results using this delayed-
neutron assay technique and results obtained from standard chemical 
and mass spectrographic techniques. 

An important practical problem in special nuclear material ac
countability is the determination of the amount of fissile material in 
common fissionable scrap containers. Delayed-neutron yield and kinetics 
measurements offer a promising method for quantitative scrap assay. 
Preliminary measurements have indicated good sensitivity for detecting 
small (gram) quantities of fissile material in a standard 55-gallon steel 
barrel . 

LASL' s experimental program in fissionable scrap assay has been 
guided by computer simulation studies of delayed-neutron and gamma-
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TABLE V. ASSAY OF SAFEGUARDS INVENTORY SAMPLES FROM NUCLEAR MATERIALS AND EQUIPMENT 
CORPORATION 

Sample description 

U03 + Zr02 Binary 

U02 + Zr02 Powder 

U02 + Zr0 2 Scrap 

U02 + Zr0 2 Scrap 

U02 Scrap Pellets 

U0 2 Scrap Pellets 

U02 + U 3 0 8 

U02 Blended Oxides 

Delayed-neutron non-destructive assay 
(LASL) 

Total U Weight (g) 

1.44 

1.40 

1.56 

1.52 

3.60 

3.60 

1.67 

1.82 

Average Deviation of LASL Results from 
Chemical Assay: 

g U/g sample 

0.750 

0.766 

0.763 

0.756 

0.863 

0.884 

0.840 

0.890 

l.SPU 

<#> 2 2 5 U 

98.6 

96.4 

97.7 

96.0 

20.2 

16.0 

9.91 

4.25 

1.0?o 

Chemical assay 
(New Brunswick) 

g U/g sample 

0.7678 

0.7545 

0.7695 

0.7444 

0.8678 

0.8794 

0.8467 

0.8713 

«Ü, 235U 

97.671 

97.666 

97.653 

97.665 

20.059 

15.968 

9.409 

4.158 
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ray response to active interrogation of small amounts of fissile material 
interspersed in large amounts- of various scrap materials [12]. These 
parametric computations, summarized in Figs 10 and 11, point up the 
very useful general result that barrels (55-gallon size, commonly used 
for scrap storage) containing almost any common scrap material other 
than hydrogenous compounds, are effectively transparent to fast-neutron 
interrogation and delayed-neutron assay (see Fig.10). Assay for fissile 
material is thus essentially independent of composition of the matrix in 
which the fissile material is interspersed. 

i | i | i | i | i j i 

FIG. 9. Delayed-neutron response from cylindrical samples of U 3Os for different enrichments of 23SU 
(total mass of U held constant). Curve (a) corresponds to a 14-MeV neutron irradiation, and curves (b), 
(c), and (d) correspond to irradiations using moderated spectra with successively decreasing average 
energies. 

The case of a hydrogenous matrix material is the most difficult for 
neutron assay applications, but even here calculations have shown that 
very effective fissile-material assay can be carried out by the use of 
a moderator-reflector together with appropriate normalization of the 
delayed-neutron response. Such a normalization can be obtained by a 
direct experimental determination of the delayed-neutron response of a 
small amount (nominally one gram) of each fissile species of interest as 
measured directly in the neutron energy spectrum of the actual system 
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under interrogation. This may be accomplished by irradiating a gram 
of material in closest possible proximity (internally or peripherally) to 
the unknown sample, and then rapidly transferring the gram of material 
to a shielded delayed-neutron detector. This irradiation-counting se
quence can be repeated as often as required to obtain the desired counting 
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statistics for the normalization. The dramatic improvement in delayed-
neutron response for bulk hydrogenous systems resulting from the use of 
such a normalization is clearly illustrated by comparison of Figs 10 
and 11. 

Another computational investigation pertinent to delayed-neutron 
assay in general is the study of delayed-neutron multiplication effects 
in small (far-subcritical) samples of fissionable material undergoing 
neutron interrogation [14]. Delayed-neutron multiplication increases 
the delayed-neutron response of a sample per unit mass and unit source, 
as the mass of the sample is increased. Such increased response can 
influence the quantitative determination of the amount of fissionable 
material present. The two main physical processes contributing to 
delayed-neutron multiplication in small samples are: (1) neutrons from 
fissions and nonelastic interactions induced by the interrogating source 
cause further fissions with the accompanying formation of delayed-
neutron precursors; and (2) neutrons from delayed precursors induce 
fissions in the process of escaping from the sample. The fission neutrons 
resulting from (2) are , in effect, delayed because their ancestry includes 
a delayed neutron. 

Three computational techniques have been used to study delayed-
neutron multiplication effects: (1) a three-energy-group model with an 
analytic expression for neutron escape probabilities; (2) the Zero-
Prompt-Lifetime Approximation in conjunction with a one-dimensional 
steady-state transport theory code; and (3) a three-dimensional time-
dependent Monte Carlo code. The accuracy and limitations of the cal-
culational techniques have been demonstrated by direct comparison with 
experimental measurements. Typical comparisons of calculated/and 
measured delayed-neutron response for 235TJ and 239 Pu are presented in 
Figs 12 and 13. It was concluded from this investigation that delayed-
neutron multiplication effects are best calculated by Monte Carlo 
techniques. In all cases studied, Monte Carlo calculations were found 
to agree to within two standard deviations with the general shape of the 
measured delayed-neutron response curves. 

The techniques for direct on-line non-destructive assay of fissionable 
materials being developed at Los Alamos are applicable not only to safe
guards but to nuclear materials management and accountability problems 
throughout the nuclear industry. The availability of proven, on-line non
destructive assay systems, both active and passive, can be expected to 
have far-reaching implications, not only for worldwide safeguards and 
NPT inspections, but also as a means of implementing safe, efficient, 
and economic management of nuclear materials throughout the nuclear 
energy industry. 
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DISCUSSION 

J. MATUSZEK: In regard to your delayed neutron studies, I would 
like to ask you whether you are aware of patent applications by a 
California company for the neutron measurement technique. If so, what 
is your opinion on their claims, particularly in relation to the accuracy 
claimed for measuring 239Pu in the presence of 235U? 

Regarding your gamma-ray spectra, have you obtained any results 
for fission induced with fission-spectrum or 14 MeV neutrons? 

L.V. EAST: I believe I know of the company to which you refer, but 
1 am not aware of their patent applications. They can probably indeed 
discriminate between 235u and 239Pu, but I don't know with what accuracy 
since, as I understand it, they base their method on the ratio of prompt 
to delayed neutrons emitted from fission. This ratio difference is suf
ficiently large for these isotopes to give good isotopic discrimination. 
This method does, of course, give rise to the problem of separating the 
neutrons inducing fission from the prompt fission neutrons. This is 
done, I believe, by using 100-200 keV neutrons to induce the fissions, 
and using a biassed detector, such as a 3He counter with pulse-height 
discrimination, to detect prompt neutrons above this energy. 

In reply to your question concerning gamma-ray spectra, we have 
obtained some preliminary spectra for 340Pu using neutrons of about 
2 MeV energy, and for 238rj u s i n g 14.7 MeV neutrons. 

P. ARMBRUSTER: What integral fluxes did you use for activating 
your samples ? And did you consider the use of neutron flash tubes as 
an active assay? 

L.V. EAST: We obtain thermal neutrons by surrounding the target 
of a D-T neutron generator with a moderating assembly. For the delayed 
gamma-ray spectra shown, thermal neutron fluxes of ~ 107 - 108 n cm"2 s"1 

were used. 
We have developed a plasma-pinch device for use in such applications, 

but we have found that small accelerators of the Cockcroft-Walton type 
are much more reliable and give a quite adequate neutron yield. Please 
bear in mind that the short neutron pulses (~ 0.1 î s) obtained from plasma 
devices are not required for delayed neutron work; accelerator pulses of 
50 to 100 цs are short enough. 

J . BLACHOT: I think that the gamma transitions which you attribute 
t o i33mT e i n Fig.5 are transitions of 134Te. 
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L.V. EAST: Thank you. As was pointed out by Dr. Large (SM-122/59), 
it is very difficult to identify many of these gamma-lines properly owing 
to lack of recent information on the gamma-spectra of short-lived fission 
products. 

J. MATUSZEK: I wish to make a brief comment concerning the 
problem of gamma-ray identification in fission-product gamma-spectra. 
An excellent compilation of gamma-ray energies has been made by 
Dr. Raymond Gunnink of Lawrence Radiation Laboratory, Livermore, 
California. It is used as a part of the computer program for analysis 
of Ge(Li) gamma-spectra. 

J.J. SCHMIDT: Could you please comment on the discrepancy between 
your 15 MeV measurements of delayed neutron yields and some of the 
earlier measurements in that energy range, e.g. those of Maksyutenko 
et al. (Delayed Fission Neutrons (Proc. Panel, 1967) IAEA, Vienna, 
1968?) 

L.V. EAST: The feeling of the people at LASL who actually did the 
work in this matter is that the older measurements were performed in 
many cases with relatively thick samples, perhaps hundreds of grams. 
As our work shows, there are neutron multiplication effects that should 
be taken into account for such samples. Multiplication effects occur 
even in small samples having a thickness of a few mils. Another part of 
the problem is perhaps geometry. The samples were surrounded by 
rather massive detector arrangements with a lot of moderated material 
and it is not inconceivable that there are perhaps some thermal neutrons 
which raised the apparent yields. 

G. HERRMANN: It is not quite correct to state (as is stated in the 
preprint) that the decrease in delayed-neutron yield which occurs when 
you go from 3 MeV to 15 MeV neutron fission is in direct contrast with 
previous measurements performed at other laboratories. I would like 
to draw your attention to the results obtained by Benedict and Luthardt 
at Mainz University reported in 1968 at the meeting of the IAEA Delayed 
Neutron Panel [see my contribution to this Panel, Delayed Fission 
Neutrons, Proc. Panel) IAEA, Vienna (1968), 147]. In this work the 
decrease of the yields was demonstrated by a technique different from 
the one which you use. 

L.V. EAST: Yes, I am aware of this work. You will note that in my 
oral presentation I changed the wording to "most previous measurements .." 
from what was given in the preprint. 
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Abstract 

MASS, ENERGY AND CHARGE DISTRIBUTION IN FISSION. Potentialities and limitations of modem 
techniques used for studies of mass and charge distribution in fission are discussed. Recent experimental developments 
and new findings concerning the distribution of mass, charge, and of energy - as far as the latter bear on 
these distributions - are reviewed and commented. This concerns results from thermal-, low-, medium-
and high-energy-particle-induced fission and is limited to heavy nuclei in a brief phenomenological way. 

Initial and final mass distributions as determined by pure instrumental methods are discussed, and the 
final distributions are compared with radiochemical results. The asymmetry and fine structure in these distri
butions are commented. The results from high-energy-induced fission are presented in view of the fragment 
shell theory and the two-fission-mode hypothesis. It is shown that asymmetric fission persists to high bombard
ing energies. 

Recent results from range studies in high-energy-induced fission are discussed, and the importance of 
the observation that the scission distance increases with increasing excitation energy of the fissioning nucleus 
is stressed. 

In connection with charge distribution and dispersion, emphasis is laid on the problem of correction 
of measured masses due to neutron emission which ought to be known for single fragments and not for groups 
of fragments as at present. The implication of this on the charge dispersion is stressed. Experimental studies 
of charge dispersion widths (Gaussian) in thermal-neutron-induced fission are discussed as well as shell and 
odd-even effects on these distributions. The equal-charge displacement hypothesis in the pre-neutron emis
sion and closed-shell representation still gives the best fit to the experimental Zp dependence on the initial 
mass. 

The review includes also charge division in charged-particle-induced fission in the medium-
energy range and in high-energy fission. In the latter the observation of the trend of Np/Z„ with the frag
ment mass is presented and correlated with the symmetric peak of the mass distribution. 

1. INTRODUCTION AND BACKGROUND 

It has become clear since the last Symposium on the Physics and 
Chemistry of Fission at Salzburg in 1955 that many important studies of 
the fission process are intimately linked to salient features of mass and 
charge distributions. Furthermore, one of the main aims of fission theory 
is disclosing at which stage or stages of the process such distributions 
are "decided", explaining the main features of the distributions, and, 
finally, to make the problem tractable developing models from which 
these distributions can be calculated preferably without "free" parameters 
adjustable to facilitate agreement with observed and measured values. 

669 
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A recapitulation of the main stages leading to scission might, there
fore, be relevant. The deformation of the fissioning nucleus proceeds 
slowly in the early stages of the process during which the nucleus spends 
a considerable time in a transition-state configuration. At this stage, 
the fissile nucleus may show large deformation (saddle-point shape) and its 
excitation energy determines the life-time («*10"14 s for thermal-neutron 
capture). 

Beyond the transition state the deformation proceeds slowly or rapidly, 
depending on nuclear properties to the scission shape. At the scission 
stage the nucleus divides into two (or more) deformed and excited fission 
fragments. The resulting distributions of mass and charge, and the charge 
dispersions are the initial ones (primary, pre-neutron emission). 

In the post-scission stages the fragments repel each other and approach 
(collapse to) their equilibrium shapes. After having obtained their full 
kinetic energy, first neutrons are emitted (<4X10~14 s [1]) and later т-rays 
start being emitted (<10_11 s [2]) from the moving fragments. As a result 
of an internal conversion of the 7-rays electrons and К X-rays are ob
served. (A smaller amount of X-rays has already been emitted as a result 
of the disruption of the electron cloud during the act of fission.) The neu
tron (and 7) emission transforms the fission fragments to lower-mass 
primary products which are virtually stopped after a rather short time. 
The distribution of mass and charge and the charge dispersion are now 
the final ones (product, post-neutron emission). 

Up to this point nothing has happened to adjust the nuclear charge of 
the fragments towards charges of more stable nuclides. This process takes 
place in the last very slow (10~2 sandmore) stage during which the primary 
products undergo series of beta decays forming secondary products and end 
up in stable nuclei. Disregarding the slight changes due to the rare pro
cess of delayed neutron emission the ultimate mass distribution is identi
cal with the above-mentioned final mass distribution. 

During the Salzburg Symposium in 1965 three review papers [3-5] 
covering distribution of mass, charge and energy in fission were presented. 

The authors of this paper have decided to limit their review to studies 
of distribution of mass and charge, and of charge dispersions, and to con
sider energy release mainly as far as such studies bear on the former ones. 

A compilation, including an exhaustive literature list, of final mass 
yields1 and mass distributions in spontaneous, thermaland 14-MeV-neutron-
induced fission as measured radiochemicallyor mass-spectrometricallyup 
to the end of July 1968, willbefound in a paper by H. R. von Gunten to be 
published in Actinide Reviews [6]. The authors of the present review 
have been asked to write a review of the yields of primary fission pro
ducts, charge distributions and dispersions in the above-mentioned pro
cesses. Therefore, a survey covering all work that has been done has 
not been considered necessary. "We find it more adequate to discuss 
and comment on the different techniques used and the results obtained. 

1 Averaged "best" values, not weighted according to uncertainties and errors in the single values. 
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2. MASSDISTRIBUTION 

2.1 . Methods 
Since the last Symposium semiconductor detectors have found exten

sive use in fission studies. These detectors provide good pulse-height 
resolution together with short response time and make possible studies 
of detailed correlations and, to some extent, of low-probability events. 

One of the principal aims of the application of semiconductor detec
tors has been testing their ability to reproduce or approach the quanti
tative results obtained by radiochemical techniques. The general trend 
in mass distributions is easily obtained, but the severe weakness has 
been the poor resolution although the resolution is improving consider
ably [7]. 

Owingto resolution difficulties, pile-up and tailing, these instrumental 
methods do not reach the peak-to-valley ratio 600:1 established by radiochemical 
techniques for thermal-neutron-induced fission of 235U. Typical values 
are about 100 : 1, even if about 450 : 1 has been claimed in one case [8]. 

The deviation is due to unsatisfactory calibration and false events 
in the valley region. Recently, however, a ratio of 540 : 1 has been 
obtained by an improved technique [9]. 

The kinetic-energy deficit for symmetric fission as measured by 
purely instrumental methods has been too large, but recent determina
tion by Signarbieux et al. [9] gives a reasonable value and approaches 
the results of radiochemical range studies. 

The determination of mass distributions by instrumental methods is 
done by correlation experiments on kinetic energies (detector pulse heights) 
or velocities (time of flight) of fragment pairs or on velocity and energy 
of single fragments. The kinetic-energy measurements are sensitive to 
detector calibration, which is usually done with reference to 252Cf 
spontaneous-fission-fragment spectra. Recent reported values for energy 
and for time resolution (FWHM) are in the 1 .0-3 .7 MeV and in the 0. 5 -
3. 5 ns region [7, 10] . 

Since the overall feature of neutron emission is its isotropy [11] in 
the centre-of-mass system of the moving fragments the average veloci
ties are essentially unchanged, and conservation of momentum gives 
a good relation between initial masses and velocities. 

In contrast to time-of-flight measurements, kinetic-energy measure
ments include effects of neutron emission in a more marked way. The 
application of linear-momentum conservation to measured energies, there
fore, results in provisional (initial) masses which differ from the real 
initial masses by a few mass units. 

Simultaneous measurements of both velocity and kinetic energy of 
both fragments give information of both initial and final mass distributions. 

The efficiency in the methods mentioned is found to lie in the possi
bility of obtaining initial and, to some extent, final mass distributions. 
In most cases, however, assumptions must be introduced to account for 
neutron emission as function of mass. (This neutron-distribution curve 
is only known for spontaneous and thermal fission [11-14].) Because of 
imperfect mass resolution2 and low sensitivity caused by limitations in the 

2 The resolution depends on the fragment in question (light ot heavy group), and repotted values 
(FWHM) seem to be 1 -5 -3 .5 amu for initial distribution and higher (up to 5 amu) for final distribution. 
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number of events ( resu l t s a r e most ly plotted in l inear scale) these methods 
cannot compete with modern rad iochemica l (which may include the u s e of 
isotope separat ion) and m a s s - s p e c t r o m e t r i c techniques in studies of final 
m a s s d is t r ibut ions . Owing to complete and unambiguous m a s s (and charge) 
resolut ion and the possibi l i ty of measur ing fission yields over a range 
covering a factor of 108 or m o r e , the l a t t e r approaches give the mos t 
p r e c i s e and extensive de te rmina t ions . It should be s t r e s s e d , however, 
that with purely ins t rumenta l techniques it i s poss ib le to obtain the qual i 
tat ive fea tures of final m a s s dis t r ibut ions and, thereby, to avoid the t i m e -
consuming rad iochemica l and m a s s spec t rome t r i c techniques . 

2 . 2 . Init ial anf final m a s s dis t r ibut ions 

Spontaneous f ission of 252Cf i s extensively used in absolute energy 
ca l ibra t ions of semiconductor de tec tors [15, 16] ; it might, there fore , be 
valuable to compare recent ini t ial and final m a s s dis t r ibut ions for spon
taneous f ission of 252Cf a s derived from purely ins t rumenta l techniques 
[8 ,17] . 

7 | 1 1 1 1 1 1 1 1 1 

80 90 100 110 120 130 K0 150 160 170 
FRAGMENT MASS (AMU) 

FIG. 1. Initial N(m*) and final N(m) mass distributions of spontaneous fission of 252Cf both measured by 
purely instrumental techniques [8]. 

F i g u r e 1, taken from Schmitt et a l . [8], shows the reso lu t ion-
co r rec t ed ini t ial dis tr ibution N(m*) from energy-cor re la t ion studies and 
the r e so lu t ion -cor rec ted final distr ibution N(m) a s obtained from energy-
velocity cor re la t ion s tudies , a lso by Schmitt et a l . [16]. The la t t e r is 
compared with the rad iochemica l data [18] in F i g . 2; the genera l a g r e e 
ment is good. 

Init ial m a s s distr ibution curves a r e now available for many fission 
r eac t ions : spontaneous f ission [19] of 2 4 8 Cm, 250Cf, 254Cf, 2 5 3Es and 
2 S 4 Fm, for thermal -neut ron- induced fission the most recent curves [8, 17, 
20, 21] a r e for 233U, 235TJ, 239 Pu and ^ P u , for fas t -neutron- induced 
fission [17, 22] cu rves of 2 3 2Th, 2 3 1 P a , 2 3 8 U and 23^Np (for the l a t t e r 
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FIG. 2. Comparison of final mass distribution of spontaneous fission of Cf determined from energy, time-
of-flight correlation experiment О [16] with radiochemical data • [18]. 

nuclides the fission barr ier is slightly greater than the neutron binding 
energy). In addition, initial mass distributions are also becoming avail
able for fission at higher energies. 

The initial mass distribution curves for these nuclides are similar, 
but not identical. They are strongly asymmetric with the heavy mass 
peak centred around mean values of 140 to 142, while the light peak 
"moves" in order to account for the mass of the fissioning nucleus (Fig.3)3. 
The position of the light edge of the heavy peak is essentially constant 
around mass 132±1 for all these processes. 

It is interesting to compare initial distributions with final radio
chemical [6] ones. Some examples are shown in Figs 4 and 5 for thermal-
neutron-induced fission of 233U [20, 23], ^ U [8, 23], 239Pu [21, 25] and 
241 Pu [21,26]4. 

The final distributions have their peak centred around a mean value 
of about 2 mass units lower than the initial distributions. This is a 
slightly larger difference than the results from purely instrumental 
techniques seem to indicate and what one would expect from direct 
measurements of neutron emission distributions [12-14]. The expla
nation may be found in the way the "instrumental" curves are constructed. 

The position of the light edge of the heavy peak does not change es
sentially from the initial to the final distribution in accordance with the 
fact that very few neutrons are emitted in this mass region [12-14]. 

The positions of the initial (and, consequently, also the final) distribu
tions seem to be governed by the double-closed shell of 82 neutrons and 50 
protons. Thus, asymmetric mass distribution is possible only when one 
fragment gets more than 82 neutrons and more than 50 protons. This is 
clearly demonstrated in the paper by Wahl et al. [27] in these Proceedings. 

3 Since the final distributions depend both on the initial distributions and the neutron emission, a 
plot like Fig.3 for final distributions will only indicate a general trend. 

4 First and second references refer to initial and final distributions, respectively. 
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function of fissioning nucleus. 
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Closed-shell and near-closed-shell nuclei are known to have spherical 
shapes and to resist deformation. As pointed out by Terrel l [28] 
fission into a pair of fragments one of which has closed-shell configuration 
should be energetically most favoured (i. e. lowest total deformation and 
mutual Coulomb energy). A closed-shell configuration having high rigidi
ty results therefore in high kinetic energy as also observed near the double-
closed-shell mass 132. This fragment shell theory of fission has been 
taken up by many authors. Quite recently Dickmann and Dietrich [29] 
performed a theoretical study (without any parameter adjusted to fission 
data) based on a simple model of two osculating spheroids and the as 
sumption that at the scission stage the sum of deformation energy and 
mutual Coulomb repulsion is a minimum. Their results demonstrate the 
importance of closed-shell effects at a late stage of fission, thus explain
ing the observed trend of mass distribution curves as discussed here. 

2.3. Fine-structure 

In the final mass distributions from spontaneous and thermal fission, 
fine-structure has been known for a long time as a result of radiochemical 
and mass-spectrometric studies. Through many years different sug-
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FIG. 4. Initial N(m*) and final N(m) mass distribution of "3U thermal fission [20, 23]. The lower dashed 
curve [24] is included for comparison of fine-structure (see text). 

gestions have been made to explain this fact: from artifacts to closed-
shell effects and "noise" connected with ups and downs in single-particle 
structure. 

As a result of the recent imporved techniques [7, 10, 15, 16, 30], 
however, a more detailed inspection of initial and of final mass distri
butions is made possible. This has given confidence to the existence of 
fine-structure in the peak regions of both distributions for spontaneous 
fission of 2S2Cf, thermal neutron induced fission of 233U, 23SU, 239Pu and 
241 Pu (see Figs 1, 4 and 5). Definite peaks or shoulders are seen in all 
these distributions although the relative intensities may differ. 

The fine-structure in the initial distributions seems to be associated 
with approximately the same heavy fragment masses, around 134, 140, 
146 and possibly 152, and is reflected in the light peak. The variation 
in neutron-emission probability with mass of the fragment is responsible 
for the displacement of the fine-structure and the increase or decrease 
in this. The net result is the fine-structure observed in the final distri
bution. The latter is most pronounced around mass 134. 

Thomas and Vandenbosch [31] were the first to suggest a correla
tion between the fine-structure observed in the average total kinetic-
energy distribution and the energetically preferred even-even configura
tions in the fragments as due to the pairing energy which depresses the 
(binding) energy surface for odd mass fragments below that for even-
even ones. Calculations along these lines were also done by many others 
[8, 20, 21, 32] so that information is available for all the above-mentioned 
nuclides. By using empirical mass formulae5 to calculate fission Q-values 
(Q is the kinetic energy plus the excitation energy of the two fragments) 
as a function of fragment mass, it is shown that the observed fine-structure 

5 The results are rather insensitive to the mass formula used. 
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FIG. 5. 
b) 239Pu 

Initial N(mv) and final N(m) mass distributions from thermal-neutron fission of a) U [8, 23], 
[21, 25], and c) M1Pu [21, 26] . 

in the empirical Q-values, i. e, in the measured kinetic energies to which 
the energies of emitted gammas and neutrons (binding energy and kinetic 
energy) are added, in general, is correlated with the even-even parabolas 
in the calculated values. An example is shown in Fig. 6. The fine-structure 
observed in the initial mass distribution should similarly be correlated 
in location with the even-even parabolas and with maxima separated by 
2AF /ZF or approximately 5 masses [31] . This is observed by 
Andritsopoulos [10] in a recent examination of the fine-structure in the 
initial and final distributions from thermal fission of 235U (both measured 
by purely instrumental techniques) (Fig. 7). Because of neutron emission, 
the peaks in the final distribution are moved to slightly lower masses with 
respect to the peaks in the initial distribution. Thus the Thomas-
Vandenbosch type of analysis seems to provide a good explanation of the 
origin of the fine-structure in fission. 

If we look, however, at the effects expected from the empirical and 
calculated Q-values in the light of the observed intensity of the fine-structure 
peak at mass number 134 (and reflected mass) in the initial mass distribu
tions, an additional explanation seems to be necessary. To get this explana
tion, one might reconsider the old idea of Wiles et al. [33] of an enhanced 
structural effect in the scission stage resulting in fragments with mass 
number = 134. In this connection it should be kept in mind that 134Te 
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FIG. 6. Total energy balance for thermal-neutron-induced fission of 235U [8] (see text). 

seems to have a (radiochemical) yield too large to be mainly due to neutron 
evaporation [34] as is also pointed out by Wahl et al. [27] in these Proceedings. 

In conclusion it should be emphasized that the Thomas-Vandenbosch 
type of analysis does not eliminate the possibility of shell effects in the 
act of fission, and that the initial fragment distributions may, in some 
way or other, be influenced by shells even in their final details. 

2.4. Asymm etry 

Kelson[35] andGriffing [36] propose that the most probable mass split is 
given by the ratio, at or near the saddle-point shape, of the number 
of nucleons in "gerade" orbits (even parity, symmetric under reflection 
at a plane perpendicular to the nuclear symmetry axis) to the number of 
nucleons in "ungerade" orbits (odd parity). Thus <(АН]>/<(АЬ> in the 
initial distribution should be a measure of this ratio. "Asymmetries" 
are therefore plotted in Fig. 8 to give some information on the Z | /A F 
dependence, and the straight line correlation does not seem too bad. 
The slope is, however, negative while the model in its present state 
predicts a positive slope. 
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FIG. 9. Mass distribution for fission of 238U bombarded with 40Ar [37]. 

It might be of interest in this connection, even if not quite relevant, 
to refer to studies reported by Karamyan et al. [37] on mass distribu
tion in _238U bombarded with 20Ne and 40Ar of various energies (compound 
nuclei 2%02 and 278110 with z | / A F 40.4 and 42.1, respectively). No in
dication (Pig. 9) for a valley is found at the lowest excitation energies. 
These however, may be too high and a possible valley may have been 
filled. Nevertheless these curves are informative as they represent the 
first mass distributions from fission of nuclei with extremely high charge 
(102 and 110). The energy dependence of this distribution follows the 
usual pattern, i . e . they become wider with increasing energy. 

2.5. Fission at higher energies 

With mass and charge decreasing below thorium, the fission barr ier 
increases rapidly and the probability for fission at low-excitation energies 
decreases strongly. The high bombarding energy necessary to cause fis
sion in such nuclei results in symmetric mass distributions (not neces
sarily reflection-symmetric as assumed by many authors). 

In some cases it has been possible to obtain "initial"6 mass distribu
tions for fission at higher bombarding energies for easily fissionable ele
ments. Even if these distributions cannot be expected to give detailed in
formation, they are very informative. 

Thus, for a given excitation energy Petrzhak and Tutin [38] report 
"initial" mass distributions for increasing total kinetic energy of the frag
ments ( i .e . with decreasing total excitation energy of the fragments) from 
25 MeV photofission in 235TJ. Figure 10 shows that with increasing total 
excitation energy of the fragments the relative probability for symmetric 
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6 Quotation marks as the neutron distribution curve has to be estimated. 
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FIG. 11. "Initial" mass distribution curves for fission of 2S8U bombarded with 13 to 53 MeV protons [39] . 

fission increases. This effect is heavily supported by the studies of Croall 
and Cuninghame [39] on fission of ^ T h by 13- to 53-MeV protons (Fig. 11). 
These authors have, in addition, studied the effect on the total "initial" 
mass distribution (Fig. 12). The increasing contribution from symmetric 
fission with increasing proton energy (excitation energy) is clear although 
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even at 53 MeV the shoulders of the mass-distribution curve indicate asym
metric fission peaks. 

That asymmetric fission is contributing substantially in fission of 
highly fissile nuclei when these are bombarded with high energy particles 

101 1 — T "i—г T " 
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FIG. 12. Provisional mass distribution for 35 MeV proton fission of 232Th for selected total kinetic 
energies [39] . 
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FIG. 13. Final mass distribution for fission of 2S8U bombarded by 170 MeV protons [43] . 



682 PAPPAS et al. 

has recently been proved both by radiochemical and purely instrumental 
techniques. 

With increasing energy pre-fission neutron emission starts to com
pete with fission giving rise to first, second and later chance fission. The 
resulting reduction in excitation energy will favour asymmetric (or low-
energy) fission in the above-mentioned nuclei. Therefore, owing to the 
neutron-emission competition, both the initial and final mass distributions 
(which are composite curves) cannot be expected to show reflection symmetry. 

This was indicated by Rudstam and Pappas [40] who used low-energy 
fission data to estimate the symmetric-fission probability and its energy 
dependence assuming a fission-to-total-width independent of energy or a 
rapidly decreasing function of energy. Using, in addition, the two-mode 
fission hypothesis introduced by Turkevich and Niday [41] and first eluci
dated by Fairhall et al. [42] as a basis of meaningful discussion of fission 
at high energies, Rudstam and Pappas estimated the mass distribution in 
170-MeV-proton-induced fission of ^ U . The general shape of the 
distribution (only little influenced by the two assumptions made) was 
neither single-peaked nor reflection-symmetric; it has recently been veri
fied in radiochemical studies by Pappas and Hageb0 [43] (Fig. 13). Using 
purely instrumentaltechniques, Galin [44] and Gauvin and Sauvage [45] were 
able to estimate that in bombardment of uranium with 155-MeV protons 
about 25% of the fission events are asymmetric. As 155-MeV protons 
on uranium correspond to an average deposition energy of 80 to 90 MeV 
[46], these results give support to the assumption that the energy is in
dependent of the fission-to-total-width [40]. Similar results on the mass 
distribution are reported by Schröder et al. [46a] for 300 MeV-to-1.1 GeV 
photofission of 238 и and 232Th. 

3001 1 1 p - 1 r 

<z> - z P 

FIG. 14. Isobatic dependence of the cascade deposition energy, E*, on the displacement of the average 
fission product charge, <(Ẑ > , from the most probable charge Zp for mass chains 139 and 140 from fission 
induced in !38U by 440-MeV protons [49]. 
О: independent nuclides, 
• : cumulative nuclides. 



IAEA-SM-122/206 683 

In going to bombarding energies in the GeV region Remsberg et al. 
[47] state that although there is a much broader mass spectrum of fission
ing nuclei at 2.9 GeV than at lower bombarding energies, the fission 
mechanisms seem to be indistinguishable in the two cases. The lowest 
excitation energies lead to predominantly asymmetric fission with total 
kinetic energy averaging about 170 MeV and fragment masses centred 
around mass numbers 13 5 and 95. Higher excitation energies predo
minantly lead to symmetric fission centred on the average, at mass 
number 105 and a total kinetic energy of 155-160 MeV. 

The two-mode fission hypotheses compete in some sense with the 
fragment shell theory of fission which has a more physical basis. As 
mentioned above, this theory was first suggested by Terrel l and developed 
further by many authors [48]. The conceptual discrepancy, however, 
between these two is not large, the difference lying in going from a liquid 
drop (symmetric fission mode) to a shell configuration (asymmetric fission 
mode). Here the two-mode hypotheses assume the presence of these two 
modes in a transition region while the fragment shell theory assumes a 
gradual transition from one mode to the other. Thus, much more and 
detailed information seems to be necessary to explain mass distribution 
in fission. 

3. KINETIC ENERGY AND RANGES OF FISSION PRODUCTS 

As already pointed out, the authors do not intend to go into any details 
on the distributions of kinetic energy or velocities of the fission fragments. 
Very lately, however, some interesting results have been obtained for 
high-energy fission. The interest lies both in the experimental results 
themselves and in their interpretation. Hogan and Sugarman [49] have 
measured recoil properties of several members of an isobaric chain 
from 440-MeV-proton-induced fission, and found an increase of - 31 MeV 
per charge unit for the cascade deposition energy in the fissioning nucleus 
leading to their formation (Fig. 14). In the total kinetic-energy release, 
they find a decrease with increasing charge number along the isobaric 
chain. These findings explain this as being due to three different effects: 

First , the loss of neutrons and, thus, of kinetic energy from the 
fragments is greater from the neutron-deficient ones than from the 
neutron-rich ones because of the higher excitation energy of the former. 
Second, by conservation of momentum, the heavier fragments which 
were highly excited, receive a smaller fraction of the kinetic energy 
than the lighter fragments leading to the same product mass . 

The third effect is the effect of greatest interest, namely an effect 
of increasing deformation with increasing excitation energy of the fis
sioning nucleus. 

These three effects are each due to about 10 per cent reduction in 
the total kinetic-energy release of neutron-deficient products relative to 
neutron-excessive products. 

Crespo et al. [50] find the same 30 per cent decrease in total kinetic-
energy release, but by using the Nix-Swiatecki liquid-drop model [51] in 
which there is no possibility for a dependence of the deformation on Z 
for constant A and which also implies a constant N/Z ratio for all the 
fragments; they claim that most of the decrease is due to the neutron 
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evaporation after fission. In this way they get longer evaporation chains 
for neutron-deficient products and shorter chains for neutron-rich pro
ducts than Hogan and Sugarman do. 

Remsberg et al. [47] very recently completed a large study of frag
ment energies and velocities in fission of uranium with 2.9-GeV protons. 
They do not at all see the effect of decreasing velocity for increasing 
excitation energy of the fragments, but claim that the difference in velo
city (or deformation) of neutron-rich and neutron-deficient products of 
the same mass is a difference between symmetric fission, having the 
lower velocity, and asymmetric fission. At 2. 9 GeV they do not see 
enough asymmetric fission to notice the difference. 
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FIG. 15. Variation of the total kinetic energy of a pair of fission fragments divided by their Coulomb 
energy, T'ot/E00"1, with their total excitation energy, g*tot [49]. 
• : independent nuclides [49], 
D: cumulative nuclides [49], 
О: (54, 55) reanalysed by the procedure given in Ref. [49], 
+ : preliminary values calculated from data in Ref. [52]. 

Prom the work of Hagebji and Ravn [52], it is possible to construct 
a curve of the same kind as that found by Hogan and Sugarman (Fig, 15); 
however, the relation between T t o t /E c o u l and E*tot is not the same. It 
shows a sharper transition between the high-kinetic-energy fragments 
from asymmetric fission and the low-kinetic energy (more deformed) 
fragments in the symmetric region. 

If there is a real effect of increasing deformation with the excitation 
energy of the fissioning nucleus, and if this deformation is determined at 
scission, it seems unreasonable to expect this deformation to be com
pletely independent of the stiffness of the fragments formed. The stiff
ness may weH be the parameter which determines the difference between 
the results of Hogan and Sugarman, and those of Hageb^ and Ravn. Thus 
the latter results follow the line of Fig. 15 for the most neutron-rich pro
ducts, but fall off below the 82-neutron shell where the stiffness para-
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meter decreases and a bigger deformation is possible for the same exci
tation energy. 

All the above considerations apply to high-energy proton-induced 
fission. 

In fission induced by thermal neutrons, not so much is known about 
the deformation as a function of excitation energy. Only the symmetric 
fission is known to have lower kinetic energy release, and also a higher 
excitation energy as seen from the neutron evaporation from the indi
vidual fragment masses. In no mass region a dependence of the kinetic 
energy on charge or excitation energy of the fragments produced has 
been shown. The only indication that this effect may be general is in 
the measurements of recoil ranges of the shielded products 86Rb and 
136Cs [53]. These ranges are about 10 per cent shorter than the average 
ranges for the mass numbers in question, and already Niday [53] suggested 
that this was in part due to a higher than average excitation energy and 
a greater deformation of the fission fragments leading to these products 
through neutron emission. 

The fact that the scission distance increases with increasing excita
tion energy of the fissioning nucleus may turn out to be one of the more 
striking new observations in high-energy induced fission; this is the 
more true if a similar effect also holds for thermal-neutron-induced 
fission. 

4. CHARGE DISTRIBUTION AND CHARGE DISPERSIONS 

4 . 1 . Charge functions and parameters 

While studies of mass distribution are concerned with the division 
of nucleons (neutrons and protons together) in the fissioning nucleus 
among fragments, charge distribution studies are concerned with the 
division of the protons in the fissioning nucleus among the fragments. 
Thus it is necessary to establish the most probable charge Zp and its 
dependence on fragment mass (charge distribution). As for a given 
mass split there are many possibilities for charge division, the charge 
dispersions must be known, i. e. the spread in nuclear charge for a 
given mass . These primary charge functions together with the mass 
distribution should then make it possible to derive the corresponding 
neutron distribution and dispersions [57]. 

As in mass distribution studies, it is of importance also in charge 
distribution studies that the parameters in question (mass and charge) 
are the initial ones. In contrast to neutrons, there are no protons 
emitted from fission fragments in spontaneous thermal- and fast-
neutron-induced fission while the situation in high energy fission is not 
known. Initial and final charges are therefore identical and often called 
primary charges, to distinguish them from charges resulting from beta 
decay of fragments. 

It is now generally accepted that the primary charge functions shall 
be expressed in terms of initial mass as was first applied by Pappas al
ready in 1953 [34, 56]. The fragment masses have to be deduced from 
observed final masses by addition of the appropriate number of neutrons. 
When the variation of neutron number with fragment mass is unknown. 
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the number of neutrons is generally taken to be proportional to the mass 
of the product and applied in the correction. 

The average number of emitted neutrons as a function of mass is 
now known for spontaneous and for thermal-neutron-induced fission [12-14] 
and assumed to consist of a universal "saw-tooth" shaped curve with a 
fine-structure superimposed. By introducing a linear relationship ("saw
tooth") Wahl et al. [58] were able to arrive at a substantial improvement 
in the primary charge distribution. A further improvement was done 
by Strom et al. [59] who used the perturbed "saw-tooth" curve. 
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FIG. 16. The most probable primary charge Zp for thermal-neutron-induced fission in 2S5U as function of 
initial fragments mass. 

A from Wahl et al. [58], 
В from Strom et al. [59]. 

As nuclear matter does not seem to be very polarizable one might 
expect that the protons in the fissioning nucleus are divided among the 
fragments proportional with their masses. Charge distribution data 
are therefore plotted in relation to this ratio (unchanged charged distri
bution, UCD) often referred to as the Wahl plot. The results from Wahl 
et al. [58] and from Strom et al. [59] are shown in Fig. 16 from which 
also the sensitivity of the results to the neutron correction can be seen. 
Sistemich [60] has recently reanalysed the available neutron emission data 
[ 12-14] for consistency and on this basis replotted the radiochemically 
determined Zp values (Fig. 17) in the peak regions of the mass distribution. 

4.2. Methods 

As stated by Nifenecker et al. [61],because of the poor mass resolu
tion (~6 amu) in the neutron distribution curves and the selection of a 
given mass, possible finer variations as odd-even effects in the excitation 
energy of the fragments are cancelled. From the work of Thomas and Vandenbosch 
[31] and others, as mentioned earlier, we know that the fine-structure in the 
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data. The cross hatching indicates the systematic trend [60]. 

initial mass distribution is to a large extent caused by such effects. It 
would therefore be advantageous to know also the neutron emission as 
a function of fragment charge. The first attempt was done by Nifenecker 
et al. [61] who measured kinetic energy, neutrons and X-rays emitted 
from the fission fragments of spontaneous fission of 252cf. 

In all experimental techniques used at present correction for emitted 
neutrons cannot be avoided. The actual number, however, of neutrons 
emitted from a single fragment is not known because the available neutron 
data are all average numbers for groups of fragments. Even these data 
have disclosed structure in the number emitted as function of mass 
[12-14] thus giving hints to individual features of the nuclides. 

Since charge-distribution studies should be concerned with fragments 
of known charge and mass, the results are much more sensitive to un
certainties in these and in neutron emission than mass-distributions are. 
Therefore, a crucial problem in establishing the primary charge has been 
and still is the corrections to be applied to the observed data in order to 
obtain the appropriate fragment mass and, in some techniques, also the 
charge. This might be the cause for some of the discrepancies between 
primary charge values evaluated by different approaches. 

The difficulty in relating experimental values of independent radio
chemical yields of products to yields of fragments is recognized by 
NSrenberg [62] who also points out the difference between neutron emis
sion probability of a fragment and the average number of neutrons emitted 
from an average mass. He therefore proposes to study initial masses and 
charges by purely instrumental methods instead of radiochemical techniques. 

The instrumental methods that have been developed were presented 
during the last Symposium and promised new ways for studying primary 
charges and charge dependence of kinetic energy as well as of mass. 

Unfortunately, the mass resolution of a gas-filled mass separator 
as well as semiconductor detectors are poor for such studies and deter
mine final masses just as the radiochemical methods do. In addition, the 
masses obtained are averages of a large group of single masses. 
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The determination of primary charge by counting beta tracks from 
fission products caught in nuclear emulsions [63,64] gives results quite 
different from those of Sistemich [60] who make use of a 47r-plastic scin
tillation detector for beta counting (Fig. 18). 

All data obtained along these lines have led to an apparent and as yet 
unexplained discrepancy to the results from radiochemical and X-rays 
techniques. This might [66] be due to the fact that the pure instrumental 
techniques to a large extent give average values [60]. 

К X-ray detectors for measuring fragment charges in coincidence 
with fission products measured with semiconductor detectors have found 
extensive application for primary charge determinations [65, 67, 68] . 
Typical energy resolutionfor an X-ray detector of adequate efficiency is 
500 eV (FWHM). Even with the use of a bent crystal spectrometer with 
an accuracy of ± 2 eV in energy determination overlap of X-rays from 
different elements may cause disturbances. 

This technique also gives results for average primary charges for 
groups of masses. As such the results are in fair agreement with the 
overall trend of the radiochemical results, i . e . Zp-Zuo) is about - 0 . 5 
and +0.5 charge units for light and heavy masses, respectively. 

The conclusion that one may draw from this discussion should be 
that at present the most probable primary charge for a single mass and 
the dispersion of the primary isobaric yield does not seem to be attain
able at present by purely instrumental methods although improvements 
are reported in these Proceedings [70]. 

4 .3 . Primary yields 

New radiochemical data for primary yields7 have been established 
for many processes including spontaneous fission of 252Cf, thermal-
neutron-induced fission of 229Th, 235V and 245Am, 14-MeV-neutron-
induced fission of 232Th and 238V. Furthermore, data for a series of 
proton-, deuteron- and alpha-induced fission processes in nuclides 
such as 232Th, ^TJ , 237Np and 239Pu have been obtained. It is not the 
scope of the present review to discuss these data, but rather to try to 
draw some general conclusions. 

4.4. Charge dispersions 

The work of Wahl et al. [58] in 1962 showed that the charge dis
persion for (final) fission products in 6 isobaric chains, 91, 139-143, 
can be represented by a Gaussian distribution. Such distributions have 
later been extensively used and found further support. In addition, the 
assumption has been made that the same charge dispersion is applicable 
to all mass chains. 

With the neutron emission problem in mind it can of course be argued 
that there is no reason to believe that the final charge dispersion should 
always be a Gaussian even if it appears to be empirically so in the region 
of high mass yields. According to the statistical model proposed by Fong 
[71], Gaussian distribution is expected for the initial charge dispersion. 

7 A survey of primary yields for thermal-neutron-induced fission of 235U can be found in the paper 
by Wahl et al. [27] in these Proceedings; see also the introduction to this review. 
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It has already been mentioned that in high-energy fission neutron emis
sion is not equal for all members of an isobaric chain — an observation 
which may also hold for thermal-neutron-induced fission. The final charge 
dispersion should then be broader than the initial one and may very well 
be non-Gaussian. It has been suggested by Fong [72] that the final charge 
dispersion is broader than the initial one. Glendenin et al. [70] have 
been able, by means of high-resolution studies of К X-ray emission from 
252Cf fission fragments, to support this assumption for charge distribu
tions in the regions of high mass yields. 

This result agrees also with the conclusions by Gordon and Aras [74] 
based on calculations of neutron evaporation in fission under the assump
tion that the initial mass distribution and charge dispersion are smooth 
curves for thermal-neutron-induced fission of 535U (the process the rest 
of this section will be devoted to). To-day, however, this assumption 
is not strictly valid for the initial mass distribution which is known to be 
perturbed as a result of pairing effects [10]. 

The Gaussian charge dispersion is given by 

P(Z) = (21гС)-*етср[- (Z - Zp)2/C] 

where С is the charge dispersion parameter. . The value given to С by 
Wahl and his group, under the assumption (for which evidence exists) 
that the final charge dispersion for different mass numbers is approxi
mately constant in width, has decreased slightly with increasing number 
of mass chains studied, i. e. from C = 0.94±0.15 [58] (six chains) to 
С = 0. 86±0.15 [3] (ten chains). As a result of a new charge distribution 
formulation a value of C = 0.80±0.14 [27] will be reported by Wahl. 

Two interesting problems concerning the finer details in the charge 
dispersion have recently aroused interest: is the charge dispersion para-
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meter really constant and is the dispersion influenced by odd-even and 
shell effects? 

Contributions to clarifying the first question are given by Strom et 
al. [75] and Delucchi et al. [76]. These authors report a decrease in 
the width of the charge dispersion with mass number increasing from 131 
to 134. Their values of С for these chains (based on two independent 
and one early cumulative yield in each chain) are, respectively, 1.10 ±0.05, 
0.74±0.08, 0.57±0.05 and 0. 55, while Denschlag [77] reports an in
creased width C = 0.74±0.09 for chain 135, compared to the lower mass 
chains. From the experimental point of view it is rather difficult to 
measure independent yields in this region. 

These results can be interpreted as shell-effect perturbations and, 
thus, do not disapprove of the assumption that the general trend, in the 
width of the final charge dispersion is mass independent. 

Runnalis e tal . [78] have analysed final charge dispersions in the mass 
regions 91 to 95 and 129 to 144 and conclude that these can be satis
factorily represented by a single Gaussian curve with С = 0. 80. In some 
chains in which yields of consecutive elements were measured they found 
that the yields of odd Z isobars are below those expected from the trend 
given by the yields of even Z isobars. Thus, an odd-even effect is noted 
in the final charge dispersion. A pertinent question would then be whether 
this is also the case in the initial dispersion. 

In studies of К X-ray yields from 252Cf fission fragments Watson et al. 
[79] found odd-even fluctuation in X-ray yields for fragments with nuclear 
charge in the region 52 to 57. X-rays from odd Z products are about 
twice as intense as those from even Z products. Therefore, the use of 
X-ray measurements to determine primary fission fragment charges in 
this charge region may not give the true initial charge dispersion. 

The Zp function is poorly defined in the near-symmetric mass region, 
i . e . 107 to 127, as is seen from Figs 16-18. This is due to great ex
perimental difficulties, including problems of isomerism, in obtaining 
data in this region. Up to the last Symposium only the independent yield 
of a member (121Sn) in chain 121 was known [80]. Radiochemical yields 
and Z p values have since been established for mass chains 117 (Pd) [81], 
124 (Sb) [59], 126 (Sb) [58, 82] and 127 (Sb) [83]. On the basis of the 
"universal" charge dispersion the respective Z p values given by the 
authors are 46.1, 48.5, 49.4, 49.5. As this is the region where the 
neutron distribution curve is poorly defined a sound estimate of the 
initial masses is not feasible. 

Charge distribution has also been studied for spontaneous fission of 
252Cf both radiochemically [84] and through X-ray measurements [85] . 
The heaviest nuclide investigated with respect to charge division in 
thermal-neutron-induced fission is 245Cm studied by von Gunten et al. 
[86]. These authors report independent yields of the shielded (from 
beta decay) nuclides 86Bb and 136Cs and estimate Zp by using the "uni
versal" charge dispersion [58]. 

4 .5 . Charge distribution 

On the basis of evaluating Zp values as discussed above and using the 
Wahl plot [58] all cases known today for spontaneous and up to 14-MeV 
neutron-induced fission show an average deviation from the unchanged 
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charge distribution Zp-ZucD of+0. 5 charge units and -0. 5 charge units for 
light and heavy fragments,respectively, [87], and favour the equal-charge-
displacement hypothesis of Glendenin et al. [88] in the formulation given 
by Pappas [56]. 
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The trend given by this hypothesis seems to find support in the trend 
expected from the fragment shell theory as shown by Pappas and Strom 
[89] in Fig. 19. In the fragment shell theory the specific scission point 
shapes are calculated by minimizing the potential energy. Using the 
relations due to Swiatecki as quoted by Blann [90] and normalizing to the 
"experimental" Zp value for initial mass 135, a distance between the 
charge centres of 11.4 f is found. This is about 10 per cent lower than 
that of two spheres in contact. It may therefore indicate that the nucleonic 
configurations of the fission fragments are determined during the de
formation of the nucleus from saddle point to scission. 

The experimental Zp values which are corrected for neutron emission 
follow the calculated trends in the peak regions while in the valley region 
it looks as if the experimental Z p approached the unchanged charge distri
bution faster than is expected from the theory. Whether this is a result 
of how the data are treated or indicates a contribution from the symmetric 
fission mode which is known to follow the unchanged charged distribution 
is not clear. 

4.6. Medium-energy fission 
This process has been studied in a number of nuclides of which the 

following ones should be mentioned: 232Th with deuterons [91], with pro
tons [91, 92] and with alpha particles [93], 238U with protons [94] and 
237Np and 239pu w i t n aipha particles [95]. 
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In charge distribution studies of fission at higher energies it is difficult 
to specify the fissioning nucleus due to the fission neutron-emission compe
tition. Pre-fission emission of neutrons and the subsequent decrease in 
neutron emission from the fragments move the most probable primary-
charge in opposite directions [43] and according to Freid et al. [91] the 
differences tend to cancel. 

Using their experimental data from proton and deuteron-induced-
fission in 232Th, Freid et al. [91] tested various neutron-distribution curves, 
mass formulae and postulates of charge division, but always assuming 
a Gaussian charge dispersion. In this way they find that a "saw-tooth" 
neutron distribution curve is required at these energies and that shell 
effects dominate. For fission of 232Th with protons in the energy range 
10 to 12 MeV the charge distribution is given by the equal charge dis
placement hypothesis but with shell-influenced values for the line of 
nuclear stability as proposed in Ref. [56] while 12-MeV-deuteron-induced 
fission on the same nuclide results in a charge distribution according to 
the postulate of minimum potential energy. 

The same type of treatment of charge division in fission of ^ U with 
9. 5 to 11.3 MeV protons and with 11.5 MeV deuterons has been carried 
through by Anderson et al. [94]. In these processes the best fit is ob
served when the minimum-potential-energy postulate, but shell-influenced, 
is used. The "saw-tooth"-neutron-distribution curve seems valid. 

From a consideration of the neutron-to-fission width, these authors 
find evidence for predominant first-chance fission in 238ц- bombarded with 
protons or deuterons at these energies. In the thorium case [91], how
ever, there are about equal contributions from first- and second-chance 
fission. The change from the validity of the equal-charge-displacement 
to the minimum-potential energy could be explained as a result of higher 
excitation energy in the fissioning nucleus. The estimated average exci
tation energies are, however, equal within a couple of MeV. Thus, for 
a definite choice and explanation more data are needed, first of all in
formation on pre- and post-fission neutron emission. 

The strong influence from closed shells found in these studies does 
not seem to hold in fission of 237Np and 239pu with intermediate-energy 
alpha particles. In these cases Wogman et al. [95] can interpret their 
result better in view of the equal charge displacement hypothesis than of 
the unchanged charge distribution. The former must, however, not be 
shell-influenced. The post-fission neutron distribution from the frag
ments is consistent with their mass ratio. 

A study of fission of 232Th by protons at higher energies than dis
cussed above, i . e . 20 to 85 MeV is made by Benjamin et al. [92]. 
These authors as previously done by Friedlander et al. [102] are in 
favour of presenting their yields in terms of N/Z of the fragment in 
question. In general, the conversion of the N/Z dispersion to charge 
dispersion requires knowledge of the charge and mass distribution. 

The N/Z dispersion curves obtained show a width which is nearly 
constant, up to 50-MeV bombarding energy. The width increases from 
then on slowly reaching a value of about 50 per cent higher at 85 MeV. 
At the same time the maximum of the N/Z distribution approaches 
stability. 

Attempts to correlate experimental data with the (shell-influenced) 
equal-charge-displacement hypothesis and the unchanged charge distri-
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button seems to favour the latter at the higher energies. Both for ura
nium and thorium, however, up to about 57-MeV-proton energy, the 
experimental Z p values seem to lie between these two descriptions of 
charge division. New data along this interesting line are presented by 
Yaffe et al. [103] in these Proceedings. 
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FIG. 20. Gaussian charge distribution that fits best the fractional-yield data of the mass 135 for a l l . 
energies [93] . 

Recently a study of the charge division in 236U compound nucleus 
excited to different energies as obtained by bombardment of 232Th with 
alpha particles has been published. McHugh and Michel [93] have 
succeeded in measuring independent yields of 15 nuclides from fission 
of 236U excited to energies 20 to 57 MeV. Figure 20 shows the frac
tional chain yield for three members of the mass A = 135 chain at dif
ferent excitation energies. The Gaussian distribution which fits best 
the data from all energies has a value of С = 0.95 ± 0.05 which is iden
tical with the 1962 value of Wahl et al. [58] for thermal-neutron-induced 
fission of 235U. Since it is the same nucleus 236U that fissions an ex
cellent proof is given for the constancy of the width of the charge dis
persion over a wide range of excitation, i . e . 6.5 to 39 MeV. 

The same authors compare (Fig. 21) Z p functions for thermal-neutron-
induced fission of 235u and 44-MeV-alpha-induced fission of 232Th with 
predictions of unchanged charge distribution and minimum potential energy 
for 235u thermal fission. They use the neutron-distribution curve given 
by Terre l [28] in this analysis. As in so many other cases they also 
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FIG. 21. Comparison of empirical Zp trends for different excitation energies in 236U [93]. 
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point out that shell-influenced treatment (mass formula) would give a 
better fit thannon-shell treatment. Furthermore, they do not find deviations 
from a pure Gaussian charge dispersion in mass chains A= 135 and 136, 
and no fine-structure is observed in the cumulative yields of Xe isotopes. 
The empirical Zp dependence on mass is , as can be seen from Fig. 21, 
smooth at 39-MeV excitation. These observations are taken to indicate 
that above 25-MeV excitation of 236u there is no influence from nuclear 
shells. 

These results, however, cannot be interpreted that asymmetric fis
sion has vanished at this excitation as we have already seen [39, 40, 43-45, 
46a, 47] that asymmetric fission persists to high bombarding energies. 

4.7. High-energy induced fission 

The most extensive work on charge distribution in high-energy fission 
has been done by members of the Oslo-Uppsala [96, 97, 43] group for fis
sion of natural uranium with 170-MeV protons. They have determined 
the width of the charge dispersion curve as a function of mass number 
[43], as well as the position of Zp for fission products between A = 64 
and A = 142 [43]. 

The most striking result is shown in Fig. 22 which gives the neutron-
to-proton ratio (Np/Zp) for the most probable fission product as a function of 
mass in the 170 MeV fission. The dipbelowthe general trend of the curve is 
found in the same mass region as the symmetric peak in the mass distribution 
at energies from 440 MeV to 28 GeV have been undertaken by many authors 
[49, 98, 99]. A survey for fission at 440 MeV is given by Hogan and 
Sugarman [49], who used the curve of Pappas and Hagebji [43] recalcu
lated for 440 MeV in order to make a complete fit to existing data from 
many sources. Their curve is given in Fig. 23, but does not fit too well 
to the recent measurements by Panontin and Porile [98] also at 450 MeV 
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FIG. 23. Variation of the ratio of the neutron number to most probable charge, Nn/Zp,with mass 
number A in high energy fission. 
• : [54], O: [43], O: [98], X: [49], D: [99,100]. 

and by Hageb^ [99,100] at 570 MeV. These studies give higher N/Z ratios 
for the most probable products in the symmetric region. The difference 
amounts to about 0.5 charge units for Zp which is outside the experi
mental e r ro rs . 

It is thus possible that Zp increases more slowly with increasing 
proton energy than anticipated, at least in the symmetric region. 
In fact it is shown by several authors [99-102], but most clearly at masses 117 
and 127 [99, 100] that a double-humped charge dispersion curve develops 
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above 600 MeV. The most probable primary charge for the neutron-rich 
hump in this curve stays constant above this energy as shown in Fig. 24. 

Another important feature of the charge dispersion curves from high-
energy-proton-induced fission is the width, which was thought to increase 
strongly with incident energy, especially after the work of Friedlander 
et al. [102]. 

In fact, by using the Np /Zp-curve given by Pappas and Hagebji [43], 
Hogan and Sugarman [49] were able to correct the Friedlander curves 
to be in agreement with other observations. At present we know the 
widths at 170 MeV and some at 440-570 MeV. At masses 103 to 117 and 
at 127 the width does not change significantly between 170 MeV and 
570 MeV, but stays constant with FWHM 2. 8 to 2. 9 charge units. At 
mass around 140 it increases between 170 MeV and 440 MeV from ~ 2 . 2 
charge units [96] to ~ 3 . 2 charge units [49]. 

Both the position of Z p and the width of the charge-dispersion curve 
as a function of mass and proton energy prove that one cannot draw con
clusions of general validity from measurement of a single mass chain 
only. 
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Very little is known of the charge distributions from fission of other 
elements than uranium with high-energy protons. The only determination 
is due to Panontin and Porile [55] who irradiated lead with 450 MeV pro
tons, and determined the charge dispersion curve around mass number 
109 (Fig. 25). This curve is much narrower than the curve they report 
for uranium fission with the same energy protons [98]. 

Before finishing this review, the authors would like to draw the 
attention to the new on-line projects for studying short-lived nuclides 
from nuclear reactions i .e . ISOLDE, TRISTAN, OSIRIS, SO LIS and 
others [104]. These projects will hopefully be of great value for study
ing also the interesting aspects of mass and charge distributions in fis
sion where there are still many unsolved problems left, with challenge 
both to experimentalists and theoreticians. 
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DISCUSSION 

F . PLASIL: I would like to make a comment on semantics. I am 
under the impression that, particularly since the Salzburg conference, 
the term "fission modes" implies some qualitative difference, such as 
different saddle points involved. There is no evidence for such a quali
tative difference in most of the pertinent work, certainly not in the high-
energy work mentioned by Dr. Pappas, in which I collaborated with 
Remsberg and others at Brookhaven National Laboratory. In general, if 
one obtains a distribution which appears to be a mixture of "symmetric" 
and "asymmetric" fission, one is always free to decompose such a distri
bution, and therefore I think the terms symmetric and asymmetric com
ponents should be used rather than symmetric and asymmetric modes. 
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Abstract 

NUCLEAR CHARGE DISPERSION IN THE FISSION OF HEAVY ELEMENTS BY MEDIUM-ENERGY PROTONS. 
Independent yields have been determined for nuclides with masses 129 s A ^ 140 produced in the fission of 
232Th, 233U, 2S5U, 238U, and 239Pu by protons of energies up to 100 MeV. Excitation functions have been 
compared for the nuclides produced in the different fissioning systems. The importance of the neutron-
to-proton ratio, (N/Z), in the target is evident from this comparison. Neutron-deficient species occur 
in high yield from targets with low N/ Z ratios compared with their production at the same energies from 
targets with high N/Z ratios. Charge dispersion curves have been obtained for all these systems. The 
curves broaden with increasing bombardment energy and the most probable charge, Z „ , moves towards 
stability. It is shown that the distance from stability, Z д - Z , is a function of the neutron-to-proton ratio 
of the target. From this basis it is possible to predict the most probable charge in fission for systems yet 
unstudied. Calculations have been made to calculate Z on the basis of the unchanged-charge-distribution 
and equal-charge-displacement postulates. Calculations are also made from Z to determine the average 
number of neutrons emitted during fission at these energies. 

INTRODUCTION 
An attempt has been made to help elucidate the fission 

process by studying the charge dispersion of the fission pro
ducts. To this end the fission of 232ть, 2 3 3U, 235u, 238TJ, and 
239pu by protons of energies 20-85 MeV has been studied and the 
fission of other heavy nuclides by protons in this energy region 
is proceeding in our laboratory. This energy region is intrin
sically very interesting because it is generally believed that 
a transition gradually takes place in this region from the low-
energy compound nucleus type of mechanism to the direct inter
action type. In this paper I report a summary of work in our 
laboratory in which the following, listed alphabetically and not 
chronologically, have been or are taking part: P. P. Benjamin, 
J. H. Davies, A. H. Khan, B. D. Pate, G. B. Saha, and I. Tomita. 

When one considers that the nuclear charge in fission 
is such an important parameter, it is surprising how few data 
are present in the literature. At thermal energies most of the 
definitive work is due to Wahl and his co-workers(I-3) and deals 
only with 235u. Wahl ̂  also investigated charge distribution 
in fission of 235TJ with 14-MeV neutrons. Pate, Foster, and 
Yaffe^5' studied the fission of 232Th with protons of energies 
8-87 MeV. They showed that the full-width at half-maximum 
of the charge distribution remained constant up to 25 MeV 
and then the curves widened as the bombarding energy increased. 

This work was supported by the National Research Council of Canada. 

701 



702 YAFFE 

This was accompanied by a shift of the most probable charge, 
Z , towards the nuclear charge associated with stability for 

mass A, Z-. The constancy of the full-width at half-maximum 

(FWHM) referred to above was interpreted as possibly being due 
to a single fissioning parent at these energies. Pate ^' 
attempted to analyze these data in terms of the two charge 
distribution postulates current at that time (and still current). 
These were: (a) unchanged charge distribution (UCD) , i. e. 
the fission products will have the same neutron-to-proton ratio 
(N/Z) as the parent fissioning nucleus and (b) equal charge dis
placement (ECD)'8) which postulated that the two fragments will 
adopt a charge distribution so that (Z--Z ) . = (Z -Z ), where 

A p Ü/ A M il 
l and h refer to the light and heavy fragments respectively. 
Pate found that the data in ref. 4 were "not inconsistent" with 
the ECD postulate. 

(9) 
Friedlander et al made a comprehensive study of 

the charge dispersion of various cesium isotopes formed in the 
fission of 23 8y j-,y protons of energies from 0.1 to 6.2 GeV. 
The shift of Z towards Z and the broadening of the charge 
dispersion curves were clearly evident from this work. The data 
were best interpreted by the UCD mechanism. These and other high-
energy data are extremely well summarized by Friedlander in his 
Salzburg paper(Ю). N O further reference to energies higher 
than 100 MeV will be made in this paper unless it bears specif
ically on the work in the energy region at present under consider
ation. This paper will summarize and correlate results from the 
work described in greater detail in references 11-16. 

EXPERIMENTAL 
(a) Irradiations: 

All irradiations were made in the circulating proton 
beam of the McGill 82-in. synchrocyclotron. In general,the 
target foils were irradiated in stacks of three to compensate 
for target recoils and the middle foil was used for radio
chemical separation. The beam was monitored by either Al or 
Cu foils depending on the energy range and the monitor reactions 
used were 27A1 (p, 3pn) 24 N a, 63Cu(Pj n)63Zn f a n d 65cu (p,pn) 64cu 
in the usual way. 233JJ w a s irradiated as a powder (U^Oo) in an 

239 
aluminium tube. Pu was irradiated as the Pu-Al alloy. The 
beam current was of the order of 1 microampere and the irradiation 
time varied from 2 minutes to 15 minutes depending on the nuclides 
which were being investigated. 
(b) Chemical separation: 

Standard chemical techniques were used for the sepa
ration of the radioactive nuclides and these are given in detail 
in the references quoted. In the case of nuclides shielded or 
"semi-shielded" from formation by @ + or 3~ decay of their 
precursors only one chemical separation and further purifica
tion was necessary. In other cases where the half-lives of 
the precursors were relatively short, either one irradiation 
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and several timed separations were made, or in some cases two 
separate irradiations with varying times of separation. The 
method is described in detail in reference 9. 

(c) Activity measurements: 
The activities of the nuclides were measured by end-

window B~, 4тг8-, ß+ coincidence, Nal, and Ge(Li) counters. The 
decay curves were analysed by the CLSQ computer programme of 
Cumming(17). 

(d) Treatment of data: 

The counting rates were transformed to disintegration 
rates by correcting for counter efficiencies, branching ratios, 
and chemical yields. These were converted into cross sections 
based on the monitor cross sections used. 

RESULTS AND DISCUSSION 

(a) Excitation functions: 

23&V 
(9) Friedlander et al l J / have shown that, in the fission 

of ""и the higher the bombarding energy the greater is the 
probability of the independent production of neutron-deficient 
nuclides. This is shown in Figs. 1 and 2. Fig. 1, obtained 
by Davies and Yaffe'1-Ч, shows the excitation function for the 
independent formation of a typical neutron-excessive nuclide in 
this mass region, 136cs_ It reaches a maximum at a bombarding 
energy of about 60 MeV. In Fig. 2, one observes the behaviour of 
the neutron-deficient isotopes of cesium independently formed(9). 
As the energy of bombardment increases, the formation of the 
more neutron-deficient isotopes become more probable. The same 
behaviour is seen with all the heavy targets studied, although 
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FIG.l. Excitation function of 136Cs obtained from the fission of 238U. 
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FIG. 2. Excitation functions of neutron-deficient isotopes of caesium obtained from the fission of 238U. 
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FIG.3. Excitation functions of w C s and l36Cs obtained from the fission of 23SU and 23SU 

some of these studies have not yet been taken to high enough 
energies to get complete excitation functions of the most neutron-
deficient isotopes of cesium. However there is a distinct corre
lation between the neutron-to-proton ratio of the target and that 
of the product. In Fig. 3 are shown data for 136cs and 130 C s 
obtained from both 238ц an<j 233rj targets. One can readily see 
that the excitation function of 136cs reaches a maximum at a lower 
energy when the target is 233JJ rather than 238rj. Even more 
strikingly, the cross sections are roughly a factor of 5 higher 



IAEA-SM-122/3 705 

)l i i i _ 
l'35 И О И 5 l'50 

N/Z OF PRODUCTS 

FIG.4. Energies at which the excitation functions of various Cs isotopes, obtained from the fission of 233U, 
235U, 238U, 232Th, and 239Pu, reach their maxima plotted against the neutron-to-proton ratio of the fission 
product. 

in the rising portion of the excitation function for 233rj than 
for 2 3 8U. The same is true for 130cs. From 2 3 8U, the independent 
formation of 129cs was barely measureable by Friedlander et al'9) 
at 100 MeV, whereas from 233y ^t h a s a sizeable independent 
formation cross section of 2.8 mb at 85 Mev' 1 4). These data 
are summarized in Fig. 4 where the energies at which the excitation 
functions reach their maxima are plotted against the neutron-to-
proton ratio of the fission products. The trends discussed just 
previously can easily be seen. There is of course a fair amount 
of uncertainty in the determination of these peaks and thus the 
slopes of the lines themselves have a large uncertainty and 
need more data for a clearer definition. However the trends are 
perfectly obvious. The lines seem to converge at a value of 
about N/Z = 1.55. This would mean that l^Cs, for example, would 
be formed as a fission product with very high probability at very 
low energies for all heavy targets, and this is indeed the case 
in thermal neutron and spontaneous fission of 235rj. This type 
of plot shows clearly the importance of the neutron-to-proton 
ratio in the target in the determination of the nature of the 
fission products. 

(b) Charge dispersion curves: 
From the cross section data one can get charge dis

persion curves, if one assumes an essentially flat mass distribu
tion in this narrow mass region. The cross sections are plotted 
against N/Z of the product rather than Z-йд to avoid shell-
edge discontinuities as suggested by Friedlander et a l " ) . In 
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addition, as pointed out above, the present work shows the 
importance of the neutron-to-proton ratio as a parameter. The 
right-hand portion of the curve is formed in such a manner that 
the sum of yields, read from the curves for the various iso
bars, must agree with the isobaric yield determined experimentally. 
This virtually defines the curve uniquely(5,9) unless one assumes 
some curious discontinuity. With the more neutron-deficient targets 
e.g. 2 3 3U, 239Pu^ an(j 235ц a g W ; Q I ke seen, the more neutron-
excessive products fall on the right-hand portion of the curve 
and thus the combination of the two does define the curve 
exactly and lends even greater credence to this operation for 
the other targets. 

b 

FIG.5. Charge dispersion curves from the fission of 238U. 

238T T0~ Figs. 5 232m,_ y2$5 9 show 
U, 2 3 9Pu, 

a series of such curves for each of 
"U, """"Th, " ^ U , "»Pu, and 2 3 3U. The behaviour is virtually 

the same - an increase in the full-width at half-maximum and a 
decrease in Z -Z , i.e. a shift towards ß-stability and increased л p 
production of neutron-deficient nuclides with increase in bombard
ment energy. Fig. 10 shows the curves at a bombarding energy of 
50 MeV for various targets and their relative displacement from Z 

It became apparent soon after this work commenced that 
the position of Z,-Z depended not only on bombardment energy, л p 
but for each fission product also on the N/Z value of the target. 
With information available for 238rj, 232Th, and 2 3 3U the values 
of 
in Fig. 11. 

Z -Z were plotted as a function of bombardment energy as shown 
The values of Z -Z at each energy were then plotted 

against the N/Z value of the target as shown in Fig. 12 and 
predictions read from this for 239pu a na 235rj which were then 
being investigated in our laboratory. The fit for 2 3 9Pu, as shown 
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FIG.8. Charge dispersion curves from the fission of 239Pu. 
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in Fig. 13 was very good and these data were now taken to re-define 
more accurately the curve in Fig. 12 and thus predict the results 
for 235IJ. These are shown in Fig. 14. Fig. 15 thus contains 
the information for all 5 targets of different N/Z and is now 
being used to predict Z -Z values, and thus the most probable 

A p 
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predicted 
о o— experimental 

charge for a variety of fissioning systems now being investi
gated in our laboratory. A word of caution is however in order. 
All of these data are for the very narrow mass range under con
sideration, viz. A = 129-139. It is quite conceivable that 
different results would be expected in another mass range and this 
is now being investigated, especially in the light-mass region(18> . 

238 From Fig. 15 one can see that U at 85-MeV bombarding 
energy would give the same value of Z.-Z as 233o at 20 MeV and 
235u at 40 MeV bombarding energies, i.e. there is a strong sug
gestion that the average fissioning parent (after neutron emission) 
is the same in each case. 
(c) Z calculations: 

_E It is of some interest to compare the experimental 
(and predicted) value of Z with those obtained by calculation 
with different postulates. We have, in all the fissioning 
systems studied, calculated Z for A = 136 by both the Equal 
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FIG.15. Displacement of most probable charge from stability as a function of the neutron-to-proton ratio 
of the target for a variety of bombarding energies. 

Charge Displacement (ECD) and Unchanged Charge Division (UCD) 
hypotheses. Calculations were performed only at 30,40, and 
50 MeV where one could safely assume that most of the reactions 
were of the compound nucleus type. The compound nucleus would 
be expected to undergo fission and/or neutron evaporation. The 
different fissioning parents were ascertained by allowing neutrons 
of energy B n + 2T to evaporate, where B n is the neutron binding 
energy and 2T is the kinetic energy of the neutron, T being 
the nuclear temperature, calculated from U = aT -4T<19) where 
U is the excitation energy of the residual nucleus and a, 
10.5 MeV""1 (20)f is the level-density parameter. A number of 
fragment pairs were randomly selected and the excitation energies 
of these fragments estimated on the simple assumption that the 
fragments shared the energy in proportion to their masses. Of 
all these fragments only those were chosen which gave rise to 
A = 136 after evaporation of neutrons of energy BR + 2T. Proton 
emission was not considered in either the case of the fissioning 
parent or the fission fragment because of the neutron-excess 
nature of both parent and fragment and thus a low probability 
for such an event at these energies. Z values were then cal
culated for all of these fragments according to the ECD and UCD 
hypotheses. The calculated values were weighted by fission 
branching ratios [rf/(JTf + Г ) ] , obtained from Huizenga and 
Vandenbosch'20'. The values for 239Pu and 2 5U targets which 
are typical of all the systems are shown in Table I. It is 
evident that the values agree very well with those calculated 
from the UCD postulate. However, one must not lose sight of 
the assumptions involved in such a calculation. For example, 
the excitation energy was assumed to be shared between the frag
ments in proportion to their masses since it seemed the most 
likely assumption to make. If one makes the gross assumption 
that the heavy product received only one-half the energy deter
mined in this way, the calculated Z values decrease by 0.6 

ir 
charge units, but the agreement with UCD is still rather good. 
If one makes the inverse gross assumption that the heavy frag
ment receives 1.5 times this energy the calculated Z values 

ir 
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TABLE I. COMPARISON OF EXPERIMENTAL AND CALCULATED 
Zp VALUE 

Proton energy 
(MeV) 

30 

40 

50 

ECD 

54.1 

54.3 

54.6 

235Pu 

UCD 

5 5 . 1 

55.3 

55.6 

2 

Experimental 

55.0 

55.3 

55.3 

P 

ECD 

53.9 

54.2 

54.6 

235 U 

UCD 

54.8 

55.0 

55.4 

Experimental 

54.8 

55.0 

55.2 

increase by 1.6 charge units and agreement is good with neither 
mechanism - but closer to ECD. However these assumptions would 
seem to be so gross as to fall outside the realm of plausibility 
and the weight of evidence seems to point to the UCD mechanism. 

(d) Total number of neutrons emitted: 

(21) 
McHugh and Michel have shown that one can calcu

late the total number of neutrons, v_, emitted in fission from 

the variation of Z with excitation energy as follows:-p 

dv/dE = (dZ /dE)/0.38 
P 

where dZ /dE is the variation of Z with excitation energy. 

This value for the heavy fragment in this mass region is obtained 
for the fissioning systems from Fig. 16. However very few such 
data exist for the light fragment. Khan et alU8) have recently 
completed such a study for light-mass products in the fission of 
235rj ancj 238rj ancj these are also shown in Fig. 16 as a function 
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FIG. 16. The most probable charge of heavy and light fragments as a function of excitation energy for various 
fissioning systems. 
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TABLE II. DATA FOR ^ U AND 238U 

713 

Quantity 

(dZp /dE)h 

(dZp /dE)4 

du, /dE h 

di/ /dE 

du T /dE 

235ц 

0.0274 MeV"1 

0.0111 MeV"1 

0.072 MeV"1 

0.029 MeV"1 

0.101 MeV"1 

238ц 

0.0250 MeV"1 

0.0111 MeV"1 

0.066 MeV"1 

0.029 MeV"1 

0.095 MeV"1 

7 

6 

s 

4 

3 

г 

i 

0 

2J8u / 
23ZTh / /.Л, 
гзэрц / J(f 

— - гзви / yxr 
• гззи / .-jy 
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/jr ' 

/jr /У ' /•r ^ /& У 
•Г - " 

У 
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70 

FIG,17. Total numbers of neutrons emitted from various fissioning systems as a function of excitation energy. 

of excitation energy for A = 96. This enables one to obtain both 
dv,/dE and dv./dE where h and I stand for the heavy and light frag
ments respectively and from this dv_/dE, since dv_,/dE=dv,/dE + dv./dE. 
The data shown in Table II come from A = 136 and A = 96 for the heavy 
and light fragments respectively and they may well not be comple
mentary fragments. However the assumption is made that dv,/dE and 
dv„/dE will be constant over the narrow mass regions involved. 
In Fig. 17 are plotted values of v_ versus E for 2 3 5U and 2 3 8U. 
The other fissioning systems are included, the assumption being 
made that, like 2 3 5U and 2 3 SU, v. = 2v„ for 2 3 3U, 2 3 2Th, and 
239PU. h i 
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DISCUSSION 

S. AMIEL: The charge dispersion curves in Figs 5, 7, 8 and 9 
of this paper seem to show a broadening at lower N/Z values rather 
than a shift; this supports the assumption that multiple-chance fission 
produces a composite curve rather than that the shift is due solely to 
the fission reaction in question. Can you comment on that? 

L. YAFFE: If you examine the figures closely, you will find that 
there is certainly a shift of Zp to lower N/Z values as well as a broaden
ing of the dispersion curves. We are at present evaluating the significance 
of the variations of the full-width at half maximum with energy. 

S. AMIEL: My second question refers to the comparison of the 
behaviour of the light and heavy masses. Phenomenologically we can 
say that, as the heavy mass peak remains stationary for different fission 
reactions, it represents a relatively "harder" fragment which is very 
little affected by the fissioning source, whereas the lighter mass is 
much "softer" and strongly affected by the fission reaction. This is 
not corroborated in Fig. 16 of the paper. Can one say that this effect 
is washed out by the fact that the results are a composite of multiple-
chance fissions? On the other hand, in working with low-energy fission, 
where nuclear structure effects are still seen, we do indeed see subtle 
differences, e.g. in the isotopic abundances between heavy- and light-
mass elements. This is seen in the Orsay Cs-Rb results, and also 
(though the errors are still considerable and do not permit us to say 
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anything quantitative) in Kr-Xe distributions plotted with the use of on
line isotopic separation. Your data do not show any difference in 
the behaviour of light and heavy masses . Can you elaborate on this 
point? 

L. YAFFE: Our results are certainly due to multiple-chance 
fission. However, I do not think that lower-energy fission can truly 
be called a simpler process than that which occurs at the energies I 
have discussed. As we have seen, there are resonance effects, etc . 
to be considered, which complicate the low-energy fission process. 

A.C. PAPPAS: Are the mass distributions for the nuclides at these 
energies assumed flat (or known) in the 130-140 mass region? 

L. YAFFE: We have no further information. We are obviously 
going to take all the data we have on charge distribution, including some 
on isobaric distribution. We will attempt a formulation of mass distri
bution curves in which we can have some confidence, but at the moment 
I do not have any more data. 
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Abstract 

DEPENDENCE OF FISSION-FRAGMENT TOTAL KINETIC-ENERGY AND MASS DISTRIBUTIONS ON THE 
EXCITATION ENERGY AND ANGULAR-MOMENTUM DISTRIBUTION OF THE FISSIONING NUCLIDE 210Po. 
The fission of 210Po, produced by three* different nuclear reactions (209Bi + p, MSPb + a and 19sPt + l2C), has 
been studied in detail in order to establish the dependence of various scission-point properties on the excitation 
energy and angular-momentum distribution of the fissioning nucleus. Excitation energies of 31, 44 and 57 MeV 
were chosen so as to give reasonable fission cross-sections, while avoiding a large contribution from second-
chance fission. The experiments were conducted on a beam line of the Harwell Variable Energy Cyclotron. 

The mean-fragment total-kinetic-energy release was found to be dependent on the 2I0Po excitation 
energy and angular-momentum distribution. The variances of the total-kinetic energy and mass distributions 
were found to be a strongly dependent on excitation energy but not on angular momentum. The experimental 
results of this work were found to be in good agreement with the theoretical liquid-drop-model calculations of 
Nix and Swiatecki. 

INTRODUCTION 

Many previous experiments have demonstrated the general features 
of charged-particle induced fission at moderate excitation energies £l-3j. 
In general, the mean fragment total kinetic energies have been found to be 
insensitive to the excitation energy of the fissioning nucleus [XI. 
However, the widths of the fragment mass-yield and total kinetic energy 
distributions are quite dependent on the nuclear excitation energy [t\ . 
The purpose of this study was to examine more precisely the dependence of 
the fragment mass and total kinetic energy distributions on the nuclear 
excitation energy and the initial angular momentum distribution of the 
fissioning nucleus. 

210 
The slightly fissionable nuclide Po was chosen for this study in 

order to minimise any complications due to multichance fission (fission 
taking place after dissipation of a portion of the initial excitation 
energy by neutron emission). For the particular range of excitation 

* Exchange Research Scientist at AERE, Harwell, 1968-69. 
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TABLE I. SUMMARY OF RESULTS FOR FISSION OF 2 1 0 P o * 

R e a c t i o n 

2 0 9 „ . . 2 1 0 
Bl + p — * po 

3 0 6 p b ^ ^ 2 ! O p o 

1 9 8 P t +
 1 2 C - * 2 1 ° P o 

E 
P 

(Mev) 

2 7 . 0 

3 9 . 3 

5 2 . 7 

3 9 . 8 

5 0 . 9 

6 3 . 8 

7 7 . 2 

* 
E 

(MeV) 

3 1 . 8 

4 4 . 1 

5 7 . 6 

3 0 . 7 

4 4 . 5 

5 7 . 2 

5 8 . 5 

< I 2 > 

5 3 

7 5 

94 

199 

308 

4 3 5 

1240 

No . 
E v e n t s 
( x l O 4 ) 

0 . 5 

7 . 9 

2 . 9 

1 .0 

4 . 4 

2 3 . 7 

0 . 9 

<CTKE> (Mev) 

T h i s 
E x p e r i m e n t 

1 4 2 . 9 + . 2 

1 4 3 . 7 J- . 2 

1 4 5 . 0 + . 2 

1 4 3 . 8 + . 5 

1 4 5 . 1 + . 3 

1 4 7 . 0 + . 3 

1 5 1 . 6 + 2 

«~ gf 
1 4 8 . 3 
1 3 6 . 5 
1 4 8 . 0 
1 3 6 . 5 

1 4 7 . 7 
1 3 6 . 5 

1 4 8 . 3 
1 3 6 . 5 

148.О 
1 3 6 . 5 
1 4 7 . 7 
1 3 6 . 5 
1 4 7 . 7 
1 3 6 . 5 

CT 2 (TKE) (MeV2) 

E x p . 

5 2 + 3 

7 0 + 3 

8 5 + 3 

5 9 + 5 

7 0 + 2 

8 1 + 3 

8 5 + 5 

C o r r . 

46 

62 

74 

53 

62 

6 9 

73 

Tbeo.Bj 

42 
39 
59 
4 2 

7 5 
4 6 

4 0 
39 

5 9 
42 
74 
46 
75 
46 

CT 2 (M) ( a m u 2 ) 

E x p . 

71 +; 2 

112 + 2 

136 + 2 

78 j+ 2 

112 + 3 

132 + 2 

1-10 +_ 4 

C o r r . 

67 

106 

129 

74 

106 

124 

120 

T h e o . & | 

74 
44 

106 
57 

133 
7 0 

72 
43 

107 
58 

133 
70 

135 
71 

Experimental errors represent the average deviations from a series of independent measurements and indicate-
the relative precision of these measurements» The estimated absolute errors are +_ 2 MeV for <̂ TKÊ , + 5 MeV 
forCT (ТЮЗ) and + 4 amu forO" (M), The estimated absolute errors should be used when comparing the results 
of this work with theory or other experiments» 
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energies used, it can be estimated that greater than 80% of the fissions 
take place from the original compound nucleus [j3j. Therefore both the 
fissioning nuclide and excitation energies are well defined in this 

210 experiment. The compound nucleus Po was produced, using the Harwell 
Variable Energy Cyclotron, at well defined excitation energies and with 
different angular momentum distributions by three nuclear reactions:— 

209 
Bi + p 

206pb + 0 ^ _ ^ 2 1 0 p o * _ f _ > 

198Pt +
 12c 

209 206 
Three excitation energies were studied using the Bi and Pb targets; 
31, 44 and 57 MeV. At this time only preliminary data are available for 
the Pt target at the highest excitation energy. The energies of the 
various particles (E ) used to produce these excitation energies are given 
in Table I. The lowest excitation energy was limited to 31 MeV due to the 
rapidly decreasing fission cross-sections at lower energies. The highest 
excitation energy was determined by the maximum proton energy (53 MeV) 
available from the cyclotron. 

EXPERIMENTAL PROCEDURE 

Two gold-surface barrier detectors placed at calculated laboratory 
angles corresponding to 90 and 270 in the centre-of-mass system relative 
to the projectile beam were used to measure the pulse-heights of the two 
coincident fission fragments. One detector of lOO mm detection area 
placed 50 mm from the target defined the laboratory angle at which the 
fission events were measured. The second detector was also placed 50 mm 
from the target but was much larger, 400 mm , to ensure that greater than 
90% of the coincident complementary fragments would be detected. A 
conventional fast—slow coincidence system with a resolving time of 50 ns 
was used to eliminate chance coincidences. The pulses from the detectors 
were digitised and stored in a 128 x 128 channel coincident pulse-height 
matrix using an associative storage technique with a PDP-8 on-line computer 
[_6J. The gain stability of the entire electronic system and the energy 
resolution broadening due to high counting rates of inelastically 
scattered beam particles were measured directly by observing the pulse height 
distributions of coincident pulses from a high stability pulse generator. 
These pulse generator pulses were fed through the entire electronic system 
and recorded simultaneously with the fission data. 

Targets of spectroscopically pure Bi and Pb (96% isotopic 
enrichment) were prepared by vacuum evaporation on to 90 /eg/cm nickel 
backing foils. Two sets of targets with very uniform areal densities of 
30 and 120 Ztg/cm were used. The Pt targets were deposited directly 
on to 130yu.g/cm nickel foils by a "double ion sputtering" technique using 
the Harwell Isotope Separator [.7J • The Pt targets produced in this 
manner had an areal density equivalent to 400 Ztg/cm of platinum. The 
average energy losses of the 

2-10po 
fission fragments in the target 

materials were measured directly for each target by obtaining the average 
kinetic energies of the fragments, ̂ E f ) , at various angles, 0 , between 
the target plane and the detector. This was accomplished by rotating the 
target over the range 9 = 20 - 60 , with the fission detector kept at 



720 UNIK et al. 

a constant angle relative to the projectile beam. The average energy loss 
of fragments emitted at 90 to the target plane is equal to 

- d ( < E f > )/d (Sin-16) 

The average fragment energy losses in the nickel backing foils were 
obtained from the difference of the average fragment energies for two 
target orientations differing by 180 . 

COMPUTATION 

The fission-fragment energy calibrations used in this work were 
based on the final fragment mass-dependent energy calibration procedure 
described by SCHMITT et al [ftl» using standard 252 c f fission-fragment 
spectra. (a) Using this energy calibration to obtain the final fragment 
energies after neutron emission, (b) correcting the final fragment energies 
for neutron emission to obtainthe initial fragment energies before neutron 
emission and (c) invoking conservation of linear momentum; the original 
fragment coincident pulse-height matrix was transformed to an initial 
fragment mass-initial total kinetic energy matrix. By appropriate summing 
over this transformed matrix the various mass and total kinetic energy 
correlations and their moments were obtained. 

No data exist at present on the average number of neutrons emitted 
as a function of fragment mass for this fissioning system and therefore 
the assumption was made that both fragments emit an equal number of 
neutrons. The mean total number of neutrons emitted per fission at each 
excitation energy, <lj (E*)>, was estimated by using Eq. 1. 

<S)T(E*)> = (E* + < E ^ -<TKE> - < E y > ) / ( < B ^ + <E n>) (1) 

Here E* is the initial compound nucleus excitation energy, <TKE^ 
the average total kinetic energy, ̂ E ^ and {ß У are the weighted average 
energy release in fission and average neutron binding energy of the 
fragments respectively, calculated from the work of MILTON C93> ^ E ^ i s 
the average gamma-ray energy release in fission (6.2 MeV QlQl), and < E > 
the average neutron energy (jll) . The neutron values calculated were 2.4, 
4.0 and 5.6 for E* = 31, 44 and 57 MeV respectively. 

All data presented in the following sections (unless specifically 
stated otherwise) have been corrected for effects due to (a) neutron 
emission from the fragments, (b) energy losses of the fragments in the back
ing foils and target materials, (c) inherent resolution of the detectors 
(FWHM = 1 . 5 MeV), and (d) broadening of the energy resolution due to count
ing rate effects. 

EXPERIMENTAL RESULTS 

A complete summary of the moment analyses sfor all the data of this 
work, as well as other pertinent information, is given in TABLE I. The 
nuclear reaction, projectile energies and compound nucleus excitation 
energies are listed in columns 1-3 respectively. The computed mean values 
of the square of the compound nucleus angular momentum <I > for each 
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FIG. 1. Experimental fragment mass-yield distributions for fission of the compound nucleus 210Po produced by 
bombardment of 206Pb with alpha particles. 

Д Ea = 39. 8 MeV 
+ Ea = 50. 9 MeV 
О Ea = 63. 8 MeV 

reaction is given in column 4. The K.I } values for the proton and alpha-
particle bombardments were obtained from optical-model calculations. The 
<Cl2^ value for * С bombardment was calculated classically. The columns 
headed ̂ TKE^, CT (TKE), and (Т^СЮ list the mean total kinetic energies, the 
variance of the total kinetic energy distributions and the variance of the 
mass-yield distributions respectively. The experimental errors given in 
TABLE I represent the average deviations of a series -of independent 
measurements and indicate only the relative precision of these measurements. 
The absolute errors (taking into account possible inherent and systematic 
errors in the methods of energy calibrations, neutron corrections, etc.) 
are estimated to be + 2 MeV for<TKE>, jf 5 MeV forO" (TKE) and + 4 amu 
forO" (M). Only one measurement was performed for the С bombardment and 
hence the errors have been estimated for this case. 

Also included in TABLE I is a comparison of the corrected experimen
tal results, (Corr.), with the theoretical work, (Theo.) of NIX and 
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FIG. 2, Mean fission-fragment total kinetic energies as a function of fragment mass for fission of 210Po at 
three excitation energies (E*), 
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Solid curves are from the theoretical work of Nix and Swiatecki. 
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SWIATECKI (non-viscous nuclei limit) JjL23 and of NIX JJL3] . Both of these 
theoretical studies represent advanced developments of the liquid drop 
model of nuclear fission applying standard static, dynamic and statistical 
methods without the use of adjustable parameters. The earlier work \j.2\ 
was based on an approximation, applicable to the fission of nuclides lighter 
than radium, which described the shape of the nuclear surface in terms of 
two overlapping or separated spheroids. The more recent work {j.3^\ is an 
attempt at a more realistic parameterisation of the nuclear shape to the 
scission point in order to extend the calculation to fission of heavier 
nuclides. 

Typical mass-yield distributions (uncorrected for mass resolution) 
obtained at three excitation energies using the Pb + oC reaction are 
presented in Fig. 1. All the experimental distributions in this work had 
excellent reflection symmetry about the symmetric mass and were therefore 
"folded" about this mass in order to improve the statistical accuracy of 
each datum point for mass dependent correlations. The dependence of VTKE/ 
on fragment mass for the proton and alpha-particle bombardments at each 
excitation energy is presented in Fig. 2. Also shown in Fig. 2, as solid 
curves, is the theoretical prediction Q.23 for E* = 44 MeV. The theoreti
cal distributions for the other E* values are virtually identical to that 
for E* = 44 MeV. The variances of the TKE distributions as a function of 
fragment mass are shown in Fig. 3, as well as the theoretical predictions 
L12J, as solid lines. In Fig. 4 a, b and с are shown the differences, as 
a function of fragment mass, between the mean total kinetic energies 
measured in the alpha—particle bombardments and the proton bombardments 
at the same Po excitation energies. Fig. 4d, e and f show the 
ratios of the fragment mass—yields, as a function of fragment mass, 
obtained in alpha-particle bombardments relative to proton bombardments 
at the same resultant Po excitation energies. The data presented in 
Fig. 4 have not been corrected for mass resolution. Since the mass 
resolution in these experiments is -~>b amu (FWHM), discontinuities in 
the presented distributions occurring over mass intervals much smaller 
than this should be considered only as statistical digressions. 

CONCLUSIONS 

The most interesting result of this study is the observation that 
the mean total kinetic energy, <[TKE^, is dependent on the excitation 
energy, E*, and also on the angular momentum of the fissioning nucleus. As 
can be seen in column 6 of TABLE I, the<TKE> values for a given E* increase 
with the mass of the bombarding particle and therefore with the angular 
momentum (or <J .>). Also by extrapolating the ̂ TKE> data for the 2 Bi + p 
and Pb +cC reactions to the same value of angular momentum, quite 
different <TKE> values are obtained at different excitation energies. This 
result indicates that the total kinetic energy is also dependent on 
excitation energy. From Fig. 4 a, b and с the differences in 4.TKE> between 
the alpha-particle and proton bombardments for a fixed excitation energy 
are seen to be independent of fragment mass. This indicates that the 
difference in O'KE^ may have its origin at an earlier stage in the fission 
process than the scission point; more probably near the saddle point. One 
possible interpretation of these results may be similar in manner to an 
interpretation previously proposed to explain ̂ TKE^ variations near the 
fission threshold £l4j . The initial nuclear excitation energy is distributed 
between collective and intrinsic excitations. Since the transition from 
the saddle point to the scission point is very rapid for medium weight 
nuclides (*̂ 2 x 10 sec. Q.3_J), there may be insufficient time for 
collective excitation energy, weakly coupled to the internal degrees of 
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freedom, to be transferred to deformation energy. Therefore a portion of 
the energy due to collective excitations may be transferred to transla» 
tional energy of the two fragments during the descent from the saddle point 
to the scission point. One form of collective excitation strongly depen
dent on angular momentum and which can be computed at this time is the 
rotational energy, E D, at the saddle point given by Eq. 2 к 

Here I is the total angular momentum, К is the projection of I on the 
nuclear symmetry axis, y, and Qj_ are the nuclear moments of inertia 
about an axis parallel and perpendicular to the nuclear symmetry axis, 
respectively. Rearranging Eq. 2, taking average values and substituting 
Eq. 3, one obtains Eqs. 4 and 5 

<«2> - ко2 = b{k - тУ 
<Q) = g - <!2> + I = A < I 2 > H. ВТ (4) 

< T K E > observed = <T K Eo> + < E
R > ( 5 ) 

Here T represents the nuclear temperature at the fission saddle point and can 
be computed from Eq. 6: 

E* - E f = — T 2 - T ( 6 ) 

The constant, E , is the effective fission threshold (E = 19.7 MeV for 
Po, HUIZENGA et al l_5_|) and ftL, is the mass number of the fissioning 

nucleus. Eq. 5 was fitted to the ^TKE^ values obtained in this work, with 
the result that every <[TKE^ value could be calculated to within + 0.25 MeV 
of the experimental values, using A = 0.006 MeV, В = 3.42 and ^TKE> = 140.11, 

Although the explicit forms of Eqs. 4 and 5 fit the experimental 
data of this work quite well, the basic assumption that the observed varia
tions in total kinetic energy are mainly due to rotational energy at the 
saddle point being transferred to kinetic energy of the fragments is not 
strongly supported by the values of A and В which were obtained. The 
rotational constant, A = 6 KeV, obtained from the fit of the experimental 
<^TKE^ values is near that for a spherical nucleus, 5 KeV, but is larger than 
the value of<->2 KeV for an elongated nucleus at the saddle point estimated 
from the 2 1 0Po fragment angular distribution work of CHAUDHRY et al Ql5] . 
Also the constant В = 3.42 obtained by this fitting procedure is much 
larger than the expected value of 0.5. Obviously, further work is required 
definitely to establish which additional factors in the fission process may 
be contributing to the total kinetic energy variations observed in this 
study. 

From the corrected values of the variances of the total kinetic 
energy and mass distributions given in TABLE I, the variances or widths 
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of these distributions are seen to be quite dependent on the excitation 
energy. However, the variances of the total kinetic energy and mass 
distributions for a given excitation energy are virtually independent of 
the angular momentum, < I 2 ) , of the fissioning nucleus. This conclusion is 
in disagreement with the work of PLASIL et al[lj who reported that increas
ing angular momentum broadens these distributions. By examination of 
Fig. 4 d, e and f, it can be seen that there are no observable changes in 
the yields of specific mass fragments between the alpha-particle and 
proton bombardments producing 2*9PO at the same excitation energies. 

As can be seen from TABLE I and Fig. 3, the theoretical work of 
NIX and SWIATECKI £l2j predicts the variances of the total kinetic energy 
and mass distributions with remarkable accuracy. The agreement between the 
experimental^TKE^ values and those predicted theoretically is quite good 
when it is remembered that this theoretical work has no adjustable 
parameters and does not include angular momentum effects. The more 
generalised calculations of NIX Q.3] give a comprehensive insight into 
the various factors contributing to the total kinetic energy and mass 
distributions. However, the agreement between the predictions of this 
work and the corrected experimental values shown in TABLE I is not 
improved over the earlier calculations Q.2J. 
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D I S C U S S I O N 

K. M. DIETRICH: I would like to put a question to Dr. Nix.'" The cal
culated widths of the distribution of masses and kinetic energies are consi
derably smaller in the improved version of the liquid-drop theory than in 
the original version. I would have expected the opposite result, i. e. that 
increase in the degrees of freedom of the liquid drop would lead to an 
increase in the widths of distributions. 

J. R. NIX: In the case of light nuclei at moderate excitation energies, 
the widths of the kinetic-energy and mass distributions depend primarily on 
the stiffness of the system at the saddle point in respect of overall elonga
tion and mass asymmetry respectively. In determining these stiffnesses 
it is necessary to calculate the potential and kinetic energies in the neigh
bourhood of the saddle point and then perform a normal-co-ordinate t rans
formation to obtain the appropriate normal co-ordinates. If the saddle-point 
shapes were the same in each of the two versions of the liquid-drop model 
that we have used, then the introduction of additional collective degrees of 
freedom would cause the calculated frequencies for elongation and mass 
asymmetry to decrease and hence the widths of the distributions to increase, 
as you would have expected. But since the saddle-point shapes are different 
in the two versions, this conclusion does not follow. (The theorem that the 
introduction of constraints increases the frequencies of the system holds 
only if the constraints are compatible with the equilibrium configuration.) 

Since the saddle-point shapes used in the improved version (two spheroids 
connected by a hyperboloidal neck) are more realistic than those used in the 
original version (two tangent spheroids), our a priori expectation was that 
the improved version would yield better estimates of the stiffnesses (and 
hence the widths of the distributions) than the original version, but this 
turned out not to be the case. 

F. PLASIL:- I was interested by Dr. Cuninghame's comment on the 
possibility of an asymmetric fission component based on the widths of the 
kinetic-energy distributions as a function of mass. In my view, one should 
not draw such conclusions from data Of this type but should consider the 
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mass-yield distribution directly. Since radiochemical data indicate the 
existence of an asymmetric component (see T. T. Sugihara et al. , Phys. 
Rev. 121 (1961) 1179) we have carried out an experiment, for the same 
compound nucleus as yours, designed to look for this component. The ex
periment was carried out at Oak Ridge and my collaborators were R. L. 
Ferguson, H. W. Schmitt and F. Pleasonton. We bombarded 209Bi with 
36 MeV protons and obtained more than 105 events. We did not find, in the 
mass-yield distribution, any indication of an asymmetric component. We 
made sure that we were not obscuring it with resolution and neutron-emission 
problems, and we have no explanation for the discrepancy with the radio
chemical data. 

J. G. CUNINGHAME: I agree entirely with you that one should look for 
asymmetry in the mass distributions by making mass-yield measurements 
directly. What I said in the paper was purely a passing comment, an attempt 
to account for the upturn in our kinetic-energy widths towards the wings of 
the mass distributions. However, we believe this upturn to be real and it 
probably does have to be accounted for somehow. 
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Abstract 

DISTRIBUTION OF MASS AND CHARGE IN THE FISSION OF 22 ,Th. The distribution of mass and 
charge in the thermal-neutron-induced fission of 22,Th has been investigated by radiochemical determi
nation of the fission yields of 29 mass chains and one shielded nuclide (independent yield). The yields 
were determined relative to the known yields for 235U fission and normalized to absolute values by sum
mation to 200 per cent total fission yield. 22,Th is the lowest mass nuclide fissionable by thermal neutrons 
yet to be investigated. 

The mass distribution is asymmetric; the heavy-mass group is centred at about the same position 
(mass 138.5) as in all previously investigated cases of low-energy fission, while the light-mass group is 
shifted to a lower mass number (89). The peak half width, (full width at half maximum) is 11.5 mass 
units, and the full width at one tenth maximum is 19 mass units. All these values fall well on systematic 
plots for the positions of the peaks and the widths of mass distributions for various fissionable nuclides. The 
relative probability of asymmetric-to-symmetric fission (peak-to-valley ratio) is about 230. The fission 
yield data for 227Th indicate a value of about 1 for v, the average number of neutrons emitted per fission. 
The mass distribution shows no indication of a third peak in the region of symmetric fission. 

The division of nuclear charge, as indicated by the independent yield of 136Cs, is consistent with 
the equal-charge-displacement hypothesis characteristic of low-energy fission. A comparison of mass 
distributions in thermal-neutron-induced fission, reactor-neutron-induced fission and spontaneous fission 
for several fissioning nuclei is given. 

1. INTRODUCTION 

Mass and charge distr ibutions in low-energy-f iss ion of the heavier 
fissionable nuclides have been the object of numerous investigations by 
radiochemical , m a s s - s p e c t r o m e t r i c and physical methods . Accordingly, 
a wealth of information has been accumulated for these heavy nucl ides . 
However, re la t ive ly l i t t le is known about the m a s s and charge d i s t r i 
bution in neutron-induced fission of the l ighter fissionable nuclei . 

In this region m a s s dis tr ibut ions have been measu red for r eac to r -
neutron-induced fission of 227Ac [1] and for thermal-neut ron- induced 
fission of 229Th [2] only. The m a s s distr ibution of 227Ac shows a s ig
nificant third peak in the region of symmet r i c fission (two equal frag
ments) , whereas the fission of 229Th is a symmet r i c (only two peaks) . 
Data on the division of nuclear charge a r e also s p a r s e in this m a s s 
region. 

The var ia t ion in the m a s s of the fissioning nucleus (AF) is manifested 
by a shift in the light peak of the mass -y ie ld curve, whereas the average 
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m a s s of the heavy fragment i s re la t ive ly independent of the m a s s of the 
fissioning nucleus . 

It was found [3] that the heavy-mass peak remains fixed at m a s s 
138.5 over a range in AF of about 15 m a s s units , whereas the position 
of the l igh t -mass peak follows a l inear function of AF (slope of 1) over 
the same range . A deviation from this pat tern was noticed for the heaviest 
nuclides, i . e . 2 4 5 C m [ 3 ] , ^ C f [4] and 252Cf [3, 5] and possibly also for 
the region of the l ightest nuclides (229Th [2, 3]) . 

All these facts demonst ra te that m o r e information is needed about 
neutron-induced fission of the l ighter fissionable nuclei . 227Th can easi ly 
be milked from a 227Ac source and has a half-life of 18.72 d [6] . I ts 
t h e r m a l fission c r o s s - s e c t i o n is la rge enough to make an investigation 
of m a s s and charge distr ibution possible, even though only ve ry sma l l 
amounts of this nuclide a r e avai lable. The value for the fission c r o s s -
sect ion of 1500 ± 1000 b as given in the l i t e ra tu re [7] was found to be 
much too high. The value of the fission c ros s - sec t ion for t h e r m a l -
neutron fission was determined to be approximately 250 b . This resu l t 
i s not final and exper imental work is st i l l in p r o g r e s s at our l abora to ry . 

2. EXPERIMENTAL 

2 . 1 . Prepara t ion of the 2 2 7 Th-samples 

227Th was extracted from a source of 10 mCi of 227Ac obtained from 
the Radiochemical Centre , Amersham (England). A D o w e x 5 0 X 8 
(200-400 mesh) cation exchange column (1 mm inner d i am. , 100 mm 
length) was used to sepa ra te and purify 227^п from R a , Ac and daughter-
produc ts . The following procedure was used. 

The solution containing 227Ac, 227Th and daughters was evaporated 
to d ryness . The res idue was dissolved in 1JNI HNO3 and t r ans f e r r ed to 
the top of the column. Ra was eluted with 2 N HNO3, Ac with 4 N HNO3 
and Th wi th j ! HNO3 - 0. 25 to 0. 5 M Н2С2Сч. The radioact ivi ty of the 
effluent from the column was monitored continuously with a plast ic 
scint i l la tor to permi t the collection of the 227Ac-fraction (for further 
growth of 227Th) and the fraction containing 2 2 7Th. Aliquots of the r e 
sulting 227Th solutions were checked for radiochemical puri ty with a 
20-cm3 GeLi-de tec tor . All 7- l ines present in samples prepared im
mediate ly after separat ion could be assigned to 2 2 7Th. 

During the first s e r i e s of exper iments the purified 227xh was wrapped 
in aluminium foil and i r r ad ia ted . After i r rad ia t ion t h e s e samples were 
dissolved and the fission products of in te res t were separa ted rad io-
chemical ly . However, difficulties occur red in the purification of the 
isolated fission products , due to the high a-ac t iv i ty of 2 2 7Th and daughter-
products , often leading to radiochemical ly contaminated s a m p l e s . This 
contamination was reduced by o r d e r s of magnitude when f ragment - reco i l 
sources of 227Th were used. These essent ia l ly weightless sources on 
aluminium backings were prepared by applying the technique of molecu la r 
plating [8] . Almost quantitative deposition of the 227Th resul ted from a 
solution of isopropanol containing one drop of 6 N H N 0 3 and one drop 
of L a - c a r r i e r (1 m g / c m 3 ) at 600 V (corresponding to a cur ren t of about 
30 mA). Recoi l -ca tcher foils of aluminium, my la r and polyethylene were 
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used. Best results (lowest contamination by (n, y)-activation products) 
were obtained with the polyethylene-catchers (approximately 9 mg/cm 2) . 
These catchers were dissolved after irradiation in hot concentrated 
H2S04 with the addition of a few drops of НСЮ4. 

2.2. Irradiation and chemical separations , 

Samples of 227Th and 235U (99.5%, 1 to 10 jug) were irradiated simul
taneously in the Würenlingen swimming-pool reactor SAPHIR at a thermal 
neutron flux of approximately 2X 1013 cm - 2 s"1 . The fission yields of 
30 nuclides (29 chain yields) and one shielded nuclide were determined 
by using radiochemical techniques. The fission yields of 227Th were 
measured relative to the known yields for 235U-fission [9] . 235U-chain-
yields as given in the third edition of the chart of the nuclides [6] de
scribing a smooth mass-distribution were used in the valley region of 
the mass-yield curve. The specific fission products of interest were 
isolated from both samples using conventional radiochemical techniques 
( i .e . carr iers were added, the samples were radio chemically purified, 
and thick samples were mounted for counting). 

2 .3 . Counting- procedures 

The purified samples were counted with an end-window ß proportional 
counter and/or 7-ray spectrometer using a 3 in. X 3 in. Nal(Tl) crystal. In 
one of the experiments the rare-earth fraction was counted with a 20-cm3 

GeLi detector. In all cases the decay of the nuclides was followed for 
several half-lives. Where y-ray spectrometry was applicable, the decay 
of one or more characteristic 7-photopeaks was measured. Composite 
decay curves were resolved graphically. A standard radioisotope was 
isolated from each irradiated sample for the purpose of normalizing the 
various runs to each other. The standards used were 132Te and/or 141Ce. 
The fission yields were calculated according to the procedure given by 
Ravindran et al. [2] . The activity of each sample was corrected only 
for chemical yield since all other corrections cancel in this comparison 
method. An arbitrary relative yield of the standard in 227Th fission was 
first assumed, and the mass distribution was then normalized to a total 
yield of 200 per cent. 

3. RESULTS AND DISCUSSION 

The fission yields for the 29 mass chains (30 nuclides) determined 
in this work are given in Table I. The independent yield for the shielded 
nuclide 136Cs is considered separately in Table II. The errors in the 
measured fission yields include one standard deviation of the experi
mental determinations as well as uncertainties in the values of the fission 
yields for 235U. These uncertainties are assumed to be in the range of 
5 to 10%. Calculations made under the worst assumptions showed that 
interference by neutron-induced fission products from 227Ac or daughters 
of 227Th present in the samples was negligible. Furthermore, significant 
amounts of these nuclides would have been detected by GeLi 7-ray 
spectrometry and decay studies of the 227Th product. 
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TABLE I. FISSION YIELDS IN THE THERMAL-NEUTRON-INDUCED 
FISSION OF 2ЭТТЬ 

Fission 
product 

77AS 

83Br 

89 Sr 

9 0 Sr 

91 St 

9 5 Zr 

97 Zr 

" M o 
103Ru 
105Ru 
I06Ru 

i°9Pd* 

in Ag* 

'»Pd* 
113 Ag* 

" 5 C d * 

I 2 l 8 S n * 
i2shn 

12TSb 

' " g T e 
1 2 9 mTe 
131 j 

13! T e 
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1 3 7 Cs 

1 4 0Ba 

141 Ce 
ш С е 
144Ce 
147Nd 
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e.r 

ß.r 

e.r 

е. у 
ß 

8 
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ß.y 

e.r 
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ß.r 
ß 

ß.r 

ß.r 
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r 

Number of 
determinations 

2 

1 

4 

2 

1 

7 

3 

2 

2 

2 

4 

1 

10 

3 

4 

2 

2 

3 

3 

2 

11 

2 

12 

1 

2 

2 

13 

7 

8 

1 

Fission yield 

да 

1.40 upper limit 

1.10± 0.35 

8.00 ±0.43 

8.72 i 0.87 

6.21 ±0.97 

3.40 ±0.29 

2.41 ±0.57 

1.44 ±0.14 

0.58 ±0.09 

0.28 ±0.04 

0.19 ±0.06 

0.033 ±0.011 

0.051 ±0.010 

0.029 ±0.006 

0.034 ±0.007 

0.177 upper limit 

0.11 ±0.04 

0.43 ±0.10 

0.68 ±0.16 "I 
У 0.63 ±0 

0.53 ±0.25 J 

1.36 ±0.28 

2.61 ±0.46 

3.30 ±0.06 

4.80 ±1.01 

6.93 ±1.24 

7.71 ±1.16 

7 .62±0 .51 

6.97 ±0.48 

5.95 ±0.44 

0 .18±0.05 

18 

'" 235U reference yields from Ref. [ 6 ] . All other yields for Z3SÜ from Ref. [ 9 ] . 

Isomer ratios were assumed to be the same in 2 nTh and 235U fission. 
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TABLE II. INDEPENDENT FISSION YIELD OF 136Cs 
AND EMPIRICAL Zp VALUE 

Independent fission yield for Z35U 

Independent fission yield for 2"Th 0.10 ± 0.04% 

Chain yield for 2"Th 7.3 % 

Fraction of chain yield (1.4 ±0.5)X10" 

Z (empirical) 53.2 

Estimated primary mass (A') 136.5" 

Z p - A'(.ZF/AFf - 0 . 6 

a From Ref. [ 9 ] . 
" Neutron emission from primary fission fragment assumed to be 0.5 neutron. 

The observed fission yields from Table I are plotted as a function 
of fission product mass in Fig. 1. Within the er rors given, the ob
served data are, in general, consistent with a smooth mass-yield curve 
drawn through the experimental points. However, 77As and 115Cd are in 
disagreement with the distribution given. In the case of 77As all samples 
showed composite decay curves probably due to 76As (from 7SAs, n, -y)77As, 
and some longer lived components. Because of the small differences 
in half-life of 76As and 77As these decay curves could not be resolved 
properly. Unfortunately, the activity of the samples was too small to 
permit measurement of 7-photopeaks. All types of recoil catcher foils 
(aluminium, mylar and polyethylene) give similar results . Hence, the 
value for 77As has to be considered as an upper limit. The decay curves 
of 115Cd were resolved into 115Cd and 115mCd and proved to be radio-
chemically clean. Again, the high value for the fission yield may be 
attributed to the n, 7-reactions on 114Cd present in the catcher foils. We 
feel that a higher mass-yield due to increased contribution by the sym
metric fission mode can be excluded since 112Pd and 113Ag show no sign 
of an increase in yield. However, we plan to do more work in this region 
in order to clarify this point. 

The observed mass distribution is asymmetric with the light- and 
heavy-mass groups centred at masses 89 and 138.5, respectively. The 
curve shows no third peak in the region of symmetric fission. The relative 
probability of asymmetric to symmetric fission (peak-to-valley ratio) 
is about 230. The peak half width (full width at half maximum) is 11.5 
mass units, and the full width at one tenth maximum is 19 mass units. 
The measured points can be reflected through mass 113.5 (symmetric 
fission) indicating a value of about 1 for v, the average number of neutrons 
emitted per fission. The general shape of the curve looks very similar 
to the mass distribution of 229Th [2] . However, the trough seems to be 
narrower in the case of 227Th. 

The values found for the positions of the light and heavy mass peaks 
and for the width of the mass distribution for 227Th fall well on systematic 
plots constructed for mass distributions of various fissionable nuclides. 
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100 110 
MASS NUMBER 

FIG.l. Mass-yield curve for thermal-neutron-induced fission of 221Th. о measured points, x reflected points. 

In Fig. 2 the dependency of the position of the maxima (defined as average 
mass-number of the fission product at half-maximum height) is shown 
as function of the fissioning nucleus AF. It is seen that the position of 
the heavy fission fragment group AH remains relatively fixed at mass 
138. 5 ±2. 5 over a range in AF of about 18 mass units, whereas the po
sition of the light mass peak varies linearly (slope of 1) over the same 
range. No deviation from this linear dependence is noticed for the lightest 
nuclides investigated. However, the heaviest nuclides seem to deviate 
from this pattern. 

From Fig.3 it is seen that the widths of mass distributions increase 
with increasing mass of the fissioning nucleus. If one compares the full 
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О ttiermal-neutrcHi-induced fission 
D reactor-neutron-induced fission 
О 14 MeV-neutron-induced fission 
Д spontaneous fission 

235 240 245 250 255 

FIG. 2. Positions of light and heavy groups in the fission of various nuclides. The average mass number 
at half-maximum of the peaks is plotted. The data (with the exception of 2!'Th) are taken from Ref. [13 J 

wid th a t o n e - t e n t h m a x i m u m ( F W T M ) of t he m a s s d i s t r i b u t i o n t h i s t r e n d 
c a n b e c l e a r l y o b s e r v e d . It s h o u l d be no t ed t h a t t h i s effect i s h a r d l y 
d i s c e r n i b l e if t h e c o m p a r i s o n i s m a d e on t h e b a s i s of t h e ful l wid th a t 
hal f m a x i m u m ( F W H M ) , u s e d to find t h e a v e r a g e m a s s - n u m b e r f o r t h e 
p o s i t i o n of t h e p e a k s . L i n e a r f u n c t i o n s a r e o b t a i n e d for t h e r m a l - and 
r e a c t o r - n e u t r o n - i n d u c e d f i s s i o n and f o r s p o n t a n e o u s f i s s i o n if t h e F W T M 
i s p l o t t e d a g a i n s t t h e m a s s of t h e f i s s i o n i n g n u c l e u s A F . T h e w i d t h s a r e 
o n t h e a v e r a g e abou t 3 m a s s - u n i t s w i d e r fo r t h e r m a l - and r e a c t o r -
n e u t r o n - i n d u c e d f i s s i o n t h a n f o r s p o n t a n e o u s f i s s i o n . T h i s ef fect c a n 
p r o b a b l y be a t t r i b u t e d t o t h e h i g h e r e x c i t a t i o n e n e r g i e s in n e u t r o n - i n d u c e d 
f i s s i o n . H i g h e r e x c i t a t i o n e n e r g i e s g e n e r a l l y t e n d to b r o a d e n t h e m a s s 
d i s t r i b u t i o n . 

T h e o b s e r v e d i n d e p e n d e n t f i s s i o n y i e ld f o r t h e s h i e l d e d n u c l i d e 1 3 6 Cs 
r e s u l t i n g f r o m two d e t e r m i n a t i o n s i s g i v e n in T a b l e I I . T h e c h a i n y i e l d 
w a s t a k e n f r o m t h e s m o o t h m a s s - y i e l d c u r v e of F i g . 1 . T h e e m p i r i c a l 
v a l u e f o r t h e m o s t p r o b a b l e c h a r g e Z„ w a s c a l c u l a t e d f r o m t h e f r a c t i o n a l 
y i e l d u s i n g t h e a s s u m p t i o n of a G a u s s i a n c h a r g e d i s p e r s i o n wi th 
a = 0 . 6 2 ± 0 . 0 6 [10] . T h i s v a l u e f o r Z p i s in v e r y good a g r e e m e n t wi th 
t h e Z p - v a l u e found wi th t h e e q u a l - c h a r g e - d i s p l a c e m e n t h y p o t h e s i s [11] . 
T h e d e v i a t i o n of Z_ f r o m u n c h a n g e d c h a r g e d i s t r i b u t i o n (UCD) i s - 0 . 6 
c h a r g e u n i t s . T h i s v a l u e i n d i c a t e s a p a t t e r n of c h a r g e d i v i s i o n w h i c h i s 
c o n s i s t e n t w i t h o t h e r c a s e s of l o w - e n e r g y f i s s i o n [ 2 - 4 , 12] . 
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О thermal- neutron -induced fission 

D reactor-neutron-induced fission 

Д spontaneous fission 

225 230 235 240 245 250 255 
AF 

FIG.3. Widths of mass distributions (FWTM = full width at one tenth of maximum height) for various 
nuclides and different types of fission. The data (with the exception of 2 2Th) are from Ref. [13] . 
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D I S C U S S I O N 

W. MÜLLER: We did some exper iments with 227xh fission. The 
resu l t s a r e most ly in very good agreement with yours , but we had, in 
my view, a l e s s t ime-consuming method for eliminating the thor ium 
using an anion exchanger with Th as n i t ra to-complex [Radiochim. Acta 
£ (1968) 181-186] . The purity of the 227Th fraction was checked by 
gamma spec t rome t ry as well as alpha spec t rome t ry . We, too, had a 
re la t ively high value for 77As, which was checked not only by half-life 
but also by gamma spec t rome t ry . Therefore , I think the value you 
found for 77As may be the r ea l one and not the upper l imi t . We found 
a lower value for <rf, of about 100 b, which is a l i t t le different from your 
f igure . Now I would like to ask you how long you i r rad ia ted your s a m p l e s . 
Did you make any at tempts to optimize this t ime in o r d e r to get as many 
fission products as possible by avoiding too much contamination from 
daughter products as well as too much decay of 2 2 7Th? 

H . R . von GUNTEN: The i r rad ia t ion t ime was chosen according to 
the half- l ives of the fission products being determined, i . e . from about 
one hour to a few days . As for the value of 77As, I s t i l l believe that it 
is an upper l imit , since blank exper iments with r eco i l - ca t che r foils 
showed a contamination due to 7 6 As, which may have contributed to our 
m e a s u r e m e n t s , because the half- l ives of 76As and 77As a re very s i m i l a r . 
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Abstract 

FISSION YIELDS AND RECOIL RANGES DETERMINED BY A Ge(Li) DETECTOR. The excellent resolution 
of gamma rays by Ge(Li) detectors is used to determine 239Pu fission yields and recoil ranges of fission products 
from 233U and 239Pu. A combination of a 2-cm3 Ge(Li) detector and a low-noise, room-temperature FET pre
amplifier combination giving a FWHM of 3.6 keV for 122 keV gamma-ray was employed. Irradiation and 
cooling times were optimized in order to obtain best resolution for different fission products. The purity of 
each photopeak used was ascertained by following the decay and determining the half-life. 

As part of a program on determining fission yields of several heavy-element nuclei, fission yields of 
2S9Pu were determined by this technique. Thin, electroplated targets of 239Pu and 235U were simultaneously 
irradiated with neutrons and the recoiling fission fragments were collected in superpure aluminium foils. 
From an analysis of the gamma-ray spectra of fission products in the catcher foils, the yields of various 
nuclides in the thermal-neutron-induced fission of 239Pu were determined relative to that of 235U. These 
yields were compared with available radiochemical values. Recoil ranges of fission products from U and 
239Pu in aluminium were also determined gamma-spectrometrically and compared with radiochemical values. 
This method affords determination of fission yields with an accuracy of 2-5% and ranges with an accuracy of 
l-2°7o. 

1. INTRODUCTION 

The Ge(Li) detector has revolutionized gamma-ray spectroscopy 
because of its excellent resolution. The new detector has found wide appli
cation in many fields as, e.g. decay scheme studies [1] and activation 
analysis [2], and it has virtually replaced the Nal(Tl) detector. Simulta
neous developments in detector technology and low-noise electronics have 
substantially improved the resolution obtainable for gamma-rays. More 
recently, the Ge(Li) detector has been used by Gordon et al. [3], Gormon 
and Tomlinson [4], and Heath et al. [5] for fission studies since the data 
for several nuclides can be obtained simultaneously from the spectra of 
fission-product gamma-rays. This direct measurement avoids.the time-
consuming radiochemical separations and the e r rors associated with the 
various operations involved. This paper describes the results of measure
ments of fission yields of plutonium-239 and recoil ranges of fission frag
ments from uranium-233 and plutonium-239 in the thermal-neutron fission 
of these nuclides using the Ge(Li) detector. The results of direct measure
ments are compared with radiochemical and mass-spectrometric values 
from the present work and literature. 

741 
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2. EXPERIMENTAL 

2 .1 . Detector-analyser system 

A 2 cir>3-(4 cm?areaX 5 mm depletion depth) Ge(Li) detector supplied 
by Princeton Gamm Tech was used. The detector, kept at liquid-nitrogen 
temperature in a cryostat, was connected to an Ortec-model-118A room-
temperature FET preamplifier. A Packard-model TP-6 amplifier was 
used together with a Packard-model-116, 400-channel pulse-height analyser. 
The system gave a full width at half-maximum of 3.6 keV for 122-keV 
gamma rays of 57Co and showed a maximum drift equivalent to 2.2 keV at 
660 keV during a period of 24 h. The drift was one of the handicaps in 
analysing the spectra. 

2.2. Target preparation 

Plutonium containing about 95% 239Pu, enriched uranium containing 
about 90% 235U and uranium-233 were purified chemically and used for 
target preparation. The targets were prepared by electroplating [6] the 
required amount of fissile material from isopropyl alcohol medium onto a 
10-mil superpure aluminium foil electroplated first with about 50-60 ,ug/cm2 

of gold (which, being more electropositive than aluminium, offered a more 
suitable surface for electrodeposition; at the same time, the main backing 
was essentially aluminium with minimum scattering). The amount of 
fissionable material on a target varied from 10 to 50 /ug depending on the 
length of irradiation and nuclides of interest. The actual amount deposited 
on a target was estimated by the difference in the amount of fissile material 
in the solution before and after electrodeposition [6], the amount being 
determined by liquid scintillation counting. The area of the fissile material 
was well-defined and identical on all targets, the diameter being 1 cm. 

2 .3 . Method 

The "comparison method" was used to determine the fission yields [7]. 
For plutonium fission yield determination, the 235U and 239pu targets were 
covered with 1-mil superpure aluminium foils (1.5 cm dia), wrapped with 
another superpure aluminium foil, sealed in polyethylene and irradiated 
simultaneously. Both "Apsara", the swimming-pool reactor with a thermal 
neutron flux of и 1012 ncm"2s_1 and the heavy-water-moderated reactor 
"CIRUS" with a thermal neutron flux of « 1013ncm"2s_1 were used for irradi
ations. After irradiation and sufficient cooling, the catcher foils were 
centred on marked aluminium plates and covered with cellophane of 
6 mg/cm2 thickness. The gamma-ray spectra of the fission products in 
the catcher foils from both 23SU and 239Pu targets were followed with the 
Ge(Li) detector using the same geometry. Peak areas were calculated in 
the same way for both catcher foils. Details of the fission yield calcu
lation were described in a previous paper [8]. The 140.7 keV photopeak 
area of 99mTc in equilibrium with 99Mo was used as an internal standard. 

For range measurements the thin-target-thin-catcher method was used. 
The thickness of uranium or plutonium targets used was usually about 
25 /ug/cm2 and always less than 70 jug/cm2. The target was covered with a 
stack of three 0. 3 mil superpure aluminium foils (obtained from American 
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Lamoti te Corporation), each foil being identical in s ize , but slightly l a r g e r 
in d iamete r (1.5 cmdiam.) than the ta rge t (1.0 cm diam.) . The assembly was 
wrapped in 1-mil aluminium foil. After i r rad ia t ion and appropr ia te cooling 
the t a rge t assembly was opened, and the ca tcher foils separa ted . Foi l 1 
(closest to the target) was mounted separa te ly while foils 2 and 3 were 
mounted together . The range of a fission product was calculated [9, 10] 
with the formula 

(t + | CW) 

where E i s the range in m g / c m 2 of aluminium, A,, A2, A3 a r e the act ivi t ies 
on each foil, t i s the ca tcher thickness (mg/cm 2 ) , С = 1.44, and W is the 
ta rge t th ickness (mg/cm 2 ) . 

Details of this method were descr ibed in another paper from our 
labora tory [11] . 

F o r rad iochemica l de terminat ion of ranges the foils were dissolved 
separa te ly and p roces sed as descr ibed e lsewhere [11] . Neutron activation 
analysis of the foils used as ca tchers showed that they were sufficiently 
pure . 

Depending on the activity levels , the samples were mounted in one of 
the th ree fixed geometry posi t ions avai lable. F o r each set of nuclides the 
spect rum was followed as a function of t ime , in a fixed geometry . 

Several 5-minute i r rad ia t ions were ca r r i ed out, and the data on mKr, 
139Ba, and 142La were obtained from these exper imen t s . Data on all other 
nuclides were obtained from 24-h i r r ad i a t i ons . In the p re l iminary in
vestigation, the decay of the photopeaks selected for each nuclide was 
followed and the decay curves plotted. The t ime period in which the decay 
showed the co r r ec t half-life was determined in each case . This agreed with 
the expectations on the bas is of known in te r fe rences in each peak (see 
Table I). In l a t e r i r r ad ia t ions , the photopeaks were followed after the 
selected cooling t imes , decay curves were plotted and activity values were 
taken from the graphs for calcula t ions . 

2 . 4 . Analysis of the g a m m a - r a y spec t r a 

After i r r ad ia t ion and appropr ia te cooling, the gamma spec t rum was 
obtained by s ta r t ing with a convenient total counting r a t e not exceeding that 
which would give m o r e than 30% dead t ime on the ana lyser (beyond this dead 
t ime the resolut ion i s affected). The counting was done for a t ime suf
ficiently long to give good counting s ta t i s t i c s , at the same t ime taking into 
account the half-life of the nuclide under considerat ion. The data were typed 
out and also plotted with the help of an X-Y plot ter . The a r ea of the photo-
peak was summed up and the Compton background was subtracted by visually 
examining the spec t rum [12] . In general , for each nuclide the decay was 
followed to the point where the photopeak became indist inguishable from 
Compton contribution o r where the Compton cor rec t ion was so large that 
the e r r o r in the peak a r e a would be very high. When the photopeak used 
in ter fered with another photopeak lying close to it and having sho r t e r half-
life, sufficient t ime was allowed for i ts decay and when the in ter ference 
was from a longer- l ived component, the two components were resolved 

R 1 + 
(A 2+A 3 + -



TABLE I. DATA ON NUCLIDES DETERMINED 

Nucl ide 

8 5 ШКг 

9 1 S r - 9 i m Y 

95Zr 

" M 0 - " m T c 

103Ru 

13Ij 

132Tc-132I 

T* 

4.4 h 

9 .7h 

65 d 

66 h 

39.5 d 

8.05 d 

77.7 h 

Irradiation 
time 

5 min 

24 h 

24 h 

From all 
irradiations 

24 h 

24 h 

24 h 

M
O

 
v 

s-al 

151.2 

555.6 

724.1 

140.7 

496.9 

364.5 

228.3 

Intetference nuclide, 
photopeak (keV) 

Unknown short-lived 
components 

9ZY (560.8) 

-

,44Ce(133.3) and 
14ICe (145.4) 

14°La (487.0) 

"Mo (366.2) and 
"Zr(355.6) 

l43Ce(231.7) 

Remarks 

Decay after six hours 
gave correct half-
life (Fig.4A). 

92Y allowed to decay 
(Fig.4C). 

Counting was done 
after cooling the 
sample for 30 days. 

144 Ce contribution 
is initially only of the 
order of 0.1%. 
1 lCe contribution 
subtracted graphically 
(Fig.4D). 

Followed after 30 days. 

After 10 days cooling 
the photopeak was 
followed. 

Followed after four 
days. 

Contribution from 
143Ce is < 1%. 

О > •z 



TABLE I. (Cont.) 

Nuclide 

133j 

ш Х е 

i s s X e 

13sBa 

M 0Ba- 1 4 0La 

l 4 1Ce 

14\a 

1 4 3Ce 

ш С е 
Ш Ш 

T , 
2 

20.3 h 

5.27 d 

9.2 h 

82.9 min 

12.80 d 

32.5 d 

92.5 min 

33 h 

284 d 

11.06d 

Irradiation 
time 

24h 

24h 

24 h 

5 min 

24h 

24 h 

5 min 

24 h 

24 h 

24 h 

Energy of ;• 
photopeak 
used (keV) 

667.7 

529.8 

81.0 

249.6 

165.8 

162.8 
328.8 
815.8 

145.4 

641.1 

292.9 

133.6 

91.1 

Interference nuclide, 
photopeak (keV) 

M3Ce (664.5) and 
97Nb(657.9) 
132I (522.7), 
135I(526.5)and 
M°Ba(537.2) 

-

132I (812.3) 

-
-

I3SI (288.3) 

-
-

Remarks 

Followed after 5 days; 
gives correct half-life. 

Allowed 135I to decay 
(30 h). Graphically 
resolved from I32I(Te) 
and 14°Ba contribution 
(Fig.4B). 

To reduce Compton 
background, followed 
after 15 days. 

Photopeak becomes 
clear only after two days 
(Fig.4C) 

Followed after 1 h (Fig.4A) 

Followed after 10 days. 
Followed after 10 days. 
Decay after 15 days gives 
correct half-life. 

Data obtained after30 days. 

Counting started after 1 h. 
(Fig. 4A). 

Followed after four days 
(Fig. 4C). 

-
Data obtained after 15 days. 



о 
> 
о 

200 
CHANNEL NUMBER 

FIG.l . Fission product gamma spectra for E3SU. 
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FIG.2. Fission product gamma spectra for 23sPu. 
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FIG.3. Fission product gamma spectra for 239Pu. 
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graphically. Details of the selected photopeaks (the gamma-ray energies 
were taken from Heath et al. [5]) of nuclides determined together with 
interference, irradiation and cooling times necessary, etc. are summarized 
in Table I. 

In the case of relatively long-lived nuclides, calculation of the areas 
under the photopeaks was attempted by using a computer after subtraction 
of the contribution from the prominent higher-energy gamma-rays. The 
computer method was not only expected to enable accurate subtraction of 
the Compton contribution from the prominent gamma-rays, but also to 
remove the interference from other gamma-rays originating from the same 
nuclide, thereby reducing interference on other peaks. The computer was 
programmed to peel off gamma-ray spectra of certain nuclides (stored in 
its memory) from the composite fission-product gamma-ray spectrum 
starting from the high- energy end. The procedure is briefly outlined here. 
Gamma-ray spectra of a number of pure nuclides were obtained, the counting 
being done under the same conditions used for obtaining fission-product 
gamma-ray spectra. These standard spectra were stored in the computer 
memory. From the composite spectrum the area of the highest-energy 
peak (815. 8-keV peak of 140La, in this case) was determined by the computer, 
and, making use of the standard ^40La spectrum, after proper multiplica
tion to adjust for the peak area, the computer subtracted the contribution 
of 140La from the composite spectrum. The subtracted spectrum was 
printed out. This process was repeated using gamma-ray spectra of other 
nuclides. In this way, the prominent gamma-rays and their Compton 
contributions were subtracted accurately. The small shift in some of the 
spectra caused by the analyser was rectified by the computer before 
carrying out the peeling operation. 

3. RESULTS AND OBSERVATIONS 

Some typical composite gamma-ray spectra of fission products with 
different irradiation and cooling times are given in Figs 1 to 3, and decay 
curves obtained from plots of photopeak area as a function of time are 
shown in Fig. 4 (A to D). As can be seen from these figures, the peaks 
selected for calculation were well-resolved, and decay curves had the 
right slopes indicating that there was no interference from other nuclides 
in the time chosen to obtain the data. 

For fission-yield calculations, the activity values from corresponding 
portions of the decay curves were used. D and R values were obtained in 
the usual manner [8]. The R values in the plutonium fission were converted 
to fission yields by multiplying by the factor 

"Y«Mo ( P U>/4*o ( U>] [ Y* ( U ) 1 

where Y99 (Pu) and Y99]̂ o (U) refer to the yields of % o in the thermal 

fission of 239Pu and 235U, respectively, and YX(U) is the yield of nuclide X 
in the thermal fission of 235U. The 235U fission yield values were taken 
from the compilation of Meek and Rider [12a]. The determination of the 



TABLE II. FISSION YIELDS OP Z39Pu 

8 5 m K r 
91Sr 
95Zr 

"Mo 
103Ru 
131T 

I 3 2Te 

133, 

133Xe 
135Xe 

ш В а 
140Ba 

141Ce 
H2La 
M3Ce 

ш С е 
M,Nd 

Ge(Li) value -

Based on 5.61 
for "Mo 

0.60 ± 0.02 
1.89 ±0 .06 
4.40 ± 0.15 

С 4.45 
5.61 
6.19 ± 0 . 4 3 
3.68 ± 0.11 

С 3.64 
4.62± 0.09 

С 4.87 
6.23 ±0 .15 

С 5.71 
6 .44*0 .11 
6.08± 0.16 

С 6.56 
5.09± 0.08 
4.89 ± 0 . 1 3 

С 4.95 
4.90 ± 0.08 
4.82 ±0 .18 
3.71± 0.29 

С 3.88 
3.36± 0.07 
1.78 ±0 .07 

present work 

Based on 6.02 
for " M o * * * 

0.64 ± 0.02(4) 
2.03 ±0.06(2) 
4.74 ±0.16(4) 
4.78 
6.02 
6.65 ±0.46(5) 
3.96 ±0.12(5) 
3.91 
4.97 ±0.10(10) 
5.23 
6.69 ± 0.16(4) 
6.12 
6.92 ±0.12(3) 
6.53 ± 0.17(9) 
7.04 
5.47 ± 0.09(4) 
5.25 ± 0.14(14) 
5.30 
5.27 ± 0.09(5) 
5.19 ±0.19(4) 
3.99 ±0.31(9) 
4.16 
3.61 ± 0.07(5) 
1.92 ±0.07(5) 

Fission yield (%) 

Marsden and Yaffe 
[13] 

2.41 
5.06 

5.61 
5.79 
3.80 

5.51 

5.53 

-

-
5.47 

6.11 
-

4.28 

4.09 
1.46 

Literature values 

Fickel and Tomlinson 
[14. 15] 

0.535(Rb) 
2.59 (Zr) 
4.99 

-
5.63 
3.77 

5.26 

6.90 (Cs) 

6.90 (Cs) 
7.25 (Cs) 

-
5.58 (Ce) 

5.23 
4.97 (Ce) 
4.56 

3.84 
1.99 

Others 

6.02* 

5 .0** 

5 .4** 5.94+ 

2.2 + + 

С Values obtained after computer subtraction of Compton - see text. * Ref.[16], **Ref. [17], +Ref.[18], ++Ref.[19] 
' * * The number in the parenthesis is the number of determinations. 
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TABLE III. RANGES IN ALUMINIUM OF FISSION PRODUCTS FROM 239Pu 

Nuclide 

8sSr 
51Sr 
9,Zr 

"Nb 
95Mo 
JMRu 
losRh 

U1Ag 
n 5 Cd 
I!1Sn 
m S n 
127 Sb 
131. 

I32Te 
133. 

,35Xe 
l40Ba 
l40La 
ш С е 
144Ce 
u , Nd 

Range (mg/cm2) 
Ge(Li), 

this work* 

-
4.31 ± 0.04(4) 

4.13 ±0 .05 (5) 

4.12 ± 0.05 (4) 

4.09 ±0.07 (5) 

3.87 ± 0.07 (3) 

-
-
-
-
-
-

3.43 ± 0.04 (3) 

3.32 i 0.04(2) 

3.40 ±0 .02 (2) 

3.37 ± 0.02 (3) 

3.13 ± 0.05 (3) 

3.09 ± 0.06 (3) 

2.95 ± 0.04(2) 

3.08 (1) 

2.89 ±0 .02(3) 

Range (mg/cm2), 
radiochemical, 

this work* 

4.11 ± 0.04 (3) 

4.10 ± 0.05 (3) 

4.02 ± 0.06 (4) 

-
4.05 ± 0.07 (3) 

-
3.79 ± 0.08 (2) 

3.70 ± 0.01 (3) 

3.36 ± 0.03(3) 

3.34 ± 0.02 (4) 

3.26 (1) 

3.60 ± 0 . 0 3 (2) 

3.50 ± 0.02 

3.05 ± 0.04 (4) 

-

-

Range (mg/cm !), 
radiochemical, 

Ishimori et al.[20] 

4.17 ± 0.05 

4 .16± 0.04 

4 .12± 0.10 

-
4.00 ± 0.05 

-
-
-
-
-
-
-

-

3.04 ± 0.03 

2.90 ± 0.06 

-

* The number in the parenthesis is the number of determinations. 

fission yield by this method involved the assumption that the genetic re la t ion
ships of i soba r s in a decay chain a r e the same in the fission of 235U and 
239Pu. 

The range of a nuclide in aluminium was calculated by using the counts 
under the photopeak of a pa r t i cu la r energy selected for determining the 
nuclide. The values for (А2+Аз)/Аа were taken from spec t r a of the foils 
recorded consecutively so that decay was negligible. When the counting 
t ime was too long, appropr ia te cor rec t ions for decay were made . In 
general , for each nuclide severa l counts were taken and the average values 
of (A2 + A3)/ Ai obtained w e r e used for the range calculat ions. The value 
of (Аг + Аз)/А1 obtained at different t imes in different nuclides in a pa r t i cu la r 
i r r ad ia t ion agreed within 2-3% in most c a s e s . 

The fission yields of 239Pu a re given in Table II. The nucl ides de te r 
mined in the p resen t work were not sufficient for plotting the mass -y i e ld 
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TABLE IV. RANGES IN ALUMINIUM OF FISSION PRODUCTS 
FROM 233U 

Nucl ide 

89Sr 

91Sr 

95Zr 

95Nb 

97Zi 

97Nb 

99Mo 

Ag 
I 1 5Cd 

1 3 zTe 

132j 

133 Xe 

, 3 5 X e 

140 Ba 

140La 

143Ce 

147Nd 

Range (mg/cm2) 
Ge(Li), 

this work! 

4.16 ± 0.04 (2) 

4.05 ± 0.04 (3) 

4.02 ± 0.04(3) 

4.08 ±0 .05 (3) 

4.01 ± 0.04(3) 

4.01 ± 0 . 0 3 (4) 

3.28 ± 0.04(4) 

3.26 ± 0.04(4) 

3.07 (1) 

3.21± 0.03 

2.92 ± 0.03 

2.94 ± 0.07 

2.81 (1) 

2.63 (1) 

Range (mg/cm2) 
Ge(Li), 

Gordon et al.[3] 

4 .16± 0.04 

4.02± 0.03 

4.04 ± 0.04 

4.08 ±0 .05 

4.01 ± 0 . 0 4 

4.01± 0.03 

3.28± 0.03 

3.26± 0.04 

3.24 ± 0.03 

3.21± 0.03 

3.00 ± 0.03 

3.00 ± 0.03 

2.91 ±0 .03 

2.77 ± 0.02 

Range (mg/cm2), 
radiochemical, 

this work 

3.92± 0.05 (2) 

4.15 (1) 

4.01 ± 0 . 0 3 (2) 

3.38 ± 0.07 

3.08± 0.03 

2.92 ± 0 . 0 1 * 

' The number in the parenthesis is the number of determinations. 
* From Ref. [ 3 ] . 

curve to obtain a normal iza t ion factor . Hence the " M o yield in 239Pu fission 
repor ted in the l i t e r a tu re was used. Since values for the yield of " M o in 
the t h e r m a l fission of 2 3 9pu repor ted [13, 16] differ by 7%, two se t s of 
fission yields were calculated using two " M o values , 5. 61 and 6. 02 
(columns 2 and 3 of Table II). The s tandard deviations calculated from the 
exper imenta l data a re given and they do not include any sys temat ic e r r o r s . 
The accuracy of the yields i s , i n m o s t c a s e s , within about 3%, exceptions 
being 103Ru, 1 4 2La, and 143Ce. The fission yields calculated on the bas i s of 
6. 02 for 99Mo a r e in genera l agreement with the rad iochemica l values of 
Marsden and Yaffe [13] and the m a s s - s p e c t r o m e t r i c values of Fickel and 
Tomlinson [14, 15] while the values based on 5.61 a re general ly lower . 
The fission yields of 8 5 mKr, 91Sr, 103Ru and 143Ce based on e i ther 99Mo 
value a re quite different from the l i t e r a tu re values and in the case of 9 1Sr 
the difference is maximum, 20-30%. As can be seen from F ig . 4, the 
decay curves of 8 5 mKr, 9 1Sr and 143Ce were good in the t ime selected for 
following the decay (Table I) thereby indicating that no resolvable "conta
mination" exis ted. 103Ru also decayed with co r r ec t half-l ife. T h e r e -
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fore, further investigation is necessary before the reason for this large 
difference can be understood. The fission yields obtained by analysis of 
the gamma ray spectral data by the computer method for seven nuclides 
are included in Table II. It is seen that these values are within 5-6% of 
those obtained by the visual method of subtracting the Compton contribution. 
In general, these values are closer to the data in the literature. It is 
worth mentioning that the peeling off done with the computer in general 
increased the period for which the nuclides showed the correct half-life. 

The ranges in aluminium of fission products from 239pu a r e given in 
Table III and plotted in Fig. 5. In the symmetric region (between 103Ru and 
131I) no values could be determined by gamma-ray spectrometry since the 
yields are too low. For this reason, the ranges in this region were deter
mined by the radiochemical method. The agreement between the radio
chemical values and Ge(Li) values of this work is very good which indicates 
that the direct counting method is essentially good (comparison possible 
only in the case of five nuclides). The data of the present work agree well 
with the radiochemical data of Ishimori et al. [20]. The ranges in alumi
nium of fission products from 233U are given in Table IV and plotted in 
Fig. 6. For comparison the values of Gordon et al. [3] obtained by the 
same method are included and the agreement between the two sets of data 
is very good except in the case of 133Xe and 147Nd where the difference 
is 4-5%. 

In spite of the limitations of the experimental set-up of the Ge(Li) 
detector used in the present investigations, the fission yields and recoil 
ranges obtained compare reasonably well with the data in the literature. 
Further work using this technique, particularly with a better detector 
system and computer calculations, is considered interesting and worthwhile. 
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D I S C U S S I O N 

P . POLAK: We looked for a reasonably long-lived fission product 
in the symmet t ic region which could be measured direct ly in an i r rad ia ted 
238U sample (25 MeV protons) without any chemical t rea tment and found such 
a nuclide in 112Ag (apparent half-life 21 hours) , the decay scheme of which 
can be found in an ar t ic le by E .W. A. Lingeman et al . , [Nucl. Phys . A122, 
557 (1968)]. In the 1600-2100 keV region there a re th ree gamma lines 
which can be measured without in terference from other fission products with 
the help of a fairly l a rge (> 10 cm3) Ge(Li) detector . In this way we were 
able to m e a s u r e peak- to-val ley ra t ios with 10-25 MeV protons . 

M. RAMANIAH: With our detector we were not able to detect any 
specific gamma line in the symmet r i c region. 

B . SCHRODER: In Lund, Dr . Forkman, Dr . Nydahl and I have made 
s imi l a r use of a Ge(Li) detector to investigate photofission. However, we 
did not use a "compar i son method", since we feel that if we want to broaden 
the field of application of Ge(Li) de tec tors to si tuations with change d i s 
pers ions different from 235U, we have to use a more di rec t method involving 
branching ra t ios for the gamma l ines , detector efficiency e tc . 

As to the r e m a r k of Dr. Polak, we have identified 112Ag with a gamma 
line at 618 keV. 

M.V. RAMANIAH: I agree that the compar ison method has i ts l imi 
ta t ions. We a re planning to cal ibrate our detector and then de termine the 
absolute y ie lds . 

We were not able to detect the 618 keV peak due to 112Ag with our 
detector . 
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Д Е Л Е Н И Е ВОЗБУЖДЕННЫХ К О М П А У Н Д - Я Д Е Р 

7 2 

В Р А Й О Н Е - т - > 3 7 А 

С . А . К А Р А М Я Н , Ю . Ц . О Г А Н Е С Я Н , 
Б . И . П У С Т Ы Л Ь Н И К , Г . Н . Ф Л Е Р О В 

Объединенный и н с т и т у т я д е р н ы х и с с л е д о в а н и й , 
Д у б н а , 
Союз Советских Социалистических Республик 

Abstract — Аннотация 

z 2 

FISSION OF COMPOUND NUCLEI IN THE REGION ~T>3T. The angular mass and charge distributions of 
the fragments in fission of compound nuclei with Z between 85 and 110, and excitation energy between 40 
and 120 MeV were studied. The compound nuclei were created by the bombardment with heavy ions. The 
data on anisotropy of the fission fragments were used to obtain the values of effective moments of inertia for 
scissioning nuclei at the saddle point and 2 2/A near to the critical value. It was shown that the effective 
moment of inertia is a simple function of the fission parameter (Z2/A) and does not depend on the energy of 
the excited nucleus. The results are compared with the prediction of the drop model fission theory in respect 
to the shape of nuclei at the saddle point. The investigations of the mass and charge distribution disclose a 

sharp increase of charge and mass dispersion of the fragments (as a function of Z2/A) at — > 37. A strong 

dependence of charge dispersion on asymmetry of fission was observed. The most probable charge of the 
fission fragments differs substantially from those calculated on the basis of the hypothesis on charge propor
tionality. It agrees with the calculations based on the hypothesis of uniform charge displacement and with 
the condition of a minimum of potential energy in the system of the fragments. The charge dispersion of 
the fragment depends only weakly on the excitation energy of the scissioned nuclei, but the mass distribution 
broadens substantially with the rise of the excitation energy. The results obtained testify that shape of the 
nuclei at the moment of fission changes significantly with Z2 /A, i. e. the final division of the nucleus in 
two fragments occurs at different stages of the nucleus deformation. Based on the extrapolation of mass and 
charge distribution, a semi-quantitative analysis of possibilities to utilize the fission reaction caused by 
accelerated heavy ions (of 136Xe type) as a tool for artificial synthesis of neutron -rich isotopes of very 
heavy elements (of type ***114) was made. The results on number and angle distribution of neutrons from 
heavy-ion-induced fission are also presented. The data on V agree with the values obtained by studying 
mass and charge fragments' distribution in the same reactions. A qualitative exploration of the obtained 

Z2 

experimental data on fission of excited nuclei with — > 37 is given. The quantitative description of the 

detected phenomena requires further theoretical studies. 

Z2 

ДЕЛЕНИЕ ВОЗБУЖДЕННЫХ КОМПАУНД-ЯДЕР В РАЙОНЕ - j -> 3 7 . Изучены угло 
вые , массовые и зарядовые распределения осколков деления компаунд-ядер с Z от 85 до 
110 и энергией возбуждения от 40 до 120 Мэв , образуемые в реакциях с ускоренными т я ж е 
лыми ионами. Из данных по анизотропии осколков деления рассчитаны значения э ф ф е к т и в 
ных моментов инерции для седловых форм делящихся ядер с Z 2 / A , близким к критическому 
значению. Показано, что эффективный момент инерции является однозначной функцией 
параметра делимости ( Z 2 / A ) и не зависит от энергии возбуждения делящегося ядра . Р е 
зультаты сравниваются с предсказаниями жидко-капельной теории деления относительно 
формы ядер в седловой т о ч к е . При изучении массовых « зарядовых распределений обнару
жено резкое увеличение дисперсии заряда и массы осколков с ростом Z 2 / A делящегося я д -

2? 
ра при -г> 37, а также сильная зависимость дисперсии заряда от асимметрии деления. Наи
более вероятный заряд осколков деления существенно отличается от заряда,рассчитанного 
согласно гипотезе пропорциональности заряда м а с с е , и хорошо согласуется с расчетами по 

759 
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гипотезе равного смещения заряда и из условия минимума потенциальной энергии системы 
разделяющихся осколков. Дисперсия заряда осколков слабо зависит от энергии возбужде
ния делящегося ядра, в то время как массовое распределение существенно уширяется с рос 
том энергии возбуждения. Полученные результаты,по-видимому,свидетельствуют, 
что при изменении Z 2 / A делящегося ядра форма разрывных фигур существенно меняется , 
т . е . окончательное разделение ядра на два осколка происходит на разных стадиях процесса 
деформации ядра . На основе экстраполяции массовых и зарядовых распределений произве
ден полуколичественный анализ возможностей использования реакции деления ядер очень 
тяжелыми ускоренными ионами (типа Хе) в качестве орудия искусственного синтеза 
нейтронно-обогащенных изотопов сверхтяжелых элементов (типа 2 9 8 114) . Приведены т а к 
же результаты измерений числа и угловых распределений нейтронов деления ядер т я ж е л ы 
ми ионами. Данные по числу V согласуются с величинами, полученными при изучении 
массовых и зарядовых распределений осколков в т е х же реакциях. Дается качественное 
объяснение полученных экспериментально данных по делению возбужденных ядер с 
7 2 , -
— > 3 7 . Количественное описание обнаруженных закономерностей требует дальнейшего 
А 
теоретического изучения. 

С момента открытия деления ядер урана изучение механизма деления 
является одной из важных и интересных проблем физики атомного ядра. 
Теоретическое описание процесса деления возможно лишь путем постро
ения упрощенных физических моделей этого явления. Наиболее развита 
в настоящее время модель жидкой капли, впервые предложенная для объ
яснения деления в 1939 году Н.Бором и Уиллером [1] и Френкелем [ 2 ] . 
Несмотря на значительные успехи жидко-капельной модели деления, 
последняя не в состоянии, хотя бы качественно, объяснить основные 
закономерности низкоэнергичного деления, что связано с чрезвычайно 
сильным влиянием на процесс деления особенностей микроскопической 
структуры ядер (оболочечных эффектов) . 

Возможности экспериментального изучения деления существенно 
расширились с появлением ускорителей заряженных частиц и развитием 
ускорительной техники. Бомбардировка тяжелых и средних ядер быст
рыми заряженными частицами позволяет изучать деление возбужденных 
состояний ядер в очень широком интервале параметра делимости Z 2 / A 
и энергии возбуждения, в то время как деление при энергиях возбужде
ния порядка энергии связи нейтрона в ядре испытывают лишь элементы, 
которые тяжелее Ra. 

Экспериментально установлено, что при энергии возбуждения ядра, 
большей 40 Мэв, хорошо известные структурные особенности низкоэнер
гичного деления исчезают, деление становится в согласии с жидко-ка
пельной моделью симметричным . Обычно это обстоятельство связыва
ют со значительной дисперсией распределения нуклонов около границы 
Ферми для возбужденных состояний ядер, что, возможно, приводит к р а з 
рушению оболочечных эффектов в ядре . Можно предполагать поэтому, 
что изучение деления возбужденных ядер способно дать некоторые сведе 
ния о "гидродинамической стороне" процесса деления, которые нельзя 
извлечь из данных по низкоэнергичному делению. Естественно, что 
результаты, полученные для нагретого ядра, нельзя непосредственно и с 
пользовать для объяснения всех закономерностей деления вблизи порога. 
Однако некоторые характерные черты механизма коллективной необрати
мой деформации ядра в процессе деления могут быть общими для деле
ния любых ядер (например - характер движения ядра вблизи точки р а з 
рыва, распределение нуклонов между разделяющимися осколками и т . д . ) . 
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Перечисленные преимущества использования ускоренных заряженных 
частиц в полной мере относятся к тяжелым ионам как частицам, вызыва
ющим деление. Для последних имеется еще и то преимущество, что ядер
ные реакции с тяжелыми ионами в основном идут через полное слияние 
ядра мишени и бомбардирующей частицы вплоть до энергий 10 Мэв/нукл. 
Это дает возможность изучать деление очень высоко возбужденных с о с 
тояний (до Е* = 150 — 200 Мэв) ядер при строгой фиксации Z, А и энергии 
возбуждения делящейся системы. Использовать для этой цели энергич
ные легкие частицы (p,d) весьма затруднительно, так как в этом случае 
образованию компаунд-ядра предшествует быстрый процесс каскадного 
выбивания нуклонов, приводящий к значительной дисперсии компаунд-
ядер по Z , А и энергии возбуждения. 

Несмотря на это , до настоящего времени деление ядер тяжелыми 
ионами было изучено очень слабо, особенно в области высоких Z 2 / A 
делящихся компаунд-ядер. Это обстоятельство объясняется, по-видимо
му, чрезвычайно ограниченным количеством имеющихся сейчас во всем 
мире ускорителей тяжелых ионов. 

В данной работе дается обзор физических результатов, полученных 
при делении ядер тяжелыми ионами, и представлены некоторые ориги
нальные данные. 

1 . УГЛОВЫЕ РАСПРЕДЕЛЕНИЯ ОСКОЛКОВ ДЕЛЕНИЯ 

При слиянии тяжелого иона с ядром мишени образуется компаунд-яд
ро, обладающее большим угловым моментом (до 80-ä-lOOn"), ориентиро
ванным в плоскости, перпендикулярной направлению движения бомбарди
рующих частиц. Если в процессе деления вытянутая форма ядра сущест
вует в течение периода, достаточно долгого по сравнению с периодом 
вращения, то из соображений энергетической выгодности ось деления 
будет ориентироваться перпендикулярно оси вращения, что приведет к 
значительной анизотропии осколков деления. Если ось деления строго 
перпендикулярна оси вращения для всех актов деления, то угловое р а с 
пределение осколков, относительно пучка бомбардирующих частиц, имеет 
вид l / s i n и и анизотропия осколков в этом случае бесконечна. В дейст
вительности, температурные флуктуации формы делящегося ядра приво
дят к тому, что значение угла между осью деления и осью вращения 
компаунд-ядра обладает определенной дисперсией при среднем значении 
угла 90° , причем величина дисперсии угла существенно зависит от фор
мы делящегося ядра, которая характеризуется эффективным моментом 
инерции: 

1 = 1 1 
Ьфф 1ц Ii 

где 1„ —момент инерции ядра относительно вращения вокруг оси деления; 
I, —момент инерции относительно вращения вокруг оси, перпендикуляр
ной направлению деления. 

Из изложенного ясно, что анизотропия осколков является конечной 
величиной, и что, измеряя ее, возможно определить ось делящегося ядра, 
если известны его температура и угловой момент. 



762 КАРАМЯН и др . 

Высказанные выше соображения лежат в основе работ О.Бора [3] , 
а также Халперна и Струтинского [4] , объясняющих угловые распределе
ния осколков деления ядер тяжелыми ионами. В этих работах в качест
ве меры среднего отклонения угла между направлением деления и осью 
вращения от 90° выбран параметр К0 - средний квадрат проекции углово
го момента на ось деления. KQ является также мерой того, насколько 
сильно угловое распределение отличается от закона l / s i n u и зависит от 
1эф$ и температуры Т делящегося ядра: 

К^ = ^ 2 1эфф Т 

Согласно современным представлениям, в процессе деления ядро про
ходит через выделенное состояние — седловую точку, соответствующую 
вершине барьера. В этой точке на ядро не действуют силы; это — положение 
неустойчивого равновесия, поэтому в седловой точке ядро живет макси
мально долго по сравнению со всеми другими состояниями, проходимы
ми ядром в процессе деления. Отсюда является естественным приписать 
эффективный момент инерции делящегося ядра, определенный из угло
вой анизотропии осколков, той форме ядра, которую она имеет в седло-
вой точке . 

Р и с . 1 . Зависимость 1сф/1Эфф от Z 2 / A делящегося ядра: точки — результаты экспери
мента ; кривая а —расчет по капельной модели [8] ; кривая Ь —расчет согласно работе [ 9 ] . 

На рис.1 показаны значения 1Эффг полученные из экспериментально 
измеренных угловых распределений осколков деления ядер с различны
ми Z / А . Как видно из рисунка, значение 1Эфф оказывается одно
значной функцией параметра делимости Z 2 / A и не зависит в пределах 
точности измерения от способа образования, энергии возбуждения и у г 
лового момента делящегося ядра. Этот факт находится в противоречии 
с результатами работы [5] , но, как показано в [6] , это связано лишь с 
т е м , что авторы работы [5] неточно определяли угловой момент компаунд-
ядер в реакциях с тяжелыми ионами, и эти неточности переводились в 
неточность определения 1Эфф» который поэтому оказался сильно зави
сящим от энергии бомбардирующих частиц для одной и той же пары ми
шень—частица. Кроме того, результаты, показанные на р и с . 1 , находят
ся в хорошем согласии с эффективными моментами инерции, полученны
ми из угловых распределений осколков деления тяжелых ядер дейтонами и 
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и а -частицами [ 7 ] . Интересно сопоставить экспериментальные данные 
с расчетами равновесной деформации ядер по обычной жидко-капельной 
модели [ 8 ] . Как видно из р и с . 1 , качественное согласие имеется, но при 
больших Z^A обнаруживается значительное расхождение в значениях 
1Эфф , что указывает на меньшую деформацию ядра в седловой точке по 
сравнению с формой, полученной по капельной модели. 

Разногласие , однако, практически устраняется, если (по-прежнему в 
рамках капельной модели) учесть диффузность поверхности ядра и ввести 
в расчет 1эфф зависимость поверхностного натяжения от кривизны эффек
тивной поверхности [ 9 ] . 

Согласие расчета с экспериментальными данными является важным 
обстоятельством и может свидетельствовать о том, что капельная модель 
является хорошим приближением при расчете потенциальной энергии и 
формы ядра в седловой точке . Наряду с этим, предположение о статисти
ческом равновесии ядра на вершине барьера,по-видимому, является спра
ведливым для всех исследованных ядер. 

Z 2 

Крайняя точка на рис.1 при -т- =43 ,5 , полученная из углового рас 
пределения ядер 1 4 0La при делении 238JJ ИОнами 4 0Аг соответствует 

значению -—™ = 0 , 1 . Благодаря этому, непосредственно из эксперимен-
1эфф 

та можно определить достаточно точно основной параметр капельной мо
дели - (Z 2 /A) K p H T . , определяющий предел стабильности ядерной материи-
по отношению к делению. Экстраполяция >0 (сферическая форма 

ядра в седловой точке) дает ( — ) к р и т = 46 ± 1 . 

Отметим, что эти выводы, сделанные из экспериментально опреде
ленных значений 1Эфф для ядер с различными Z 2 / A , не являются абсолют
но однозначными. В принципе можно предполагать, что седловая точка 
не является сколько-нибудь выделенным состоянием среди всех других, 
проходимых ядром при делении. При этом, если полное время деформации 
ядра от сферической формы к разрыву больше, чем характерное время 
ядерного вращения, то будет возникать анизотропия осколков деления, 
и 1Эфф, определяемый из этой анизотропии, будет относиться к некоторой 
средней форме ядра на пути от сферы к разделению на два осколка. В 
такой гипотезе при некоторых предположениях о процессе деления,по--ви
димому, возможно объяснить наблюдаемую на опыте зависимость 1эфф 

от Z2/A, даже не требуя того, чтобы ( — ) = 4 6 . Более подробное 
V А /крит. 

рассмотрение этой гипотезы, однако, свидетельствует, что для ее спра
ведливости требуются гораздо более сильные и необычные предположе
ния о процессе деления, чем те , которые были использованы в первом 
варианте интерпретации результатов. 

В последние годы ряд авторов предсказывает существование "остро
ва" стабильности в районе сверхтяжелых ядер. Учет оболочечной поправ
ки в энергии деформации ядер приводит к существенной величине барьера 
деления у очень тяжелых ядер с Z > 108, которые согласно жидко-капель
ной модели деления обладают очень малым барьером деления и формой 
ядра в седловой точке, близкой к сфере . Данные же по 1Эфф показыва
ют согласие с жидко-капельной моделью вплоть до компаунд-ядер с 
Z = 110 (реакция 2 3 8 и ( 4 0Ar, f)) . Однако значения 1Эфф получены экспе-
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риментально для очень нейтронно-дефицитных ядер, которые согласно 
расчетам [101 не должны обладать никакой повышенной стабильностью; 
барьер деления для этих ядер с учетом оболочечных эффектов практичес
ки не отличается от жидко-капельного. Поэтому согласие эксперимен
тальных данных с жидко-капельной теорией для нейтронно-дефицитных 
ядер не может говорить об отсутствии высокого барьера деления у ядер 
с числом нейтронов вблизи N = 184. 

2 . МАССОВЫЕ РАСПРЕДЕЛЕНИЯ ОСКОЛКОВ ДЕЛЕНИЯ ВОЗБУЖ
ДЕННЫХ ЯДЕР 

Выше было показано, что делящееся ядро достаточно долго находит
ся в квазистационарном состоянии вблизи вершины барьера. Дальнейшее 
развитие процесса — движение от седловой точки к разрыву — определяет 
кинетические энергии, массы и заряды возникающих осколков. Если 
ядро на всех этапах этого движения находится в термодинамическом рав 
новесии, то для определения основных характеристик деления достаточно 
рассматривать лишь конечную стадию процесса — точку разрыва .Предыс
тория процесса в этом случае никаким образом не будет влиять су
щественно в определении массы,заряда и кинетической энергии осколков, 
которые следует вычислить методами статистической механики, приме
нительно к состоянию ядра в момент разрыва. 

Для высоковозбужденных состояний ядра неадиабатические процессы 
перераспределения энергии между различными степенями свободы стано
вятся весьма существенными. На языке жидко-капельной модели это 
означает, что нагретое ядро,по-видимому, обладает значительной в я з 
костью. Последняя способствует установлению термодинамического ра
вновесия в системе, и предположение о наличии его на всем пути от седла 
до точки разрыва при делении высоковозбужденных ядер кажется обосно
ванным . 

Поэтому представляет принципиальный интерес сравнение предска
заний статистической теории с экспериментом. Экспериментальные дан
ные [11-13] по массовым и зарядовым распределениям осколков деления 
сравнительно легких ядер с Z 2 /A от 30 до 35 находятся в неплохом сог 
ласии со статистической теорией. Безусловно, особый интерес представ
ляет изучение деления очень тяжелых компаунд-ядер с параметром дели
мости, приближающимся к критическому значению . 

Ниже будут представлены результаты опытов по измерению массо
вых распределений осколков деления [141 для ядер с Z 2 /A от 37,5 до 
43 ,5 . 

При облучении тонких мишеней 2 0 9 Bi и 2 3 8 и радиохимическим мето 
дом выделялись осколки редкоземельной группы и, в ряде случаев, тяже
лые осколки от Au до Р о , At [151. 

В дальнейшем с помощью •у-спектрометра измерялась 7~радиоактив-
ность осколков, и полученный спектр обрабатывался с целью идентифи
кации изотопов и определения их вывода по известным -/"переходам, со 
ответствующим данным ядра. Такая методика измерений оказалась 
достаточно надежной и давала точность в определении выхода не хуже 
15%. 

Для построения массовых распределений были приняты предположе
ния о зарядовом распределении осколков, которые в дальнейшем проверя
лись экспериментально. 
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1. Для каждой массы осколка Af выход изобаров с Z, отличными от 
наиболее вероятного значения Zp(Af), описывается функцией Гаусса : 

PA f ( Z - Z p ( A f ) ) = ^ e x P ( - ( Z - Z P ^ 2 ) 

2 . Зависимость Z_ от Af рассчитывалась в следующих предположе
ниях: 

а) пропорциональность заряда массе осколка; 
б) равное смещение зарядов: 

Z (А,\ = 2с - Z a(A f l) - Za(Af, 

в) распределение заряда из условия минимума потенциальной энер
гии формирующихся осколков в момент разделения [16] . Предполагалось 
также, что нейтроны испаряются из осколков [17] (Тп/Г{ « 1) в количест
ве , пропорциональном массе осколка 

VA( 
V 

А„ Af 

С помощью электронно-вычислительной машины методом наимень
ших квадратов производился подбор параметров v и ст2. для различных 
зависимостей Z_(Af), дающих наименьшее отклонение экспериментальных 
точек от плавной кривой, которая, как и ожидалось, удачно описывается 
распределением Гаусса : 

P(A f - A c / 2 ) = ^ 
!ГО-2 ехр 

(Af - А с / 2 ) 2 

а2 

с одним параметром а* . 
При таком методе не отдается предпочтение той или иной гипотезе 

относительно зарядового распределения осколков. Последнее вытекает 
из наилучшего самосогласования экспериментальных точек массовой 
кривой. 

ТАБЛИЦА 1. ЭКСПЕРИМЕНТАЛЬНЫЕ ДАННЫЕ, ПОЛУЧЕННЫЕ 
ПРИ ИЗМЕРЕНИИ МАССОВЫХ РАСПРЕДЕЛЕНИЙ ОСКОЛКОВ 
ДЕЛЕНИЯ ЯДЕР ТЯЖЕЛЫМИ ИОНАМИ 

209вц20не, I) 
238 U ( 12 C j f ) 

238щ160 > f ) 
238 U ( 20 N e j f ) 

209 Ш ( 40 А г > f ) 
2 3 e U ( 4 0 A r j f ) 

Z2 
A 

37 ,7 
38 ,4 
39 ,4 
4 0 , 5 

4 1 , 0 
4 3 , 5 

E* (Мэв) 

100 
42 
81 

120 
95 
65 

115 
110 

75 

<*>2 

710 

1280 
2280 
1660 
1130 
2200 
2790 
1980 

V 

1 0 , 8 

11,2 
12,6 
11,5 
8 ,9 
9 ,5 

13 ,3 
10,6 

4 

0,56 

1,7 
3 ,3 
2 ,9 
2 ,7 
2 ,75 
3 ,0 
2 ,9 
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Экспериментальные данные представлены в т а б л . 1 . Для всех реак
ций было найдено, что наихудшее согласие получается в предположении 
пропорциональности заряда массе осколка, в то время как для двух дру
гих случаев результаты практически совпадают. 

Спектры масс осколков деления даны на р и с . 2 . Используя зависи
мость ширины массового распределения от температуры ядра, можно 
получить характер изменения а2 от параметра Z 2 / A при фиксированной 

Z 2 
энергии возбуждения. Как видно из р и с . 3 , при — > 3 8 наблюдается р е з 

кое расширение массовой кривой. 

Р и с . 2 . Спектры масс осколков деления: кривые 2 и 3 — результаты данной работы; кри
вая 1 —результаты работы [ 1 2 ] . 

Теперь интересно сравнить экспериментальные данные с расчетами 
по статистической теории. Известны несколько типов подобных расче
тов ; мы остановимся на методе , предложенном в работе [16] , как наибо
лее удобном и достаточно точном. 

В рамках статистической теории вероятность деления с заданным 
отношением масс осколков равна: 

P ( A f ) - e x p ( - ^ ^ ) 
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где 

7Г = Ui-^-.^-.aesr. 2 Э62 
6=6 

Здесь Т — температура ядра, 

-Tg —вторая производная полной потенциальной энергии ядра, 

которая, согласно [16], может быть представлена в виде: 

9*6 92W 7/ч 
• = e r ^ E , + Ö 2 A E C - Ö 3 E " - ff4Eds + e 5 E d c - o r 6 A ^ 

где Ö-, , a, l i " 2 > • a6 —постоянные коэффициенты, 
ДЕ5 , AEC —разность поверхностной и кулоновской энергий для началь

ного (сферического) ядра и двух (сферических) осколков, 
^ds» Edc —поверхностная и кулоновская энергии деформации осколков 

в момент разрыва, 
Е" — энергия кулоновского взаимодействия осколков, равная суммар

ной кинетической энергии; последняя весьма точно определяется 
из экспериментальной зависимости [181. 

Е = (0,1065 -ДГ/3+ 20,1) Мэв 

Зооо 

б2 

гооо 

юоо-

Л' 

• ^ = = ^ ^ у . . . м 
4 

. . . . . et 

30 35 W 

*/л 
45 

Рис .3 . Зависимость дисперсии массы осколков деления от Z2/A делящегося ядра: кривые 
а, Ь, с —расчет по статистической теории [161 с использованием различных массовых фор
мул ( 1 9 - 2 1 ) . 

При расчете потенциальной энергии ядра использовались различные 
формулы масс ядер [ 1 9 - 2 1 ] . Сопоставление теоретических и экспери
ментальных данных на рис .3 показывает, что относительное согласие 
имеется лишь для области легких ядер, в то время как при Z 2 /A > 38 
наблюдается существенное различие, значительно выходящее за рамки 
ошибок. Отметим, что столь большое разногласие не может быть у с 
транено никакими вариациями параметров теории в разумных пределах. 

Из опытов следует также, что зависимость а2 от энергии возбужде
ния более резкая , чем это следует из теории, где а 2 ~ Т . 
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3 . ЗАРЯДОВЫЕ РАСПРЕДЕЛЕНИЯ ОСКОЛКОВ ДЕЛЕНИЯ 
ВОЗБУЖДЕННЫХ ЯДЕР 

Весьма важные данные для понимания механизма процесса деления 
могут быть получены при измерении величины дисперсии массы оскол
ка с данным зарядом (изотопные распределения), либо дисперсии заряда 
для определенной массы осколка (изобарные распределения). 

В статистической теории деления [16] изобарное распределение о с 
колков описывается распределением Гаусса: 

P A f ( Z - Z p ) ~ e x p ( - ( ! ä ^ -

где Zp(Af) -наиболее вероятное значение заряда для изобаров с массой 

Af и \ A Z > 2 равно 

(AZ> 2 = ' Л 7 W - А с 

16/3 

где Ас и Т —масса и температура делящегося ядра, 
ß - коэффициент в массовой формуле (типа формулы Вайцзеккера) 

при энергии симметрии ядра 

е = ß ( A - 2 Z ) 2 

е СИМ» Р д 

Видно, что дисперсия заряда определяется лишь изменением изото
пического члена энергии связи ядра при отклонении заряда осколков от 
наиболее вероятных значений и не зависит от изменений кулоновской 

Э2еСим Э2екул. 
энергии системы, так как —г=§— » —К72— • 

Отсюда следует, что дисперсия заряда осколка не должна зависеть 
от его массы, так как изменения формы разрывной фигуры и соответст
вующие изменения кулоновской и поверхностной энергий системы в дан
ном случае несущественны. 

Экспериментальные данные о зарядовом распределении осколков де 
ления весьма ограниченны. Это связано с использованием в большинстве 
работ константы ширины зарядового распределения а?, лишь как некоего 
свободного параметра для наилучшего согласования экспериментальных 
данных по массовому распределению. При этом значение а | извлекается 
косвенным образом в предположении, что последнее является универсаль
ной постоянной для всех масс осколков деления в данной реакции. 

Поэтому имевшиеся до настоящего времени сведения о зарядовом 
распределении осколков деления возбужденных ядер невозможно было 
систематизировать для получения зависимости дисперсии заряда от асим
метрии деления, а также от энергии возбуждения и Z 2 /А делящегося ядра. 
Ниже будут представлены результаты систематических измерений з а р я 
довых распределений осколков, возникающих при делении возбужденных 

Z2 
ядер с — > 3 8 . 
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ТАБЛИЦА 2 . НЕКОТОРЫЕ РЕЗУЛЬТАТЫ ЭКСПЕРИМЕНТАЛЬ
НОГО ИЗУЧЕНИЯ ДИСПЕРСИИ ЗАРЯДА ОСКОЛКОВ РЕДКОЗЕ
МЕЛЬНЫХ ЭЛЕМЕНТОВ, ОБРАЗУЮЩИХСЯ ПРИ ДЕЛЕНИИ 
ЯДЕР 2 3 8U РАЗЛИЧНЫМИ ТЯЖЕЛЫМИ ИОНАМИ 

Реакция 

2 3 8U(1 2C,f) 

2 3 8U(2 0Ne,f) 

2 3 8U(2 2Ne,f)* 

2 3 3U(4 0Ar,f)* 

Энергия 
падающего 

пучка 
Ер(Мэв) 

82 

195 
166 
141 
116 

173 

270 

Z2 
А 

38,4 

4 0 , 3 

4 0 , 0 

4 3 , 5 

Энергия 
возбуждения 
составного 

ядра 
Е (Мэв) 

45 

115 
90 
70 
50 

75 

70 

СТ2 
А 

11± 1,0 

22± 1,0 
20± 1,0 

1 8 , 5 ± 1,0 
1 6 , 5 ± 1,5 

1 8 , 5 ± 1,0 

20, 8± 1,5 

Полное 
число 

нейтронов 
на деление 

V 

8 

13 ,5 
12 ,5 
10 ,5 

8 

12 

11 

«1 

1, 6± 0, 15 

3 , 1± 0,15 
2, 8± 0, 15 
2, 6± 0 ,15 
2 , 3 ± 0 ,15 

2 , 6 ± 0 ,15 

2, 85± 0 ,20 

Методика измерений, по существу, являлась той же самой, что и в 
опытах по массовым распределениям. Из продуктов деления радиохи
мическим способом выделялись поэлементно редкие земли, теллур, ба
рий и золото. В качестве бомбардирующих частиц использовались ионы 
от 1 2С до 4 0Аг с различной энергией. 

Подробный анализ результатов, точности измерений, возможных си
стематических ошибок проделан в работах [22 ,23 ] . Здесь будут пред
ставлены лишь окончательные результаты и дано их физическое обсуж
дение . 

В табл.2 суммированы некоторые результаты этих опытов. Значения 
а2 и а2 измерены для осколков редкоземельной группы от La до Gd (стд 
— дисперсия по массе осколков с фиксированным Z ) . 

На рис .4 представлена зависимость дисперсии заряда осколков о | 
от асимметрии деления A l f /A2f для реакций 238Щ WNe, f); 

238U ( 4 0Ar, f) ; наблюдается существенное уменьшение дисперсии с 
ростом A l f /A2f • 

Р и с . 5 содержит зависимость а2 от энергии, возбуждения делящего
ся ядра, которая оказалась более плавной функцией, чем а2 ~ Т . На 
рис.6 изображена зависимость ff2 от параметра делимости Z 2 / A сос 
тавного ядра при энергии возбуждения ~ 100 Мэв для симметричного 

(^=1 Zfl деления I -r—'=l J. При — >37 наблюдается резкое увеличение диспер-\A2f / А 
сии заряда, подобное тому, которое наблюдалось для дисперсии осколков 
деления по массе. На рис.4, 5 и 6 приведены также результаты расче
тов по статистической теории [16] с использованием различных полуэм
пирических формул для масс ядер. 
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Р и с . 4 . Зависимость дисперсии заряда осколков от асимметрии разделения ядра А1 /А 2 
Экспериментальные данные получены для реакции 2 3 8U (2 0Ne, f) и 2 3 8 U (40дГ ( f ) . 
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Рис.5. Зависимость дисперсии заряда осколков от энергии возбуждения делящегося ядра 
в реакции 238U (2°Ne,f). 
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Р и с . 6 . Зависимость дисперсии заряда осколков от Z 2 / A делящегося ядра . 
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4 . ОБСУЖДЕНИЕ ЭКСПЕРИМЕНТАЛЬНЫХ ДАННЫХ ПО МАССОВЫМ 
И ЗАРЯДОВЫМ РАСПРЕДЕЛЕНИЯМ 

Данные по массовым распределениям, представленные в табл .1 и на 
рис.2 и 3 , находятся в резком противоречии с предсказаниями статисти
ческой теории, что особенно ярко проявляется в зависимости ст2 от Z2/A 
(см. рис.3) , для которой статистическая теория предсказывает плавный 
спад с ростом Z 2 / A . Следует отметить сейчас, что условия статисти
ческого равновесия в системе, необходимые для применимости статисти
ческой теории, как отмечалось в работе [24], различны для различных 
степеней свободы системы. Для установления статистического равнове
сия системы, например по отношению к асимметричным колебаниям 
формы,требуется, чтобы характерное время поступательной необратимой 
деформации ядра было значительно больше периода асимметричных коле
баний: тде*>> т а с и м к о л .Для установления равновесного распределения 
энергии во вращательных степенях свободы ядра требуется, чтобы 
Тдеф. ^ т8ра1ц. . Подобные неравенства,вероятно,можно написать и для 
других степеней свободы. Отсюда следует, что при рассмотрении р а з 
личных характеристик деления необходимо использовать различные кри
терии применимости статистической теории. Вообще, наверное, невоз
можно написать единый критерий применимости статистической теории 
для описания всех сторон процесса деления. 

Неравные массы двух осколков возникают в результате асимметрич
ных отклонений формы делящегося ядра от наиболее вероятной формы, 
которая в жидко-капельной модели симметрична. Поэтому для примени
мости статистической теории требуется выполнение условия 
Тдеф.» тасим. кол.. В ряде работ, с м . например [25], дается оценка 
т а с и ш < о л * 10"21 сек . В предыдущем разделе дана оценка 
тспуска~ (0,5 *1)-10~20 сек, в работе Никса [26] т с п у с к а ~ (2 -s-3)-10"21 с ек . 
Видно, что т а с и м . к о л _ не намного меньше времени спуска с вершины 
барьера в точке разрыва, поэтому нельзя считать обоснованной приме
нимость статистической теории для расчета массовых распределений 
осколков деления сильновозбужденных тяжелых деформированных ядер. 

2,2 
Отметим, однако, что для небольших значений — < 36 точка р а з 

рыва практически совпадает с седловой точкой, а в последней ядро, по-
видимому, проводит время, достаточное для установления статистичес
кого равновесия по отношению к колебаниям (см. раздел 1). Поэтому 
в таком случае возможно проводить статистический расчет массового 
распределения с использованием седловых фигур и присущих им жесткос-
тей к асимметричным вариациям формы. Для больших Z 2 / A , когда вре
мя спуска сравнимо с временем асимметричных колебаний, незаконен 
расчет массового распределения с помощью статистической теории, 
примененной к точке разрыва . Незаконно также использовать равновес
ные характеристики ядра в седле для непосредственного определения 
массового распределения осколков. Необходимо решать динамическую 
задачу спуска с вершины барьера к точке разрыва при начальных усло
виях, определенных из предположения о наличии термодинамического 
равновесия в седловой точке . 

Подобный расчет был проделан Никсом в работе [26], однако, его 
результаты также не согласуются с нашими данными по массовым рас 
пределениям. Последнее обстоятельство связано, вероятно, с тем , что 
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расчет Никса, во-первых, неприменим для области — > 39 — 40 из -за 

неточной аппроксимации седловых фигур в этой области с помощью выб
ранных в расчете функций. Во-вторых, жесткости фигур к асимметрич
ным вариациям формы, рассчитанные Никсом, существенно отличаются 
от результатов работы Струтинского [27] . 

Можно высказать предположение, что в первом приближении динами
ческий расчет массового распределения можно заменить статистическим 
расчетом, не применяемым ни к седлу, ни к точке разрыва, а использую
щим некоторые эффективные средние жесткости ядра на всем его пути 
от седла до разрыва. Оценки показывают, что при использовании жест-
костей, рассчитанных Струтинским [27], подобный грубый расчет может 
дать значения сг2 для массовых распределений, согласующиеся с экспе
риментом. 

Перейдем к обсуждению результатов по дисперсии заряда осколков 
фиксированной массы . Отклонения заряда будущего осколка от наибо
лее вероятного равновесного значения происходят в результате темпера
турных флуктуации плотности заряда в объеме делящейся системы . По
этому критерием применимости термодинамического способа к расчету 
дисперсии заряда осколков вероятно следует считать условие 
тдип. кол. <<: т деф. • Здесь т д и п . к о л . - период дипольных колебаний ядра, 
т . е . колебаний центра заряда системы относительно ее центра инерции. 

Известно, что частота этих колебаний чрезвычайно высока 
(ITw„ * 15 Мэв), так что т д и п . к о л , <10"2 2 сек . Поэтому можно быть 
уверенным в справедливости соотношения тд и п - к о л « тдеф и применимости 
статистических расчетов для описания дисперсии заряда осколков данной 
массы . 

Экспериментальные данные для всех изученных нами реакций свиде
тельствуют о том, что зависимость наиболее вероятного заряда осколков 
деления, от их массы — Zp(Af) хорошо согласуется с гипотезой равного 
смещения заряда (РСЗ). Это обстоятельство противоречит обычно при
нятым предположениям, например [28] , что при высоких энергиях воз 
буждения делящегося ядра заряд должен распределяться пропорциональ
но массе осколка. Последнее утверждение всегда основывалось на том, 

что отличие функции Zp(Af) от Zp(A f) = -г-'A f для низкоэнергичного 
t' c 

деления связано с застройкой оболочечной структуры осколков в процессе 
разделения ядра. 

Гипотеза РСЗ является, с нашей точки зрения, одной из простейших 
формулировок гипотезы распределения заряда из условия минимума по
тенциальной энергии (МПЭ) системы разделяющихся осколков. Только 
отлич-ля Z„(Af) от расчетных по гипотезам РСЗ и МПЭ могут связываться 
с влиянием оболочек в осколках. Согласие же экспериментальных Z.(A f) 
с расчетом по гипотезам РСЗ и МПЭ свидетельствует лишь о наличии 
термодинамического равновесия в делящейся системе по отношению к 
дипольным колебаниям, так что система успевает "почувствовать" име
ющийся минимум потенциальной энергии в зависимости от распределения 
заряда между будущими осколками. Это обстоятельство не является 
неожиданным, оно следовало из вышеприведенных оценок времен. 

Перейдем к обсуждению параметра ширин зарядового распределения 
а2, в зависимости от Z 2 / A , К* и параметра асимметрии деления 
Aif/A2 f [ 2 3 ] . 
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Как видно из рис .6 , удовлетворительное согласие эксперименталь
ных точек с расчетами по статистической теории деления, наблюдаемое 

Z2 
для области легких ядер — <38, сменяется резким расхождением при 

больших Z 2 / A . В [23] было показано, что учет всех побочных факто
ров эксперимента не может сколько-нибудь существенно изменить из 
меренные значения, чтобы улучшить это согласие. В то же время ника
кое изменение параметров теории в разумных пределах не может привес
ти к согласованию теории и эксперимента. 

Обратим внимание на то обстоятельство, что в статистической т е о 
рии не учитывается одна из важных сторон процесса деления, которая 
может оказать существенное влияние на дисперсию заряда осколков. Да
же при наличии термодинамического равновесия в системе для разрывной 
фигуры, сам разрыв шейки существенно нестационарен. Поэтому нукло
ны, находящиеся в шейке, в районе плоскости разрыва будут распреде
ляться между осколками случайным образом. Из-за случайности этого 
распределения возможны отклонения зарядов осколков от наиболее веро
ятных значений. Влияние этого эффекта на полное массовое распределе
ние осколков пренебрежимо мало из - за очень большой дисперсии массы 
осколков. Однако для дисперсии заряда осколков при заданной массе 
оно может быть очень существенным. Если распределение заряда за 
счет этого процесса имеет вид распределения Гаусса , то из - за независи
мости процесса температурной флуктуации плотности заряда в объеме 
ядра и процесса случайного распределения протонов между осколками на 
линии разрыва суммарная дисперсия заряда будет равна: 

а | = ( а | ) т + ( с т 2 г ) р 

Рассмотрим вопрос о толщине шейки для разрывной фигуры. Оче
видно, что, если диаметр шейки меньше или равен диаметру нуклона, о 
существовании такой фигуры бессмысленно говорить. В то же время 
линейные размеры самых тяжелых ядер всего лишь в шесть раз превы
шают размеры нуклона, и поэтому в жидко-капельном рассмотрении шей
ка диаметром, близким к размерам нуклона, является еще достаточно 
толстой шейкой. Если точкой разрыва считать такую форму делящейся 
системы, для которой кулоновские силы отталкивания двух будущих 
осколков равны силе поверхностного натяжения в сечении разрыва, то 
для ядер с большим Z и з - з а возрастания кулоновских сил должно увели
чиваться сечение разрыва. Иными словами, более тяжелые ядра будут 
иметь разрывные фигуры с более толстой шейкой. 

Легко показать , что, в первом приближении, при условии постоянст
ва коэффициента поверхностного натяжения с изменением Z 2 / A деля
щегося ядра радиус шейки разрывной фигуры будет пропорционален 
Z 2 / A 2 ' 3 . Увеличение толщины рвущейся шейки с ростом Z должно при
водить к увеличению дисперсии заряда осколков деления (CTZ ) . Зави
симость радиуса шейки от заряда делящегося ядра — достаточно сильная 
функция, поэтому возможно, что таким образом удастся объяснить 
сильное уширение зарядового распределения осколков деления при 
7 2 

4->38. 
А 

И з - з а того , что силы кулоновского отталкивания пары осколков 
уменьшаются с увеличением А-ц/А^ ,* должно наблюдаться уменьшение 
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толщины рвущейся шейки и, следовательно, уменьшение дисперсии заря 
да с увеличением параметра асимметрии разделения. Это находится в 
качественном согласии с экспериментальными данными, представленны
ми на р и с . 4 . 

Составляющая дисперсии заряда, связанная с флуктуацией нуклонов 
на линии разрыва,по-видимому,должна очень слабо зависеть от темпе
ратуры ядра, если с изменением температуры ядра не меняется разрыв
ная форма и толщина рвущейся шейки. Поэтому полная дисперсия заря 
да осколков, включающая в себя и член (сг| ) , который возрастает за 
счет температурной флуктуации объемной плотности заряда, должна 
быть более слабой функцией температуры, чем a z ~ T , что и наблюдается 
в опыте (см. рис .5 ) . 

Возвращаясь к массовым распределениям осколков деления, отметим, 
что при формировании массы осколков существенную роль может играть 
флуктуация места разрыва шейки. Это приведет к ненулевой дисперсии 
массы даже при полном отсутствии асимметричных флуктуации формы 
делящейся системы. Этот эффект никак не учитывается в статистичес
кой теории, хотя он может быть весьма существенным для сравнительно 
узких массовых распределений. Трудно, однако, предположить, что по
добного рода эффекты могут объяснить столь сильное расширение м а с 
совых распределений, как это наблюдается на опыте для тяжелых ядер 

Z 2 

— > 3 8 
А 

Отметим, что из экспериментальных данных, кроме изложенных 
физических результатов, следуют два интересных обстоятельства, не з а 
трагивающие непосредственно вопрос о механизме двойного деления 
возбужденных ядер. 

1. Широкие массовые распределения, в реакциях 2 3 8U(2 0Ne, f) и 
U( Ar , f ) , приводят к образованию в этих реакциях с значительным 

сечением тяжелых ядер-осколков с массой Af = 180*210 . Последние, 
обладая значительной энергией возбуждения, могут с определенной в е 
роятностью поделиться. Таким образом, исходное компаунд-ядро в этом 
случае делится в конечном итоге на три осколка сравнимой массы . Этот 
интересный процесс каскадного деления на три осколка изучен экспери
ментально и теоретически в работах [29, 30] . 

2 . Чрезвычайно широкие массовые и зарядовые распределения ос 
колков при делении ядер тяжелыми ионами позволяют говорить о возмож
ности использования этих реакций в качестве орудия синтеза большого 
числа изотопов, далеких от области стабильности [31] . Использование еще 
более тяжелых бомбардирующих частиц, таких, как Кг, Хе, вероятно, 
позволит получать в качестве осколков деления самые тяжелые элемен
ты периодической системы Менделеева и, возможно, даже элементы с 
Z > 110,гипотетическая стабильность которых в настоящее время активно 
обсуждается в литературе [21 , 32—34]. 

Был проведен грубый экстраполяционный расчет сечений образования 
трансурановых элементов как осколков деления в реакции 2 3 8 U( 1 3 6 Xe, f ) . 
Дисперсии заряда и массы осколков в этой реакции определялись путем 
экстраполяции имеющихся экспериментальных данных, полученных при 
делении ядер тяжелыми ионами от С до A r . Наиболее вероятный з а 
ряд осколков и число нейтронов, испускаемых в акте деления, рассчиты
вались так же, как и в изученных реакциях. Энергия возбуждения оце
нивалась на основе расчетов кулоновского барьера слияния ядер 136Хе 
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и U с учетом деформации ядер при соударении [351 и оценок масс 
сверхтяжелых ядер на основе формул массы ядер [20, 23]. Сечения 
образования сверхтяжелых компаунд-ядер рассчитывались по способу 
работы [ 36], использовались Тп/Т{ для нуклидов гипотетической новой 
области стабильности и трансурановых элементов, приведенные в той же 
работе [36] . 

Р и с . 7 . Рассчитанные изотопные распределения актинидов — продуктов реакции 

На рис .7 показаны рассчитанные изотопные распределения актини
дов -продуктов реакции 2 3 8 U( 1 3 6 Xe, f ) . Видно, что очень тяжелые изо
топы этих элементов (такие, как 2 5 0Th, 254U) могут быть получены в 
этой реакции с сечением > 10"32 см2 . Резкий спад сечения для элемен
тов с Z > 100 связан с возрастанием делимости Г г / Г п этих ядер. Были 
рассчитаны также сечения образования нейтронно-обогащенных изотопов, 
близких к линии ß-стабильности для элементов из гипотетической новой 
области стабильности. Для образования изотопов 2 9 8114и 294110 полу
чены следующие результаты: а114 = 0,8-10"29 см2 и ст110 = 0,7-10"30 см2 . 

Данный расчет содержал ряд предположений, недостаточно прове
ренных экспериментально, поэтому результаты расчета следует рассмат
ривать как верхние границы сечений образования трансурановых элемен
тов в реакции U( Xe, f ) . Подробно этот расчет описан в работе [37] . 

5 . ОБ ИЗМЕРЕНИИ СРЕДНЕГО ЧИСЛА НЕЙТРОНОВ V НА АКТ ДЕЛЕ
НИЯ ЯДЕР ТЯЖЕЛЫМИ ИОНАМИ 

До настоящего времени в литературе не имелось сведений о непо
средственном измерении числа нейтронов, возникающих при делении ядер 
тяжелыми ионами. 
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Р и с . 8 . Схема опыта по непосредственному измерению числа к на акт деления ядер т я ж е 
лыми ионами. 
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Оценить величину V можно на основе результатов опытов по измере
нию массы и заряда изотопов — продуктов деления . Возможен также 
грубый расчет ~й на основе известной энергии возбуждения делящегося 
ядра в предположении, что последняя полностью переходит в энергию 
возбуждения осколков. Однако точность подобных оценок не высока, 
поэтому для определения числа ~v и его зависимости от энергии возбуж
дения и Z и А делящегося ядра безусловно необходима постановка пря
мых экспериментов. 

Постановка наших опытов заключалась в одновременном измерении 
числа и углового распределения нейтронов и осколков деления, вылетаю
щих из точки делящейся мишени при облучении ее пучком ускоренных 
тяжелых ионов. При этом высокие требования предъявляются из - за 
присутствия интенсивных фоновых потоков у-лучей, нейтронов (быстрых 
и медленных) и заряженных частиц. В опытах для регистрации нейтро
нов применялись стекла, находившиеся в контакте с делящимся вещест
вом-нептунием ( 2 3 7 Np). Детекторы были чувствительны к -у-лучам с 
энергией выше барьера деления 237Np (Еу > 6 Мэв) . Однако известно, 
что в реакциях с тяжелыми ионами возникает быстрое 7~излучение, име
ющее чрезвычайно мягкий спектр, Е =500 кэв [38], радиоактивные 
продукты реакций также не дают столь жестких у-квантов (Еу > 6 Мэв) . 
Поэтому у-фон можно было считать отсутствующим, детекторы экрани
ровались от попадания заряженных частиц, возникающих на мишени. 
Важным преимуществом 237Np является то, что он не делится тепловы
ми нейтронами, и поэтому детектор не чувствителен к фоновым потокам 
медленных нейтронов. Низкий порог деления 237Np и широкое плато сече
ния ( 0 , 8 - 6 Мэв) обеспечивают неплохую счетную характеристику детектора 
Оценки показывают, что спектр нейтронов деления возбужденных ядер 
должен быть настолько жестким, что влияние ненулевого порога деления 
237Np можно не учитывать, так как очень малая часть спектра нейтронов 

попадает в область нечувствительности детектора. 
Схема опыта показана на рис . 8. Детекторы нейтронов помещались на 

малом кольце, а осколочные детекторы (стекла) — на большом. Тонкие 
мишени Bi и U изготавливались на AI фольге толщиной 0,7 мк . Пучок 
мониторировался путем регистрации полупроводниковым детектором 
ионов, рассеянных на специальной фольге (Au, 0,1 мк) . Камера с детек
торами была тщательно экранирована многослойной защитой из парафи
на, кадмия, свинца и железа для устранения фона быстрых нейтронов от 
внешних источников, которыми являются все детали циклотрона и систе
мы транспортировки пучка, находящиеся под воздействием пучка уско
ренных ионов. Коллектор тока и диафрагмы, ограничивающие размер 
пучка, были вынесены на значительное расстояние от детекторов и рас
полагались вне защиты. 

Каждый опыт состоял из двух облучений: о д н о - кратковременное, 
малым током для набора статистики на осколочных детекторах, вто
рое - п р и высокой интенсивности пучка (1 - 3 мка), в течение 3 - 4 часов 
для измерения числа нейтронов, что связано с низкой эффективностью 
нейтронных детекторов (10 ' 6 ) . Во время второго облучения осколочные 
детекторы были закрыты специальным экраном. 

Из экспериментальных результатов при введении соответствующих 
поправок определялись в относительных единицах дифференциальные 
сечения образования осколков деления и нейтронов в лабораторной сис
теме координат. Осуществлялся перевод дифференциальных сечений из 
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лабораторной системы в систему, связанную с компаунд-ядром с по
мощью обычных формул: 

dg 1 + у cos gc da 
äQc~ U +T 2 + 2TCOSÖc)3/2dnt 

sin(0c - 0t) = T s i n 9 t 

Средние параметры перевода у из системы в систему для осколков 
и нейтронов вычислялись с использованием средних значений энергий 
осколков и нейтронов в системе компаунд-ядра: 

Ъ 

Тп = 

= / gbAb ' 
N Е т А с 

ч/ Еь Аь 
/ Ё Т А С + Ч П О Е ? А | : 

где Е ь и Е т -кинетические энергии бомбардирующей частицы и пары 
осколков в сумме соответственно, Е~* — средняя энергия возбуждения 
компаунд-ядра, Аь и А с —массы бомбардирующей частицы и ком
паунд-ядра соответственно. При этом было сделано предположение, 
что спектр нейтронов в системе, связанной с осколком, есть спектр ис 
парения по Вайскопфу с температурой, определяемой по формуле 

А р — 
Е* = — Т . Число v определялось по формуле: 

/ifsinendes 
If 0 " 

v = с J-— 
о 

где С - константа, включающая конкретные характеристики эксперимен
та, такие, как величины телесных углов Д ^ [ и ДГ2", эффективность д е 
текторов и др. If и 1п —интегральные интенсивности потока бомбардиру
ющих частиц в облучениях для измерения осколков и нейтронов соответ
ственно. 9С и 0" -полярные углы в системе компаунд-ядра для нейтро
нов и осколков. 

На рис.9 представлена зависимость ~v для всех изученных нами ре 
акций, в зависимости от энергии возбуждения компаунд-ядер. Треуголь
никами обозначены данные, полученные косвенным образом в опытах по 
измерению массовых и зарядовых распределений осколков деления, круг
лые точки — результаты непосредственных измерений числа V, произве
денных описанным выше образом. Видно, что результаты того и друго
го типа в пределах точности эксперимента хорошо согласуются. Неко
торый разброс точек может быть связан с различием v для делящихся 
ядер с разными Z и А, которое при построении графика не учитывалось. 
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Р и с . 9 . Значения Т, в зависимости от энергии возбуждения делящегося ядра: треуголь 
ники — результаты косвенного определения V при измерении массовых и зарядовых распре
делений осколков деления; круглые точки —данные непосредственных измерений ~v. 

Отсюда можно сделать вывод о справедливости предположений, принятых 
нами при обработке массовых и зарядовых распределений. Кром_е того, 
экспериментальные точки наглядно демонстрируют зависимость v от 
энергии возбуждения делящегося я д р а , ч е р е з точки можно провести пря
мую линию. 

Материал, представленный в данном докладе, свидетельствует о 
возможности получения ценной информации о механизме деления при 
использовании ускоренных тяжелых ионов в качестве частиц, вызываю
щих деление. 
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<s 
Abstract 

HIGH-RESOLUTION STUDIES OF К X-RAY EMISSION AND THE DISTRIBUTION OF MASS AND NUCLEAR 
CHARGE IN THE THERMAL-NEUTRON-INDUCED FISSION OF " 3 U, 235U AND 23sPu. The emission of К X-rays 
by fission fragments as a function of fragment mass A and nuclear charge (element) Z has been investigated in 
the thermal-neutron-induced fission of 233U, 235U and 239Pu. Fission-fragment К X-ray spectra were obtained 
with a Si(Li) detector in coincidence with a pair of surface-barrier detectors which measured the kinetic energies 
of the complementary fragments for the determination of their masses. The data were recorded event-by-event 
in a multiparameter system. The yields of К X-rays per fission emitted by fragments in t < 1 ns are as follows: 
233U - 0. 037 (light fragment group), 0.125 (heavy group); 235U - 0. 043, 0.120; and 239Pu - 0. 070, 0.134. 
The high resolving power of the X-ray detector (FWHM » 800 eV) makes possible a computer analysis of the 
characteristic К X-ray spectra giving the relative contribution from each element. Near closed nucleon shells 
it is found that the average К X-ray yields for odd-Z nuclei are enhanced by a factor of two to three relative 
to the yields from even-Z nuclei. Away from the closed shells the yields increase rapidly with Z and A while 
the odd-even Z fluctuations tend to be substantially smaller. Differences in average К X-ray yields for a given 
Z among the three fissionable nuclei are consistent with an observed A (isotopic) dependence and a fixed yield 
of К X-ray emission for a given fission fragment nucleus (Z, A) in thermal-neutron-induced fission. In spite of 
the strong dependence of the К X-ray yields on Z and A, information on the primary charge distribution in 
fission in terms of average nuclear charges as a function of the fragment masses and on charge dispersion width 
can be obtained. The deviations of the mean primary charges of the fragments from that given by the charge 
densities of the fissioning nuclei lie in the range of 0.4 to 0.7 charge units for the complementary mass regions 
85-110 and 130-155. The primary charge dispersion is narrower (FWHM = 1,10 ± 0.15 charge units) than the 
post-neutron-emission charge dispersion (FWHM = 1.56 ± 0.12) determined radiochemically. These results 
appear to have little dependence on total fragment kinetic energy at given mass splits. 

I N T R O D U C T I O N 

T o t h e t r a d i t i o n a l r a d i o c h e m i c a l m e t h o d of m e a s u r i n g m a s s a n d 
c h a r g e d i s t r i b u t i o n s i n f i s s i o n , n e w a n d m o r e d i r e c t p h y s i c a l m e t h o d s h a v e 
b e e n a d d e d [ l ] . I n p a r t i c u l a r , t e c h n i q u e s i n v o l v i n g t h e s i m u l t a n e o u s m e a s 
u r e m e n t of k i n e t i c e n e r g i e s of c o m p l e m e n t a r y f i s s i o n f r a g m e n t s a n d t h e i r 
c h a r a c t e r i s t i c К х r a y s h a v e b e e n d e m o n s t r a t e d i n s t u d i e s of t h e s p o n t a 
n e o u s f i s s i o n o f C f [ 2 , 3 ] . U n d e r l y i n g a s s u m p t i o n s a r e t h a t t h e c h a r a c t e r 
i s t i c e n e r g y of t h e К х r a y s i d e n t i f i e s t h e n u c l e a r c h a r g e ( a t o m i c n u m b e r ) 
Z of t h e f r a g m e n t f r o m w h i c h i t i s e m i t t e d a n d t h a t t h e m a s s e s A of t h e 
f r a g m e n t s c a n b e d e t e r m i n e d f r o m t h e i r k i n e t i c e n e r g i e s t h r o u g h t h e c o n 
s e r v a t i o n o f m a s s a n d l i n e a r m o m e n t u m . A c o n s i d e r a b l e i m p r o v e m e n t 

* Work performed under the auspices of the US Atomic Energy Commission. 
** Present address: Department of Chemistry, the University of Michigan, Ann Arbor, Michigan. 
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over the ra ther poor nuclear charge resolut ion (several Z units) obtained 
in ea r l i e r studies [2,3] has been achieved in the p resen t work by using for 
the x - ray detection a cooled Si(Li) diode with a charge resolut ion of ap
proximately one Z unit. 

In the application of x - ray spectroscopy to measu remen t s of charge 
distr ibution in fission the method is complicated by la rge var ia t ions in the 
К x - r ay emiss ion probabili ty K(Z,A) as a function of the composition 
(Z and A) of the f ragments . Information on fission fragment yields can be 
extracted from measu red К x - r a y intensi t ies only if sufficient knowledge 
of K(Z,A) is available. Previous ly observed var ia t ions include a la rge 
but relat ively smooth var ia t ion with A [2,3] and a dis t inct odd-even de
pendence on Z [4]. For a t ime per iod of ~1 nsec after fission the yields 
of К x rays per fragment as a function of m a s s a r e the same within exper i 
mental e r r o r s for the spontaneous fission of 252Cf [2,3] and the t he rma l -
neutron-induced fission of 2 5U [5-7] . Common factors in the К x ray 
intensi t ies have also been observed for longer t imes (0.1 to 1 Msec) in 
252Cf fission [4] and the rma l neutron fission of 233U [8], 235U [7-9] and2 3 9Pu 
[8]. Therefore , there is reason to expect that K(Z,A) is very near ly the 
same for var ious fissioning nuclei and that, by studying fission of different 
nuclei under the same conditions, the important features of this function 
can be obtained. 

This paper is concerned with such a comparat ive study of the prompt 
( s i nsec after fission) К x - r a y emiss ion and its application to the problem 
of charge distr ibution in the rma l neutron fission of 233U, 235U and 239Pu. 

EXPERIMENTAL PROCEDURE 

Thin targets of fissionable ma te r i a l were exposed to a wel l -
collimated beam of the rma l neutrons (3 x 10' n c m " ' s e c " ), Complemen
tary fission fragments were detected in coincidence with К х r ays , and the 
corresponding pulse heights were s tored event-by-event on magnetic tape. 
The ta rge ts (50-75 jug c m - 2 over a c i rcu la r a r e a of 0,7 cm2) we re p repa red 
by vacuum volatil ization of UF4 or P u F 4 onto Ni foils (90 ug cm"2) supported 
by thin plast ic f rames . The isotopic compositions of the t a rge t ma te r i a l s 
were as follows (isotope, mole per cent); 233U (233, 99.85); 235U (234, 0.9; 
235,93,2: 236, 0.3; 238, 5.6), and " 9 P u (239, 91.0; 240, 8.2; 241, 0.7; 242, 
0,04). 

The ta rge t and de tec tors were situated in a vacuum chamber in the 
a r rangement shown in Fig, 1. The fragment detectors (Si-Au surface b a r 
r i e r , 400 ohm-cm, operated at 70 volts) were selected for acceptable p e r 
formance [10] and r ep l acedwhena fragment dose of approximately 
10 cm" was reached [11]. The cooled Si(Li) x - r a y detector (0.3 cm x 
1.0 cm2) was enclosed by a separa te vacuum chamber equipped with a Be 
window (46 mg cm"2) and a Mylar shield (4 mg cm"2) to prevent contamina
tion of the window. A time limit of ~1 nsec for x - r a y detection was im
posed by Cu shields which r e s t r i c t e d the view of the x - r a y detector to 
roughly the f irs t cm of fragment flight. The absolute detection efficiencies 
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X-RAY 
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^•-FRAGMENT 
DETECTOR 

SCALE (cm) 

FIG. 1. Diagram of target and detector arrangement. The neutron beam intersects the target at an angle 
of 60° with respect to the plane of the figure and perpendicular to the axis of the X-ray detector. 

for a p o i n t s o u r c e a t t a r g e t c e n t e r w e r e d e t e r m i n e d w i t h s t a n d a r d i z e d 
s a m p l e s of 6 5 Z n , 75 Se, Sr, 241 , 109Cd, 1 H Ba ;

 l " C e , ' "Gd, raTm and " ' A m , The 
actual geometry for detection of the К х rays emitted by the flying frag
ments is es t imated to be within 20% of the poin t - source geometry . The 
response functions for the К x - r a y s tandards were in good agreement 
with published values for the energ ies and re la t ive intensi t ies of the Ktfj, 
Kotz, Kßi and Kß2 components [12] and showed-that the sys tem had excellent 
l inear i ty . Resolution for the 26.3 keV 7- l ine of 241Am was 770 eV, full 
width at half maximum (FWHM). 

Signals from the x - r a y and fragment de tec tors were p rocessed and 
recorded as shown in Fig. 2. P i le -up reject ion c i rcui t s were used to 
reduce dis tor t ion of fragment spec t r a by chance coincidences with a pa r 
t ic les , A t ime- to-ampl i tude conver ter set on a t ime range of 0.5 jusec 
was used to provide information requ i red for cor rec t ion of the observed 
К x - r ay spec t r a for chance events» Delay in the x - r ay channel was 
a r r anged so that pulses in the f i rs t 0.15 дэес of the range r ep resen ted only 
chance events . The remaining 0.35 двес of the t ime range de te rmined the 
coincidence resolving t ime of the ent i re sys tem. The e lec t ronic sys tem 
efficiency (~80%) was de termined with a dual pulser which was also used 
for monitoring the stabil i ty in all channels . Correc t ion for instabi l i t ies in 
the fission channels was made off-line in the event-by-event computer anal 
ys i s ; co r r ec t ion for ins tabi l i t ies in the x - ray channel was made by per iodic 
adjustments of the basel ine and amplification. For each ta rge t a total of 
~2.5 x 10 К x - r a y events coincident with fission were collected at a ra te 
of ~10 events pe r minute . 

A separa te m e a s u r e m e n t consis ted in recording f ragment-f ragment 
coincidences for de terminat ion of the mass -y i e ld d is t r ibut ions . 
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FIG. 2. Schematic diagram of the electronic system for processing and recording multiparameter data. 
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DATA ANALYSIS AND RESULTS 

Fragmen t m a s s and kinetic energy analysis 

The m a s s e s of the p r i m a r y fragments were computed from their 
pulse heights in the fission fragment de tec tors using cal ibrat ion methods 
repor ted in [13-15] and correc t ing for prompt neutron emiss ion [16,17]. 
The neutron emiss ion data were normal ized where n e c e s s a r y to give the 
values 2.50 (233U), 2.42 (235U) and 2.89 (239Pu) for v [18], the total number 
of prompt neutrons emit ted per fission. The К x - r ay data for Pu were 
also analyzed in t e r m s of their dependence on both the m a s s e s and the total 
kinetic energy (TKE) of the f ragments . The TKE dependence of the neutron 
emiss ion v for a given m a s s M was taken into account assuming the 
re la t ionship 

_ . , v(M) TKE(M) - TKE , , 
v M, TKE) = v(M) +— =— ~k (1) 

v(M) + v A F - M E* 

where i7(M) is the average v at m a s s M, TKE(M) is the average TKE at 
mass M, and E n is the average of the sum of the binding energy and the 
cen t e r -o f -mass kinetic energy of the neutrons [19]. In Table I a re shown 
the resu l t s obtained for the average light p r i m a r y m a s s e s Mj_,, the s tandard 
deviations Cfjyj of the m a s s - y i e l d dis t r ibut ions uncor rec ted for m a s s r e so lu 
tion, the average total kinetic energies TKE, and the es t imated s tandard 
deviations o~res for the m a s s resolut ion. These values a r e in good a g r e e 
ment with [13-15]. The m a s s resolut ion was calculated taking into account 
the fluctuations in neutron emiss ion [18], the energy resolut ion of the f i s 
sion detec tors (~1.5 MeV), and the finite thickness of the t a rge t s . The fold
ing function FjYf(A) descr ibing the finite m a s s resolut ion was chosen to be 

FM(A) = N -J +°'5 exp { - ^ ^ } dA (2) 

where N and a were de termined to give, at a constant exper imenta l 
(nonimal) m a s s M, a normal ized dis tr ibut ion of actual m a s s e s A with the 
es t imated s tandard deviation (Table I). The unfolded m a s s yields Уд(А), 
re la ted to the exper imenta l m a s s yields Yj^(M) by 

A+5 
YM(M) = X FM<A) YA(A) (3) 

A-5 

were obtained by solving Eq. (3) with an approximate i te ra t ive p rocedure . 

TABLE I. Resul ts of m a s s and kinetic energy analysis 

Mr (amu) 

о м (amu) 

ö r e s (amu) 
TKE (MeV) 

2 3 3 u 

9 4 . 9 2 

5.61 

1.59 

171 .57 

2 3 5U 

9 6 . 4 8 

5.76 

1.49 

171 .33 

2 3 9 P u 

100 .41 

6.29 

1.66 

177.07 
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A n a l y s i s of К x - r a y s p e c t r a 

S o m e of the f e a t u r e s of К x - r a y e m i s s i o n in f i s s i o n c a n b e s e e n in 
e n e r g y s p e c t r a of t h e К х r a y s e m i t t e d b y the e n s e m b l e of f i s s i o n f r a g 
m e n t s ( u n s o r t e d w i t h r e s p e c t to m a s s ) a s s h o w n in F i g . 3 . T h e p r o n o u n c e d 

I-4J 1 1 
Yield of К X Rays per Fission 

Light Heavy 
Pu 239 0.070 0.134 
U-235 0.043 0.122 
U-233 0.037 0.125 

5 15 25 35 45 
ENERGY (KeV) 

FIG. 3. Energy spectra of К X-rays emitted by fission fragments of all masses within 1 ns after fission of 
233U, !35U and !39Pu induced by thermal neutrons. Prominent peaks in the spectra are identified by atomic 
numbers. The peak at Z = 28 results from fluorescence by fission fragments of the nickel foils supporting the 
targets. 

o d d - e v e n d e p e n d e n c e on Z, w h i c h h a s a l s o b e e n o b s e r v e d in u n s o r t e d 
s p e c t r a for 2 5 2Cf f i s s i o n [ 4 ] , i s c l e a r l y e v i d e n t i n t he h e a v y g r o u p f r o m 
Z = 50 to 58 . T h e t o t a l y i e l d s of К х r a y s (wi th in ~1 n s e c of f i s s i o n ) o b 
t a i n e d f r o m t h e s e s p e c t r a fo r the l igh t a n d h e a v y g r o u p s a r e t a b u l a t e d a t 
u p p e r r i g h t in t he f i g u r e . T h e r e l a t i v e e r r o r in t h e s e v a l u e s i s a b o u t 5%, 
a n d the a b s o l u t e e r r o r i s e s t i m a t e d a t 20%. T h e o b s e r v e d t r e n d i n l i g h t -
g r o u p К x - r a y y i e l d s r e f l e c t s the s t r o n g v a r i a t i o n of К x - r a y y i e l d w i t h 
f r a g m e n t m a s s a n d the known sh i f t s in the l i g h t - g r o u p m a s s - y i e l d c u r v e 
for t he t h r e e f i s s i o n i n g n u c l e i . T h e s l i g h t l y l a r g e r y i e l d fo r t he h e a v y 
g r o u p in 2 3 9 P u i s c o n s i s t e n t w i t h the h i g h e r f i s s i o n y i e l d s in t he h e a v y wing 
of i t s m a s s - y i e l d c u r v e . T h e К x - r a y p e a k s o b s e r v e d a t 7.5 k e V (Z = 28) 
r e s u l t f r o m f l u o r e s c e n c e b y f i s s i o n f r a g m e n t s of t he n i c k e l fo i l s s u p p o r t i n g 
the t a r g e t s . T h e o b s e r v e d i n t e n s i t i e s a r e in e x c e l l e n t a g r e e m e n t w i t h c a l 
c u l a t e d v a l u e s b a s e d on r e p o r t e d c r o s s s e c t i o n s [20] fo r K - s h e l l i o n i z a t i o n 
by f i s s i o n f r a g m e n t s . 

T h e p r i m a r y i n t e r e s t i n t h i s i n v e s t i g a t i o n , h o w e v e r , w a s c e n t e r e d 
on m a s s - s o r t e d К x - r a y s p e c t r a , e x a m p l e s of w h i c h a r e g i v e n for P u in 
F i g . 4 . T h e s e s p e c t r a , o b t a i n e d for n o m i n a l m a s s i n t e r v a l s of 2 a m u , w e r e 
s u b m i t t e d to a l e a s t - s q u a r e s c o m p u t e r fit , t he r e s u l t s of w h i c h a r e s h o w n 
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CHANNEL 

FIG. 4. Mass-sorted К x-ray spectra for some adjacent complementary fragment mass intervals in thermal 
neutron fission of 239Pu. The relative contributions from the various elements were determined by computer 
fit (solid curves) to the observed data based on the known relative intensities of the К X-ray components 
(a , a2, В; and ß2) for each element as shown for Z = 53 (dashed curves) in the mass interval 136-137. For 
visual clarity only the a : component for each element is shown in the other mass intervals. The ordinates 
are marked at intensity intervals of 500 events per channel. The channel-to-eneigy conversion is 100 eV/ channel. 

a s t he s o l i d c u r v e s . T h e p u r p o s e of t he f i t t ing t e c h n i q u e w a s to r e s o l v e t he 
c o m p l e x e x p e r i m e n t a l p u l s e - h e i g h t d i s t r i b u t i o n s i n to the i n d i v i d u a l c o n t r i 
b u t i o n s f r o m e l e m e n t a l К x - r a y g r o u p s o r i g i n a t i n g f r o m f r a g m e n t s of 
d i f f e r e n t ( a d j a c e n t ) a t o m i c n u m b e r s . The c o m p o n e n t s ((Xj, a 2 , ß i , ßz) of 
e a c h c h a r a c t e r i s t i c К x - r a y g r o u p w e r e r e p r e s e n t e d by G a u s s i a n d i s t r i 
b u t i o n s , a n d the known [12] r e l a t i v e a r e a s and p o s i t i o n s ( c e n t r o i d s ) of t h e s e 
c o m p o n e n t s w e r e k e p t f ixed in t h e f i t t ing p r o c e d u r e . S i m i l a r l y , the r e l a t i v e 
p o s i t i o n s of d i f f e r e n t К x - r a y g r o u p s [12] w e r e k e p t f ixed . A s a n e x a m p l e , 
t h e c o m p o n e n t s of t he i o d i n e К x - r a y g r o u p (Z = 53) a r e s h o w n ( d a s h e d 
l i n e s ) in t h e u p p e r - l e f t s p e c t r u m ( m a s s i n t e r v a l 1 3 6 - 1 3 7 ) in F i g . 4 . In t h i s 
p a r t i c u l a r s p e c t r u m s m a l l c o n t r i b u t i o n s f r o m К x - r a y g r o u p s of a d j a c e n t 



788 GLENDENIN et al. 

Z (51 ,52 ,54 ,55 ) a r e a l s o p r e s e n t and h a v e b e e n t a k e n in to a c c o u n t , b u t h a v e 
not b e e n p l o t t e d for t he s a k e of c l a r i t y . In a l l t he o t h e r s p e c t r a (uppe r 
p a r t s and l o w e r p a r t s of t he f i g u r e g ive s p e c t r a for c o m p l e m e n t a r y m a s s 
i n t e r v a l s ) only the Kai c o m p o n e n t s for e a c h К x - r a y g r o u p a r e g i v e n 
( d a s h e d l i n e s ) to s h o w r e l a t i v e c o n t r i b u t i o n s f r o m v a r i o u s e l e m e n t s . T h e 
a b s o l u t e p o s i t i o n s ( e n e r g y v s . c h a n n e l n u m b e r r e l a t i o n s h i p ) a n d the l i ne 
w i d t h s w e r e d e t e r m i n e d d i r e c t l y by the f i t t ing p r o c e d u r e in the h e a v y g r o u p 
only , w h e r e the Z r e s o l u t i o n i s b e t t e r t h a n in the l i gh t g r o u p ( a s c a n b e 
c l e a r l y s e e n in F i g . 4 ) . T h e r e w a s no i n d i c a t i o n t h a t К x - r a y e n e r g i e s 
for the h igh ly i o n i z e d h e a v y f r a g m e n t s a r e d i f f e r e n t (wi th in 100 eV) f r o m 
the v a l u e s for n e u t r a l a t o m s [12] . H o w e v e r , the s p e c t r a for t he m o v i n g 
f r a g m e n t s w e r e found to b e D o p p l e r b r o a d e n e d . F o r the h e a v y f r a g m e n t s 
a D o p p l e r w i d t h of abou t 500 eV (FWHM) w a s d e t e r m i n e d by c o m p a r i s o n 
w i t h s t a n d a r d s o u r c e s . The l i ne w i d t h s for t he l i g h t - f r a g m e n t g r o u p w e r e 
g i v e n v a l u e s in the f i t t ing p r o c e d u r e c a l c u l a t e d f r o m t h o s e found in the 
h e a v y g r o u p , t a k i n g in to a c c o u n t the e x p e r i m e n t a l l y d e t e r m i n e d r e s p o n s e 
func t ion of t he S i (Li ) d e t e c t o r w i t h e n e r g y , and a s s u m i n g for t he D o p p l e r 
w id th 3 r j 0 p the r e l a t i o n 

°Dop = c o n s t a n t . V F ( Z ) . E X ( Z ) (4) 

w h e r e Vjr(ZJ and E X (ZJ a r e the a v e r a g e f r a g m e n t v e l o c i t y and К x - r a y 
e n e r g y a s a func t ion of Z. S m a l l c o n t r i b u t i o n s to t he l i ne w i d t h s f r o m 
i n s t a b i l i t i e s in the e l e c t r o n i c s y s t e m w e r e a l s o t a k e n in to a c c o u n t . 

80 90 100 110 120 130 140 150 160 170 

FIG. 5. Yields of К X-rays emitted by fission fragments within 1 ns after thermal neutron fission of 233U, 
23SU and 239Pu as a function of fragment mass. Observed yields are plotted for primary fragment mass intervals 
of 2 amu. The solid curve represents the average yield for the three target nuclei corrected for mass resolution 
and plotted as a function of the average secondary fragment mass (after neutron emission). Previously reported 
results for spontaneous fission of !S2Cf [2] are shown for comparison (dashed curve). 
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By adding up the resu l t s obtained for the contributions from all the 
elements in a given m a s s in terval and dividing by the exper imenta l frag
ment yield for this in terval , К x - r a y yields pe r fragment (for SI nsec after 
fission) as a function of p r i m a r y m a s s (uncorrected for resolut ion) a re 
obtained (data points in Fig. 5). The s ta t i s t ica l e r r o r is less than 2% for 
most of the data points , increas ing to as much as 20% at the ex t r emes 
toward symmet r i c and f a r - a s y m m e t r i c m a s s divis ions. As can be seen, the 
К x - r a y yields a r e essent ia l ly the same for the th ree ta rge t nuclei . The 
continuous curve in Fig. 5 r e p r e s e n t s an average for the three fissioning 
nuclei obtained from all the data points after conversion from p r i m a r y 
m a s s e s to secondary m a s s e s (since К x r ays a r e emit ted from the frag
ments after p rompt-neut ron emiss ion) and cor rec t ion for m a s s resolut ion. 
Within the exper imenta l e r r o r s these r e su l t s a re consistent with those ob
tained for 252Cf fission [2] indicated by the dashed curve . 

К x - r a y emiss ion and its application to charge distr ibution 

The functions of main in t e r e s t in this paper a r e P(Z,A), the mass -
dependent charge distr ibution probabil i ty, and K(Z,A), the average probabi l 
ity that К x - r a y emiss ion will follow the formation of a fragment (Z,A). 
The measu red К x - r a y yields Y^(Z,M) in different nominal mass intervals 
a re essent ia l ly products of these two unknown functions as seen in Eq. (5). 

YK(Z,M) = £ Y A ( A ) F M ( A ) P(Z,A) • K(Z,A) (5) 
A 

An attempt to b reak up these products into the two t e r m s obviously depends 
on the availabili ty of equations other than Eq. (5) with additional independent 
information on К and /or P . 

A strong r e s t r i c t ion on P(Z,A) is supplied by the principle of charge 
and m a s s complementar i ty in fission which can be stated as follows: 

YA(A) = Y A ( A F - A ) (6a) 

and 

P(Z,A) = P ( Z F - Z , A F - A ) (6b) 

where A p and Zjr a re the m a s s and charge , respect ive ly , of the fissioning 
nucleus. 

One difficulty in the К x - r a y method l ies in the fact that the number 
of new equations supplied by the complementar i ty r e s t r i c t ions is s t i l l insuf
ficient to allow a complete and detai led descr ip t ion of both P(Z,A) and 
K(Z,A) for al l the individual nuclei involved. F u r t h e r m o r e , the m a s s r e s o 
lution obtained in semiconductor detector m e a s u r e m e n t s is at bes t 3 or 
4 amu (FWHM). As a consequence, mass -dependen t quantit ies like K(Z,A) 
a r e averaged over m a s s in tervals of this width. Attempts to descr ibe this 
finite resolut ion by introducing folding functions such as F M ( A ) (Eqs. (2) 
and (3)) can be done only in an approximate way and, in those m a s s i n t e r -



790 GLENDENIN et al. 

vals where the t rue unfolded yields a re changing rapidly with m a s s , a re 
essent ia l ly confined to cor rec t ion for differences between t rue average 
m a s s e s and nominal (experimental) m a s s e s . Unfolding p rocedures cannot 
bring out with reasonable accuracy the fluctuations of any mass-dependent 
observable in m a s s in te rva ls na r rower than the exper imenta l m a s s r e s o 
lution, and in pa r t i cu la r odd-even m a s s (neutron number) effects r ema in 
essent ia l ly unobservable . As mentioned previously, however, odd-even Z 
effects a re c lear ly observed. 

These considerat ions suggest that a descr ipt ion of genera l t rends 
in the quantities P(Z,A) and K(Z,A) with a strongly l imited number of 
suitably chosen p a r a m e t e r s in t e r m s of d i sc re t e and well defined atomic 
numbers , but averaged over s eve ra l adjacent isotopes (with odd and even 
m a s s numbers) , is appropr ia te . The upper l imit on the number of p a r a m 
e te r s is given by the number of equations of both type (5) and (6). For 
p rac t i ca l purposes the l imit on this number is substantial ly lower because 
the exper imental uncer ta int ies in the observed К x - r a y yields Yj^ for dif
ferent m a s s in tervals a r e sufficient to give spurious solutions for the values 
of the unknown p a r a m e t e r s if too many such p a r a m e t e r s a re introduced. 

For the distr ibution function P(Z,A) the following p a r a m e t r i c de
script ion was chosen: 

f [A D (Z)-A] 2 "1 
P(Z,A) = N e x p 2^-z V (7) 

with N de termined by 

I P(Z,A) = 1 (8) 
Z 

For a given element Z with varying m a s s A, P is a Gaussian distr ibution 
with i ts center at Ap(Z) and with a var iance Од . Instead of the p a r a m e t e r 
Ap(Z) it is convenient to use A^(Z) ("charge division p a r a m e t e r " ) defined 
by 

AZ(Z) = Z - p F Ap(Z) (9) 

where pp is the charge density Zjr/Атг of the fissioning nucleus. Note that 
the dis tr ibut ion of A for a given Z ("isotopic" distr ibution) is not given by 
P(Z,A) but by the product Уд(А) • P(Z,A), so that in the wings of the m a s s -
yield curve the isotopic distr ibution is not Gaussian. In radiochemical 
studies of charge dis tr ibut ion WAHL et al . [21] used a somewhat different 
p a r a m e t r i c descript ion: 

f [Zp(A)-Z]2>| 
P ( Z , A ) = N e x p j - — Z >• ( 1 0 ) 

where 

Zp(A) = P F A + ДА(А) (11) 

which descr ibed P by a Gaussian " i sobar i c" distr ibution in t e r m s of Z 
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(A c o n s t a n t ) r a t h e r t h a n in t e r m s of A (Z c o n s t a n t ) . If A Z ( Z ) i s no t d e 
p e n d e n t on Z , b o t h d e s c r i p t i o n s c a n b e l i n k e d by 

aZ = °A PF (12a) 

AA(A) = AZ(Z) (for A = Ap(Z)) (12b) 

If AZ(Z) is slowly varying with Z, equation (12b) remains a good approxi
mation although P(Z,A) defined in Eq. (7) is, strictly speaking, non-Gaussian 
for varying Z, and its dispersion in Z is somewhat larger than that given 
by Eq. (12a). 

ZL 
47 45 43 41 39 37 35 33 
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I,/" " 

i L 

J 
47 49 51 53 55 57 59 61 

Z„ 

FIG. 6. "Effective" charge division parameters Д^ for thermal neutron fission of 239Pu as a function of fragment 
atomic number. Heavy-group data are plotted as solid circles, complementary light-group data as open circles. 
The straight line is a least-squares fit to the data. 

F o r t he К x - r a y e m i s s i o n K ( Z , A ) the a n a l y s i s of the d a t a w a s p e r 
f o r m e d in two s t e p s . In the f i r s t s t e p t h e i s o t o p i c ( m a s s ) d e p e n d e n c e of 
К for e l e m e n t Z w a s i g n o r e d , a n d the e m i s s i o n p r o b a b i l i t y w a s s i m p l y 
d e s c r i b e d b y K(Z) , a n a v e r a g e of K ( Z , A ) for a l l i s o t o p e s of e l e m e n t Z . 
T h u s t h r e e p a r a m e t e r s K(Z) , A Z ( Z ) and ö A ( Z ) (o r a z = о д р р ) w e r e u s e d 
to d e s c r i b e t h e o b s e r v e d i n t e n s i t i e s Y j ( (Z ,M) for v a r i o u s m a s s i n t e r v a l s 
M and w e r e d e t e r m i n e d by a l e a s t - s q u a r e s f i t t ing p r o c e d u r e . V a l u e s of 
A Z d e t e r m i n e d w i t h t h e s e a s s u m p t i o n s a r e c a l l e d " e f f e c t i v e " b e c a u s e t h e 
i s o t o p i c d e p e n d e n c e of K ( Z , A ) i s n e g l e c t e d . 

T h e e f f e c t i v e A z v a l u e s for 2 3 9 P u a r e s h o w n i n F i g . 6 a s a func t ion 
of Z for t he l igh t g r o u p (open c i r c l e s ) a n d t h e h e a v y g r o u p ( s o l i d c i r c l e s ) . 
A X a n a l y s i s s h o w s t h a t t he g o o d n e s s - o f - f i t i s s e n s i t i v e l y d e p e n d e n t on the 
v a l u e s of the c h a r g e d i v i s i o n p a r a m e t e r s b u t r e l a t i v e l y i n s e n s i t i v e to 
c h a n g e s i n o A ( Z ) . A s a c o n s e q u e n c e , t he p u r e l y s t a t i s t i c a l u n c e r t a i n t y of 
A z i s qu i t e s m a l l (of the o r d e r of 0 .02) bu t r e l a t i v e l y l a r g e (~0.4 a m u ) for 
a A ( o r ~ 0 . 1 5 c h a r g e u n i t s for a z ) . A s no s y s t e m a t i c t r e n d of Од w i t h Z 
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w a s found w i th in i t s l a r g e e r r o r l i m i t , t he b.^ v a l u e s p l o t t e d in F i g . 6 w e r e 
d e t e r m i n e d w i t h од f ixed a t a v a l u e ' а д , a w e i g h t e d a v e r a g e fo r a l l t h e 
e l e m e n t s a n a l y z e d . S i n c e the &z v a l u e s g iv ing the b e s t f i t w e r e found to 
b e s l i g h t l y d e p e n d e n t on the a c t u a l v a l u e of а д , t h e s t a t i s t i c a l u n c e r t a i n t y 
in Од i s r e f l e c t e d in an u n c e r t a i n t y in Д ^ . T h e e r r o r b a r s in F i g . 6 r e f e r 
m a i n l y to t h i s s o u r c e of e r r o r . F o r t h e a c t u a l c h a r g e d i v i s i o n p a r a m e t e r s , 
e q u a t i o n (6b) r e q u i r e s t h a t 

A z ( Z ) = U Z ( Z F " Z ) - ( 6 c ) 

I t i s s e e n tha t t h i s c o n d i t i o n i s not fu l f i l led by the e f f ec t ive A 2 v a l u e s fo r 
s o m e e l e m e n t s . A s s u m i n g tha t t he a c t u a l func t ion A^lZ) i s s m o o t h , a 
s t r a i g h t l i ne w a s l e a s t - s q u a r e s f i t t ed to a l l t he d a t a p o i n t s a s s h o w n in 
F i g . 6. T h i s i m p l i e s t h a t o v e r i n t e r v a l s of s e v e r a l Z u n i t s t h e r e a r e no 
s y s t e m a t i c d e v i a t i o n s of t he e f f ec t ive f r o m the a c t u a l d i v i s i o n p a r a m e t e r s . 
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FIG. 7. Charge division diagrams for thermal neutron fission of 233U, 235U and 239Pu. The solid lines (with 
their associated error bands) are linear least-squares fits to the data for "effective" charge division parameters 
Ад as a function of primary fragment mass. AH refers to the heavy-group mass (or its light-group comple
ment) in each case. The scale for the mean primary charge Z^ is an approximate average for the three 
fissioning nuclei and is intended for orientation only. 

T h e d a t a for 233U and 2351J w e r e t r e a t e d in a s i m i l a r w a y a n d a c o n 
v e r s i o n f r o m the Д 2 v s . Z d i a g r a m to t he m o r e t r a d i t i o n a l Д д v s . A 
d i a g r a m w a s m a d e u s i n g E q s . (9) a n d (12b) . F i g u r e 7 s h o w s Д д a s a f u n c 
t i on of A (wi th t he a s s o c i a t e d e r r o r b a n d s ) for a l l t h r e e t a r g e t n u c l e i . T h e 
v a l u e s found for t h e a v e r a g e ? z = а д p F a r e 0 .42 (2 3 3U), 0.44 (2 3 5U), a n d 
0 .52 ( 2 3 9 Pu) , w i t h a n e s t i m a t e d e r r o r of a b o u t 0 . 0 7 , c o r r e s p o n d i n g to a n 
a v e r a g e F W H M of 1.10 ± 0 .15 Z u n i t s . 

In t he c a s e of 2 3 9 P u the К x - r a y e v e n t s in e a c h m a s s i n t e r v a l w e r e 
a l s o s o r t e d i n t o two b i n s of t o t a l k i n e t i c e n e r g y ( T K E ) : a " low T K E " - a n d 
"h igh T K E " - b i n b e l o w a n d a b o v e the a v e r a g e T K E a s s o c i a t e d w i t h the g i v e n 
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m a s s interval . The f i rs t moments of the TKE distr ibutions in these two 
in tervals differ by an amount approximately equal to typical neutron binding 
energies (4 to 7 MeV) for fission fragments . The К x - r a y spec t ra for low 
and high TKE were found to differ slightly, higher TKE favoring lower Z 
in the heavy-fragment group and higher Z in the l ight-fragment group. 
An effect in this direct ion is to be expected simply as a resu l t of the strong 
corre la t ion existing between the TKE re lease and the mass split in the 
fission p r o c e s s . In order to el iminate the influence of this known c o r r e l a 
tion on the TKE-sor ted data, the m a s s distr ibution Уд(А) in Eq. (5) was 
replaced by YA(A) • P L O ( A ) and YA(A) • Р Ш ( А ) , with P L O ( A ) + P H I (A) = 1, 
where P T Q and Р щ a r e the probabi l i t ies that fragments with m a s s e s A 
(and A p - A) have a total kinetic energy lower (Рц>) o r h i g h e r (^Hl) than 
the average TKE. Values for P J ^ Q and Ppjj we re obtained for a f i rs t ap
proximation from distr ibutions of fission events in the two-dimensional 
plane of m a s s and TKE, uncorrec ted for finite energy- and mass - r e so lu t ion 
effects. The charge division p a r a m e t e r s A , obtained from the TKE-sor ted 
data were found to deviate by less than 0.05 Z units from the data unsorted 
with respec t to TKE. Since the neglect of resolution cor rec t ions in the 
m a s s - and TKE-dependent fragment yields amounts to an under correc t ion 
of the effects due to TKE-mass split cor re la t ions , it is concluded that no 
evidence of a s t rong influence of TKE (for changes of 4 to 7 MeV) on the 
charge distr ibution p a r a m e t e r s was found in this investigation. The influ
ence of the TKE r e l e a s e on К x - r a y intensi t ies was found, however, to be 
consis tent with the isotopic dependence of K(Z,A) as descr ibed in the d i s 
cussion section. 

In the second step of the data analysis a semi-quant i ta t ive explana
tion in t e r m s of an isotopic dependence of the К x - ray emiss ion was 
sought for the la rge scat ter ing observed for some of the effective Д2 values, 
A compar ison of the effective Д7 values found for the three ta rge t nuclei 
in the heavy f ragment group is shown in Fig. 8. The data points have been 
joined by s t ra ight lines in o rder to emphasize the str iking corre la t ion in 
the values for a given atomic number . This cor re la t ion strongly suggests 
that the deviation of the effective Aj> from the actual A 2 is a cha rac te r i s t i c 
determined by the specific isotopic dependence of K(Z,A) for each Z, and 
that this dependence is s imi l a r (possibly identical) for fragments i r r e 
spective of the fissioning nucleus from which they originate. It is r easona
ble to a s sume that m a s s - t o - m a s s variat ions of K(Z,A) will tend to change 
the effective charge division p a r a m e t e r s only when they "bias" the charge 
dis tr ibut ion in a fairly co r re l a t ed manner over m a s s in tervals approxi
mately equal to the m a s s d ispers ion width. The most s imple such c o r r e l a 
tional behavior of K(Z,A) for a given Z may be taken as an overal l tendency 
for К to dec rease or i nc rease with m a s s . This is descr ibed as an 
"isotopic s lope" Kj defined by 

K(Z,A) = K0(Z) + K,(Z) A (13) 

The b a r s over the K-functions a re a reminder that only major tendencies of 
the actual K(Z,A) a re descr ibed . As mentioned ea r l i e r , odd-even c o r r e l a 
tions in A (Z constant) a r e washed out by the exper imenta l mass dispers ion 
and a re therefore ignored. 
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FIG. 8. "Effective" charge parameters £% for heavy-group fragments in thermal neutron fission of U, 
and 239Pu as a function of fragment atomic number. 
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FIG. 9. К X-ray yields as a function of fragment atomic number (nuclear charge Z) for thermal neutron fission 
of 233U, 23SU and 239Pu. Yields are shown at each value of Z for the three target nuclei in order of increasing 
target mass number from left to right with the exceptions of Z = 44, 45 and 62 for which only the 239Pu yields 
could be measured. The locations of closed nuclear shells are indicated. 

T h e r e s u l t s of the d a t a a n a l y s i s b a s e d on the i s o t o p i c d e p e n d e n c e 
(Eq . (13)) a n d s m o o t h e d A z p a r a m e t e r s ( F i g . 7) a r e p r e s e n t e d in T a b l e II . 
T h e a v e r a g e y i e l d s of К х r a y s p e r f r a g m e n t K z a s a func t ion of f r a g m e n t 
a t o m i c n u m b e r a r e a l s o s h o w n in F i g . 9. The e r r o r s in p a r e n t h e s e s a s s o -
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TABLE II. AVERAGE К X-RAY YIELD PER FRAGMENT Kz, 
AVERAGE PRIMARY MASS A z , AND ISOTOPIC SLOPE Kl(Z) " 
AS A FUNCTION OF ATOMIC NUMBER Z 

^Element 

33AS 

34Se 

35Br 

36Kr 

37Rb 

38Sr 

39Y 

40Zr 

4lNb 

42Mo 

43Tc 

44RU 

45Rh 

49ln 

50Sn 

5lSb 

52Te 

531 
54Xe 

55CS 

56Ba 

57La 

5SCe 

59РГ 

60Nd 

6lPm 

62Sm 

AZ 

83.52 

8S.61 

88.21 

90.45 

92.80 

95.33 

97.77 

100.30 

102.56 

104.88 

106.93 

-
-

127.16 

129.12 

131.46 

133.74 

136.24 

138.68 

141.19 

143.56 

145.79 

148.46 

150.64 

153.20 

155.18 

-

233u 

Kz 1x104) 

155±60 (481 

243±33 (251 

396144 (16) 

199H5 (8) 

339±20 (9) 

237±13 (81 

388±18 191 

54412? (9) 

843±68 (13) 

805±106(29) 

559*190 

-
-

183±68 146) 

176+32 (25) 

584155 (171 

190±16 (10) 

1080±32 (141 

393126 (12) 

2120±48 (17) 

970±68 117) 

3280±280 (331 

22601180(60) 

3685±540 11201 

641O±lO0O (385) 

747012300(1350) 

-

AZ 

83.91 

86.11 

88.73 

91.17 

93.68 

96.25 

98.90 

101.47 

103.78 

106.09 

107.90 

-
-

128.10 

129.88 

132.22 

134.55 

137.12 

139.76 

142.33 

144.84 

147.24 

149.91 

152.29 

154.97 

156.78 

-

235u 

KZ (X Vfl) 

182176 (67! 

195135(321 

340134 121) 

255U5 (11) 

265113 110) 

328119(10) 

506122(91 

640131(9) 

1011186 (131 

8881150(25) 

3161260 (170) 

-
-

90170(60) 

88125 (22) 

477140 (121 

173115 (9) 

1488145 (121 

488132(131 

1804163 (15) 

1466196 (18) 

26901220 (331 

27001220 (601 

46801600 (1101 

74601950(2201 

822013600 (13001 

-

AZ 

82.51 

85.26 

87.76 

90.42 

93.01 

95.53 

98.11 

100.75 

103.33 

105.78 

108.04 

110.62 

112.84 

127.29 

129.38 

131.96 

134.22 

136.67 

139.30 

141.90 

144.49 

146.99 

149.65 

152.28 

154.89 

157.43 

159.53 

239Pu 

KZ (X 104) 

153148 (46) 

276139 (301 

402134(20) 

230120(14) 

339122 191 

361121171 

539118 171 

626128 (81 

1107141 (8) 

898147(9) 

15411152 117) 

9761118(391 

379192 (53) 

203196 181) 

104128 125) 

741176(15) 

192116 (91 

1240145 (111 

424125 (121 

2190190(201 

1070160 (20) 

32001100(30) 

22001160(501 

46501320(751 

70201540(160) 

111001950 (2901 

1200012000(850) 

KilZ) 

(%) 
-
25 
-5 
25 

-10 
35 
25 
30 
11 
5 

-
-
-
-
-

-15 
5 

35 
60 

-10 
25 

-15 
10 
15 
15 

-
-

ciated with the Kz values in Table II a r e due only to counting s t a t i s t i c s ; the 
overal l e r r o r s include uncer ta int ies of 0.1 Z unit in Д 2 and 0,3 amu in СТд. 
Relative e r r o r s in compar ison of Kz values among the three t a rge t nuclei 
a r e es t imated at about 5%. All values have an absolute e r r o r of about 20% 
owing mainly to uncer ta inty in the actual geomet r ica l efficiency of x - r a y 
detection. Also given in the table for each element (Z) a r e the average 
m a s s e s A z based on the observed m a s s - y i e l d dis tr ibut ions and the p a r a m 
e te r s Д^ and Од. The observed average isotopic slope ^ (Z) for the th ree 
ta rge t nuclei is given in the table as a percentage change in the average 
К x - r a y emiss ion K(Z) per unit of m a s s for each element . Since K[ (Z) is 
strongly dependent on Az. the Kj (Z) values l is ted in the table a r e to be 
considered only as rough guide lines in the in terpre ta t ion of the data d i s 
cussed in the next section. 
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DISCUSSION 

К x - r ay emiss ion 

In both fragment groups the К x - r ay yields per fragment i nc rease 
with increas ing m a s s (Fig. 5) and increas ing Z (Fig. 9). Since the К х rays 
a r i s e predominantly from internal conversion of the prompt ~y rays [2], 
this saw-tooth dependence is expected to be co r re l a t ed with s imi la r t rends 
observed for the total -у-ray energy as a function of m a s s [22] and for the 
mass dependence of the average number and energy of quanta emitted by 
fission fragments [22,23]. Previous ly repor ted leveling off or dec rease 
in the К x - r a y yield curves for A ~ 153 in 252Cf fission [2,3] and A ~ 144 
for U [7] is not observed in this work. 

The odd-even Z dependence can be explained as follows: As a con
sequence of the nuclear pair ing forces , even-even nuclei do not have in t r in
sic s ta tes below ~1 MeV. Thus the lower s tates for spher ica l nuclei 
(around closed nucleon shells) a r e of collective vibrat ional type with 
relat ively high energies (up to 1,5 MeV at the N = 82 shell) and therefore 
with ext remely low conversion coefficients. As Z and N differ more and 
m o r e from c losed-she l l values , the energies of the f i rs t two vibrat ional 
levels dec rease , and the corresponding inc rease of the conversion coeffi
cients will de -emphas ize the odd-even Z effect. This tendency is reinforced 
by the fact that the excitation energy of the secondary fragments i nc reases 
away from closed shells [22] thus making possible l a rge r yield contributions 
from higher regions of the level schemes (above I MeV). Figure 9 shows 
c lear ly that the odd-even Z fluctuations in the heavy-fragment group tend 
to diminish as Z (and A) i n c r e a s e s . 

Odd-even Z effects a re also presen t in the light group, especial ly 
for 3U (see Table II), but the fluctuations a re not as str iking as those in 
the heavy group. 

The rela t ively s imple sys temat ic t rends of the К x - r ay yields as a 
function of Z a r e an indication that collective s ta tes of vibrat ional and 
rotat ional nature , r a the r than specific in t r ins ic s ta tes involving one or few 
given par t ic le and ho le - s t a t e s , de termine the yields observed and dominate 
the de-exci ta t ion of the fission f ragments . 

The average isotopic slopes K; (Z), defined in Eq. (13) and l i s ted in 
Table II, may be given the following quantitative in terpre ta t ion . Posi t ive 
Kj (Z) indicates that for a given atomic number m o r e К х rays tend to be 
emitted by the m o r e neu t ron- r i ch isotopes and vice v e r s a for negative 
Kj (Z). The (very approximate) values found a r e neces sa ry to account for 
the sca t te r ing of the effective division p a r a m e t e r s Aj. from the smooth 
Az line (see Fig. 6) a s sumed to r e p r e s e n t the actual Az function. A com
par i son of the average К x - r ay yields К (Z) for 233U and 235U shows that 
they differ by amounts qualitatively in agreement with the in terpre ta t ion 
of the isotopic s lopes , that i s , the f i rs t moments Ay of the p r i m a r y m a s s 
distr ibutions at given Z (Table II) suggest that the secondary fragments 
a re on the average less neutron r ich in 233U than in 235U (the neutron e m i s 
sion cha rac t e r i s t i c s a r e very much alike for both t a rge t nuclei). Since 



IAEA-SM-122/Ш 797 

most of the isotopic slopes a r e found to be posit ive, U has slightly higher 
К x - r a y yields for mos t a tomic numbers , except for Z = 35,37,51,55 and 57 
where Ki (Z) has a negative sign (Table II). This str iking qualitative co r 
relat ion shows that the in terpre ta t ion of the observed sca t ter ing in effective 
&Z values is essent ia l ly co r r ec t , and that the yield К (Z,A) for a fragment 
of given composition must be ve ry near ly the same in the fission of both 
uranium isotopes . 

Pu is an in te rmedia te case between 233U and 23SU which does not 
fit quite as well the s imple in te rpre ta t ion given above for differences in the 
average К (Z). Because of the higher total proton number involved 
(94 vs . 92) cer ta in fea tures , such as the (unknown) Z dependence of the 
neutron emiss ion, may be slightly different in the case of plutonium as 
compared with uranium. Small differences in К (Z) may be co r re l a t ed 
with smal l differences in the neutron emiss ion c h a r a c t e r i s t i c s . Fur the r 
investigations of this point may be in teres t ing . 

At given p r i m a r y fragment m a s s e s fission events with a low TKE 
r e l e a s e involve high fragment excitations leading to a higher neutron e m i s 
sion probabil i ty. In these events the secondary fragment will be l ess neu
tron r ich. This means ' tha t for posi t ive Kj (Z) the fragment will emit on 
the average l ess К x rays and vice v e r s a for negative Ki (Z). The TKE 
dependence of К (Z) (analyzed for 239Pu) was found to be explainable in 
these t e r m s . It is concluded that total kinetic energy has li t t le or no 
influence on the yield of К х rays emitted by secondary fragments of given 
nuclear composition (Z,A). 

Charge division 

At p resen t the ma jo r sou rce of e r r o r in the determinat ion of charge 
division probably l ies in the s t rong var ia t ion in К X - r a y emiss ion; 
however, the u l t imate l imitat ion in this method may well be due to unce r t a in 
t i e s in the fragment m a s s determinat ion (cal ibrat ion of the f ission de tec tors 
and poss ible e r r o r s in the neutron emiss ion data). The high degree of i n t e r 
nal consis tency in the К x - r a y yield data enhances the confidence in the 
charge division data (Fig. 7) obtained with the К x - r a y method because of 
the interdependence of the yield and charge division data. 

The average Az line in Fig. 7 for a l l th ree t a rge t nuclei is only 
slightly outside the common e r r o r bands making any discuss ion of the 
observed differences speculat ive. The resu l t s of this investigation for 
charge division in t h e r m a l neutron fission of 235U a r e compared in Fig. 10 
with other repor ted resu l t s based on the К x - r a y method [5] and on beta 
counting of m a s s - s e p a r a t e d f ission products [24]. Good agreement is 
found. 

F r o m sys temat ic t r ends in the К x - r a y yields (Fig. 9) it can be 
deduced that the yields from fragments with Z=49 and the i r light comple
ments (43 for U and 45 for Pu) a r e surpr i s ing ly low. A possible explanation 
is that the fragment yields for these nuclei have been overes t imated by a 
factor of two to t h r ee . In t e r m s of the charge division p a r a m e t e r , this 
means that the actual value of A z for these elements is lower (near zero) 



798 GLENDENIN et al. 

AL 
118 114 109 104 99 94 89 64 79 

0.8 

0.6 

1**1 
0.4 

0.2 

° 118 122 127 132 137 142 147 152 157 
A H 

FIG. 10. Comparison of reported results for charge division in thermal neutron fission of 235U, Curve (a): 
results of this investigation; curve (b): results for light-group fragments based on the К X-ray method using 
Argon-filled proportional detector [53; curve (c): results based on beta counting of mass-separated fission 
products [ 24]; curve (d): average of curves (a), (b) and (c). 

t h a n s u g g e s t e d by the s m o o t h l i n e s in F i g s . 6 and 7. T h i s e f fec t w o u l d b e 
e x p e c t e d if a s t r o n g p r e f e r e n t i a l f o r m a t i o n of n u c l e i w i t h Z = 50 t a k e s p l a c e 
d u r i n g f i s s i o n . R e c e n t e v a l u a t i o n of r a d i o c h e m i c a l d a t a [25] a l s o s u g g e s t s 
t h i s " c l o s e d - s h e l l e f f ec t . " 

C h a r g e d i s p e r s i o n 

T h e v a l u e s found for t h e p r i m a r y c h a r g e d i s p e r s i o n az a r e s o m e w h a t 
s m a l l e r t h a n t h o s e d e t e r m i n e d for s e c o n d a r y f r a g m e n t s by r a d i o c h e m i c a l 
m e t h o d s . A m o r e d e t a i l e d i n t e r p r e t a t i o n of t h i s o b s e r v a t i o n in t e r m s of a 
d i s p e r s i v e e f fec t by t he p r o m p t n e u t r o n e m i s s i o n w i l l b e a t t e m p t e d a f t e r a 
c r i t i c a l i n v e s t i g a t i o n of p o s s i b l e s y s t e m a t i c e r r o r s u n d e r l y i n g the s p e c i f i c 
a s s u m p t i o n s m a d e in t he a n a l y s i s of t he p r e s e n t d a t a . 

T h e d a t a a n a l y s i s now in p r o g r e s s for a s i m i l a r i n v e s t i g a t i o n of t he 
s p o n t a n e o u s f i s s i o n of 252Cf, w i t h a s u b s t a n t i a l i n c r e a s e in s t a t i s t i c a l 
a c c u r a c y o v e r the p r e s e n t l y r e p o r t e d d a t a , i s e x p e c t e d to c l a r i f y s o m e of 
the f e a t u r e s ( i s o t o p i c - and T K E - d e p e n d e n c e of t he К x - r a y y i e l d s a n d 
Z=50 s h e l l e f fec t on t he f r a g m e n t y i e l d s ) o u t l i n e d in t h i s p a p e r . 
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D I S C U S S I O N 

S.S. KAPOOR : In Trombay we have carried out measurements to de
termine the К X-ray yield per fragment in the time range from 0 to about 
1. 0 JKS; the results are shown in Fig. 1. Comparison of our results with 

(I (3 
FRAGMENT 

«9 51 
ATOMIC NUMBER 

PIG. 1. К X-ray yield per fragment versus fragment atomic number. 

those of Glendenin, which are in the time range up to 1 ns, leads to some 
interesting observations, which I would like to bring to your attention: 
(1) Our results for X-ray yield for Z = 52 are not lower than those for 
Z = 51; (2) Increase in X-ray yield after Z = 56 (N> 88, deformed nuclei) 
is not as rapid for our time range as for 0-1 ns. For example, Glendenin's 
results show Yx

59/Yx
56 = 4 (0-1 ns), while ours show YX59/YX

56 = 1.6 
(0-1 ps); (3) The yield for X-rays in the time range 0-1 /us when Z = 43 is 
significantly higher than when Z = 42 (our results), which is not observed in 
the time range 0-1 ns (Glendenin's results). 

These comparisons show a significantly long half-life component for 
Z = 52 and Z = 43, and a decreasing half-life for Z > 56 (N > 88). The mea
surements of X-ray half-life versus Z performed by Bowman, Thompson 
and myself at Berkeley confirm this observation. 

It appears, therefore, that in the time range 0-1 /us the X-ray intensity 
variation with Z is less erratic, that is, shows a less rapid variation for 
Z > 56, and also less even-odd effect for heavy fragments, as compared to 
the X-ray intensities in the time range 0-1 ns. It may therefore be better 
to measure Zp versus mass by looking at the total number of X-rays emitted, 
say, up to 1 ц sec. 
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J. P. UNIK: We have measured the time distribution for К X-ray 
emission from each element in the fission of 252cf from 0 to 1 /us after fission. 
We find that there are many elements which emit sizeable yields of К X-rays 
over this time range, as speculated by Dr. Kapoor. 

T. P. DOAN: We have calculated the deformation of fragments and the 
stiffness parameter after alpha-particle emission. We have shown that when 
a fragment is magic it shares its properties (namely, the magic properties) 
with the fragment of complementary mass. This phenomenon is perhaps 
similar to the X-ray yield anomaly pointed out by Dr. Glendenin. 

We find this phenomenon of complementariness (or transfer of magic 
properties) in a large number of fissioning nuclei. 

L. E. GLENDENIN: We do not observe such similarity of behaviour for 
"magic" and "complementary-to-magic" fragments as far as К X-ray 
emission is concerned. 

H. NIFENECKER: We have measured a long lifetime for К X-ray emis
sion of fragments with Z = 52 (about 30 nsec, but not guaranteed). 

At the Bordeaux meeting of the French Physical Society in March 1967 
we reported on the variation of К X-ray yields due to an even-odd effect. 
We did not publish our results on the variation of M(Z) because of the non-
complementarity of these variations. Attempts to correct our results for the 
variation in К X-ray yields did not significantly improve the situation. In 
our view, some of the non-complementarity may possibly be due to the 
Doppler shift of the X-rays. 

L. E. GLENDENIN: We find a component with a half-life of approximately 
200 nsec for К X-ray emission at Z = 52. 

The Doppler effect causes a broadening in our К X-ray lines of about 
300 eV and a slight negative energy shift of about 100 eV, but it is not the 
cause of the non-complementarity in nuclear charge. We think that the latter 
is due to strong mass dependences in К X-ray emission at given Z values. 

S. AMIEL: I find it difficult to understand how you carry the К X-ray 
results into charge division without knowing the real distributions of the 
nuclear charge in fission. In other words, we are well aware that the even 
charge or mass yields are relatively higher than the odd ones. This means 
that we cannot deduce, on the basis of the X-ray data, what is the К X-ray 
yield per fragment, unless we know the odd-even fragment relationships. 
If averaging is done, the odd-even effects are masked. This may be very 
critical near closed shells, where for even masses or charges the X-ray 
yield is rather low and yet the independent fission yield is considerably 
enhanced. 

P. ARMBRUSTER: The width of charge distribution before neutron 
emission that you found (1. 1 charge units) is smaller than the value found 
by other methods (1. 35 ± 0. 08 charge units). Will you please comment on 
the er rors in the width of distribution? Large variations in X-ray yields 
in an isobaric chain may lead to a value of charge distribution seemingly 
smaller than it actually is . 

L. E. GLENDENIN: It is quite possible that the difference between our 
value of 1. 10 ± 0. 15 charge units (FWHM) for the primary charge dispersion 
and the somewhat larger values obtained for the secondary dispersion may 
in point of fact be small in view of all the experimental uncertainties. 

P.FONG: I wish to refer once again to my doctoral dissertation 16 years 
ago, in which I concluded from the statistical theory that the width of the 
charge distribution curve is 1. 2 charge units (FWHM). The experimental 
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value at that time was about 2. 0 and this was considered a serious disagree
ment. The value of 1. 1 reported in this paper is very close to the prediction; 
the same is observed in other works on charge distribution (Ferguson and 
Reed, Wahl et al .) . Incidentally, that dissertation contains many predictions 
which a wary scientist would not put down in print for fear of being refuted 
by experiment. Indeed, most of the predictions were refuted at that time. 
It is interesting to note that many of them have finally found experimental 
confirmation after 16 years. 
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Abstract — Resume 

APPLICATION OF NEW FAST CHEMICAL SEPARATIONS TO THE DETERMINATION OF CHARGE 
DISTRIBUTION IN LOW-ENERGY FISSION. Methods of fast chemical separation have been developed. The 
first method is based on the recoil of fission products in RuCl3; the mixture is then heated up to 600 °C in a 
tube with a temperature gradient in less than one minute. The elements Те, Nb, Zr, Mo, Sb, I can thus be 
separated, the radiochemical purity being good and the yield excellent. The second method makes use of 
the recoil in naphthalene; sublimation takes place in a tube with a temperature gradient; this method permits 
the isolation of I and Br. To separate Sb, a method based on the formation of hydrides by treating zinc with 
an acid solution has also been employed. 

These three fast methods have been used to determine the independent fractional or cumulative yields 
of tile following fission products: »Nb, «Nb, «»Nb, "Nb, 10»Nb, «8Sb, 13°Sb, 131Sb, » 4 , » H . 

APPLICATION DE NOUVELLES SEPARATIONS CHIMIQUES RAPIDES A LA DETERMINATION DE LA 
DISTRIBUTION EN CHARGES DANS LA FISSION A BASSE ENERGIE. On a elabore des methodes de separation 
chimique rapide. La premiere est fondee sur le recul des produits de fission dans du RuCl3; puis chauffage 
& 600°C du melange dans un tube dans lequel existe un gradient de temperature. On peut ainsi separer, en 
moins d' une minute, avec un tres bon rendement et une bonne purete radiochimique, les elements suivants: 
Те, Nb, Zr, Mo, Sb, I. La seconde est basee sur le recul dans le naphtalene et sublimation dans un tube a-

gradient de temperature-, cette methode peimet d* isoler I et Br, On a applique egalement ä la separation 
de Sb la methode basee sur la formation des hydrures par action d'une solution acide sur le zinc. 

Ces trois methodes rapides ont ere utilisees pour la determination des rendements independants frac-
tionnels ou cumulatifs des produits de fission suivants: 96Nb, wNb, s8Nb, s9Nb, i°°Nb, »28Sb, i3«Sb, »isb, 
134Jj ШТ ( 

1. INTRODUCTION 

La distribution en charge dans la fission a basse energie a deja fait 
l'objet de nombreux travaux par les techniques radiochimiques [1]. 
Cependant les resultats obtenus sont encore fragmentaires, et l'accord 
avec les autres methodes n'est pas toujours parfait. Dans certains cas le 
desaccord a pu etre attribue a l'existence d'isomeres encore inconnus, par 
exemple pour 98Nb [2]. Les progres de la spectroscopie nucleaire et 
l'emploi de detecteurs Ge(Li) pour le rayonnement gamma, combine avec 
des separations chimiques rapides, permettent d'etendre le champ des 
mesures. 

Dans la fission de l'uranium les elements des couples 51 - 41 et 
49 - 43 presentent un interet particulier, car il a ete suggere par 

803 
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TABLEAU I. CHAINES DES PRODUITS DE FISSION 
(Les va leu r s sans re ference sont t i r e e s de [4] 

A 

96 

97 

98 

99 

100 

127 

128 

129 

130 

Rb -» 
0 , 2 s 

Rb -» 
0 , 1 s 

Sr -» 
4s 

Sr 
0 , 4 s 

Sn 
4 min ~* 

Sn * 
2 , l h 

Sn 
60 min ~» 

Sn 
2 min 

sr 
Sn 

7 min 

sr 
Sn 

2,6 min "» 

Chatries 

Y -
2,3 min 

Y -> 
1,1 s 

Y _̂  
0 , 8 s "* 

ST 

Sb 
3 , 9 j •» 

Sb[8] 
10,5 min "* 

Sb 
9 , 6 h 

' Sb 
4,35 h •» 

Sb 
5,7 min[8] 

Sr 

Sb 
38 min 

Zr 
stable 

Zr 
17 h 

Zr 
31s 

Zr 
2 , 4 s 

Zr 
I s [7] 

Те 
105 j 

I 
Те 

9 ,3h 

Те 
stable 

Те 
37 j 

I 
Те 

72 min 

Те 
stable 

-» 

Sr 

>t 

** 

Sr 

^ 

Sr 

>4 

Sr 

Nb 
23,4 h 

Nb 
60s 

i 
Nb 

74 min 

Nb 
51 min 

Nb 
2, 8 s [6] 

Nb 
2,4 min 

Nb 
14 s [7] 

Nb 
3 min 

Nb 
6,6 s [7] 

I 
stable 

I 
107 a 

_, 

Л 

^ 
Sr 

Sr 

Sr 

~* 

Mo 
stable 

Mo 
stable 

Mo 
stable 

Mo 
67 h ~* 

Mo 
stable 

Xe 
stable 

Rendement 
de chatne [5] 

6,41 

6,33 

5,93 

6,25 

6,58 
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TABLEAU I (suite) 

A 

131 

134 

135 

136 

Chalnes 

Те Xe 

Sn -> Sb •* 3 0
t

h " I - 1 2 j 

1,32 min 25 min •» -» 8 ,05] 
[9] Т 6 Х б 

25 min stable 

Sb 
1,5 s ~* 

Те - I Xe 
, ^ , 4 2 min 53 min stable Sb 

10 s[10] 

Те -» I - ' Xe ^ 
18 s [11] 6,7 h 9 h 

Те " 4 0 S [ 1 2 ] " ' Xe 
? >» •* stable 

82 s 

Rendement 
de chatne [5] 

2,93 

8,06 

6,45 

6,47 

Wahl [3] que la scission 50 - 42 pourrait etre favorisee a cause de la 
couche fermee a 50 protons. Le tableau I rassemble les donnees de la 
litterature relatives aux chalnes isobariques dont certains membres ont 
ete etudies ici. 

2. TECHNIQUES EXPERIMENTALES 

2 .1 . Irradiations 

De l1 uranium naturel a ete soumis, dans le reacteur Melusine, a un 
flux thermique de 6 • 1012 n •cm" !s-1 (flux rapide E> 1 MeV : i on n •cm-^s-i). 
Le transfert au laboratoire est fait par un tube pneumatique pour les i r 
radiations courtes. 

2.2. Mesures d'activite 

Les mesures d'activite ont ete faites par spectrometrie y. Nous avons 
dispose de deux detecteurs Ge(Li), l'un de forme plane (4, 8 cm2 X 1, 05 cm), 
l 'autre de forme coaxiale (40 cm3). La chatne de mesure comprend un 
amplificateur Tennelec (Tcl30, Tc200), un convertisseur (CA 13) et un 
bloc-memoire (BM 96) Intertechnique. L'efficacite relative des detecteurs 
en fonction de l'energie a ete mesureea l'aide des etalons classiques. 
Nous avons rassemble dans le tableau II les donnees de spectroscopie 
nucleaire utilisees dans les calculs. 
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TABLEAU II. PROPRIETES NUCLEAIRES DES ISOTOPES UTILISES 

Isotope 

«Nb 

9'Zr 

«gNb 0 2 min) 

эатмь (51 min) 

i°»Nb (3 min) 

S9MO 

1351 

Transition 
(keV) 

778,2 

743,2 

658,1 

787 

535 

778,2 

1260 

7 par 
disintegration 

0,97 

0,912 

0,983 

1 

1 

0,048 

0,28 

Ref. 

[13] 

[14] 

[15] 

[6] 

[16] 

[4] 

[17] 

2.3. Separations chimiques 

Des separations tres rapides peuvent etre obtenues au moyen du 
marquage par recul des produits de fission dans une matrice convenable. 
Apres divers essais, nous avons choisi RuCl3 pour former des chlorures 
volatile, <J>4Sn ou le naphtalfene pour former les halogenures organiques. 

2 .3 .1 . Chlorures volatile [16] 

On melange du carbure d'uranium en poudre (grains de 0, 7 ä 5 цт) 
avec RUCI3 anhydre, dans la proportion en masses RuCl3/UC =3. Le 
melange bien homogeneise est introduit dans une ampoule de silice (dia-
mfetre interieur 4 mm), fermee par un tampon de laine de silice. Apres 
irradiation, cette ampoule est introduite dans le tube a gradient de tem
perature, en un point ou t = 600°C. La pression dans le tube est de l 'ordre 
de 0, 02 mmHg. La sublimation est rapide, et 40 s apres l'introduction de 
l'ampoule on decoupe le tube en sections de 1 a 3 cm de longueur. La 
repartition des activites le long du tube est representee ä la figure 1. Les 
mesures de rayonnement у sont faites, soit section par section, soit sur 
l'ensemble des sections contenant un element donne. Cette technique a ete 
utilisee ici pour les isotopes du niobium. La figure 2 montre deux spectres 
de la fraction niobium. 

2. 3. 2. Recul dans le naphtalfene [18] 

La methode est tres voisine, le rapport des masses de naphtalene et 
de carbure d'uranium est egal ä 4. Apres irradiation, on peut utiliser la 
sublimation,ou la dissolution dans l'hexane. . Dans ce cas, on verse la 
solution sur une colonne d'alumine, qui ne laisse passer que les composes 
organiques d'iode et de brome. 

2 .3 .3 . Separation de l'iode par voie humide 

Pour les mesures quantitatives, on peut critiquer les methodes prece-
dentes si l'on suppose que le rendement de marquage pour les fragments 
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de fission reculant directement dans la matrice est different de celui realise 
apres filiation beta. Nous avons done utilise egalement la methode 
classique d'extraction par CC14, apres un cycle d'oxydo-reduction de l'iode. 

20 40 60 distance cm 

FIG. l . Repartition des elements le long du tube ä gradient de temperature (activite normalisee ä 100 pour 
chaque element). 

2.3.4. Separation de l'antimoine 

Greendale et Love [19] ont decrit la technique qui consiste ä mettre en 
contact une solution acide (H2S04) d'uranium contenant 1 mg de Sb avec de 
la poudre de Zn chauffee ä 100°C et a deposer un anneau metallique de Sb 
aprfes passage de SbH 3 dans un four a 500° С. La methode est tres rapide, 
et les facteurs de decontamination pour les autres produits de fission sont 
eleves. Cette technique a ete utilisee pour les isotopes 128Sb, 130Sb, 131Sb. 

2.4. Methodes de calcul 

Les activites des isotopes du niobium, ä l'exception de "Nb, dont le 
schema de desintegration est mal connu, ont ete mesurees par rapport a 
celle de 9 7Zr. Le rendement cumulatif de 97 Zr a ete pris egal au rende-
ment total de chalne. Les rendements chimiques ont ete determines au 
moyen de la chalne 9 5 Zr- 9 5 Nb. 
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2.10 ̂ nb. coups 
98 137 

1Д10 

0Д10. 

200 300 400 

FIG.2. Spectre des isotopes du niobium de courte periode "Nb et 100Nb, 1° spectre superieur t = 150 s ä 
270 s apres 1"irradiation, 2° spectre inferieur t = 390 s ä 510 s, Vpics attribuables ä 239U, 1MTe, 133Te. 

TABLEAU III. RENDEMENTS, VALEURS OBTENUES 
Rendements fract ionnels independants 
Rendements fractionnels cumulatifs1" 

9&Nb 

«Nb (72 min) 

98Nb (51 min) 

Chafne 

128 

130 

131 

134 

(8 ± 2) • 10-" 

(1,3 i 0,2)-10-г* 

(8,1 t 0,4) -10"3* 

Sn 

0,71t 

0,50t 

0,35t 

Те 

0,90t 

0,29 i 

0,46 

0,52 

99Nb (2,4 min) 

««Nb (3 min) 

0,3 t * 

(3 ± D - 1 0 " 3 * 

Sb 

л „, | 0,07 (10 min) 
° ' 0 4 | 0,22 (9Ю 

| 0,37 (5,7 min) 
1 0,09 (38 min) 

I 

0,1 ± 0,013 

Те 

neglige 

0,03 

0,121 

Xe 

neglige 

* Existence d'un isomere. 
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Pour "Nb (2, 4 min) on a mesure 1'activite de "Mo presente au bout 
d'un temps t s =2 min entre irradiation et separation, et celle de "Mo 
forme ensuite par "Nb (2,4 min). On a ainsi le rendement cumulatif 
fractionnel partiel pour cet isomere, en remarquant que "Nb (14 s) a 
pratiquement disparu au temps ts . 

Pour les autres isotopes de Sb et pour 134I on a employe la methode 
qui consiste ä mesurer revolution de l'activite de l'isotope etudie en 
fonction du delai entre irradiation et separation. On a alors les rende-
ments fractionnels. La normalisation des conditions d'irradiation et du 
rendement chimique est faite, soit par reference ä un autre isotope produit 
de fission (135I), soit au moyen d'un entralneur (Sb) qui est ensuite dose par 
analyse par activation. On a admis pour 128Sb et 130Sb que la transition 
isomerique etait negligeable [8]. Enfin, pour 136I l'activite a ete comparee 
a celle de 135I. 

3. RESULTATS ET DISCUSSION 

Les valeurs obtenues sont rassemblees dans le tableau III. 

"Nb - Les valeurs anterieures du rendement etaient assez dispersees 
[1], et trop faibles [3]. La valeur que nous obtenons, avec Zp = 38, 2, 
donne с = 1, 22 + 0, 06, done une valeur normale. Ainsi il n'est pas neces-
saire de supposer l'existence d'un isomere. D'ailleurs Wogman et al. [20] 
trouvent egalement un rendement normal pour "Nb dans la fission a 
moyenne energie. 

97gNb - La situation anterieure etait analogue [1]. Notre valeur, avec 
Z =38, 65, donne с = 1, 56±0, 08. 

98mNb (51 min) - Cet isomere, de spin eleve, n'est probablement pas 
alimente par filiation beta. La valeur que nous obtenons pour le rende
ment est done une limite superieure pour le rendement independant. En 
supposant nulle la filiation bSta on obtient, avec Zp = 39, 14, с = 0, 79 + 0, 01. 

"Nb (2, 4 min) et 100Nb (3 min) - L'existence d'isomeres ne permet 
pas de conclusion certaine. II semble que la chalne Zr-Nb-Mo soit ana
logue pour les masses 98 et 100 (alimentation beta quasi nulle de l 'isomere 
de spin eleve). 

128Sb - La valeur obtenue est compatible avec Zp = 50, 16 et с = 1, 10, се 
qui semble confirmer l'anomalie deja observee pour le rendement de 128I 
deduit de la mesure de 128Xe par spectrometrie de masse [21]. 

130Sb et 131Sb - Pour calculer les rendements fractionnels, on doit 
tenir compte de celui du tellure, que 1'on determine par tStonnements 
successifs en ajustant Zp et с. Pour la chalne 130 on obtient Z p = 50, 45 
et с = 1, 10. Pour la chatne 131 on obtient Zp = 50, 72 et с = 1, 10. Ces 
valeurs confirment, dans la limite des erreurs, celles donnees par Wahl 
et al. [3] et par Strom et al. [9]. 
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1S4I et 136I - La valeur donnee pour 134I suppose l'absence d'isomfere. 
Elle est compatible avec les anciennes mesures [1]. Cependant 1'existence 
d'un isomere est possible [10] et des travaux sont en cours a. ce sujet. 
Pour 138I les mesures anciennes conduisaient ä un rendement trop eleve 
pour 136Xe. Nous avons constate en realite l'existence d'un isomere de 
periode voisine de 40 s [12] (fig. 3)1 et le schema de desintegration est en 
cours d'elaboration. L'anomalie signalee pour 136Xe sera done sürement 
reduite. 

ю4 

Ю» 

5 

2 

80 120 200 260 320 
FIG. 3. Courbe de decroissance des у de 198 keV et 1314 MeV de 136I (origine des temps: fin d' irradiation). 

En conclusion il nous semble que les anomalies de la distribution en 
charges au voisinage de la couche fermee Z = SO ne sont pas confirmees 
pour les isotopes du niobium. Au voisinage de la masse 128 par contre, 
l'anomalie semble bien exister mais de nouvelles mesures sont 
souhaitables. Enfin l'existence d'isomeres encore non deceles est 
toujours ä prendre en consideration. 
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D I S C U S S I O N 

P . POLAK: We i r rad ia ted 2 3 8U with 24-MeV deuterons and extracted 
Sb by an ion-exchange method. In the Sb fraction we observed, among 
o the r s , gamma l ines belonging to 126Sb(12d) and 126mSb (20 min) nuclides 
that could be considered to be shielded, as i ts parent i s too long-lived 
to be observed. The 12-day 126Sb was observed even in the untreated 
i r rad ia ted m a t e r i a l . Even when i r rad ia ted with t h e r m a l neut rons , one 
would expect the s t ronges t of the 126mSb gamma rays to be m o r e intense 
by two o rde r s of magnitude than, for example, the 685 keV r a y from 
12''Sb observed by Dr. Blachot (mainly because of i ts shor t half-l ife) . 
We subjected our mixture of Sb isotopes to a m a s s - s p e c t r o m e t r i c s e 
parat ion (off-line) and w e r e able to identify each gamma. We think 
Dr. Blachot1 s exper iment should l ikewise have yielded a set of gamma 
rays (of 415, 667 and 695 keV respect ively) , and would like to know if 
he has observed these . We noticed that 126Sb and 126mSb a r e formed in 
equal quant i t ies , but we concede that in t h e r m a l neutron i r rad ia t ion this 
may no longer be t r ue . 

J . BLACHOT: We, too, observed the gamma t rans i t ions to which you 
re fe r . Unfortunately, we do not yet have the values for gammas per decay 
event, but we hope to de te rmine them. It is also t rue that the yield of 
126Sb is much s m a l l e r in low-energy fission than in fission with 26 MeV 
deuterons . 

G. HERRMANN: I would l ike to comment on the i s o m e r i s m of 1 3 6 I , 
which i s an in teres t ing case , s ince 136I contains 53 protons and 83 neut rons . 
The exis tence of two i s o m e r s of 136I having 86 sec and 35 sec half-life 
was confirmed by R. Denig and N. Trautmann at Mainz Univers i ty by the 
136Xe (n, p)136I reac t ion , using enriched 136Xe. The observed g a m m a - r a y 
spec t r a a r e in agreement with those repor ted by the speaker and by 
Lundän and Siivola (Ann. Acad. Sei. Fennicae A6 (1968) 287). 
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Abstract 

PRODUCTS FROM THERMAL-NEUTRON-INDUCED FISSION OF "SU: A CORRELATION OF RADIO
CHEMICAL CHARGE AND MASS DISTRIBUTION DATA. Mass and charge distribution data for fission products 
after prompt neutron emission have been compiled and used to determine 11, the average number of prompt 
neutrons emitted in forming products with complementary mass numbers (A. + A. = 236 - vt), and also Zp 
and o, parameters in a new charge-distribution formulation. The compilation includes both new data and 
older data, some of it re-evaluated using current values for fission-product half-lives and delayed-neutron 
yields. The values of vt determined using Terrell's method with normalized chain yields are generally con
sistent with results derived from direct physical measurements. The Zp values, the most probable (or average) 
charge for isobars derived from radiochemical data are also consistent with those determined by physical 
methods involving measurement of X-rays or beta-decay chain lengths. The new Gaussian width parameter 
о has a value of 0.56 ± 0.06, which corresponds to a full-width at half-maximum, of 1.50 ± 0.12 charge 
units. The new charge-distribution formulation has been used with the normalized chain yields to estimate 
" normal" independent yields for all fission products, for elements, and for isotones. The estimated " normal" 
yields for complementary elements (Zg + Z^ = 92) are essentially equal, as they should be. Comparison of 
estimated "normal" yields for elements with sums of independent experimental yields for the isotopes shows, 
where sufficient data exist, that even-Z elements have higher yields than odd-Z elements. The maximum in 
the "normal" isotone-yield curve occurs at N = 82, and the sum of the measured independent yields for the 
N = 82 isotones is ~&(P[o higher. It is shown that the probable modes of fission (those giving asymmetric mass 
and charge division) occur only when the heavy fragment has 50 or more protons. 

INTRODUCTION 
A number of new yields for products of thermal-neutron 

Induced fission of 23=u have been reported recently; in addi
tion, new accurately determined half-life values for many 
short-lived fission products have made possible the re-evalu
ation of some older yield data. It seemed desirable, there
fore, to summarize the yield data now available and to examine 
it for evidence of possible effects of nuclear structure on 
yields, i.e., enhanced probability for mass and charge divi
sions giving nuclei with even, odd, and/or magic numbers of 
protons or neutrons. 

Although more yield data are available for thermal-neutron 
induced fission of *3SU than for other fission processes, the 
data are far from complete, and it is usually not possible to 

* Work supported by the United States Atomic Energy Commission. 
t Present address: Group J-l l , Los Alamos Scientific Laboratory, Los Alamos, N.M. 

** Present address: Department of Chemistry, Harvard University, Cambridge, Mass. 
' * Present address: Department of Chemistry, Memphis State University, Memphis, Term. 
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compare many measured yields in a region of interest. It is 
useful, therefore, to have estimated yields for reference, 
derived either theoretically or empirically. We have esti
mated yields empirically using measured chain yields and 
estimated fractional independent yields derived from empiri
cally determined Zp and charge-dispersion curves. 

In deriving the empirical curves and in discussing the 
results it is convenient to identify atomic and mass numbers 
of complementary products. Since light charged particles, 
e.g., alpha particles, are emitted only rarely in fission, the 
sum of the atomic numbers of essentially all complementary 
products is 92, Z^ + Zh = 92. The relationship between 
complementary mass numbers is less exact since varying num
bers of neutrons are emitted; we adopt the approximate rela
tionship, Â j + Ah ~ 236 - vt, where v^ is the average number 
of prompt neutrons emitted in forming products with mass num
bers kg, and Ah. 

NEUTRON EMISSION 

The variation of Vt with A was derived from the chain 
yields listed in Table II in the Appendix using Terrell's sum
mation method [l].1 Most of the chain yields listed were de
rived from measured yields by normalizing them so that the sum 
of yields in each mass-yield peak was 100.00$ and by correcting 
for delayed-neutron emission (see Table III in the Appendix). 
Some chain yields were estimated from a smooth mass-yield curve 
and are so designated in Table II. Normalization decreased . 
measured yield values in the light-mass peak (A-^ 116) by 
0.98$; those in the heavy-mass peak were increased by 1.22$, 
changes that are within the uncertainties of the experimental 
measurements. 

The derived vt values are shown In Pig. 1, where they are compared with values derived from data from physical measure
ments [2, 3, 4]. Terrell's method gives no information about 
vt for symmetric fission since the value is affected directly 
by the arbitrary but necessary selection of the point of divi
sion between light and heavy mass-yield peaks. Three curves 
are shown which are in the range of the v^ values derived from 
physical measurements; the curves converge rapidly near Ah = 
125, where yields increase rapidly, so for Ah > 127 (H 4 107) 
the selection of the point of division between peaks has no 
appreciable effect on the results. 

Correction of the yields for delayed-neutron emission 
decreases v^ values only slightly (^0.05) in the range Ah = 
136 - 150 (Af = 83 - 98) so the considerable uncertainty in 
the correction affects the results very little. Also, use of 
another compilation of chain yields [5] gave similar results, 
except the dip at Ah = 13О was not as deep. 

xThe computation was programmed for the IBM 7072 and 36О 
computers, and the results were checked graphically for a 
typical set of data. 
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The deep dip at An = 130 is due to the relatively small 
yields for A = 127 and A = 129 recently measured [6] and the 
1.5$ yield estimated for A = 130. (Assumption of a 2.0$ yield 
for A = 130 increases vt at An = 130 by 0.15.) The difference 
in the results derived from physical and radiochemical measure
ments near A = 130 may be due in part to uncertainties in the 
chain yields and in the use of Terrell's method in regions of 
rapidly changing yields [7] and in part to the limited mass 
resolution inherent in the physical measurements. 

о Milton and Frasei (196S) 
• Apalin, et al. (1965) 
A Maslin, et al. (1967) 

from radiochemical yields ' ' 

_ i . 1 1 1 . 1 1 I 

120 130 140 150 160 

FIG. 1. Varia t ion of vv t h e number of neutrons e m i t t e d in forming products of c o m p l e m e n t a r y mass numbers , 
with A(,, t he mass number of the heavy product . 

There is no support for the large increase in v^ for 
large mass numbers derived from one set of data [3] either 
from the results of other physical measurements or from the 
radiochemical data. 

Since vt = 4 gives a satisfactory energy balance2 for sym
metric mass division, the central curve has been used in the 
treatment that follows; values of v^ are listed in Table II in 
the Appendix. The average number of prompt neutrons calculated 
from the curve and chain-yield values is 2.48, in agreement 
with the experimental value of 2.43±0.03 [ll]. 

The average number of neutrons vp emitted in forming prod
ucts of a given mass number was derived by multiplying v^ by 
the fraction of neutrons (vn/vt) or (1 - vn/vt) emitted in 
forming the products of interest. The fraction was derived 
from a smooth curve drawn through points calculated from the 

2The method of calculation of Schmitt, Neiler, and Walter 
[8] was used with data from Myers and Swiatecki's mass tables 
[9] and Slgnarbieux, Ribrag, and Nifenecker's [lo] kinetic-
energy measurements. 

4 

> 3 

2 
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data obtained from the physical measurements [2, 3, 4]. (Above 
A = 140 the data from [3] were not used.) The curve drops from 
0.50 at A = 116 to 0.17 at A = 128 and rises irregularly to 
0.70 at A > 155. The Vp values are listed in Table II in the 
Appendix; a plot (not shown) of vp vs. A

1 = A + vp shows an 
irregular saw-tooth curve with a maximum value of Vp = 2.7 at 
A' = 112 and a minimum value of vp = 0.3 at A* = 129. 

The uncertainties in the Vt and vp values listed are esti
mated to be 0.2 to 0.3 mass units for An > 130 and Ajj < 104. 
The uncertainty is due in part to inherent uncertainties in the 
method (±0.1 to 0.2 mass units in v^ [73) and in part to uncer
tainties in the yield values. For intermediate mass numbers 
the uncertainties may be considerably larger because of uncer
tainties in estimated yield values and because of the uncer
tainty in the point of division of the light and heavy mass-
yield peaks. 

CHARGE DISTRIBUTION 

The fractional independent and cumulative yields presently 
known from radiochemical and mass-spectrometric measurements 
are summarized in the last column of Table II in the Appendix. 
The values were derived from data given in the listed reference 
using new half-life and yield values for re-evaluation of some 
of the data and taking averages where appropriate. All known 
data have been considered, but a few have been omitted because 
they were in disagreement with other data and were judged to be 
in error. 

Fractional cumulative yields that are significantly less 
than unity are now known for two or more products for 19 mass 
numbers; these yields (except for A = 84) are plotted In Fig. 2 
on a probability scale against atomic number. The straight 
lines fitted visually to the points show that the charge dis-
perions are represented reasonably well for most mass numbers 
by Gaussian distributions [12], although the representation is 
certainly not exact. For some mass numbers the odd Z isobars 
have lower yields than the even Z isobars, an effect reported 
previously by Runnalls, Troutner, and Ferguson [13] and which 
will be discussed in more detail later. This effect may cause 
"abnormal" Zp and a values for mass numbers with yields for 
only two adjacent isobars [13]«3 In addition, the enhancement 
or depletion of yields by shell closures, an effect to be dis
cussed later, can lead to "abnormal" Zp and a values or non-
Gaussian charge dispersion. 

Figs. 3 and 4 show, respectively, the plots of a and a 
function of Zp, both determined from the lines in Fig. 2, 
against A' = A + vp. Although there is considerable scatter 
when all values are considered, the grouping is reasonably 
close when only data are considered for mass numbers with 

3Zp is the atomic number, not necessarily integral, for 
which the fractional Independent yield for Isobars is a maxi
mum; 0 is the width parameter for Gaussian charge dispersion 
in cumulative form [12]. 
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yields for three or more isobars not having 50±1 or 82±1 neu
trons or protons or being complementary to such nuclides 
(filled circles and squares in Figs. 3 and 4). 

The average of the selected a values ( for A = 92 - 95 and 
14-1 - 144) is 0.56, the same as the average derived from the 
yields of only the even Z nuclides with these mass numbers [13J. 

36 37 38 39 40 50 51 52 53 54 55 56 57 
Z 

FIG. 2. Probability-scale plots of measured fractional cumulative-yield against atomic number. Mass 
numbers are given near the lines fitted visually to the data. 
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A'fc 
FIG, 3. Plot of the Gaussian charge-dispersion width-parameter о against average mass number A' of primary 
fragment precursors. O, heavy A; D, light A; • , • , A's with yields for 3 or more isobars not having 
50±1 or 82±1 neutrons or protons or being complementary to such nuclides. Dashed line, with shaded area 
indicating estimated uncertainty, was used for estimating "normal" independent yields. 
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(The average of all 19 er values Is 0.55.) It can be 
seen from Flg. 3 that all of the selected values and a number 
of the others fall within the range a = 0.50 to 0.62. The 
average a value with its estimated uncertainty, 0.56*0.06, cor
responds to a value of с * 2 (аг + 1/12) = 0.8o±0.l4 and to a 
full-width at half-maximum (f.w.h.m.) value of 1.50*0.12} the 
width is somewhat smaller than those previously derived from 
less complete data [12, 17], but it is within the uncertainties 
that were estimated. 
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FIG. 4. Plot of the difference between Zp and Zp(UCD) = 92(A*/236) against A'. Results of radiochemical 
measurements: symbols have the same meaning as those in Fig. 3. Results of physical measurements: A [14] , 
В [15] , С [16]; cross hatching indicates the reported uncertainty in the Zp function and the range of mass 
numbers investigated. Dashed line, with shaded area indicating estimated uncertainty, was used for estimating 
"normal" independent yields. 

The charge dispersion width for products after prompt-
neutron emission is appreciably greater than the width for pri
mary fragments before neutron emission (f.w.h.m. = 1.04±0.12) 
recently determined by Glendenin, Unik, Griffin, and Reisdorf 
[14]. The difference is most probably due to the increase in 
charge dispersion from dispersion in the number of prompt neu
trons emitted. 

Fig. 4 shows the difference between experimental Zp values 
and those for unchanged charge distribution, Zp(UCD) = 92 x 
(A V236). The figure shows that there is agreement between 
most radiochemical values and the results of various physical 
measurements. The average value of Zp(h) - Zp(uCD) is -0.44 
for mass numbers 92 - 95 and 141 - 144 and is -0.45 for all 19 
mass numbers for which Zp was determined radiochemically. 

For reasons already discussed, we believe it is more in
formative to discuss yields of individual fission products than 
the obvious "abnormal 0 and Zp values plotted in Figs. 3 and 
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A{Rb) = 236-A(Cs)-v , 
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FIG. 5. Independent yields of Rb and Cs isotopes. Elongated areas indicate range of estimated values. 

4. It Is useful for this discussion to estimate "normal" inde
pendent yields by multiplying fractional independent yields, 
derived from average or assumed "normal" о and Zp values, by 
the experimental chain yields (listed in Table II in the Appen
dix).4 The value of a = 0.5б±О.Об was used and was assumed to 
be independent of A. Values of Zp were derived from Zp(h) -
Zp(UCD) = -0.45+0.1 for A»h > 13^ (A'x < Ю 2 ) , and since it is 
reasonable that for symmetric mass division there is also sym
metric charge division, and the large fractional cumulative 
yields of ll5Pd [18] and lirPd [19] show that this assumption 
is at least approximately correct, the Zp(h) - Zp(uCD) function 
was extrapolated to zero at A'=ll8 as shown by the dashed line 
in Fig. 4. The values of Zp used are listed in column 5 of 
Table II In the Appendix. 

Calculations were made to determine the "best" estimate 
of a "normal" independent yield using о = О.56 and the listed 
Zp value and also, since these values are not known precisely, 
a range of reasonable estimated values was determined by taking 
the highest and lowest value calculated from the four combina
tions of a = 0.50 or 0.62 with Zp - 0.1 or Zp + 0.1. Both the 
"best" estimated values and the ranges of estimated values are 

4The computation was programmed for the IBM 7072 and 36О computers. 
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plotted as open areas in Figs. 5 and 6, which show estimated 
and measured independent yields for isotopes of the complemen
tary elements 37Ш) - ssCs, and 3sSr - 54Xe, respectively. It 
is clear that with realistic uncertainties in a and Zp, inde
pendent yields which are a small fraction of a chain yield can 
be estimated only approximately. 

100 
A(Sr)-236-A(Xe)-v, 

95 
10.0 

1.0 

0 . 1 -

0.01 

* « • 

"ец>. 'est. 

Si • D 

,Xe • 0 

EY«,. 

-18.6 ±1.7% 

£ Y B , 

16.0% 

-19.4*1.4% 16.0% 

II 
135 140 145 

A(Xe) 

FIG. 6. Independent yields of St and Xe isotopes. Elongated areas indicate tange of estimated values. The 
estimated cumulative yield of the I isobar has been subtracted from the measured cumulative yield of a Xe 
isotope; the estimation of the uncertainty in the resulting Xe independent yield is discussed in the text. 

Also given in Figs. 5 and 6 are the sums of the "best" 
estimated independent yield values, and it can be seen that 
the sums for complementary elements are the same within 1$, as 
they should be. This is true for all complementary elements 
from 3oZn through вгБт, except the estimated yields for 43TC, 
44Ru, and 4sRh are 1 to 4$ higher than those of their comple
ments . The condition of nearly equal yields for complementary 
elements is a necessary one for any satisfactory charge-distri
bution formulation, but the fulfillment of this condition does 
not prove that the formulation is correct. 

Examination of Figs. 5 and 6 shows that most measured 
independent yields fall in or near the ranges of estimated 
yields, indicating that the charge-distribution formulation 
used is a reasonably good one for isotopes of Rb, Sr, Xe, and 
Cs. Comparison of estimated and measured Independent yields 



IAEA-SM-122/116 821 

TABLE I. MAJOR DISCREPANCIES BETWEEN MEASURED AND ESTIMATED 
FRACTIONAL YIELDS 

Fission 
product 

TTGa 
84As 

105 T c 

ioeTc 

123Sn 

125 Sn 

128 j 

132 Sn 

i33 S n 

134Sb 

134 T e 

134y 

136Xe 

14°Xe 

140Cs 

146Pm 

148 Pm 

Fractional independent 
{cumulative} yield 

Measured 

[0.57*0.02] 

(0.17*0.02} 

<0.05 

<0.11 

~0.13±0.06 

~0.35*0.15 

(4±1)10~5 

{0.33*0.05}a 

{<0.002) 

{0.03*0.01} 

0.86*0.08 

0.11*0.01 

~0.35*0.15 

{0.60*0.01} 

0.34*0.03 

(4.2±1.2)l0~7 

(7*2)10"5 

Estimated (range) 

(0.92(0.87-0.96)} 

{0.45(0.36-0.52)} 

0.13(0.08-0.19) 

0.34(0.26-0.39) 

0.0l(<0.04) 

0.08(0.04-0.13) 

0.02(<0.5)l0"s 

{0.10(0.05-0.16)} 

(0.020(0.006-0.045)} 

(0.13(0.08-0.19)} 

0.62(0.55-0.71) 

0.24(0.17-0.31) 

0.19(0.11-0.24) 

{0.44(0.36-0.51)} 

0.51(0.44-0.60) 

0.002(<0.2)l0"r 

0.14(<2.4)10-5 

Z 

z 

Comments 

odd 

odd, N = 51 

Z odd, 49In 
complement 

Z odd, 49In 
complement 

Z 

Z 

Z 

N 

Z 

Z 

Z 

Z 

Z 

Z 

= 50 

= 50 

= 50, N = 82 

= 83 

= 51, N = 83b 

even, N = 82b 

odd, N = 81 

even, N = 82b 

even 

odd 

Both a lower value of 0.14*0.04 [20] and a higher value of 
-0.85 [21] have been reported; these are discussed later. 

Short-lived beta-decaying isomers of 134Sb and 13eI that 
were not detected in the yield measurement but have been 
proposed [22, 23] could also cause the large discrepancies. 

for all of the 88 fission products for which data exist indi
cates that the formulation is reasonably good in general. The 
17 fission products for which the discrepancies between meas
ured and estimated fractional yields are greatest are listed In 
Table I with yields and with brief comments concerning'possible 
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causes for the differences, most of which are probably associ
ated with nuclear-structure effects discussed in a later sec
tion. 

The discrepancies between the measured and estimated 
yields for 1 E e I , 1 4 вРт, and 148Pm could be due to errors, such 
as contamination, in the measurement of very small yields. 
They could also reflect our uncertainty about the Zp and a 
functions for near symmetric and for very asymmetric mass divi
sion. The values used for estimation are extrapolated, since 
there has been no direct determination of either Zp or с for 
fission products in these mass regions. A value of о could be 
assumed and Zp calculated from a single fractional yield, as 
was done previously [12], or Zp could be assumed and a calcu
lated from a single yield as Crouch has done [24], but it is 
not clear that either procedure is superior to extrapolation. 

The estimation of Zp values from single yields of odd-Z 
nuclides (134I, 1 3 6Cs, and 1 3 8Cs, in particular), yields that 
are now believed to be low because of their nuclear structures, 
as will be discussed later, contributed to the dip to -0.7 at A'h ~ 135 in the Zp(h) - Zp(UGD) function proposed previously 
[12]. Also contributing to the dip were the "abnormal" Zp 
values determined for A = 139 and A = 140 from yields of 
adjacent isobars and/or yields of nuclides with 83 neutrons. 

The value of a might be expected to vary with A since a 
portion of the charge dispersion for products is due to dis
persion in the number of neutrons emitted and since the average 
number of neutrons emitted varies with A. A difficulty that we 
found in investigating this effect is that varying о (and using 
the same Zp function) results in unequal yields of complemen
tary elements. Another potential difficulty with deriving a 
from a single fractional yield is that an incorrect or correct 
but "abnormal" yield results in poor estimates of the yields 
for all other products with the same mass number. 

DELAYED NEUTRON PRECURSORS 
Table III in the Appendix is a summary of the delayed-

neutron yields presently known or estimated. The table was 
compiled primarily to allow correction of measured chain-
yields, but comparison of measured and estimated delayed-
neutron emission probabilities, Pn, gives additional informa
tion about how well the proposed charge-distribution formula
tion correlates fission-product yield data. The agreement is 
satisfactory except for *34Sb, 1 3 r I , and 1 3 8 I , and the discrep
ancy between the estimated and measured yields of 134Sb has 
already been noted in Table I and will be discussed in the next 
section. 

Division of the 1 3 7I and 1 3 SI delayed-neutron yields by 
the measured Pn values gives 7.3*1.8$ and 5.0*1.8$, respec
tively, for the 1 3 rI and 1 3 8I cumulative yields. These values 
are large fractions of the total chain yield and would require 
much lower independent yields for 137Xe and 138Xe than those 
shown in Fig. 6. We consider this unlikely and suggest that 
uncertainties in the Pn values and/or delayed-neutron yields 
are probably larger than indicated. 
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NUCLEAR STRUCTURE EFFECTS ON YIELDS 
Careful examination of Figs. 5 and 6 reveals that there 

is a general tendency for measured yields for the odd-Z ele
ments, Rb and Cs, to fall below and for the measured yields 
for the even-Z elements, Sr and Xe, to fall above the "best" 
estimated yields. This tendency is substantiated by comparing 
the sums of the "experimental" and estimated yields given in 
the figures. These values, along with those for Kr,.Sb, Те, I, 
and Ba, are plotted in Fig. 7, which also shows ranges of esti
mated yields for other elements. It is clear that yields for 
even-Z elements are higher than those of odd-Z elements. 

FIG. 7. Isotopic yield plot. • , "experimental" value; Q, range of estimated values (a circle indicates 
range < the diameter). 

Included in the "experimental"-yield sums are some esti
mated yield values for nuclides for which measurements have not 
been made. Also, estimated cumulative yields of Br and I iso
bars have been subtracted from measured cumulative yields of 
Kr and Xe isotopes to give independent yields. The estimated 
yield contribution and/or correction expressed as percentage 
of the total yield of each element is: Kr (32Я, Rb (0.5Я, 
Sr (ЗОЯ, Sb (13Я, Те (10Я, I (^8Я, Xe ( 3 W , Cs (1.5*5, 
Ba (1бЯ. The uncertainty in the sums of "experimental" yields 
shown has been estimated by adding to the lower (upper) "limit" 
of a measured sum (value - (+) uncertainty) the low (high) end 
of the range of sums of estimated yields used. Since the esti
mated yield contribution is quite large for some elements, 
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FIG. 9. Independent yields for 82-neutron species. Symbols have the same meaning as those used in 
Figs 5 and 6. 

agreement between sums of "experimental" and estimated yields 
for these could not be considered significant; however, the 
differences observed are probably significant since inclusion 
of estimated yields only reduces the differences (to zero if 
the estimated yield contribution were 100$), provided the odd-
even Z effect is real as is so strongly indicated. 
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The -odd-even Z effect on yield reflects a preference for 
scission into even-Z fragments; thus proton pairing does en
hance the probability of certain fission modes. A similar 
effect would be expected from neutron pairing, but as shown in 
Pig. 8 there is little evidence for it, except near the 82-
neutron shell, probably because neutron emission disperses the 
effect so that it is not observed. 

The yields for 82-neutron species are shown in Fig. 9> 
where the oscillation in yield for even- and odd-Z nuclides 
is seen again. The yields of even-Z nuclides are considerably 
larger than estimated, and the yields of odd-Z nuclides are 
about equal to the estimated values, rather than being lower 
as are those for most other odd-Z nuclides. The sum of yields 
for 82-neutron species is ~30$ larger than the estimated sum, 
which, as seen in Pig. 8, is the highest of the estimated 
isotonic yields. 

The low cumulative yield of 84As (Table I) indicates that 
the 50-neutron species e4Se has a high independent yield [25]. 
There is also evidence that 50-proton species have high inde
pendent yields (see Table I). The low yields of 133Sn and 
*34Sb, both 83-neutron species, may result from the ease of 
neutron loss due to low neutron binding energies. Conversely, 
the low yield of 1 3 4I, an 8l-neutron species, may result from 
high neutron binding energy of the 82-neutron precursor, 1 3 5I. 

It is interesting to note that the principal cause of 
"fine structure" in the mass-yield curve at A = 13^ (yield = 
8.1#) is the large independent yield of 1§|Teee (6.9*). Since 1§|Тевз has a "normal" yield of 3.1$, compared to the estimated 
value of 2.8(2Л-3.3)^ it seems unlikely that the large 134Te 
yield can be due mainly to neutron evaporation. Structural 
effects at scission probably contribute. 

The yield of the doubly magic nuclide 13,oSne£ is of con
siderable interest. A large fractional cumulative yield of 
~0.85 has been determined [21] by counting beta tracks in 
photographic emulsions exposed to one of the charge peaks for 
A = 132 separated with an Ewald-type mass spectrometer. This 
large yield has been used to support several theoretical models 
of nuclear-charge distribution [26, 27]. Two lower values of 
0.14±0.03 [20] and 0.33*0.05 [28] have been determined by 
radiochemical methods. Possible causes of the discrepancies 
are complex and probably not well understood at present. The 
central and most recently determined value has been selected 
for discussion in this paper, and it may be noted that this 
value, corrected for a small estimated *32In cumulative yield, 
fits in well with the odd-even Z effect for 82-neutron species 
shown in Fig. 9» 

The causes of the high probability of fission modes giving 
asymmetric mass and charge divisions is, of course, of greatest 
interest. It will be noted in Fig. 7 that asymmetric charge 
division becomes probable only when the heavy fragment has 50 
or more protons. The same conclusion can be drawn for many 
other fission processes, almost regardless of the charge-dis
tribution formulation assumed, since the light sides of the 
heavy mass-yield peaks fall in the same narrow mass-number 
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FIG. 10. Mass-yield curves for the mass-number regions in which chain yields increase rapidly from the 
small yields for symmetric mass division. Dashed line illustrates possible mass-yield curves for near symmetric 
charge division (2 = 43-49). 

region (e.g., see Pig. 4 in [29]). The objection may be 
raised that the yields being compared — those of elements 
43TC through 4eln with those of 42Mo and soSn — are only estimated. However, the estimates are much more dependent 
on the known chain yields than on the charge-distribution 
formulation assumed, at least for the reasonable ones that 
have been investigated, and in addition the data available 
indicate that the estimated yields used in this paper for 
soSn isotopes are low (see Table I) and those for the elements 
between 42Mo and soSn are high (see Pig. lo). It may be that the mass-yield curve for near symmetric charge division (z = 
^3-^9) is essentially flat topped as illustrated by the 
dashed' line in Pig. 10. 

Although the probability for fission increases sharply 
at Z = 50 for the heavy fragment, the maximum is reached only 
when N = 82, as shown in Fig. 8. Thus both shell-closure 
and pairing effects, as shown in Pig. 7, enhance the proba
bility of some modes of fission. 
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APPENDIX 

TABLE I I . SUMMARY OF FISSION YIELD DATAa 

A 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

Cha in y i e l d , 1> 

( 2 . 0 ± 0 . 3 ) l 0 " 5 [ 3 0 j 

( 1 . 0 ± 0 . 2 ) 1 0 " 4 [ 3 0 ] 

( 3 . 4 ± 0 . 5 ) Ю " 4 [ 3 0 ] 

~ l x l O ~ 3 b 

~3x l0~ 3 b 

( 7 ± l ) l 0 " 3 [ 3 0 j 

( 2 . 1 ± 0 . 3 ) 1 0 " 2 [ 3 0 J 

( 5 . 3 ± 0 . 8 ) l 0 " £ [ 3 0 ] 

~ 0 . 1 1 b 

0 . 2 2 * 0 . 0 2 [ 3 4 ] 

~ 0 . 3 5 b 

0 . 5 4 3 ± 0 . 0 1 1 [ 3 5 ] 

0 . 9 б ± 0 . 0 2 [ 3 5 ] 

1 . 3 0 ± 0 . 0 3 f 3 5 ] 

2 . 0 0 * 0 . 0 4 [ 3 5 ] 

2 . 3 7 ± 0 . 0 5 t 3 5 ) 

3 . 5 6 ± 0 . 0 7 t 3 5 ] 

4 . 7 1 * 0 . 0 9 [ 3 5 ] 

5 . 8 4 ± 0 . 1 2 [ 3 5 J 

v t 

2 . 0 0 

2 . 0 0 

2 . 0 0 

2 . 0 0 

2 . 0 0 

2 . 0 6 

2 . 2 5 

2 . 5 0 

2 . 5 4 

2 . 5 7 

2 . 6 0 

2 . 6 4 

2 . 6 7 

2 . 6 7 

2 . 6 4 

2 . 6 1 

2 . 6 0 

2 . 5 9 

2 . 5 9 

VP 

0 . 6 0 

0 . 6 0 

0 . 6 0 

0 . 6 0 

0 . 6 0 

0 . 6 2 

0 . 6 8 

0 . 7 8 

0 . 7 9 

0 . 8 2 

0 . 8 6 

0 . 9 0 

О.96 

1 .01 

1 .08 

1.17 

1.27 

1.32 

1.35 

Z P 

2 8 . 7 5 

29 .14 

2 9 . 5 3 

2 9 . 9 2 

3 0 . 3 1 

3 0 . 7 1 

3 1 . 1 2 

3 1 . 5 5 

31 .94 

3 2 . 3 5 

3 2 . 7 5 

3 3 . 1 6 

33 .57 

3 3 . 9 8 

34.4Q 

3 4 . 8 2 

3 5 . 2 5 

35 .66 

36 .06 

E l emen t , f r a c 
t i o n a l i n d e p e n d e n t 
( c u m u l a t i v e ) y i e l d 

Ga, 

As, 

B r , 

B r , 

As, 

As, 
Rb, 

Rb, 

S e , 

Kr , 
Rb, 

Kr , 
Rb, 

Y, 

( O . 5 7 3 * 0 . 0 1 4 ) [ 3 1 ] 

( 8 . 5 ± 2 . 5 ) 1 0 " 3 [ 3 2 ) 

~ ( 6 ± l ) l O _ e [ 3 3 ] 

~ ( 1 . 3 ± 0 . 2 ) 1 0 " 4 

[ 3 0 , 3 3 ] 

f 0 . 8 0 ± 0 . 0 8 ) [ 2 5 ] 

{ 0 . 1 7 * 0 . 0 2 } [ 2 5 ] 
( 2 . 4 ± 0 . 2 ) 1 0 " 9 ] 3 6 ] C 

( 1 . 4 ± 0 . 2 ) 1 0 - 5 [ 3 0 , 3 7 ] 

[ 0 . 4 8 ± 0 . 1 0 И 3 8 ] 

{ 0 . 9 б О ± 0 . 0 0 4 П 3 9 ] 
0 . 0 4 7 * 0 . 0 1 6 [ 4 0 ] d 

[ 0 . 8 6 * 0 . 0 2 ] [ 3 9 ] 
0 . 1 3 * 0 . 0 2 [ 4 0 ] d 

< 8 x l 0 - 5 [ 4 1 , 4 2 ] 
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TABLE II. SUMMARY OF FISSION YIELD DATAa (cont'd) 

A 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

Chain y i e l d , 1> 

5.91*0.12(35] 

5.91*0.12(35] 

6.35*0.13(35] 

6.60±0.13[35] 

6.52*0.13(35] 

6.36±0.13t35] 

6.26±0.13[35] 

5.79*0.12(35] 

6.20±0.12[35] 

6.52*0.13(35] 

5 .1*0.3(30] 

4.1±0.2t303 

v t 

2.60 

2.62 

2.65 

2.66 

2.66 

2.65 

2.62 

2.58 

2.48 

2.27 

2.07 

1.92 

VP 

1.38 

1.41 

1.46 

1.49 

1.52 

1.54 

1.55 

1.55 

1.54 

1.48 

1.43 

1.40 

ZP 

36.46 

36.86 

37.27 

37.67 

38.08 

38.47 

38.87 

39-26 

39.65 

40.01 

40.38 

40.75 

Element, f r a c 
t i o n a l independent 
(cumulative) y i e ld 

Kr, 
Rb, 
Sr , 

Y, 

Kr, 
Rb, 

Y, 

Kr, 

Rb, 

Y, 

Kr, 

Rb, 

Y, 

Kr, 

Rb, 
Y, 

Zr, 

Rb, 
Nb, 

Kr, 
Rb, 
Nb, 

T c , 

Nb, 

Rh, 

(0.59*0.01}[39] 
0.40±0.02[40] 
0 . 0 3 ± 0 . 0 3 ( l 2 ] e 

< 0 . 0 l [ 4 l , 4 2 ] 

(o .3 i*o .o i} (39 ] 
0 . 5 5 * 0 . 0 3 ( 4 0 , 5 5 ] d , e 

( 1 . 3 * 0 . 2 ) 1 0 - 3 [173d 

{ ( 7 . 8 ! 1 : | ) 1 0 - £ } [ 1 2 ] е 

0 . 4 8 * 0 . 0 3 ( 4 0 , 5 5 ) d , e 

( I . 6 ± 0 . 2 ) l 0 " 2 [ l 7 ] d 

( Ц ^ * 0 - 9 ) ! © - 2 ) ^ ] 6 

-0 .2 
0 .23*0 .01[40] d 

( 6 ± 2 ) l 0 " 2 ( l 7 ] e 

{ ( 1 . 1 + 5 . 0 ) 1 0 - 3 ) [ l 2 ] e 

( 9 . 8 ± 0 . 5 ) l 0 " E [ 4 0 ] d 

0 .13±0 .06 ( l7 ] e 

(4 .0±0 .6)10" 3 [56] 

(2 .06±0 .12 ) l0~ 2 [40 ] d 

(1 .0±0 .2)10" 4 [12 ,57] 

« 1 0 - S ) [ 1 2 ] 
( 5 . 6 ± 0 . 7 ) l 0 - 3 [ 4 0 ] 
( l . 7 ± 0 . 8 ) l 0 ~ 3 ( l 2 ] 

( l . 5 ± 0 . 2 ) l 0 - 7 [ 5 8 ] 

O0.83} [59] 

<2xl0- 7 [60] 
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TABLE I I . SUMMARY OP FISSION YIELD DATAa (cont'd) 

A 

103 

104 

105 

106 

107 

108 

109 

110 

111 

112 

113 

114 

115 

116 

117 

118 

119 

120 

121 

122 

123 

124 

125 

Chain y i e l d , # 

2 .8±0.2[30] 

1.8±0.1[3O] 

1.0±0.1[30] 

0.38±O.O2[30] 

0.19±0.02[30] 

Ч).05Ъ 

0.024+0.003[62]C 

-Ю.017Ь 

0.014+0.002[б2] с 

0.012±0.001[б2] с 

~о.оць 
~0.011Ь 

0.011±0.001[30] 

~0.011Ь 

~О.011Ь 

-О.011Ь 

~0.011Ь 

~0.012Ь 

0.014±0.001[б] 

~0.015Ь 

0.01б±0.001[б] 

•О.019Ь 

0.027±0.003[б] 

v t 

1.76 

1.65 

1.69 

1.82 

2.10 

З Л О 

3.71 

3.94 

4.00 

4.00 

4.00 

4.00 

4.00 

4.00 

4.00 

4.00 

4.00 

4.00 

4.00 

3.95 

3.80 

3.48 

3.06 

VP 

1.36 

1.32 

1.42 

1.55 

1.67 

2.45 

2.67 

2.60 

2.48 

2.32 

2.20 

2.08 

2.04 

2.00 

1.96 

1.92 

1.80 

1.68 

1.52 

1.34 

1.10 

0.84 

0.61 

Zp 

41.11 

41.47 

41.88 

42.29 

42.72 

43.32 

^3.75 

44.08 

44.40 

44.70 

45.01 

45.31 

45.66 

46.00 

46.34 

46.69 

46.99 

47.30 

47.60 

47.90 

48.27 

48.43 

48.71 

Element, f r ac 
t i o n a l independent 
(cumulative) y ie ld 

Mo, 

Mo, 

Mo, 

Ag, 

Pd, 

Pd, 

Cd, 
Sn, 

Sn, 

Sb , 

Sn, 

0 0 . 9 8 } [61] 

0 0 . 9 5 } [61] 

0 0 . 8 9 } [61] 

(6±3)10 _ 5 [18] 

{0.89±0.01}[18] 

[ 0 . 6 8 ± 0 . 0 7 K l 9 ] c 

{^0.53*0.06}[63l f 

<0 .23[64] e 

~o.13*0.06 [65] 

~(6±2)10 - 4 [66 ,67] 

•0.35*0.15 [65] 
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TABLE I I . SUMMARY OF FISSION YIELD DATAa (cont'd) 

A 

126 

127 

128 

129 

130 

131 

132 

133 

134 

135 

136 

Chain y i e l d , 4> 

~ 0 . 0 5 Ъ 

0 . 1 0 4 ± 0 . 0 0 4 [ 6 ] 

О..Зб±О.Об[6] 

0 . 6 4 ± 0 . 0 4 [ б ] 

~ 1 . 5 b 

2 . 9 7 ± 0 . 0 6 [ 7 2 ] 

4 . 4 3 + 0 . 0 9 [ 7 2 ] 

6 . 7 0 ± 0 . 1 3 f 7 2 ] 

8 . 1 3 ± 0 . 1 6 [ 7 2 ] 

6 . 5 6 ± 0 . 1 3 [ 7 2 ] 

6 . 3 3 ± 0 . 1 3 t 7 2 ] 

v t 

2 . 5 5 

2 . 1 0 

1.84 

1.72 

1.64 

1 .73 

1.90 

2 . 1 0 

2 . 3 5 

2 . 5 5 

2 . 6 1 

VP 

0 .4 6 

0 .34 

0 . 2 8 

0 . 2 8 

0 .30 

0 . 3 8 

0 . 4 9 

0 . 6 5 

О.85 

0 . 9 9 

1.07 

ZP 

4 9 . 0 1 

4 9 . 3 2 

4 9 . 6 6 

5 0 . 0 2 

5 0 . 3 9 

5 0 . 8 0 

5 1 . 2 1 

5 1 . 6 5 

5 2 . 1 2 

5 2 . 5 6 

5 2 . 9 8 

E lemen t , f r a c 
t i o n a l i n d e p e n d e n t 
( c u m u l a t i v e ) y i e l d 

Sb , 

I , 

Sb , 

I , 

Sb , 

I , 

Sn, 
Т е , 

I , 

Sn, 
Те , 

I, 
C s , 

Sn, 
Sb , 

I , 
Xe, 

Sb , 
I , 

C s , 

I , 
Xe, 

I , 
C s , 

>~( 1 .7*0 .5 ) Ю - * 
[ 6 6 , 6 7 , 6 8 ] f 

< ~ 2 x l 0 " 4 [ 3 3 ] 

0 . 0 5 7 ± 0 . 0 1 0 [ 6 9 ] 

( 4 ± 1 ) 1 0 ' 5 [ 3 3 ] 

~ 0 . 1 2 ± 0 . 0 7 [ 7 0 ] 

~ ( 1 . 6 ± 0 . 2 ) 1 0 " 4 [ 3 3 , 
7 1 ] 

^ 0 . 3 9 ± 0 . 0 8 [ 2 0 ] f 

0 . 1 2 4 ± 0 . 0 1 4 [ 7 3 ] 
( 1 . 4 ± 0 . 2 ) 1 0 _ 3 [ 7 4 ] 

( 0 . 3 3 ± 0 . 0 5 ) [ 2 8 ] 
0 . 2 0 ± 0 . 0 3 [ 2 0 ] 

( 3 . 9 ± 0 . 3 ) Ю - 3 [ 7 4 ] 
< 4 x l O " e [ 3 7 ] 

< 0 . 0 0 2 [ 2 0 ] 
0 . 3 3 ± 0 . 1 0 [ 2 0 , 7 5 ] 
0 . 0 2 5 ± 0 . 0 0 3 [ 2 0 , 7 4 ] 

< 1 0 " 3 [ 7 6 ] 

( 0 . 0 3 * 0 . 0 1 } [ 2 2 , 7 5 ] 
0 . 1 1 ± 0 . 0 1 [ 7 4 , 7 7 ] 

( 1 . 1 ± 0 . 1 ) 1 0 " 6 [ 3 7 3C 

0 . 4 6 + 0 . 0 3 [ 7 4 , 7 8 ] 
0 . 0 4 ± O . 0 1 [ 7 6 , 7 9 , 

8 0 , 8 1 ] 

( 0 . 6 5 ± 0 . 1 5 } [ 8 2 , 8 3 ] 
( 9 . 3 * 0 . 5 ) 1 0 - * 

[ 3 0 , 3 7 , 8 4 ] 
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TABLE II. SUMMARY OF FISSION YIELD DATA3 (cont'd) 

A 

137 

138 

139 

140 

141 

142 

143 

144 

145 

146 

147 

Cha in y i e l d , 1> 

6 . 3 7 ± 0 . 1 3 f 7 2 ] 

6 . 7 5 ± 0 . 1 4 [ 7 2 ] 

6 . 5 1 ± 0 . 1 3 f 7 2 ] 

6 . 4 3 ± 0 . 1 3 [ 7 2 ] 

5 . 7 9 * 0 . 1 2 [ 7 2 ] 

5 . 8 6 ± 0 . 1 2 [ 7 2 ] 

5 . 8 0 + 0 . 1 2 [ 7 2 ] 

5 . 3 7 * 0 . 1 1 [ 7 2 ] 

3 . 8 5 ± 0 . 0 8 [ 7 2 ] 

2 . 9 3 * 0 . О б [ 7 2 ] 

2 . 1 9 ± 0 . 0 4 [ 7 2 ] 

v t 

2 . 6 4 

2 . 6 6 

2 . 6 6 

2 . 6 5 

2 . 6 3 

2 . 6 1 

2 . 6 0 

2 . 5 9 

2 . 5 9 

2 . 6 0 

2 . 6 3 

VP 

1.11 

1.14 

1.17 

1.19 

1 .21 

1 .23 

1.25 

1.27 

1.30 

1 .38 

1 .55 

ZP 

53 .39 

53 .79 

5^ .19 

5^.59 

5 4 . 9 9 

55 .39 

5 5 . 7 8 

5 6 . 1 8 

5 6 . 5 8 

57 .00 

57 .46 

E l e m e n t , f r a c -
t l o n a l I n d e p e n d e n t 
( 

Xe 

Cs 

Xe 
Cs 
Ba 

Xe 
Cs, 
Ba 
La 

Xe 

Cs 
Ba 
La 

Xe 

Cs 
La 

Xe 

Cs 
Ba 
Ce 

Xe 

Cs 
Ba 

Pm 

Ce 

c u m u l a t i v e ] y i e l d 

( 0 . 9 7 8 ± 0 . 0 0 3 ] [ 1 2 ] 

0 . 0 4 7 ± 0 . 0 0 2 [ l 2 ] e 

[ 0 . 8 2 ± 0 . 0 2 ] [ 3 9 ] 
0 . 2 4 ± 0 . 0 4 [ 4 0 ] d 

( 1 . 1 + 0 . 5 ) ю - £ [ 1 2 ] е 

[ 0 . 5 9 6 ± 0 . 0 1 0 ] [ 3 9 ] 
0 . 3 1 ± 0 . 0 4 [ 4 0 ] d 

( 4 . 6 ± 3 . 0 ) l 0 - £ [ l 2 ] e 

( 7 ± l ) l 0 " 4 [ 4 l ] 

, 0 . 5 5 * 0 . 0 7 [ 4 0 ] d 

, 0 . 2 6 + 0 . 0 5 t l 2 ] e 

, ( 3 . 7 ± 1 . 3 ) 1 0 " 3 [ 1 2 ] е 

-и. з 
, 0 .41*0.05f40] d 

( I . 7 ± 0 . 4 ) l 0 " 2 [ l 2 ] e 

{ (8 .5 + 0 Л)Ю- 3 Н39] е 
-и. 5 

0 .25*0 .03[40] d 

[0 .88*0.06][13] 
( 5 . 3 * 2 . 6 ) l 0 " 3 [ l 2 ] e 

( ( l . l ^ ; 5 ) i 0 - 3 ] [ 3 9 ] e 

, ( 5 . 2 + 1 . 6 ) l 0 " 2 [ 4 0 ] d 

, [0.78±0.04}[13] 

, (4 .2±1 .2)10" 7 [86] 

-о.обз 
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TABLE II. SUMMARY OF FISSION YIELD DATAa (cont'd) 

A 

148 

149 

150 

151 

152 

153 

154 

155 

156 

157 

158 

159 

160 

161 

Chain y i e l d , $ 

1.63*0.оз[72] 

\.ъъ±о.ъг\.12\ 
0.бЗб±0.013[72] 

0.404±0.008[72] 

0.2бЗ±0.005[72] 

0.150±0.003[72] 

0.073*0.002[72] 

(2 .95*0.06)10"Е [72] 

(1 .3±0 .1 )Ю" Е [90 , 
91] 

(6 .1±0 .5)10~ э [90 , 
91J 

(3 .1±0 .6)10" 3 [90] 

(1.05*0.09) Ю~3 [90, 
91] 

~4xl0~4 b 

( 9 ± l ) l 0 " 5 t 9 l ] 

v t 

2.66 

2.67 

2.65 

2.62 

2.58 

2.55 

2.53 

2.45 

2.18 

2.06 

2.01 

2.00 

2.00 

2.00 

VP 

1.62 

1.68 

1.72 

1.73 

1.75 

1.76 

1.75 

I .69 

1.53 

1.44 

1.41 

1.40 

1.40 

1.40 

zP 

57.88 

58.29 

58.70 

59.09 

59 Л9 

59.88 

60.27 

60.63 

60.96 

61.31 

61.69 

62.08 

62.47 

62.86 

Element, f r a c 
t i o n a l Independent 
[cumulative} y i e ld 

Pm, (7±2)10"5[88] 

Pm, ( 2 , l + 0 . l ) l 0 - s [ 8 9 ] 

Tb, <1 .3x l0" 3 [67] 

Yield values are corrected for delayed neutron emission (see 
Table III) and are normalized so the sum of yields for each 
peak {A4. 116 or ̂ . 117) is 100.00$. References are to sources 
of yield data from which listed values were derived. Uncer
tainties are for the yield measurements; some small addi
tional, but generally unknown, uncertainty is introduced by 
the correction for delayed-neutron emission. 

Estimated from smooth mass-yield curve, 

uncertainty of ~10# of value assumed. 

Relative independent cross sections for 8SRb, 90Rb, 91Rb, 
9 £Rb, and S3Rb and for 1 3 9Cs, 14'°Cs, and 14iCs measured with 
a mass-spectrometer [40] were normalized to the Independent 
yields determined radiochemically; the normalization factors 
were used to calculate independent yields for these and the 
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other Rb and Cs fission products measured. The radiochemical 
yields were measured or determined from differences between 
measured Kr or Xe cumulative yields and the Sr or Ba inde
pendent yields. 

eFractional yield data were re-evaluated using the following 
new half-life values 9lKr (8.4±0.2 s) , eiRb (58±2 s), 92Kr 1.88+0.04 s), 92Rb (4.5±0.1 s), 93Kr (1.24±О.Об s), 93Rb 5.9±0.3 s), Ö4Kr (0.4±0.1 s), 94Rb (2.7+-0.2 s), 94Sr (78+2 s), 9eRb (0.4±0.1 s), 9eSr (26+1 s), 138I 
(6.3+-0.7 s), i38Xe (14.0+0.2 m) , 139Xe (40±1 s), 139Cs 
9.2±0.2 m), 140Xe (13.5*0.2 s), 14°Cs (64±1 s), 141Xe 
(l.72±0.02 s), 141Cs (25+1 s), 142Xe (l.25±0.15 s) , 142Cs 
(2.0±0.1 s), and 143Xe (0.9б±0.02 s) [43, 44, 45, 46, 47, 
48, 49, 50, 51, 52, 53, 54]. The fractional cumulative 
yield of 143Ba [13J and the yields of the 1E1Sn isomers [6] 
were also used. 

Measured yield was taken as a lower limit because isomerism 
is known or appears probable from analogy with neighboring 
nuclides with similar structures and from consideration of 
simple shell-model states. 
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TABLE III. DELAYED-NEUTRON YIELDS 

Delayed-
neutron 
precursor 

55-s 8 7 Br 

Sum 

55-s per iod 
y i e ld 

16-s e e B r 

24-s 1 3 7 I 

25-s 1 4 1Cs 

Sum 

22 .7-s per iod 
y ie ld 

5 .9-s 8 7 Se 

4 .4 - s 8 9 Br 

4 .5 - s 82Rb 

5 .9-s 93Rb 

11-s 1 3 4 Sb 

6.5-e 1 3 8 I 

Sum 

6.2-s per iod 
y i e ld 

[8sAse 

2 .0 - s< 
[8eAse 

Delayed-
neutron „ 
y i e l d , 1> 

0.055*0.005(67] 

0.055*0.005 

0.052±0.005t92] 

0.12±0.03t67] 

0.22±0.04[67] 

0.0032±0.0006c 

0.343±0.050 

0.346±0.0l8[92] 

0.005*0.002(67] 

0.16±0.06[67] 

(6±2)10"4 C 

0.05*0.01° 

( 2 . 8 ± 0 . 4 ) 1 0 - 4 

0.10±0.02[67] 

0.316+0.064 

0.310+0.036[92] 

0 .04+0.04j 0 > 0 8 

0 . 0 4 ± 0 . 0 4 l ± 0 - 0 2 

[94,95] 

Pn, * 

Measured 

3.1±0.6[93J 

6.0±1.6[93] 

3 .0±0 .5 t93] g 

0.073*0.011(46] 

0.44±0.20 d 

7*2(93] 

0.012+O.004[46] 

1.5*0.2(46,51] 

0.11±0.02d 

2.0±0.6(93] 

Estimated13 

2 .6 (2 .2 -3 .1 ) 

5 .1 (3 .4 -7 .3 ) 

6 .0 (4 .3 -8 .1 ) 

0 .07(0 .05-0 .09) 

0 .7 (0 .3 -1 .5 ) 

9(4-15) 

0.012(0.007-0.017) 

1 .2(0 .8-1 .6) 

0 .03(0 .01-0 .05) 

5(3-8) 

1.3(<5.0) 

4(<18) 
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TABLE I I I . DELAYED-NEUTRON YIELDS (cont'd) 

839 

D e l a y e d -
n p u t r o n 114* U l / 1 V-/ 1 1 

precursor 

2 .2 - s 8 8 Se 

1.6-s 9 °Br 

1.9-s 8 £Kr 

1.3-s 9 3 Kr 

2 .7 - s 94Rb 

~2-s 9 8 Y e 

1.7-s 1 3 SSb 

2 .0 - s 1 3 9 I 

1.7-s 1 4 1Xe 

1.3-s 14EXe 

2 .0 - s 1 4 2Cs 

1.6-s 1 4 3Cs 

1.1-s 1 4 4Cs 

Sum 

£ .3-s period 
y i e l d 

*0.8-s e 9 Y e 

«0.8-s 1 4 ° I e 

Sum 

0.61-s period 
y i e ld 

Delayed-
neutron 
y i e l d , # a 

O.05±O.O2[673g 

0.13±0.05[673 

(7.4±1.3)lO~* c 

0.013*0.003° 

0 . l6±0.04° 

0.02±O.Ol[67 3 

0.035*0.003f94] 

0.11*0.04[67] 

(6 .4±1.2) lO~ 4 C 

(1 .6*0.4)10~ 3 C 

(7 .4±2.1)10" 3 C 

0.017*0.004° 

(3 .1*1 .1 )10" 3 C 

0.628*0.081 

0.624±0.026[92) 

0.10±0.Ю[9б] 

0.10*0.Об[67] 

0.20*0.12 

0.182±0.015[92] 

Pn, 

Measured 

0.040±0.007f46] 

2 .6±0.5[46] 

11 .0±1.5f5 l ] 

0.054*0.009(46] 

0.45*0.08[46] 

0.27*0.07[46] 

1.13*0.25[51] 

1.10*0.25[51] 

* 

Estimated15 

1.6(0 .6-4 .4) 

14(6-33) 
0 .05(0.03-0.08) 

2 .5 (1 .1 -6 .2 ) 

6 .4(4 .0-10) 

0 .5 (0 .2 -0 .9 ) 

18(8-95) 
16(6-40) 

0 .06(0.03-0.11) 

0 .5 (0 .2 -1 .5 ) 

0 .22(0.14-0.32) 

0 .9 (0 .6 -1 .6 ) 

0 .5 (0 .2 -1 .3 ) 

4(<11) 

60(>10) f 
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TABLE III. DELAYED-NEUTRON YIELDS (cont'd) 

Delayed-
neutron 
precursor 

0 .36-s 9SRb 

0.23-s 8 eRb 

0.14-s 97Rb 

Sum 

0.23-s per iod 
y i e l d 

Total 

Delayed-
neutron 
y i e l d , # a 

0.046±0.007c 

0.017*0.003° 

~0.010±0.005c 

0.073*0.009 

0.066±0.008[92] 

1.62±0.l8 

1.58±0.05t92] 

Pn 

Measured 

7 . 1 ± 0 . 9 t 5 l ] 

i 2 . 7 i l . 5 t 5 i ] 

>20[51] 

> * 

Estimatedb 

5(3-9) 

6(3-19) 

~22(>4)f 

Some values have been adjusted within the experimental uncer
tainty to bring the sum of yields from precursors with similar 
half-lives into agreement with period yields measured by 
Keepin [92]. 

Estimated Pn values were calculated by dividing a delayed-
neutron yield by the "best" estimate of the precursor cumu
lative yield. Ranges of Pn values, in (), were calculated 
by dividing the lower or upper "limits" of delayed-neutron 
yields, respectively, by upper or lower ends of the ranges 
of estimated cumulative yields. 

Product of Pn value and measured cumulative yield obtained 
from data in Table II. 

Ratio of measured delayed-neutron yield listed and measured 
cumulative yield obtained from data in Table II. 

Assignment uncertain. 

The upper end of the estimated range was >100#. 

^Paper SM-122/22 of these Proceedings gives several new values and 
a number of values somewhat revised from those obtained from Ref. [67]. 
The major changes are: a measured Pn value of 4. 7± 1. 0% for

 137I and a 
yield of 0. 003 ±0. 002% for 88Br. 

http://i2.7il.5t5i
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D I S C U S S I O N 

E. KONECNY: I am quite pleased to see that your new results on the 
A = 132 chain indicate a well-established shell effect in ZP(A) as a conse
quence of the N = 82, Z = 50 closed shells. As you may recall, we reported 
in Salzburg an (even more strongly) pronounced shell effect at A = 132 by 
using high-resolution mass spectrometer techniques combined with counting 
the number of beta decays in a nuclear emulsion. This method, we think, 
is very simple and clear. Because of the serious discrepancy with earlier 
radiochemical work, especially by Strom et al. (Phys.Rev. 144 (1966) 984), 
we have tried to look carefully for systematical errors in our method, but 
so far we have not found any serious ones. The most important objection 
to our method was that we might falsely include conversion electrons in our 
analysis by counting them as beta decays. We have ruled out this possibi
lity by measuring the decay chains with a proportional counter in 47r-geometry, 
so that the conversion electrons are counted together with the preceding 
beta particle as one single event. The results were essentially not different 
from those reported at Salzburg. Thus, your new data are much closer to 
ours. The rest of the discrepancy may perhaps be explained by the fact that 
our method, in which selected fragment kinetic energies are used, and a 
radiochemical study measure, in fact, two different things: if, for instance, 
the shell effect is fully established at the average kinetic energy for the 
fragments of mass 132, at which energy we measured, we may quite possi
bly obtain a less pronounced shell effect in a radiochemical measurement, 
in which we integrate over all fragments with all kinetic energies, including 
events with low kinetic energies corresponding to high fragment excitation 
(where shell effects may be washed out). 

I am also very glad that in your new results you do see an odd-even 
effect, whose presence we demonstrated some years ago. 

H. O. DENSCHLAG: I have a comment on the authors' charge distribu
tion curve. In the work summarized in abstract SM-122/26, we have plotted 
the charge distribution using essentially the fractional yield and prompt 
neutron evaporation data from your present compilation. The resulting 
points (Fig. 1) in the mass range A = 140-152, undisturbed by shell effects, 
lie on a smooth line. This shows, as we believe, that the ZP curve is less 
sensitive to odd-even effects than the independent yields. 

I would like to compare the experimental points to a prediction based 
on the dumb-bell model - a picture that has often been referred to in this 
symposium. We assume a dumb-bell configuration with 50 protons and 82 
neutrons in the heavy sphere and 32 protons and 50 neutrons in the light one 
(Fig. 2). This picture leads to a clear-cut prediction in regard to Zp for 
two mass splits, namely between the neck and the heavy and light spheres 
respectively (along the dotted lines in Fig. 2). The two resulting ZP values 
are given as the end points of the bold straight line in Fig. 1. The line 
itself is a linear interpolation representing "knife cuts" through the neck 
at different positions. "Knife cuts" are probably a poor assumption, be
cause the neutron-rich heavy sphere will probably collect preferentially 
protons from the neck. Taking this into account, the prediction can be 
brought into full agreement with the experimental results in this area r e 
presenting the asymmetric mode of fission, except for the fine structure 
around N = 82 described in abstract SM-122/26. 
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FIG. 1. Charge distribution plotted using essentially the fractional yield and prompt neutron evaporation 
data from the present paper by Wahl. 

Protons: 50 10 32 

Neutrons: 82 12 50 

FIG. 2. Dumb-bell configuration. 

J. UN3K: We have tried using the neutron yield-fragment mass cor
relations for 235U given by Milton and Fräser (Ref. [2] of the paper) and also 
that of Maslin etal. (Ref. [4] of the paper). In our experiment, both the neutron 
functions gave very similar results. However, we have chosen to use the 
data of Milton and Fräser , since the data of Maslin et al. have not been cor
rected for the mass resolution inherent in their experiment. 

G. HERRMANN: If the primary charge dispersion curve is considerably 
narrower than the dispersion curve observed in radiochemical measurements, 
as is indicated by the data reported by Dr. Glendenin (SM-122/114), then 

WAHL et al. 

A'h<AF"A"l ( A M U 1 
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neutron evaporation has a strong effect on charge dispersion. However, 
since neutron evaporation changes considerably with fragment mass, a mass-
dependent secondary dispersion should result if the primary dispersion is 
constant over the whole mass range. Have you, Dr. Wahl, or has 
Dr. Glendenin, estimated what the effect would be, especially whether this effect 
could be brought into agreement with the constant width of the secondary dis
persion curve you report in your paper? 

A. C. WAHL: We made a very rough estimate of a possible variation of 
i/p with A due to neutron evaporation. It seemed reasonable but gave no 
better correlation with the independent yield data than did a constant v„. 
Therefore, it was not reported. 

L. E. GLENDENIN: In reply to Dr. Herrmann, I would like to say that 
we find no appreciable mass dependence in the charge dispersion width over 
the mass range investigated. Calculations of the difference to be expected 
between primary and secondary charge dispersion widths are difficult to 
make, since no data are available for neutron emission by individual frag
ments (Z, A) but only average values. 
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THE EFFECTS OF NUCLEAR EXCITATION 
OF PROMPT FRAGMENTS 
ON THE INDEPENDENT YIELDS 
AND NEUTRON YIELDS IN FISSION 

K. S. THIND, B.L. TRACY, H. G. THODE, R. H. TOMLINSON 
McMaster University, 
Hamilton, Ontario, Canada 

Abstract 

THE EFFECTS OF NUCLEAR EXCITATION OF PROMPT FRAGMENTS ON THE INDEPENDENT YIELDS 
AND NEUTRON YIELDS IN FISSION. It has been found possible to account for the fine structure in the neutron 
yield versus mass distribution. The prediction is based on the assumption of a prompt independent curve ob
tained from the equal-charge-displacement (ECD) postulate and a linear dependence of fission-fragment 
excitation energy with mass. The method adopted for calculating neutron yields has been used to investigate 
the effect of neutron emission on independent yields. Independent yields after neutron emission have been 
calculated using ECD and a "transition-state" method to describe the prompt charge distribution. The calcu
lated independent yields have been compared with some recent data. 

1. Introduction 
When binary fission occurs two fragments are formed with 

identical independent yields. Depending on their excitation each fragment 
emits neutrons, thus contributing to several separate mass chains. The 
sum of all the contributions at a given mass and charge is the independent 
yield after neutron emission and is the quantity normally measured. For 
example the measured independent yield Y(136Cs) may be expressed as: 

Y(136Cs) = P(o)y(136Cs) + P(1)y(137Cs) + P(2)y(138Cs) + .... (1) 

where P. , = probability of emitting zero neutrons from 136Cs. 
Р/-,ч = probability of emitting 1 neutron from 137Cs etc. 
у = prompt independent yields (before neutron emission). 

Several postulates have been proposed to describe the dis
tribution of charge in fission: for example, the unchanged charge 
distribution (UCD), maximum energy release (MER) and equal charge 
displacement (ECD). At the present time the ECD postulate appears to 
give the best description of charge distribution in low-energy fission. 

In the ECD postulate there are two empirical relationships: 

(ZA " Vl = <ZA - V 2
 (2) 

1 _ (Z - Zj2 

and p(Z) = -г- е У (3) 
УС7Г 

845 
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where с is a constant; p(Z) = probability of formation of a nuclide with 
charge Z; Z = most probable charge; Z. = most stable charge. 

As there is no theory which accounts for either the equal 
charge displacement of equation (2) or the distribution of charge in 
equation (3), ECD must be considered a purely empirical concept. 

Whereas ECD gives the best current representation of inde
pendent yields after neutron emission certain independent yields appear 
to be abnormally high or low when it is attempted to plot them on a smooth 
Gaussian plot. [1] Wahl [1] has used equation (3) with a value of с 
characteristic of each mass chain and taken Z as a measured quantity. 
Thus ECD, using equations (2) and (3) may be used to estimate any inde
pendent yield for any fissionable nuclide, with a precision usually within 
an order of magnitude. Wahl's representation merely allows the estimation 
of independent yields for those mass chains where some of the yields are 
known experimentally. 

Since the neutron separation energies are in general 
different for each nuclide, particularly in the 82 neutron shell region, 
it is unlikely that any simple charge distribution could describe the 
independent yields after neutron emission, even if the independent yields 
for a given mass chain before neutron emission could be represented by a 
simple function of charge. 

In this paper the independent yields after neutron emission 
are evaluated assuming two distributions of independent yields before 
neutron emission. To achieve this it is also necessary to assume the 
nuclear excitation of the prompt fragments and the neutron evaporation 
theory of Jackson [2]. The most consistent agreement between the measured 
independent yields and those calculated has been obtained from a "transition 
state" model. 

In addition to the independent yields, the neutron yields 
from each mass have been calculated. Terrell [3] has suggested a 
"universal-neutron yield-curves" which for the heavy fragments is 

v 2 = 0.10(A2 - 126) (4) 

where v 2 = neutron yield for heavy fragments. In fact the neutron yield vs 
mass is not a linear function and Tomlinson and Gorman [4] have shown that 
the non-linear character of the neutron yield vs mass could be explained 
in terms of differences in neutron binding energies. In the present work 
we have shown that for each fissile nuclide two related linear excitation 
energy vs mass functions will account for the non-linear neutron emission 
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vs mass relationship. The calculated curves are compared with the experi

mental data of Apalin et al. [5], Fräser and Milton [6], Terrell [3] and 

Farrar and Tomlinson [7]. 

2. 1 Assumptions 

The following assumptions have been used in order to calcu

late the neutron yields as a function of the mass number of the prompt 

fission fragments. 

1) The ECD postulate for the most probable charge Z of 

the prompt fragments and a distribution of charge about Z represented 

by equation (2) using с = 1.4 
On such a normalized charge distribution curve about 

3 or 4 isobars comprise more than 90% of the chain yield. The neutron 
yield for this mass chain is mainly due to contributions from these 
isobars. Although different methods of obtaining Z or different 
distributions of yield could be used, neither the value of Z or the 
nature of the normalized distribution of yields about Z critically 
alters the result of the neutron yield calculation. 

2) The sum of the excitation energies of the light and 
heavy prompt fragments is constant for mass ratios greater than about 
1.2. This has been shown to be approximately true by Fräser and Milton [8], 
and may be represented by equation (5) 

Ej + E 2 = E (5) 

where Ej and E2 are the excitation energies including distortion for the 

prompt fragments and E is the average total excitation energy. 

3) The average excitation energy of the prompt fragments 

is linearly related to their mass number according to equations (6) and (7). 

EX = K' (Aj - Ax*) (6) 

E 2 = Г (A2 - A2*) (7) 

where A is the mass number of the prompt fission fragment and the subscripts 
1 and 2 refer to light and heavy fragments respectively. K' is a constant 
for a given fissile nuclide having the units of energy per nucleon and Aj 
and A 2 are the intercepts of the linear functions on the mass co-ordinate. 
Since Ai + A 2 = A A where A is the mass of the fissioning nuclide equations 
(5), (6) and (7) give equation (8). 

A X* + A 2* = A - |r (8) 
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Equations (6) and (7) imply that the average excitation 

energy including distortion of the prompt fragments is independent of 

the nuclear charge for a given mass chain. The recent range measure

ments of Gordon et al. [9] have shown that the kinetic energy for 

shielded nuclides such as 86Rb and 136Cs are less than the average for 

the mass chains as found by Fräser and Milton [8]. This difference in 

the kinetic energies was found to be approximately equal to the 

difference in mass between the sum of the masses of the independent 

products and the sum of the masses of the pair of fragments having the 

most probable charge. Equations (6) and (7) together with the neutron 

binding energies are the most critical input to the calculation of the 

neutron yields. The validity of these functions must be assessed in 

terms of their success in predicting the neutron yields. 

4) The average excitation energy of the prompt fragments 

has a Gaussian distribution with a full width at half maximum of about 

5 MeV. This assumption is important only for low excitation energy. 

Without such a condition there would be a sharp cut off in the neutron 

yield when the average excitation energy is less than the neutron bind

ing energy. For nuclear excitations considerably in excess of the 

neutron binding energy the calculated neutron emission probability is 

not materially affected by the width of such -a distribution. 

5) The prompt fragments evaporate neutrons as predicted 

from the theory of Jackson [2] using a nuclear temperature of 1.4 MeV. 

2. 2 Calculations 

The number of neutrons emitted by a prompt fragment is 

evaluated from the excitation energy and a set of neutron emission 

probability curves for this fragment. The excitation energy is obtained 

from equations (6) and (7) and the neutron emission probability curves 

are derived from Jackson's theory using binding energies of neutrons 

from Seeger's [10] mass formula. 

Equation (9) was used for evaluating the number of 

neutrons emitted by the prompt fragments 

EP, . x v 
v(A,Z) = — ^ (9) 

(v) 

where P. . is the probability of emitting v neutrons; v = 0, 1, 2, 3, ... 

The neutron yield v(A) is obtained by averaging the number 

of neutrons emitted, v(A,Z), over the prompt independent yields as given 

by equation (10). 
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„(A) . ^V(A.Z) • X(A)] • v(A.Z) 

E[y(A,Z) • X(A)] 
(10) 

where y(A,Z) <= prompt independent yields before neutron emission as 

determined from a Gaussian charge distribution (assumption 1). 

X(A) = prompt mass yields (taken from data of Milton 

and Fräser .... [8]) 

Neutron yields \3(A) have been calculated for the thermal 

neutron fission of 2 3 3U, 235U and 2"Pu o v e r a region of mass where con

siderable variation in both the cumulative mass yields and the neutron 

yields has been observed. 
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FIG. 1. Mass dependence of neutron yields and excitation energy. 

The parameters K' and A2* in equation (6) were adjusted 
until the excitation energy function so obtained gave a reasonable fit 
of the neutron yields with the experimental values. Figures 1, 2 and 
3 show the excitation energy functions, the calculated neutron yields 
and the experimental neutron yields for the prompt heavy fragments 
formed in the thermal neutron fission of 2 3 3U, 235U and 239Pu. Error 
bars cannot be realistically shown on either the experimental or the 
theoretical curves but it must be considered that they are in good 
agreement with each other. Several groups, [3], [5], [6], [7], have 
obtained rather similar neutron yields for the heavy mass fragments of 
2 3 5U, and in this case the calculated curve corresponds most closely 
to the experimental data as shown in Fig. 2. Figures 4, 5 and 6 show 
the calculated neutron yields and the experimental values for the 
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complementary light fragments using equation (6) for the excitation 
energies and Ai* fixed by the values of K' and A2 found for the heavy 
mass fragments and the use of equation (8). The value of E in each 
case was calculated from the difference in the total energy release, 
as calculated by Milton [11], and the average total kinetic energy, 
using the Cameron [12] and Seeger [10] mass formulae. The mass intercept 
of the calculated neutrons yields is directly dependent on differences in 
E calculated by these two mass formulae. 
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If the value of E was a free parameter, the values which 
would account for the neutron yields of 2 3 3U, 235U and 239Pu would be 
21.0 MeV, 22.0 MeV and 24.0 MeV. These values compare with the values 
25.0 MeV, 22 MeV and 27 MeV obtained by Milton and Fräser [8] using 
Cameron's mass formula and 19.0 MeV, 24 MeV and 21.0 MeV using Seeger's 

mass formula. 

The intercept of the extrapolated excitation energy vs 

mass of the heavy fragment corresponds to one-half the mass of the 
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fissioning nuclides reported here. No reason for this apparent coinci
dence can be provided at this time. It is obvious that in adjusting 
this constant, values differing by about ± 2 mass units would have been 
indistinguishable with respect to the curve fitting. 

The excitation given by equation (6) and (7) refer to a 
level not including pairing as discussed in section 3. 1 . That the 
excitation energy vs mass curve extrapolates to mass 118 in the fission 
of SU, does not imply that the excitation is zero at that mass. The 
neutron yield data used to obtain this curve is not accurately known for 
the mass region between symmetry and mass 130. The kinetic energy data 
would imply that the excitation energy might vary significantly from the 
straight line extrapolation in this mass region and certainly the curve 
for the light fragments must connect to that for the heavy fragments in 
some manner which we are not as yet prepared to consider. The slope of 
the excitation curves implies that each additional proton or neutron 
associated with a fragment having mass greater than symmetry adds a 
constant amount of nuclear excitation and deformation energy. 

It is felt that the present success in predicting the 
neutron yields justify the use of the simple equations (6) and (7). 

3.1 Independent Yield Calculations 
In column 3, Table I, are shown some calculated independent 

yields using the ECD postulate and с = 1.0 in equation (3). The method 
adopted for calculating neutron yields makes it possible to examine the 



Fission 
Product 

"6Nb 
9 7Nb 
1 3 5Xe 

13 5 X e 

135 X e 

134 C s 

!36 C s 

138Cs 
^ L a 
128ц 
128]; 
128j 
130-j-
130j 
130x 

Fissile 
Nuclide 

235ц 
235и 
235и 

гзэрц 

233ц 

235Ц 

235u 
235ц 
235„ 
235Ц 
239pu 
233ц 
235ц 
239pu 
233Ц 

Е 

Conventional 

7.0 х 10"5 

3.8 х 10~ц 

0.0104 

0.0224 

0.0600 

1.1 х 10"5 

6.9 х 10"3 

0.110 
8.0 x 10"3 

5.5 x 10~7 

4.70 x 10"6 

1.05 x 10"5 

1.05 x lO"1* 
5.59 x 10_I* 
1.04 x 10"3 

TABLE I 
INDEPENDENT YIELDS 

С D 
After 
Neutron Emission 

3.8 x lO"1* 
3.7 x 10~3 

0.0282 

0.0548 

0.0730 

1.5 x 10"5 

9.8 x 10"3 

0.192 
1.2 x 10~2 
1.9 x 10"6 

6.17 x 10"5 
1.2 x 10"5 

1.58 x lO"4 

2.88 x 10"3 

1.12 x 10~3 

Transition 
State 
Method 

1.7 x 10~" 
5.8 x Ю - 3 

0.0591 

0.1234 

0.1193 

2.12 x 10-6 

1.9 x 10~3 

0.111 
2.8 x 10~3 

2.50 x 10"7 

4.77 x 10"7 

6.6 x 10~7 

1.57 x 10"5 

8.99 x 10~5 

1.10 x 10-lt 

Experimental 
Values 

(1.0 ± 0.2) x 
(1.7 ± 0.8) x 
0.0345 
±0.0019 
0.1513 
±0.0023 
0.2181 
±0.0069 
1.1 x 10~6 

(9.4 ± 0.4) x 
0.045 ± 0.005 
7.0 x 10~h 

(3.7 ± 0.8) x 
(1.23 ± 0.14) 
(3.0 ± 0.5) x 
(1.15 ± 0.15) 
(1.87 ± 0.06) 
(1.12 ± 0.07) 

Ю - " 
10"3 

10_1* 

10"5 

x 10"14 
10"5 

x 10"1* 
x 10"3 

x 10"3 
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effect of prompt neutron emission. In column A the independent yields are 
calculated assuming ECD with с = 1.0 before neutron emission and the yields 
after neutron emission are determined with equation (1). The P, . values 
have been calculated as discussed in section 2.2. In a typical inde
pendent yield such as ll*°La from the thermal neutron fission of 2 3 5U we 
find that 84% of it comes from the prompt yield of lt,2La after loss of 
2 neutrons and 16% from 1'tlLa after loss of 1 neutron. It will be seen 
that the yields in column 4 are in better correspondence with the experi
mental yields than those in column 3. The yields after neutron emission 
are higher than those calculated by the normal ECD method. Apart from 
neutron binding energy effects which lead to variable changes, Z shifts 
towards Z in these calculations. Whereas there are many other reliable 
independent yields, the group selected represents all the ones on which 
the ideas of the present paper have been tested. There has been no attempt 
to plot the calculated independent yields after neutron emission in Table I, 
as there is no two parameter representation which would give a straight 
line or smooth curve except for the simple ECD method. It is already well 
known that all the experimental yields do not fit the simple ECD plots [1]. 

In column 5 of Table I, the independent yields have been calcu
lated by an entirely different approach which we call the "Transition state" 
method. This is an adaptation of a method first developed by Eyring [17] 
to describe the rates of chemical reactions. .Hyde [18] has also noted the 
similarity of chemical reactions to the fission process but has not 
reported the use of the chemical expression for detailed calculations. 
Using the approach of Eyring as applied to fission, it may be postulated 
that the fissioning species is in thermodynamic equilibrium with a transi
tion state which then undergoes scission when an internal vibration 
becomes a translation along the reaction co-ordinate. In chemical 
notation Eyring has shown that the rate constant к of a reaction is given 
by 

тэт лоТ /nm 
(ID RT _AG'/RT 

Nh 
where R is the gas constant, T is the absolute temperature, N is Avogadro's 
number, h is Planck's constant, AG+ is the molar free energy of activation. 

Applied to the fission process, assuming a constant volume 
system (liquid drop approximation), it is possible to write the following 
expression for two competing reactions involving the same initial species: 

k(Z! + n, Z 2 + n; А х, A2) _ [AlTCZj ± n, Z 2 + n) - A I T ^ , Z2) ] 
k(Zx, Z2; A b A 2) = e & ( 1 2 ) 
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where Д1Г is the internal energy of activation per fissioning nucleus 
and 0 is the nuclear temperature. This expression can be evaluated 
for the relative independent yields of a given mass chain, providing 
we are prepared to assume that the transition state is the divided 
but fully excited and deformed nuclei. This is comparable to the 
activated complex "looking like" the products in chemical notation. 

The thermodynamic expression of the first law relating 
to the transition state for the fission process is: 

Mf = M1(Z1) + M2(Z2) + C + K + D + E (13) 

where M = mass of the fissioning nuclide 
Mi(Zj) and M2(Z2) are the masses of the fission fragments 
С = Coulomb energy 
D = deformation energy 
E = excitation energy 
К = translational or kinetic energy 

The energy release at the transition state may be written as: 

Mf - Mi(Zj) - M2(Z2) - C - D = K + E (14) 

Since it appears that D and E depend only on the fragment masses and not 
their charge (section 2. 2), the difference in the energy release for 
two pairs of fragments differing only in nuclear charge is given by 

[MxCZx) +M2(Z2)] - [MX(Z! ± n) +M 2(Z 2 q: n)] - ДС = ДК (15) 

where ДС = the difference in the Coulomb energy and ДК = the difference 
in the kinetic energy. 

Typical values of ДМ, range from 2 to 20 MeV for 
variations of one to three charge units from the fragment pair having 
the lowest mass. Even if all the Coulomb energy were present at the 
instant of scission, the difference in Coulomb repulsion for any reason
able shape for the pairs of fission fragments would only range up to 
about 2 MeV for such charge differences. We must conclude therefore 
that the differences in kinetic energy at the instant of scission are 
large. In other words the division into two fragments occurs after a 
considerable fraction of the Coulomb energy is converted into kinetic 
energy. This implies that the decision concerning mass and charge 
division is made after the fission barrier has been crossed. 

To a first approximation, AlP in equation (12) may be 
represented by AM, since the differences in entropy for such divisions 
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will be approximately zero (excitation energies are the same). Thus 
the relative yields of two pairs of fission fragments differing only 
in charge is given by equation (16). 

y(Zi ± n, Z 2 + n; A l t A 2) ДМ 
: e" — ^ (16) 

y(Zi, Z 2; A l s A 2) 0 

where rate constants have been replaced by yields. The present ideas 
differ substantially from the theory of Fong [19]. In Fong's analysis 
the kinetic energy at the scission point is small. At the top of the 
fission barrier this is most certainly the case, but apparently a 
considerable portion of the Coulomb energy has been converted into 
Kinetic energy when the fragments are formed at scission. Halpern [20] 
on the basis of a particle emission and Swiatecki [21] from the liquid 
drop model have drawn a similar conclusion. 

Equation (16) ignores all parameters describing the 
fission barrier. This is possible since it is not concerned with the 
rate of transmission over the barrier but rather with the relative rates 
of formation of particular products coming from a nucleus which has 
already reached the barrier. The equation represents in a statistical 
way the relative probabilities of forming nuclides differing only in 
nuclear charge. This probability can be expressed in terms of a 
Boltzman expression involving momentum states only,as we believe that 
such products have very similar internal excitation. The transition 
state model has been important primarily in focussing attention on large 
differences in kinetic energy which must exist at the scission point. 
The assumption that the portion of the Coulomb energy still available 
at the instant of Scission is small may be judged on the basis of the 
success of equation (16) in predicting independent yields. It is 
obvious that this equation cannot be used to estimate relative yields 
for division to different masses without taking account of the appropriate 
differences in internal excitation. 

For the nuclides listed in Table I, ЛМ have been calculated 
using the Seeger mass formula without the pairing term as discussed below. 
Using a nuclear temperature of 1.4 MeV, the relative isobaric yields have 
been calculated. These relative yields have then been normalized to unity 
thus giving the fractional independent chain yields before neutron emission. 
In column 5 Table I are given the independent yields after neutron emission 
using the method discussed in section 3. 1. 



IAEA-SM-122/5 О 857 

The use of the semi-empirical mass formula without terms for 
nucleon pairing requires some justification. This is related to the use of 
a constant nuclear excitation for each nuclide of a given mass number no 
matter what its nuclear charge. Nuclides having the same number of nucleons 
and behaving as Fermi gases will have the same level density for a given 
excitation if this energy is measured from a level not including the pairing 
of the most loosely bound nucleons. The masses of the nuclides in this 
state may be computed by ignoring the pairing term in the semi-emperical 
mass formula. Not only is this easier, for computational procedures, than 
using the pairing term in the mass formula and then using appropriately 
different constants and energies in the level density relationship, but 
is also more reasonable on physical grounds. These nuclides are formed in 
their excited state and de-excite by neutron emission without ever discover
ing their ability to pair or not pair in the ground state. 

With the exception of the calculated yields for masses 128 
and 130, the calculated yields and experimental yields are within a 
factor of 3. For the Seeger mass formula the masses of nuclides near 
stability may usually be estimated to within an MeV or ДМ in equation (16) 
to within about 2 MeV. Apart from the uncertainties in calculating neutron 
emission effects which are also dependent on the semi-empirical mass 
formula, this would lead to an approximately 3 fold uncertainty in the 
estimated yields. It would appear therefore that the calculated yields 
are satisfactory within the limitation of the semi-empirical mass formula, 
for all except the 128 and 130 mass chains. In view of the uncertainty 
in assigning excitation energy to fragments between symmetry and mass 
number 130, judgement must be reserved on this approach for the calculation 
of independent yields in the symmetric mass region. The only free 
parameter in these calculations other than those brought about the 
semi-empirical mass formula is the nuclear temperature. The value of 
1.4 MeV which has been used is the same value found appropriate by 
Leachman [22] and Jackson [2]. 

3.2 ECD in Terms of the Transition State Method 
It is of some interest to examine the ECD postulate in 

terms of the "transition state" method. ECD may be justified provided 
a number of special conditions prevail, all of which can be more or 
less true. Firstly the variation of independent yields vs charge 
difference is not greatly altered by the emission of neutrons from the 
fission fragments providing the neutron binding energies and excitations 
are the same. We believe that the excitation is constant for a given 
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52 53 54 
CHARGE 

FIG. 7. Solid line shows prompt charge distribution based on ECD with С = 0. 79. 
Solid circles are yields calculated by the transition state method. 

mass and except for shell-effects on neutron binding a given independent 
yield tends to gain from other chains by neutron emission. There is of 
course a slight shift in Z associated with neutron emission. Z from 
the simple ECD would be nearly equivalent to a value corresponding to 
a minimum value of ДМ in the transition state method providing that the 
mass vs charge parabolas for the light and heavy fragment isobars are 
the same. Besides the shell effects, these parabolas are in general 
wider for the heavy masses than for the light, but since ДМ is calculated 
for pairs of fragments, this difference is minimized. The Gaussian 
character of the independent yields when plotted against Z - Z may be 
understood in terms of the Boltzman expression e~ , since ДМ increases 
with each difference in charge from the most probable. For example, in 
the fission events leading to fragments of mass numbers 137 and 99 the 
calculated independent yields before neutron emission are plotted against 
charge as shown in Figure 7. In this figure the solid curve is the 
calculated ECD Gaussian with с = 0.79 and Z calculated from ECD before 
neutron emission. Similar comparisons may be obtained for even mass 
chains if the pairing terms in the semi-empirical mass formula is 
omitted. 



IAEA-SM-122/50 8 5 9 

REFERENCES 
[I] WAHL, А. С , FURGUSON, D. R., NETHAWAY, D. E. and WOLFSBERG, K., 

Phys. Rev. 1,26. (1962) 1112. 

[2] JACKSON, J. D., Can. J. Phys. 34. (1956) 767. 

[3] TERRELL, J., Phys. Rev. 127. (1962) 880. 

[4] GORMAN, D. J. and TOMLINSON, R. H., Can. J. Phys. 46. (1968) 1137. 

[5] APALIN, V.F., GRITSYUK, N. Y., KUTIKOV, E. E., LEBEDEV, V. I., and 
MIKAELIAN, L. A., Nucl. Phys. 71, (1965) 553. 

[6] MILTON, J. C. and FRÄSER, J. S., Annual Review of Nuclear Science, 
16 (1966) 379. 

[7] FARRAR, H. and TOMLINSON, R. H., Can. J. Phys. 40. (1962) 943. 

[8] MILTON, J. С D. and FRÄSER, J. S., Can. J. Phys. 40. (1962) 1626. 

[9] NAKAHARA, H., HARVEY, J. W., GORDON, G. E., submitted to Can. J. Phys., 
June 1969. 

[10] SEEGER, P. A., Nucl. Phys. .2J> (1961) 1. 

[II] MILTON, J. С D., ÜCRL - 9883 Rev. (1962). 

[12] CAMERON, A. G. W., CRP - 690, A.E.C.L. No 433 (1957). 

[13] HAWKINGS, R. C , EDWARDS, W. J. and OLMSTEAD, W. J., Unpublished data. 

[14] KATCOFF, S. and RUBINSON, W., Phys.Rev. jtt (1953) 1458. 

[15] ..GRUMMITT, W. E. and MILTON, G. M. , J. Inorg. & Nucl. Chem. 5. (1957) 93. 

[16] TRACY, B. L. and THODE, H. G., Private communication - to be published. 

[17] EYRING, H., J. Chem. Phys. 3. (1935) 107. 

[18] HYDE, E. K., "The Nuclear Properties of Heavy Elements", Ш . (1964). 

[19] FONG, P., Phys. Rev. 102. (1956) 434. 

[20] HALPERN, I., Unpublished report. See "Nuclear Chemistry", Vol. II, 
editted by L. Yaffe (1968). 

[21] COHEN, S. and SWIATECKI, W. J., Annals of Phys. 22. (1963) 406. 

[22] LEACHMAN, R. В., Phys. Rev. 1Д1 (1956) 1005. 

D I S C U S S I O N 

F. DICKMANN: You mentioned that the kinetic energy of the 
fission fragments of the scission point should be rather large. To make this 
statement plausible, you argued that a change of the mass-to-charge ratio 
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of the fragments would affect the energy set free in the fission process much 
more than their Coulomb interaction at the scission point. 

In my view, this will be so only if the shape of the scission configura
tion is insensitive to the mass-to-charge ratio of the fragments, which may 
not be true. 

R. H. TOMLINSON: I agree completely with this point and, as indicated 
in my oral presentation, attempts to introduce a correction for this will be 
made in future studies. 
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Abstract 

USE OF ANGULAR-DISTRIBUTION MEASUREMENTS OF FISSION FRAGMENTS EMITTED FROM 
SINGLE CRYSTALS FOR DETERMINING THE LIFETIMES OF EXCITED COMPOUND NUCLEI. The angular 
distribution of fission fragments emitted from uranium oxide crystals bombarded with protons in the energy 
range 9-12 MeV has been measured by using plastic fission-track detectors. The protein energies, and 
with these the compound-nuclei excitation energies, were selected to give second-chance fission J38Np 
compound nuclei with life-times in the range detectable by this technique. An upper limit o f s l x l o " n s 
has been established for the "effective lifetime" of compound nuclei formed by 12-MeV proton bombard
ment of 238U. A value of 1.4 ± 0.6 X 10"16s has been measured for the total lifetime and 
2. 5 ± 1.2 X 10"16 s for the partial fission lifetime of 238Np compound nuclei at an average excitation 
energy of ~ 7 . 3 MeV. The measurements were found to be sensitive to random scattering effects. Ex
perimental determination and analytical treatment of such effects are discussed. 

INTRODUCTION 

Measurements of the lifetime for spontaneous fission isotopes and 
fission isomers give important information on the properties of the fission 
harrier [1,2]. However, until now, attempts to measure the very short life
times of nuclei excited to energies above the fission harrier have only-
yielded lower limits [3-53- This is, of course, because the lifetimes are 
very short. From neutron-induced fission widths, lifetimes of ~ 10-14 e e c 
are estimated for excitation near the barrier [6] and are expected to be
come rapidly shorter with increasing excitation energy. This report describes 
a technique based on directional effects connected with the penetration of 
charged particles in single crystals, which can be used for lifetime measure
ments in the 10"'4 - 10"""" sec range and describes a measurement of the life
time of a compound nucleus formed by 10-MeV proton bombardment of 

U238, 
Empha

sis will be placed on the experimental and analytical techniques. 
BASIC PRINCIPLES OF MEASUREMENTS 

When positively charged particles are emitted from a normal lattice 
position in a single crystal, they are almost completely restricted from 
moving in directions parallel to the low-index atomic planes or axes of the 
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c rys ta l . The angular d is t r ibut ion of such pa r t i c l e s emerging from a single 
crys ta l shows a regular pat tern of minima corresponding to emergence along 
the low-index axial or planar d i rec t ions . This effect has been observed for 
positrons [7]i protons [8] , alpha pa r t i c l e s [9]) and f iss ion fragments [5] 
and i s described by the detai led theory of Lindhard [10]. 

SINGLE CRYSTAL 

< -

L ^ - - * ^ G . _ 
*.„-*«, " * { ^ 

E.2, 

2 .5 
S 

* 

X= X; • 2CNdnyfx1 

X;= X, * CNdn <gJ> 

EMISSION ANGLE ф 

* COMPOUND NUCLEI 

INCIDENT PARTICLE 

О EMITTED PARTICLE. E.Z, 

• LATTICE ATOMZ, 

FIG. 1. A schematic representation of the angular distribution on emergence from a single crystal of 
charged particles emitted (I) from crystalline lattice positions and (II) from a recoiling compound nucleus 
formed by interaction of an incident particle with a lattice atom. The emission angle ф = 0 is parallel 
to a row of lattice atoms of spacing d and proton number 2%. The expressions shown for the width $i and 
minimum yield x are derived from the Lindhard theory [10]. 

Figure 1 illustrates this effect. Curve I is the angular distribution 
of positively charged particles emitted from a normal lattice position. The 
dip can be described by the full width at half maximum, tyl/2 i and by the 
minimum yield X . If the point of origin of emitted particles is displaced 
from the atomic rows, the emergent yield distribution is changed as shown 
qualitatively by curve E of Pig. 1. The displacement affects both the an
gular width Ф1/2 and the minimum yield X . Both of these effects can be 
used to determine the mean displacement. 

If the displacement arises from recoil of a compound nucleus formed 
by a nuclear reaction between a lattice atom and a particle incident on the 
crystal, it is possible from the known recoil velocity perpendicular to the 
atomic row to measure the mean lifetime т for the decay of the recoiling 
compound nucleus. 

The possibility of utilizing angular distribution measurements in this 
way for lifetime measurements was suggested several years ago* [8,12,13]. 
Recently, Brown et al. [5] have reported on the use of this technique to 
set a limit on the lifetime of compound nuclei formed by bombardment of 
U238 with 12-MeV protons. 

It is interesting that the first attempt to use emergent particle distri
bution measurements to measure a compound nuclear lifetime was reported 
in i960 [11], even prior to the recognition of the correlated scattering 
effects upon which the present study is based. 
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Following the theoretical development and notation given by Lindhard 
[10], the interatomic potential normal to a row of atoms can be approximated 
by a screened Thomas-Fermi potential which decreases rapidly in the region 
of the Thomas-Fermi screening radius a and has an effective cutoff at a 
distance rc , which is a few times larger than a . Positively charged 
particles emitted within a distance r in a direction parallel to the 
row are restricted from moving along the row direction because of deflection 
by the row potential amd this leads to the minima in the emergent particle 
angular distributions shown schematically in Fig. 1. The probability that 
such particles will contribute to the minimum yield in the angular distri
bution depends on their displacement from the equilibrium lattice position 
at the time of emission. For a continuum approximation to the row potential 
and for small displacements, Lindhard has derived a relation between the 
minimum yield and the mean square displacement (r2) : 

\ - ф (1) 
о 

The effective area of the row in a plane perpendicular to the row is 
given by TirS = 1/fad , where N is the atomic density in the crystal and 
d the atomic spacing along the row. The continuum approximation results 
in underestimation of the minimum yield by this relationship. This effect 
has been investigated experimentally for planar [14] and theoretically 
for axial [15] channeling. On the basis of Monte Carlo calculations of 
particle trajectories, Barrett [15] has proposed the form: 

о 

and has found for 400 keV - 5 MeV protons in a variety of crystals over a 
wide temperature range that С « 2-3 . С is only approximately constant for 
small values of the displacement and must approach unity for large displace
ments. This will be discussed below. 
In the normal emission from lattice atoms, (r2 ) can be replaced by the mean 
square thermal vibrational amplitude, p2 , but in the present case, an 
additional displacement x , due to the recoil of the compound nucleus, must 
be considered. This leads to: 

^ . c4 + cfc4 в" ̂  &-
* r2 J rz V.T 

0 0 0 J-
r r 

P 2С^|Т2 _ г _ - 2 - r 2 - —-, . c4 + — ~ Г1 - (1 + -2-)e ^T - к-*-) e V^T1 (2) r2 r2 L V.T 2 4V,T' J ' 
0 0 •>• x • 

if exponential decayis assumed and V±T is the mean recoil distance given 
by the recoil velocity v^ perpendicular to the atomic row and the mean life
time T . The term in brackets includes a correction for 
those particles which are emitted on the long tail of the exponential di
stribution at distances larger than r0 . The contribution of such particles to the minimum yield is very important and is discussed below. A similar 
correction for the thermal vibration term is not necessary because of the 
sharper cutoff in the gaussian distribution of the thermal vibration. 

Particles emitted at distances larger than rc are not blocked by the 
row potential and are therefore able to move in the direction of the row. 
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The contribution of such particles to the minimum yield is determined by their 
fractional probability, which is 

r c_ 
\ - e" V-T (3) 

As discussed by Lindhard [10], in addition to contributions to the 
minimum yield from displacement effects, it is necessary to consider also 
a contribution, X± , arising from random scattering effects in the crystal 
or at the crystal surface. The observed minimum yield is then X = Xx+ X,+ 
+ Xj . Treatment of the scattering effect as an additive term, in this way, 
neglects the dependence of random scattering on the particle trajectory di
stributions. Since random scattering into the string direction is expected 
to be only weakly dependent on (r2) , this approximation should not intro
duce serious error. Furthermore, as will be shown later, comparison of results 
in which the scattering contribution is drastically changed, supports this 
conclusion. 

The resulting relationship between a measured minimum yield and the 
mean lifetime for decay of a recoiling compound nucleus is 

I 
/• ^ ; T~N r-
2CV2T2 r — . r- „ —-. 

X - УЦ = - Ц — 1-(1 + -2-)e V^T - к-*-) e V^T]+ e 
4 r2 L V.T' 2V.T' J 

о x -1-
The term X̂  now contains thermal vibration as well as random scatter

ing effects. It should be pointed out that the energy loss of the recoil is 
not taken into account in eq. (4)t however, for the small distances involved 
(i.e. v±r <r ), the energy loss is negligible. 

Evaluation of the random scattering term Xj is very important in any 
lifetime determination. This will be considered in detail later. For the 
moment we will assume that the corrected value x - Xj can be determined. 
It still remains to determine the proper values of the constant . С and the 
cutoff distance r0 . Actually, С is not independent of the mean displace
ment Vj/r . Barrett [15] has found approximate independence for small values 
of the displacement, but it is apparent that С must approach unity at large 
values. In the absence of information on the functional dependence of С , 
we will assume, a constant value of 2.5 ±0.5 (as found for 400 keV - 5 MeV 
protons channeling in aluminum and tungsterj). As we will show, the resulting 
lifetimes are relatively insensitive to the value of С or the details of 
displacement dependence over most of the range of interest. A more serious 
question concerns choice of the cutoff distance rc . Andersen's [17] cal
culations and measurements of the effects of thermal vibration on the 
angular distribution of emitted particles suggest that the cutoff should 
be somewhat larger than a , the Thomas-Fermi screening distance. The proper 
value may depend on the multiple scattering and angular resolution for each 
particular case. We estimate that a value between 3a and 5a (a ~0.1A) 
is probably appropriate in the present case. The two displacement terms of 
eq. (4) are plotted as a function of the mean recoil displacement in Fig. 2. 
The "cutoff term" (term И ) is shown for rc = 0.3, 0.4, and 0.5 Ä. Term I 
is shown only for r = 0Г4 A. Figure 3 shows these two terms and their sum 
on an expanded scale for r =0.4 A. It is clear that for minimum yield 
changes of more than a few percent, the last term of eq. (4) will dominate. 

(4) 
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FIG. 2. The displacement terms of Eq. (4) plotted separately for values of the cut-off parameter, rc, 
indicated. 
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FIG. 3. An expanded plot of the terms of Eq. (4) for small values of the mean displacement. A cut-off 
distance rc * 0.4 Ä was used and a value of the constant C, as discussed in the text. 
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An alternative method of analysis of emitted particle angular distri
butions can also be considered. A comprehensive investigation of the influence 
of emission displacement on emitted particle angular distributions has been 
reported by Andersen [17]• Figure 4, showing angular distributions, calcu
lated for the emission of 500 keV protons from a (100) string in a tungsten 
crystal for different values of the thermal vibrational amplitude, is re
produced from Andersen's paper. 

It is possible, by means of the technique outlined by Andersen, to 
calculate the shape of the angular distribution, or alternatively the area 
[18] or volume of the yield minimum for different values of the mean square 
displacement of the emission point from equilibrium lattice positions. Such 
a calculation, however, does not consider random scattering effects. Further
more, this calculation involves numerical integration of complicated inte
gral expressions, thus complicating inclusion or investigation of the role 
of random scattering. For this reason, the analytical approach outlined above 
was used in the present work. 

It was noted by Andersen [17] that the width of the angular distribu
tion curve is perhaps less sensitive to random scattering effects than are 
some of the other features, e.g. the minimum yield. It will therefore be 
instructive to compare the calculated width variation to width changes ex
pected from the final lifetime determinations. This can be done by using 
the tabulated values for the width as a function of thermal vibrational am
plitude shown in Fig. 4*-

Д 

в 
с 

PÄ 
0.041 
0.070 

0.158 

T'K 
70 
295 
U70 

Min value 

IS*/» 
3.87» 

17.27.. 

Ml 
117» 
3.07» 
15.77« 

Ratio 

1.7 
1.3 
1.1 

Half width 
1.12 x ф, 
1.00 x ф, 
0.67 x i|>, 

1 2 3 4 5 6 7 6 
V*1 

FIG. 4. Influence of the vibrational amplitude p on the angular distribution of 500 keV protons emitted 
from a <100> string in tungsten calculated by Andersen [17] . PI, P2, P3, and P4 indicated on the figure 
are defined and discussed [ 17 ] . The unit "loo stands for ' parts per thousand'. 

EXPERIMENTAL PROCEDURE 
The experimental arrangement is shown in Fig. 5> Uranium dioxide cry

stals were bombarded with protons in the energy range from 9-0 to 12.0 MeV 
at the Bell Laboratories - Rutgers University Tandem Van de Graaff. The cry-

Normalization of the widths to i/x makes the values shown in Fig. 4 
applicable to other particle energies and types and to other crystals. 
Also, only a few percent error is introduced because a gaussian (in
stead of an exponential) emission distribution is used. 
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stals used* were cleaved from larger crystals with the (111) axis normal 
to the crystal surface. They were investigated thoroughly by Laue x-ray 
diffraction and by proton and helium ion scattering before the measurements 
to check for twinning, surface disorder, or other crystal imperfections and, 
after the measurements, to investigate for possible radiation damage or 
formation of surface films during the bombardment. 

ŜCATTERING CHAMBER 

250 cm 

"la 
'"<"'"" щтЩ 5 - | 

/ , T " " " " " 1 " " "МТгА-бст ' zPROTON BEAM й \ 

u m - ~ " " j § ^ 
<110> 

OUT OF PLANE 

j 0 2 CRYSTALS 

M4ASTIC FILM 

FIG. 5. Experimental arrangement. The beam collimators used were 1-mm diameter. The crystal 
orientation was determined and adjusted before the fission fragment measurements were started by using 
the sharp and well-defined angular distribution patterns [8] of 5-MeV protons measured in X-ray films. 

F igu re 6b shows the y i e l d of 2-MeV hel ium i o n s s c a t t e r e d a t ~ 160 
from the uranium d iox ide c r y s t a l a s a func t ion of the inc idence d i r e c t i o n 
r e l a t i v e to a (110) s t r i n g . The observed minimum y i e l d of 0 . 0 4 f o r s c a t 
t e r i n g a t a mean dep th of ~ 4000 A e s t a b l i s h e s an upper l i m i t of a few 
p e r c e n t tw inn ing or d i s o r d e r i n t he c r y s t a l and shows t h a t any mosaic sp read 
must be s i g n i f i c a n t l y l e s s than the observed 0 .83° h a l f - w i d t h of t he measured 
y i e l d c u r v e . Measurements of c r y s t a l s v i b r a t o r y - p o l i s h e d [19 ] or chemica l ly 
e t ched f o r 5 m i n i-n a s o l u t i o n of 10 vol% HaS04 i n H202 (30^) showed c o n s i 
s t e n t l y worse x - r a y d i f f r a c t i o n and helium ion c h a n n e l i n g p a t t e r n s t h a n did 
the c leaved c r y s t a l s . 

F igu re 6a shows the energy s p e c t r a of R u t h e r f o r d - s c a t t e r e d , 2-MeV 
hel ium i o n s i n c i d e n t on- the c r y s t a l i n a random d i r e c t i o n and p a r a l l e l t o 
a (110) d i r e c t i o n before and a f t e r a s e r i e s of t h r e e f i s s i o n - f r a g m e n t a n 
g u l a r d i s t r i b u t i o n measurements , in which a t o t a l of ~ 100 nA-hr of 12-MeV 
p r o t o n s were i n c i d e n t on the c r y s t a l . Agreement of the two a l i g n e d s p e c t r a 
i n d i c a t e s t h a t t he c r y s t a l s were no t s e r i o u s l y damaged, a t l e a s t no t i n the 
f i r s t few mic rons , d u r i n g the f i s s i o n fragment measurements . 

The c r y s t a l was h e l d in a goniometer and o r i e n t e d a s shown in F i g . 5 
wi th the (111) a x i s (normal t o the c r y s t a l su r f ace ) a t 40° ± 2° t o the i n c i 
dent beam and wi th a (110) a x i s in the same p lane a t an ang le of 5° ± 2° t o 
t he i n c i d e n t beam and two o t h e r (110) a x e s , one above and one below the 
h o r i z o n t a l p lane a t an angle of 60° ± 2° to t he i n c i d e n t beam. All of the 
(110) axes have an angle of 35?2 to the c r y s t a l s u r f a c e . 

The i n t e g r a t e d p ro ton c u r r e n t was ~ 30 nA'hr f o r the 12-MeV, ~ 100 
nA-hr f o r t he 10-MeV, and ~ 150 nA-hr for the 9-MeV bombardments. Evidence 
of c r y s t a l h e a t i n g cou ld sometimes be d e t e c t e d on the 9=MeV r u n s . The tem-

We a r e i ndeb t ed t o Mr. J . J . Sco t t of the Morton Co. , O n t a r i o , Canada, 
f o r making the c r y s t a l s a v a i l a b l e t o u s . 
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perature was monitored with low-melting wax in contact with the sample and 
did not exceed ~ 80°C during the 9~MeV bombardments and 50°C during the 
10- and 12-MeV bombardments. 
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FIG. 6. (a): Energy spectrum of 2. 0-MeV helium ions scattered at ~ 160' from an uranium oxide crystal 
with incidence in a random direction and a <110> direction before (•) and after (x) a series of fission-
fragment measurements, (b): Yield of backscattered helium ions in the energy interval ДЕ (corres
ponding to ~4000 Ä mean scattering depth) as a function of the ion incidence relative to a < 110> axis. 

The fission fragments were detected with plastic films of the polycar
bonate polymer of 4f4-äihydroxydiphenyl-2,2 propane*. A variety of film 
thicknesses from 8 y, to 0.5 mm were used. These were etched in 6И NaOH at 
70°C for periods of 20 min to 1 hr to make the fission tracks visible under 
an optical microscope, but not tracks due to scattered protons or other light 
particles. Occasionally, thick films of cellulose nitrate or cellulose 
acetate were used. These were etched in 6N ЫаОН at room temperature for 6 
hrs for the cellulose nitrate and ~ 10 hrs for the cellulose acetate. In some 
cases, an absorber film of 3 |i polycarbonate plastic was used over the de
tector film to discriminate against fission fragments which originated in the 
crystal at depths corresponding to a large fraction of the fragment range. 
Under similar irradiation conditions, the same results, within experimental 
uncertainty, were obtained, independent of the type of film used or the pre
sence or absence of the 3 Ц. absorber film. Consequently, no distinction 
will be made in showing and discussing the results. The films were arranged 
to intercept all of the various emergent particle directions of interest at 
the same time , and the crystal-to-film distance was ~ 21 to 25 cm, as shown 
in Pig. 5-

In the present study we have used only Makrofol, which is the Bayer AG 
tradename for this plastic. Similar plastics are available under the 
tradenames Plestar and Lexan polycarbonate. 
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LIFETIME MEASUREMENTS 
In the present experiments, the observed fission fragments came from 

decay of both the primary Np239 and the secondary Np23o compound nuclei. The 
reaction sequence can be represented schematically: 

U m • P — Np239 E,\ (П./ГД , x, 

Np"e E2*( (Гп/Г , ) г , х2 

/ \ 

Here, the neutron-to-proton branching r a t i o s ( r n / r f ) 1 and (T n / r f ) 2 and 
the to t a l decay times тх and т2 are in general different for each of 
the compound nuclei and are dependent on the exci ta t ion energy E£ and EiJ 
in each case. The exci ta t ion energy of the first-chance f iss ion (NP239) 

com
pound nucleus is given by: 

E? = E + 5 . 3 MeV 1 p 

where E p is the incident proton energy. The excitation energy of the se
cond-chance fission compound nucleus (Np23o) will have a range of values 
because of the variation energy of the neutron evaporated from Np239, "but 
will have an average energy about 8.0 MeV lower than Ej . The average 
recoil velocity of the Np23° compound nuclei will be the same as that com
puted for the primary Np239 compound nuclei from the incident proton energy 
because the neutron emission is essentially isotropic in the center of the 
mass system. 

Because of the sequential decay, analysis of the observed minimum 
yield is: 

Г 1+(Гп/ГРг 1 , . г ( Г п / Г Д 1 , л , ч 
* " х* = Li+(rn/rf)1+(rn/rf)2J x(v^)+Li+(rn/rf)1+(rn/rf)J x ( v ^ } (5 ) 

where the functions x(v±r) refer to the right-hand side of eq. (4)< and ef
fects of neutron emission on the mean square recoil velocity have been neg
lected. The expressions in brackets indicate the fraction of the total number 
of fissions coming from the primary and secondary compound nuclei, respectively. 

Prom the fission and neutron level width analysis of Huizenga and 
Vandenbosch [20], very short mean decay times (< Ю - 1? sec) are expected for 
proton energies of 12 MeV and higher (up to 15 MeV) since both the primary 
Np239 and the secondary Np23o compound nuclei have high excitation energies 
(relative to the estimated fission threshold energy of ~ 6.0 MeV). Fast de
cay is also expected for proton energies of 9-0 MeV and lower since all of 
the fission fragments come from highly excited Np239 compound nuclei. 

Figure 7 shows the results of the scan of a (111) axial direction for 
a 12-MeV bombardment. Similar results with somewhat poorer statistical 
accuracy were obtained for 9_MeV bombardment. 
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2fc 
The w i d t h a t h a l f - h e i g h t i n t h e o b s e r v e d d i p i s s l i g h t l y l e s s t h a n 

c a l c u l a t e d f rom t h e e x p r e s s i o n : 

'.-Ш 1/2 
(6) 

where Zt and E are_ the mean atomic number and energy of the fission frag
ments and Zz and d the mean values of the atomic number and atomic spacing 
along the (11l) row in U0„, respectively. ty± is related to the critical 
angle by li-i/p = Щ% C^O], where a depends weakly on the mean vibrational 
amplitude p of the lattice atoms. As discussed by Eriksson and Davies [21], 
о; is close to 1.0 for the (111) axis in U02 if the steering is assumed to 
be due to the uranium atoms. The difference between the observed and the cal
culated widths is not considered significant. In fact, it is consistent with 
the observation that the particle channeling widths measured for helium-ion 
and deuteron scattering in uranium dioxide [21] and a large number of other 
crystals [22] are 20-30% lower than the calculated values. On the other 
hand, the difference could arise from the averaging technique used in the 
calculation or could be due to scattering effects. In any case, it is clear 
that random scattering is not producing a large change in width for this 
measurement. 
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FIG.7. Fission-track density on a plastic detector film across a position corresponding to fragment 
emission parallel to a <111> axis. The symbols Л and • indicate scans in two orthogonal directions on 
the film. The ty value was calculated from Eq. (6) by using an average fission-fragment proton number 
of 46. 5 and an average energy of 60 MeV. The axial direction was 40е ± 8" from the incident proton beam. 

If it is assumed that the observed minimum yield comes entirely from 
the lifetime term of eq. (5) (i.e. if the contribution X^ due to scatter
ing and thermal vibration effects is neglected), it is possible to set an 
upper limit on the "effective lifetime" for decay of compound nuclei formed 
by 12-MeV proton bombardment of 

U238. 
The minimum yield of 0.16 from Pig. 7 gives Teff <• 1.3 x Ю- 1 6 sec* This is a higher limit than the limit of 

For sequential decay, as in the present case, the "effective lifetime" 
is a complicated function of the branching ratios and lifetimes of the 
members of the decay chain. 
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< 2 X 10_'17 sec reported by Brown et a l . [5 ] . The difference i s p r in 
cipal ly due to the smaller value of the cutoff distance r c = 0 . 1 A, which 
they used. Evaluation of the i r reported X value Ъу the method outlined 
here gives an upper l imit of s 9 x 10_''7 sec. 

A be t t e r value for the lifetime can he obtained by evaluating the X[ 
term of eq. (5) . Information on the magnitude of the sca t ter ing effects was 
obtained by helium-ion sca t te r ing measurements, which gave a value of X = 
0.12 for the (111) "channeling dip" (d i rec t ly re la ted to the "blocking dip" 
through r e v e r s i b i l i t y [10,26]) for 2-MeV helium ions scattered from a 
depth range corresponding to about one-half of the fission-fragment range. 
This value should represent a lower l imit X±' in eq. (5) since multiple 
scat ter ing effects are more pronounced for the heavy fission fragments than 
for helium ions. Based on th i s l imit for Xj , a more precise upper l imit 
of s 7 X 10-17 sec i s computed for the "effective l i fe t ime" decay of Np23° 
and Np239 compound nuclei formed by 12-MeV proton bombardment of U23°. 

For any real determination of the l i fe t ime, i t i s necessary to determine 
X and Xj" of (eq. (5) under as nearly the same conditions as possible. Two 
methods have been investigated in the present study. In the f i r s t , the proton 
energy was chosen such that both 1̂  and т2 in eq. (5) were so short that 
determination of the minimum yie ld gives X = X̂  . At other proton energies, 
where т2 i s not negl ig ib le , th i s value of XjJ was then used to determine 
т2 . As noted previously, only very fast f iss ion (< Ю-"1"? sec) occurs a t 
proton energies above 12 MeV and below 9 MeV. We therefore assume that under 
such conditions, contributions from the "lifetime terms" of eq. (5) are 
negligible compared to the sca t te r ing term Xj1 . At proton energies around 
10 MeV, however, the exci ta t ion energy of the second-chance f iss ion compound 
nucleus (Np23o) i s So low that a s ignif icant contribution from the l a s t term 
of eq. (5) i s expected. 

A ser ies of experiments were carr ied out in which 10-MeV bombardments 
were followed and, in some cases, preceded by 12-MeV or 9-MeV bombardments. 
Care was taken to ensure that the par t ic le beam was incident on the same 
spot in each ser ies and that a l l conditions of beam alignment and crysta l 
or ientat ion were kept constant. Figure 8 shows the r e su l t s of a scan for 
a 10-MeV proton bombardment compared to those of a 12-MeV bombardment nor
malized a t large emission angles. Three separate 12-MeV bombardments and one 
9-MeV bombardment were carr ied out and agreed within s t a t i s t i c a l uncertainty. 
Two separate 10-MeV bombardments bracketed by the 12-MeV and the J-UeV 
bombardments were also in good agrement. The minimum yie ld values in Fig. 8 
are the averages of various determinations weighted by the i r respective 
s t a t i s t i c a l uncertainty. The difference in the minimum yie ld value gives: 

Г (Гп/Гр1 1 
Li+(rn/r f)1+(rn/r f)Jx(v^ ) = ° - о б б ± °-021 

Estimates [20] of ( Г п / Г Д =- 1.0 and (Г / r f ) a = 0.8 for Np239 and Np2 3 8 

compound nuclei a t exci ta t ion energies of 15.3 MeV and 7.3 MeV, respec t 
ively, y ie ld 

x(v_LT2) = 0.183 

From Fig. 3 this corresponds to v̂ Tg = 0.20 A for the mean recoil distance 
giving the total lifetime 

т2 = 1.4 ± 0.6 X 10 Sec 
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a n d t h e p a r t i a l f i s s i o n l i f e t i m e 

(Tf)a 2.5 ± 1.2 X 10 

238 

-16 

for decay of the Ир compound nucleus 
238 The mean recoil distance of the Ыр compound nucleus of 0.20 A can 

he compared to the thermal vibrational amplitide of 0.07 A for uranium atoms 
in the U02 [23]. Prom Andersen's analysis [17] of the dependence of the 
width of the emitted particle angular distribution on the thermal vibrational 
amplitude shown in Fig. 4, the width at 0.20 A mean displacement should be 
0.5 times the width at 0.07 A. This is consistent with the width change 
of 0.4 ± 0.2 estimated for the angular distribution of the fission 
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9-MeV protons ( ). The values indicated for the minimum yield for the 12-MeV curve are the averages, 
weighted by their statistical uncertainty, of three runs at 12 MeV and one at 9 MeV. For the 10-MeV case, 
the minimum yield is the average of two runs at 10 MeV. The axial direction was 40° ± 2° from the 
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fragments arising from decay of Np23° compound nuclei in going from the 
12-MeV to the 10-MeV proton bombardments as obtained from the two curves 
of Pig. 8. The fraction of fissions from Hp2^8 of 0.36 was used as obtained 
from the branching ratios given above. This estimate neglects random scat
tering effects and is meant only to indicate consistency, but, as pointed out 
previously, the absolute width measurements are in fair agreement with the 
expected value. 

The second method used for evaluation of the scattering term X^ in 
eq. (5) makes use of a simultaneous measurement of the emission distribution 
along different (110) axes in the crystal. As shown in Fig. 5, the proton 
beam was incident at an angle of 5° ± 2° from a (110) axial direction. The 
compound nucleus recoil, since it follows the same direction as the incident 
proton, will have only a small velocity component, v^ , perpendidular to 
that particular (110) direction. Therefore, for fragment emission along 
that specific (110) direction, X « Xi • There are, however, other (110) 
axial directions in the crystal at 60° ± 2° to the incident proton beam. 
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The velocity component of the recoil nuclei perpendicular to these axial 
directions is not small, so the emission yield measured along these direc
tions is given by all the terms in eq. (5). (The first term is expected 
from the arguments and measurements discussed previously to Ъе negligible 
since JX is always very small under the experimental conditions used in 
the present experiment.) It is important to note that since all (110) axes 
have the same angle (35?2) relative to the crystal surface, and since the 
emission measurements for the different directions are made simultaneously, 
all depth, surface, radiation damage, crystal impurity, or other scattering 
effects should be completely equivalent in the two measurements. 

239 
Actually, recoil from neutrons emitted from Hp broadens the dis

placement distribution of the decaying Np23° compound nuclei. Analogous to 
increasing the thermal vibrations, this will increase the minimum yield. 
This is especially serious for the aligned measurement and should be cor
rected for in applying this two-directional technique. 

,238 
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FIG. 9. Fission-ftagment hack density on the plastic detector film scanned across positions corresponding 
to fragment emission parallel to various axial directions. Only half of the symmetric yield minima are 
shown, e is the angle of the axial direction relative to the incident proton beam. All curves are from 
the same proton bombardment. 

Figure 9 shows the results of scanning a number of different axial 
directions from the same 10-MeV proton bombardment. All distributions were 
found to be symmetric in the directions scanned. The yield minima for <110) 
axes with recoil at different angles to the crystallographic axes are shown 
by curves 9c and 9<*. As discussed in the following section, scattering effects 
are enhanced for (110) axes in U02. This makes the difference in minimum 
yield and therefore the derived lifetime less precise than that obtained for 
the (111/ axial measurements. However, the difference between the angular 
distributions for the two recoil directions is significant and the lifetime 
derived from eq. (5) after correcting for the neutron recoil effect mentioned 
above is consistent with the value obtained previously. 
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For the (110) axial measurements, the lifetime term contributed ~ 10$ 
to the measured minimum yield whereas for the (111) axial measurements, the 
contribution was ~ 30%. The consistency of the derived lifetimes for these 
two cases supports the approximation that the scattering effect can he com
bined additively to the lifetime and thermal vibration effects. 

A difference in the width of the yield minima was also observed for 
the (110) axial measurements corresponding to different recoil directions, 
and the difference is in. the same direction and of the same order of mag
nitude as that observed for the (111) measurements. However, scattering 
effects are apparently contributing significantly in this case since both 
curves are much narrower than 2 ^ = 3°2, calculated from eq. (6), so no 
lifetime estimate is felt to be justified. 

SCATTERING EFFECTS 

In almost all cases, random scattering effects are important in deter
mining compound-nucleus lifetimes from observed emitted particle angular 
distributions. In this section, we will sonsider some of the factors which 
influence random scattering. 

The random scattering effect includes multiple scattering in disordered 
or impurity surface layers and in the crystal itself as well as single 
(Rutherford) scattering in surface layers or from impurities or imperfections 
in the crystal. It is therefore clear that the quality of the crystal, as 
well as the absence of surface disorder or impurities, is important. How
ever, even in perfect crystals with clean and ordered surfaces, multiple 
scattering will occur as the particle penetrates the crystal. This is the 
same effect that leads to the particle escape from channels in particle 
channeling experiments [24]. 

In a binary crystal with constituents as different in proton number as 
in the U02 crystals used in these experiments, special scattering effects 
exist. These arise because of the presence of non-equivalent atomic rows or 
planes in the crystal. A representation of a [110] plane for U02 is shown 
in Fig. 10. This plane contains the three major low-index axial directions 
which are also indicated in the figure. Because of the high proton number of 
uranium, the inter-atomic potentials are determined almost entirely by the 
uranium atoms and the rows and planes of the uranium sub-lattice should 
dominate the correlated particle scattering. It should then be expected that 
the small spacing of uranium atoms along the (110) direction would lead 
to a smaller minimum yield X (according to eq. (4)) and an increased width 
^1/2 (according to eq. (6)) for particle emission along that direction 
compared to the (111) direction. However, comparison of the angular distri
butions observed for these two directions in the same experiment, as shown 
in Fig. 91 indicates just the opposite trend. The (110) minima have a much 
higher X value than has the (111) minimum.The reason for this apparent 
anomaly can be seen by referring to Fig. 10. The anomalously shallow 
minima for the (110) directions arise from scattering of the emitted frag
ments by rows of oxygen atoms, which lie between the uranium rows. Since 
all particles emitted from the uranium sites can penetrate the lower inter
atomic potential due to the oxygen rows, the oxygen acts very much the same 
as interstitial impurity atoms in scattering the emitted particles. On the 
other hand, in the (111) direction, all rows are the same and the anomalous 
scattering due to oxygen rows is not present. The same effect is observed 
for emission along planes. Figure 11 shows angular distributions for frag
ment emission along a {111} plane and a {110} for the same 10-MeV bombard
ment shown in Fig. 9« Again, the {111}, which contains intermediate oxygen 
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planes, shows a greatly increased scattering effect. This phenomenon appears 
to be much more, extreme for emitted fission fragments than for the protons 
or helium ions scattered at an equivalent depth. The light ions, however, 
show a considerably larger depth dependence along the (110) axis than along 
the (111) axis because of the same scattering effect. This has been studied 
extensively for scattered deuterons and helium ions by Erissson and Davies 
[21]. 

о • URANIUM ATOM d= 5.47 A 
° OXYGEN ATOM 

FIG. 10. The atomic arrangement of UO projected onto the {110} plane. 
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FIG. 11. Fission-fragment track density on the plastic detector film scanned across positions corresponding 
to fragment emission parallel to low-index planes. 6 is the angle of the center of each scan relative to the 
incident proton beam. These data are from the same proton bombardment as those on Fig. 9. 

POSSIBLE IMPROVEMENTS 
The measurement reported above is an "effective lifetime", which is 

influenced by fission and neutron emission of both the primary 
NP239 

compound nucleus and the secondary Np23° compound nucleus. To relate this 
quantity to any of the total or partial lifetimes involved requires 
knowledge of the neutron and fission branching ratios, rn/Ff . This „ 
relationship is especially uncertain for the second-chance fission Np 
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compound nuclei because the excitation energy is not accurately known or 
well-defined. For charged-particle-induced fission of heavy elements, 
this situation is necessary since only by working with second- or third -
chance fission is it possible to reduce the excitation energy enough to 
get suitable control over the lifetime. However, by using monoenergetic neu
trons in the energy range from ~ 1 to ~ 5 MeV to induce the fission, this 
uncertainty can be removed since the observed fission fragments all arise 
from the primary compound nucleus at an appropriate, well-defined and con
trolled excitation energy. Measurements of the fission of 

Ц238 
and 

№232 
with monoenergetic neutrons are in progress. 

For some materials, the crystal temperature has been found to have a 
large influence on the random scattering in particle channeling experiments 
[25]. Therefore, dependence of emitted fragment angular distributions on 
the temperature is being investigated. In any case, it should be remembered 
that the ^ term of eq. (5) contains both thermal vibration and random 
scattering effects (see eq. (2)). As the scattering effects are reduced 
or more accurately determined, the thermal vibrations will become increasing
ly important. When the mean square recoil displacement becomes smaller than 
the mean square thermal vibrational amplitude, the measurement becomes in
sensitive to changes in the lifetime, so this will represent the ultimate 
lifetime limit that can be achieved. By cooling the crystal to very low 
temperatures, the thermalevibrations can be reduced to ~ 0.01 A, so for a 
recoil velocity v^ of 10 cm/sec,it appears that if the scattering effects 
can be well enough measured or reduced, lifetime measurements as short as 
~ 10""''" sec might be possible. 
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D I S C U S S I O N 

P . A R M B R U S T E R : C o u l d you d e t e c t a l p h a p a r t i c l e s by y o u r t e c h n i q u e 
and t h e f i s s i o n p r o d u c t s by s o l i d - s t a t e d e t e c t o r s ? If s o , y o u r t e c h n i q u e 
cou ld b e u s e d t o p r o v e t h a t a l p h a p a r t i c l e s in t e r n a r y f i s s i o n a r e e m i t t e d 
a t s c i s s i o n . 

W . M . GIBSON: Y e s , in p r i n c i p l e . T h e r e f o r e , t h e l i f e - t i m e s of a n y 
c h a r g e d p a r t i c l e s e m i t t e d f r o m a r e c o i l i n g c o m p o u n d n u c l e u s c a n b e m e a s 
u r e d . 
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F. RUSTICHELLI: What is the dependence of the precision and sen
sibility of your method on the quality, i. e. on the mosaic spread of the 
crystal used? 

W.M. GIBSON: The quality of the crystal plays a very important role, 
as you might expect. This was investigated in great detail by X-ray meas
urements. The latter measurements, for example, indicated minimum 
yields, which set a very low limit on the presence of mosaic spread in these 
crystals. I think that it may be possible to improve the crystals that were 
made but I do not expect an improvement in the bulk properties of the ura
nium oxide crystals to lead to a very large change, because bulk properties 
of these crystals were very good. However, the scattering due to oxygen 
in these uranium oxide crystals is very pronounced and a significant im
provement can be expected if we use for example, pure uranium crystals. 



SUMMARY OF THE SYMPOSIUM 

J. C D . MILTON 
Atomic Energy of Canada Ltd, 
Chalk River, Ontario, 
Canada 

I am acutely embarrassed standing up here before you, and I am 
wondering, in fact I have been wondering for five days, how I ever got 
into this position. Not only am I keeping you all from catching your 
trains or having your dinner but you no doubt are expecting me to say 
something important. Now, this Symposium, I feel, has been momen
tous in the history of fission and naturally a summary speaker should say 
something momentous. I feel, in fact, a little bit the way Neil Armstrong 
must have felt when he stepped on to the moon. I know I do not have 
500 million people watching me; nevertheless I have a substantial frac
tion of the world of fission listening to me and they all are expecting 
to hear something memorable. So I thought about doing a little jump 
and saying: it is a little leap for me but a tremendous leap for fission, 
— but that had been done before. So I began to ask how one might sym
bolize this Symposium. Symbols are very important in this world, and 
one can never underestimate the importance of them, as any French 
physicist can tell you who has tried to think of a subscript for the light 
fragment (1 = leger), and then tr ies to think of a subscript for the heavy 
fragment (1= lourd); he has to do something different. So, symbols are 
very important and I tried to think of something that would symbolize 
this Symposium, and, of course, I am sure, it will come as no great 
surprise to you that the symbol of the Symposium should look as is 
shown in Fig. 1. Not only has nearly every speaker felt compelled to 
refer to it but those who have not, have felt compelled to apologize for 
not doing so. So it seemed to me that this symbol was appropriate in 
another way too, because if you look at it in the right way, it certainly 
looks like an S on its side and of course, the man who is responsible 
more than any other for the tone of this Symposium is Strutinsky. Of 
course, I am going to ignore the fact that in the Cyrillic alphabet his 
initial would better symbolize a single-humped barr ier . Anyway, it 
seemed to me that this symbol is important for another reason too, 
because it indicates how different this Symposium has been from all 
other conferences and Symposia on fission because at other fission con
ferences the symbol has been like that of Fig. 2. I show this to remind 
you that although there has not been too much said about it, the double-
humped mass yield is still something that has to be explained in fission. 

I mentioned the fact that I thought this conference had been different 
from all others in fission but in fact, I think there really has only been 
one other symposium of this caliber. That, of course, was the Salzburg 
Symposium in 1965. It is true, there were the two great Geneva Con
ferences which were somehow related to fission but I think I would ex
clude them because they were attended mostly by the chiefs and very few 
of us Indians got to them. There were also semiprivate conferences on 
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fission in Chalk River in 1956 and in Los Alamos in 1958, but you had to 
be either Canadian, American or British to go to them and so they were 
in no way a substitute for the great Symposia in Salzburg and here. So 
I think it is instructive to compare this Symposium with Salzburg. I 
think, it was true there, as it is here, that the Symposium ended on a 
note of great optimism. Griffin, I remember, was somewhat apprehen
sive but nevertheless happy about the thought of a great flood of data, when 
the experimenters, with the help of on-line computers measured every
thing about fission, and the poor theorist would then have to explain it. 
I think he is probably resting easier now because the great flood has not 
developed. Swiatecki, for his part, with his large calculations on statics 
behind him, was looking forward to some rigorous, but still model-
dependent dynamical calculations from Nix and others, but especially he 
was looking forward to a concerted attack on fundamental theories of 
fission. I do not think that we have got really very much nearer to a 
concerted attack on a fundamental theory of fission than we were then, 
but I think there is very good reason to hope that we might, because I 
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think one of the most important features of this Symposium has been the 
fact that we now have for the first time a large number of nuclear theorists 
interested in fission. Put in another way, the marriage of fission to nuclear 
physics after an engagement of nearly 30 years may finally be taking place. 

There were solid achievements at Salzburg, and in some cases we 
have not learned very much since that time. For example, Terrel l ' s 
masterful summary of the prompt neutrons still stands as almost the 
last word on the subject. In all this euphoria we probably partially over
looked one fact and one problem. The problem was the recent discovery 
of isomeric fission by Flerov, Polikanov et al. in Dubna. The fact was 
the new mass formula of Swiatecki, which for the first time, produced 
a simple, but soundly based and effective, shell-correction term to the 
liquid-drop masses. Already Swiatecki was talking privately about shells 
in deformed nuclei and using for his authority the old testament itself, 
that is Hill and Wheeler wherein, suitably interpreted, almost anything 
can be found. It has remained for Strutinsky to put some flesh and blood 
on these ideas. I think, there is another type of difference between this 
Symposium and the one at Salzburg; at Salzburg, there were about the 
same number of delegates as here, 200 from 29 countries whereas here, 
by my count there are 235 from 28 countries. But the atmosphere here 
seemed to be more conducive of discussion, of which I think there has been 
a good deal. Perhaps this is the result of the fact that although there were 
more delegates here there were fewer papers. Only about 50 papers were 
presented and this of course caused a certain amount of anguish because 
160 were submitted, whereas at Salzburg 75 papers were given, which I 
presume was the number submitted. 

Let me go on now to say that I think many people will agree that this 
Symposium has been a turning point in the fortunes of fission. Perhaps 
those people whose papers were guillotined will only agree rather rue
fully. Many people will also agree that had there been no Strutinsky, this 
would have been a very different symposium and many people will agree 
that the prevalent mood at this conference has been one of optimism. But 
it is undoubtedly true, as is usually the case, that this Symposium has 
provided more good questions than good answers. Nevertheless, I think 
that the hopeful mood is justified. 

As I mentioned before, a large number of nuclear theorists are work
ing on the solid liquid-drop base (if that is not a contradiction) provided 
by Swiatecki and Nix. It appears that the time is ripe for some real 
nuclear theory to be applied to fission. Already at this Symposium we 
have heard the results of a dynamical calculation from Hasse and Hilf 
(SM-122/28) which included shell-effects, admittedly in a crude and surely 
incorrect way, but nevertheless a start. Then we have heard the begin
nings of some calculations of mass and inertia coefficients from the 
Copenhagen group (SM-122/62) and it will be interesting to see if the 
tremendous amount of structure they find is substantiated by later work. 
In addition to these semi-classical problems, I think, there are many 
other interesting ones for theorists, and it would certainly be very nice 
to see an attack on the multi-dimensional barr ier penetration problem. 
Of course, we all await with great interest to see if and how more rigo
rous calculations of the potential energy versus deformation differ from 
Strutinsky' s. 
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Experimentally, the list of problems is very large. Despite the 
immense amount of work by Muga (SM-122/99) we still do not know very 
much about ternary fission. The situation with "non-honest-to-God" 
ternary fission (to modify Muga' s phrase), that is, fission accompanied 
by scission neutrons or charged particles is quite different. We have 
a tremendous amount of data available. While we can glibly repeat all 
the old cliches about what we expect to learn about the scission configura
tion from these data, the fact is that the numerous trajectory calculations 
that are now going on are only beginning to show us how to interpret these 
data. 

Turning now to the case of the fission isomers, it seems again that 
we have an embarrassment of riches, nearly everything has an isomer 
or two, and everything means all the way down to the rare earths ac
cording to the recent work of Alexander and Ruddy (submitted to ACS 
Meeting, New York, September 1969). Accurate life-times and cross-
sections for these isomers are, however, another matter and we des
perately need to consolidate our gains. While more isomers will be, 
and I am sure should be found, what we really need are more accurate 
measurements. And then, if it turns out that these lifetimes have a 
highly non-statistical distribution it will be time to worry. Particularly 
interesting are those cases where two isomers are observed in a single 
nucleus, and we eagerly await the confirmation of the 5-nanosecond and 
the 29-nanosecond isomers observed by Elwyn and Ferguson in 240Pu 
(Sm-122/54). If we had the measurements I mentioned above for those 
cases in which there is more than one isomer in a given nucleus, then 
we could start to learn something about the spectroscopy of the class-two 
states, the states in the intermediate well, and something about the rela
tive shapes of the barrier for the different types of excitation. These 
measurements together with, for example, (d, pf) prompt fission studies 
can also tell us how the class two states are mixed with the class-one 
states. There certainly can be no doubt that we need to know more about 
the class two states: we need to know their spacings, their spins, their 
transition properties and we would like to know their structure. 

Following on now, according to the program, we come next to the 
vexing problem of the variation of the properties from resonance to 
resonance in neutron fission. Many people believe that there are signi
ficant differences in the properties from resonance to resonance but some
times even the sign of the effect is not known. The situation seemed to 
me to be pretty bad, but it is not quite as bad as I thought it was before 
I sat down last night and prepared Table I. 

I am certainly not an expert in this field, but I thought it might be 
interesting to take all the resonances that were reported by Weinstein, 
the 13 shown in column 1, to see how people agreed on the determination 
of spins. To my surprise it turned out that they agreed rather well. 
In the second column of the table I have put the number of determinations. 
It ranges from 3 to 5. In the third column, I have given the spin as deter
mined by the wishes of the majority. The table looks mostly blank. I 
did that on purpose, because blank means agreement with the majority. 
A dash means no opinion and crosses mean disagreement with the majo
rity. And, as you can see, in no case does more than one experimentalist 
disagree with the majority. This may be somewhat illusory because I am 
sure there is an unknown phase factor and people tend to choose the phase 
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TABLE I. ^ U RESONANCE SPIN ASSIGNMENTS 

Spin E Number of , , 
(preference (eV) determinations . . .. . v ' of majority) 

6.39 3 4 

7.08 4 3 

8.79 4 3 

11.67 3 4 

12.39 4 4 

15.45 5 3 

16.10 5 3 

16.67 5 3 

18.05 3 3 

19.30 3 4 

21.10 4 3 

22.95 5 3 

23.65 3 3 
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Weinstein, Reed, Block, Fl SM-122/113 (1969). 
Ashgar, Michaudon, Payee, Phys. Lett. 26B (1964) 664. 
Weigman, Winter, Heske, as quoted by Weinstein. 
Bowman, Berman, Bagham, Wash-1127. 
Cowan, Bayhurst, Prestwood, Phys. Rev. 130 (1963) 2380. 
Melkonian, Mehta, in Physics and Chemistry of Fission (Proc. Symp. Salzburg, 1965) 1., 

IAEA, Vienna (1965). 

factor that minimizes the disagreement. But nevertheless, I was im
pressed to see that perhaps we are coming close to getting some real 
insight from these measurements. However, I would certainly caution 
those people who think for example that v ought to be anticorreläted with 
the total kinetic energy, because I think that it is clear that it is not so 
simple. For example, as was mentioned in Session F, changes in the 
gamma-ray energy or the neutron kinetic energy or perhaps even different 
Q-values for the reaction may play a role. The observed effects are very 
small and hence very small influences must be considered. 

I think, passing on now to another topic, one of the most exciting 
experimental techniques to come out at this Symposium was the advent 
of the 3He, 4He dilution refrigerator into the low-temperature alignment 
field. We have all had high hopes for results on the angular distributions 
of the fragments from aligned nuclei, but as you all know the results have 
been slow in coming. So we look forward, or at least I do, with great 
interest to see whether there really are states with К = J as indicated by 
Dabbs et al. (SM-122/123) and also to see if there are really no states 
with K = 0 as suggested by Pattenden and Postma for 235U (SM-122/57) 
(Dabbs et al. had previously found that K = 0 was surprisingly infrequent). 
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In fact, the whole question of the behaviour of К throughout the various 
stages of the fission process is a puzzling one, but one we hope will be 
elucidated before the next fission symposium. 

Now I would like to say a word about photofission. I think it is parti
cularly important to have more photofission results, especially near the 
threshold. As stressed by the chairman of Session E, photofission results 
are relatively simple to interpret, that is much simpler to interpret than 
(d,p) results. So far most photofission experiments have been done using 
bremsstrahlung spectra, although there was some earlier work with 
reaction gamma rays. But reaction gamma rays do not always occur with 
the right energy and it is never very clear to me what the accuracy of 
unfolding a bremsstrahlung process is . And for this reason we await 
further results on photofission and, in particular, I think we would all 
like to see the results from the Compton monochrometer of Knowles at 
Chalk River. 

I do not plan to say anything about neutrons and gamma rays, delayed 
or prompt, except that it is unfortunate that Armbruster ' s experiment 
at Jülich (SM-122/23) did not get results on the fragment spin distribution 
before the conference. I think that there is no doubt that the availability 
of on-line mass separators and large Ge(Li) gamma detectors is going 
to result in a good deal of high-quality data in the near future. But as 
Amiel pointed out in his review talk in Session G, these data are going 
to tell us much about the spectroscopy of neutron-rich nuclei, but not 
very much about fission. 
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could not be presented orally. Abstracts of this work are printed in this 
Section. 
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ASYMMETRIC INSTABILITIES IN THE LIQUID-DROP MODEL OF 
NUCLEAR FISSION (SM-122/17) 

S. Gallone, S. Garribba, G. Ghilardotti,^ 
SNAM Progetti S. p. A. - LRSR, 
Politecnico di Milano, Milano, Italy 

In a previous paper , which i s briefly summar ized , a method was d e s 
cr ibed to evaluate the potential energy of a deformed nucleus and to d i scuss 
the ins tabi l i t ies of the fission shapes with r e spec t to a s y m m e t r i c deforma
t ions. The object of this communicat ion is to r epo r t the numer ica l r e s u l t s 
which have been obtained on the bas i s of the theory mentioned. According to 
our scheme of calculation, the deformation energy is given as a quadrat ic 
form of sui table deformation p a r a m e t e r s , descr ibing the nuc lear shape in 
t e r m s of smal l deformations of a r e fe rence ellipsoid. The f i r s t pa r t of the 
work gives a brief account of the methods used for the calcula t ions , and of 
the c r i t e r i a applied to de te rmine the equil ibrium shapes . The saddle shapes 
and the re la ted c r i t i ca l energies have been calculated f i rs t . Graphs of the 
c r i t i ca l energies a r e given and compared with the r e su l t s of other au thors . 
The next step was to study the stabi l i ty of the saddle shape with r e spec t to 
a s y m m e t r i c of deformations. The r e su l t s obtained show that for values of 
the Bohr p a r a m e t e r lower than some c r i t i ca l value, which has been e s t i m a 
ted, the saddle shape is actually unstable with r e spec t to these deformations. 
F i g u r e s show the deformations assoc ia ted with this type of a s y m m e t r i c 
ins tabi l i t ies . 

A STATISTICAL MODEL OF FISSION (SM-122/19) 
U. Facchini, E. Gadioli-Erba, E. Saetta-Menichella, 
Laboratories CISE (Segrate) and University of Milano, Italy 

A s ta t i s t ica l model of the f ission p r o c e s s of heavy nuclei i s p resen ted . 
In this model the number of final s ta tes in which the f ragments may be ex
cited and a sui table f iss ion b a r r i e r between the two f ragments a r e taken into 
account. The b a r r i e r i s descr ibed by means of the inve r se p r o c e s s , i. e. 
the fission of two excited f ragments , and shows a g r e a t e r repuls ion than the 
usual Coulomb forces . The fission of 235U induced by slow and fast neutrons 
is analysed with the help of this model . The mos t recen t exper imenta l r e 
sul ts for the average kinetic energies and for the excitation energ ies a r e 
ut i l ized for the fitting. The level density p a r a m e t e r s that en te r in the theory 
a r e obtained from the recen t collection of data on nuc lear l eve l s . By means 
of this model , the kinet ic energy spec t r a and the excitation energy of the 
f iss ion f ragments a r e reproduced. The number of neutrons emitted by the 
f ragments i s a lso calculated and good agreement with the well-known saw
tooth shapes is obtained. When m a s s spec t r a a r e analysed the poss ib le 
existence of shell effects in the fission p r o c e s s is evidenced. It is a lso 
poss ib le to study the average f ission widths and the i r t rend as a function of 
incident neutron energy. 

887 
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THE MECHANISMS OF PLUTONIUM-239 FISSION BY MUONS (SM-122/52) 
A. Buta, D. Dorcioman, N. Grama, V. Hulubei, 
L. Marinescu, M. Petra^cu, Gh. Voiculescu, 

Institute for Atomic Physics Bucharest, Romania, 
and 
M. Omelianenco, 
JINR, Dubna, USSR 

In a recen t exper iment per formed at the Dubna synchrocyclotron, the 
authors m e a s u r e d the t ime distr ibution of fission f ragments when a 239Pu 
ta rge t was bombarded with slow negative muons. These m e a s u r e m e n t s 
were based on a t w o - p a r a m e t e r analysis ( t ime and pulse height) of the r e 
corded events , the ze ro t ime being given by the stopping of the muon within 
the ta rge t . The t ime distr ibution obtained i s consistent with the distr ibution 
obtained in 1966 in a m e a s u r e m e n t based on a s i n g l e - p a r a m e t e r ana lys i s . 
The cha rac t e r i s t i c feature of this t ime distr ibution is the appreciable ex
c e s s of events at ze ro t ime compared with the events re la ted to the expo
nential decay law of muons in Pu. The events following the exponential 
decay law a r e due to the nuclear muon capture through the reac t ion 
ß~+ p ->n + v. The muon l i fe- t ime in 239Pu as m e a s u r e d by us in the p resen t 
work is 67 ± 8 ns . The excess of events at ze ro t ime is re la ted to the m e 
chanism suggested by Zare t sky , consist ing in the d i rec t t r ans fe r of the 
2 p - l s t rans i t ion energy to the nucleus. This p r o c e s s of d i rec t energy t r a n s 
fer in a s e r i e s of heavy mes i c a toms was experimental ly proved by Pon te -
corvo and coworkers . However, in e lements like uran ium and thorium the 
contribution of this mechanism in the excitation of fission was much l e s s 
than expected. Theoret ical ly , this d isagreement was in te rpre ted by Zare t sky 
and Novikov by assuming a modification of the fission b a r r i e r due to the 
p r e s e n c e of the muon on the K-she l l . It follows from the p resen t r e su l t s 
on plutonium that the ra t io between the events re la ted to the d i rec t energy 
t r ans fe r and the events re la ted to muon capture is 0. 28 ± 0. 04, i. e. e s sen t i a l 
ly l a r g e r than the corresponding value for uranium and thor ium. This value 
supports the calculation of Zare t sky and Novikov concerning the modification 
of the fission b a r r i e r in the p resence of muons. 

POSSIBLE CORRELATION OF THE GERADE-UNGERADE CHARACTER 
OF INDEPENDENT PARTICLE LEVELS 

WITH FISSION ASYMMETRY (SM-122/120) 
G.P. Ford, D.C, Hoffmann, 
University of California, Los Alamos Scientific Laboratory, 
Los Alamos, N. M., USA 

It has been suggested that the r a t io of the mos t probable m a s s e s , Мн 
and M L , of the heavy and light groups, respect ive ly , in fission is given by 
Ng/Nu, the ra t io of the number of nucleons in gerade orbi ts to the number 
in ungerade orb i t s . Gerade orbi ts a r e symmet r i c under reflection of the 
spatial co-ord ina tes in the plane perpendicular to the symmet ry axis . We 
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have calculated the expectation value of the reflection operator for indivi
dual particle orbits in deformed Woods-Saxon potentials for (3 = 0, 0. 3, 0. 6, 
0. 75, and 0. 9, because these levels are neither completely gerade or un
gerade. Values of Ng and Nu were calculated by equating Ng - Nu to the 
sum of these expectation values over the occupied levels. 

Values of 1S /̂NU for j8 closesttothe ground-state equilibrium deforma
tion are given for several nuclei: 210Po, 1.56;226Ra, 1.47; 230Th, 1.47; 
236U, 1.48; 245Cm, 1.46; 252Cf, 144. When these values of Ng/Nu are plotted 
versus A they lie close to a line whose slope is - 0. 001. Experimental values 
for MH/ML in the mass region from 227 to 236 also fall fairly close to the 
same line, but at higher masses values of MH/ML are considerably below 
the line. The mass region from 227 to 236 is characterized by triple-peaked 
fission yield curves, but since the middle peak is associated with symme
tric fission, we have obtained MH/ML from the other two peaks which are 
associated with asymmetric fission. The ratio of 1. 56 calculated for 2i0po 
does not agree with the observed symmetric fission in this mass region. 
Since Ng/Nu only decreases 6 - 10% as jS is increased from 0 to 0. 9, it 
appears that asymmetric fission would be predicted at either the ground-
state or saddle-point deformation. 

Perhaps the correlation of Ng/Nu with MH/ML is only applicable to low-
energy (asymmetric) fission and that for the higher energies where symme
tric fission is observed, this theory based on the independent-particle model 
is not valid. Even if the independent-particle model is appropriate, a 
different set of levels must be occupied, and our values of Ng/Nu for the 
lowest levels would not apply. Efforts are being made to extend this treat
ment to higher excitation energies. 
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ANGULAR ANISOTROPY OF FRAGMENTS FROM TERNARY FISSION OF 
235U AND 238U (SM-122/8) 
I. Koväcs, L. Nagy, T. Nagy, I. Vinnay, 
Central Research Institute for Physics 
of Hungarian Academy of Sciences, 
Budapest, Hungary 

The angular anisotropy of f ragments from t e r n a r y fission of 238U and 
235U induced in both nuclides by 14 MeV and in the l a t t e r a lso by 2. 5 MeV 
energy neutrons was measu red by semiconductor de tec to r s . The exper i 
menta l setup was the following. The t a rge t s of about 2 m g / c m 2 th ickness , 
18 m m diameter , on 9. 7 m g / c m thick s t a in l e s s - s t ee l backing, were moun
ted on the detector of long-range a -pa r t i c l e s . The fragments were detected 
by semiconductor de tec tors one of which was mounted by 0°, the other at 
90° to the flight path of neut rons . The t e rna ry - f i s s ion events were singled 
out by counting the coincidences between the с - d e t e c t o r and one of the 
fragment detectors at 2 cm distance from the other one. The neutron 
source of 1. 4 cm d iameter was placed 2. 5 cm from the t a rge t . The ra t io 
of the re la t ive probabi l i t ies of t e r n a r y fission was determined, i. e. the 
value of Po/pgg where the indices stand for di rect ions of fragment flight 
path re la t ive to that of the neutrons . 

The ra t io p 0 /p 9 0 was obtained for 235U at 2. 5 MeV neutron energy, to 
be 1. 06 ± 0. 13, while for 235U and 238U at 14 MeV neutron energy, the ra t io 
was 1. 30 ± 0. 11 and 1. 45 ± 0. 12, respect ively . This shows that , at 14 MeV 
neutron energy, the anisotropy is higher for t e rnary- f i s s ion fission f rag
ments than for b inary-f i ss ion ones. Since the long- range or-particles a r e 
emitted with high probabil i ty near ly normal to the fragment flight path, they 
a r e expected to have a s idewise-peaked angular distr ibution. 

At high excitation energies the angular anisotropy i s predic ted in t e r m s 
of the s ta t i s t ica l model as W(0°)/W(90°) = 1 + 1 ^ / 8 ^ , where KQ is the 
average value of the angular momentum projection on the nuclear axis and 
I m i s the maximum poss ible angular momentum of the fissioning nucleus . 
The higher value of the anisotropy of t e r n a r y fission f ragments obtained in 
the p resen t measu remen t at 14-MeV bombarding energy suggests a higher 
probabil i ty of t e r n a r y fission for s ta tes with lower values of K0. 

890 
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THE ANGULAR AND ENERGY DISTRIBUTION OF ALPHA PARTICLES EMITTED IN 

THERMAL NEUTRON 

FISSION OF 235U (SM-122/12) 
Y. Gazit, A. Katase, G.Ben-David, R. Moreh, 
Israel Atomic Energy Commission, 
Soreq Nuclear Research Centre, Israel 

The angular and energy distr ibution of a -pa r t i c l e s emit ted in the t he r 
ma l neutron fission of 235U have been m e a s u r e d in a t h r e e - p a r a m e t e r c o r 
re la t ion experiment . The total angular and energy dis t r ibut ions as well as 
the angular distr ibution as a function of fragment m a s s ra t io a r e given. The 
r e su l t s were used in t ra jec tory calculat ions to find the init ial conditions of 
the fission fragment m a s s ra t io of 1. 44; the following init ial conditions a r e 
obtained: f i ss ion-f ragment separa t ion d=23 fm. , average init ial fragment 
k ine t ic -energy 25. 5 MeV, average « -pa r t i c l e energy at sc i ss ion 2 MeV, and 
the distance of the a -pa r t i c l e from the fission axis 1 fm. 

EMISSION PROBABILITIES OF LIGHT NUCLEI IN FISSION (SM-122/14) 
Y. Boneh, 
Nuclear Research Center, Negev, Israel, 
Z . Fraenkel, 
Weizmarrn Institute of Science, Rehovot, Israel, 
and 
E. Nardi, 
Israel Atomic Energy Commission, Soreq Nuclear" Research Centre 
and Weizmann Institute of Science, Rehovot, Israel 

The emiss ion probabi l i t ies of the var ious light nuclei emit ted in fission 
were investigated on the bas i s of a model in which pa r t i c l e - emi s s ion r e 
sul ts from a rapid change of potential energy in the "neck" region of the 
fissioning nucleus. The nucleus was t r ea ted by means of a one-dimensional 
potential well of infinite depth. The re la t ive emiss ion probabi l i t ies and 
kinetic energ ies of the neut rons , protons and the other light nuclei emit ted 
in fission were investigated as a function of the r i s e t ime and shape of the 
r i s ing potential . 

EMISSION OF LIGHT CHARGED NUCLEI IN THE n-THERMAL FISSION OF 
239Pu*(SM -122/16) 

F. Cavallari, M. Cambiaghi, F.Fossati, T. Pinelli 
Istituto di Fisica Nucleare dell'Universita Pavia, 
and 
Istituto Nazionale di Fisica Nucleare, Gruppo di Pavia, Italy 

Various charged nuclei in the n - t h e r m a l fission of 239pu have been de 
tected by using a te lescope consis t ing of two semiconductor de tec to r s . 
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The identified pa r t i c l e s with the re la t ive features a r e repor ted : 
Long- range alpha p a r t i c l e s . During t h r ee independent runs 14330 pa r t i c l e s 
have been detected. To evidence the low pa r t of the energet ic spec t rum no 
abso rbe r has been interposed between the t a rge t and the te lescope: n e v e r 
the less a t r ip le fast coincidence has been rea l i zed with the fragment and 
te lescope detec tors pulses to allow the pa r t i c l e s to be revealed. The o b s e r 
ved energet ic in te rva l i s f rom 7 to 28 MeV. The mos t .p robable energy i s 
16 ± 1 MeV with a FWHM. of 9 MeV. The given resolut ion is due to the 
continuous damage induced on the DE detector by the f ission f ragments and 
na tura l alphas of 239Pu. The energy spec t rum is symmet r i ca l ly dis tr ibuted 
around the peak energy spec t rum of Gaussian shape. 
Hel ium-s ix . 250 of these events have been identified. The observed energy 
spec t rum extends from 8 to 18 MeV with the most probable energy at 
12 ± 1 MeV and an FWHM. of 7 MeV. The yield re la t ive to 100 alphas is 
1. 7 ± 0 .2 . 
He l ium- th ree . These pa r t i c l e s have been detected during two runs with a 
Ni abso rbe r in terposed between the te lescope and the t a rge t . The yield r e 
lat ive to 100 alphas is 0, 9. Owing to overlapping of the a lpha-par t i c le ta i l , 
this yield is to be considered as an upper l imit . The peak energy is 
16 ± 1 MeV but probably the energy spec t rum is influenced by the alpha 
ta i l . 
T r i t ons . The observed energy in terval is from 5. 5 to 11 MeV. The peak 
energy i s 8. 2 ± 0. 7 MeV with an FWHM. of 6 ± 1 MeV. The yield re la t ive 
to 100 alphas i s 5. 5 ± 0. 5. 
Deuterons. Evidence has been obtained of such p a r t i c l e s in the energy range 
from 4 to 7 MeV. The lower l imit of the yield re la t ive to 100 alphas is 
0 . 3 . 

INVESTIGATION OF PROMPT NEUTRONS ACCOMPANYING SPONTANEOUS 
TERNARY FISSION OF 252Cf* 
(SM-122/64) 

H. Piekarz, J. Bfocki, T. Krogulski, E. Piasecki, 
Institute of Nuclear Research, Swierk, Poland 

The p rope r t i e s of prompt neutrons accompanying the spontaneous 252Cf 
t e r n a r y f ission with a lpha-par t ic le as a th i rd fragment have been examined. 
The angular dis tr ibut ions of neutrons with r e spec t to the direct ion of f iss ion-
fragment flight were m e a s u r e d for t e r n a r y and binary fission. The average 
number of neutrons and the re la t ive yield of neutrons emitted from the light 
and heavy f ragments in the t e r n a r y fission were determined by compar ison 
with those observed in b inary fission. The neutron yield as a function of 
the a lpha-par t ic le kinetic energy was a lso found. The kinetic energy of the 
single fission fragment was m e a s u r e d in coincidence with neutrons and the 
a lpha-par t ic le . The neutron counter consisted of a s t i lbene c rys t a l 
40 X 40 m m and a 56 AVP photomult ipl ier . A pu l se - shape d i sc r imina to r 
allowed a separa t ion of the neutrons from the g a m m a - r a y s . Silicon su r face -
b a r r i e r de tec tors r eg i s t e r ed fission f ragments and a lpha -pa r t i c l e s from 
t r ipar t i t ion (the l a t t e r in the energy interval of 10-30 MeV). 

The measurements were taken by the Nuclear Chemistry Group of CERN in Geneva. 
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that: 
A typical fas t - s low coincidence sys tem was applied. We can conclude 

The angular distr ibution of neutrons with respec t to the fission fragments 
is quite s imi l a r in the binary and t e r n a r y fissions 
< v ternary = 3. 10 ± 0. 08. 
The r a t io of the number of neutrons emitted from the light fragment to 
that emitted from the heavy one is s imi l a r in the binary and t e r n a r y 
f iss ions . 
The neutron yield dec rea se s with increas ing a lpha-par t ic le energy: 

< 6 v / 6 E a > = - 0 . 042 ± 0. 01 M e V 1 . 
The total kinetic energy r e l eased in t e rna ry fission is by a value of 
3. 8 ± 1.3 MeV higher than that r e l eased in binary fission. 

EMISSION OF LIGHT NUCLEI IN THERMAL NEUTRON FISSION OF 239Pu (SM-122/65) 
T.Krogulski, J.Chwaszczewska, M. Dakowski, E.Piasecki, M. Sowinski, J.Tys, 
Institute of Nuclear Research, Swierk, Poland 

The re la t ive in tensi t ies and energy spec t ra of % , 2H, 3H, 4He, 6He, 
and 8He pa r t i c l e s from the the rma l neutron fission of 2 3 9Pu have been m e a 
sured . The 6 m g / c m 2 thick 239Pu ta rge t was i r rad ia ted in the rma l neutron 
flux of 6 X 10 cm" 2s - 1 . The semiconductor counter te lescope pe rmi t t ed 
distinguishing between the r e g i s t e r e d pa r t i c l e s so that the energy spec t ra 
of hydrogen and hel ium isotopes could be measured . 

A Gaussian distr ibution was fitted to the spec t ra by the l e a s t - s q u a r e s 
method. We conclude that all the spec t r a a r e sufficiently wel l -descr ibed by 
a Gaussian distr ibution although the re a r e smal l deviations from it. The 
m o s t s t r ik ing feature of the measu red spec t ra is the fact that the energy 
distr ibution for all isotopes of hydrogen is a lmost the same,and the max i 
m u m of dis tr ibut ion which dec rea se s regula r ly with the isotope m a s s in the 
c a s e of hel ium. 

The intensi t ies re la t ive to the emiss ion of 100 alphas have been calcu
lated by assuming that the low-energy pa r t of the spec t rum which is not 
r e g i s t e r e d is symmet r i ca l to the corresponding high-energy par t . 

The r e su l t s a r e presented in Table I. 

TABLE I. RESULTS OF MEASUREMENTS 

Particle 

P 

d 

t 

"He 

6He 

»He 

Energy range 
of undistorted 
spectra (MeV) 

4 - 18 

4 .5 - 19 

5 . 5 - 2 0 

10 - 2 9 

11 - 28 

12 - 23 

Relative 
intensity 

(extrapolated) 

1.9 i O . l 

0.5 ± 0 . 1 

6. 8 ± 0. 3 

100 

1.9 ± 0 . 2 

0, 08 ± 0. 02 

Epeak 

(MeV) 

8.40 ±0 .15 

8.2 ± 0. 3 

8.20 ±0.15 

16.0 ± 0 . 1 

11.8 ± 0.1 

<12 

FWHM 

(MeV) 

1.2 ± 0 . 3 

7. 2 ± 0.5 

7.6 ± 0.4 

10. 6 ± 0.2 

10.6 ±0 .6 

>9 
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MODEL CALCULATIONS OF THE ENERGY AND ANGULAR DISTRIBUTIONS OF 
LIGHT NUCLEI ACCOMPANYING FISSION (SM-122/66) 
J. Bibcki, T. Krogulski, 
Institute of Nuclear Research, Swierk, Poland 

The Geilikman model dealing with the emiss ion of » -pa r t i c l e s in the 
f ission of 236U was modified and extended to other pa r t i c l e s . This model 
t r e a t s c lass ica l ly the motion of the third pa r t i c l e in the mutual Coulomb 
field of the two f ragments . The sys tem of these t h r ee bodies is p a r a m e t 
r ized in t e r m s of the initial dynamic va r i ab les . Among these , the init ial 
dis tances between th ree bodies and the init ial energy of the light nucleus 
were found to influence mos t markedly the final energy and angular d i s t r i 
butions of the light nucleus investigated. Thus, the model calculat ions were 
per formed with the remaining initial conditions as follows: (i) i sot ropic 
spat ial dis tr ibution of the l ight-nuclei ini t ial velocity; (ii) the deformed 
fragments a r e replaced by point cha rges ; (iii) the total Coulomb potential 
and kinetic energy of the sys tem is equal to the most probable kinetic energy 
r e l ea sed in the a lpha- t r ipar t i t ion; (iv) the m a s s distr ibution of f ragments 
is replaced by the definite m a s s ra t io equal to the mos t probable ra t io in 
the a lpha- t r ipar t i t ion . 

If the experimental r e su l t s a r e compared with the calculated ones it i s 
seen that 1. the energy dis tr ibut ions of helium and hydrogen isotopes a r e 
sufficiently well descr ibed by the model of t h r ee Coulomb-interac t ing bodies 
in c lose as well as in elongated configurations of the sc iss ioning nuclei when 
the initial energy distr ibution of the light pa r t i c l e s with two adjustable p a r a 
m e t e r s is used; 2. to unders tand the observed angular dis t r ibut ions of in
evitable hydrogen and helium isotopes in t e r m s of the model p resen ted , it 
s e e m s to a s sume an elongated configuration of the sciss ioning nuclei and a 
fair ly wide distr ibution of the init ial position of light nuclei between the 
f ragments . 

PARAMETRES RELATIFS A LA DEFORMATION DES FRAGMENTS DANS 
LA FISSION TERNAIRE (SM-122/81) 
T.P. Doan, M.Asghar, С Carles, R. Chastel, 
Laboratoire de Physique Nucleaire de la Faculte des Sciences de Bordeaux, 
Le Haut Vigneau, France 

Nous avons calcule la deformation de g ros f ragments de t r ipar t i t ion , 
D(M), l eu r energie de deformation, ED(M), et d ' au t res quantites r e l i e e s ä 
Celles-ci . Nous avons suppose que les f ragments sont des el l ipsoides de 
revolution uniformement charges et que la par t icu le l e g e r e est p lacee su r 
la ligne joignant l e u r s c en t r e s , ce l l e -c i coi'ncidant avec l e u r s grands axes . 
Les r e su l t a t s sont cons is tan ts , dans l e s l imi tes de 10 a 15%, avec nos 
calculs an t e r i eu r s , dans lesquels nous supposons que les el l ipsoides de r e 
volution etaient charges en surface . 

Nous ut i l isons l e s r e su l t a t s pour de t e rmine r l e s quantites suivantes: 
1. Nombre de neutrons prompts en fission t e r n a i r e en fonction de l a m a s s e 
des f ragments vT(M). Les va leurs calculees de yT(M) en fonction de la 
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m a s s e pour 252Cf sont en bon accord avec les va l eu r s exper imenta les . La 
va leur moyenne^ vT(M) У pour 236U est en accord avec la va leur e x p e r i m e n t a l ; 
2. Probabi l i t e in t r inseque de r e m i s s i o n de la par t i cu le alpha P«(M) en 
fonction de l a m a s s e des f ragments . Nos r e su l t a t s concordent t r e s bien 
avec les donnees exper imenta les de Schmitt et al. su r le 235U; 
3. Quelques p a r a m e t r e s de physique nuclea i re : p a r a m e t r e s de deformation 
ß2(M), coefficients de deformation de Nilsson 6(M), moment quadrupölaire 
des f ragments de t r ipar t i t ion Q0(M) et l e paramfetre C2(M) qui r e p r e s e n t e la 
r e s i s t ance ä la deformation. 

Nous comparons quantitativement ces r e su l t a t s avec les donnees expe r i 
menta les et theor iques . P a r example, nos va leurs de C2 (M) concordent 
bien avec cel les t rouvees pa r Fong p a r extrapolat ion aux f ragments de f i s 
sion b ina i re r i ches en neutrons des va l eu r s de C2 t rouvees pour l es noyaux 
s tab les . Nos va leu r s de ]32 sont en t r e s bon accord avec ce l les ca lculees 
p a r Ignatyuk en ut i l isant le modele en couche ä pa r t i cu le independante et 
el les s ' accordent assez bien avec les r e s u l t a t s experimentaux obtenus p a r 
excitation coulombienne. 

English t rans la t ion of the preceding Abst rac t (SM-122/81): 

PARAMETERS RELATING TO THE DEFORMATION OF FRAGMENTS 
IN TERNARY FISSION 

We have calculated the deformation of the l a rge t r ipa r t i t ion f ragments 
D(M), the i r deformation energy ED(M) and other associa ted quanti t ies . We 
assumed that the f ragments were uniformly charged ell ipsiods of revolution, 
and that the light pa r t i c l e was located on the l ine joining the i r c en t r e s , th is 
l ine coinciding with the i r major axes . The r e su l t s a r e consis tent , within 
10-15%, with our previous calcula t ions , in which we assumed that the e l l ip
soids of revolution were charged on the surface . 

We u s e the r e s u l t s to de te rmine the following quanti t ies: 
1. The number of t e rna ry - f i s s ion prompt neutrons as a function of the m a s s 
of the f ragments vT(M).The values of vT(M) calculated as a function of m a s s 
for 252Cf a r e in good agreement with the exper imental values . The mean 
v a l u e s ^ vT(M) У for 235U ag rees with the exper imental value; 
2. The in t r ins ic probabi l i ty of emiss ion of the alpha pa r t i c l e Pa(M) as a 
function of the m a s s of the f ragments . Our r e su l t s ag ree ve ry sa t is factor i ly 
with the exper imenta l data of Schmitt et al. for 235U; 
3. Cer ta in p a r a m e t e r s of nuclear physics : p a r a m e t e r s of deformation 
^ ( M ) , Nilsson deformation co-efficients 6(M), quadrupole moment of t r i p a r 
tition f ragments Q0(M), and the p a r a m e t e r C2(M), r ep resen t ing r e s i s t a n c e 
to deformation. 

We quantitatively compared these r e su l t s with the existing exper imenta l 
and theore t ica l data. F o r example, our values for Сг(М) agree well with 
those which Fong found by extrapolat ion of the values of C2 for s table nuclei 
to neu t ron- r i ch b inary f ission f ragments . Our values for ß 2

 a r e i n ve ry 
good agreement with those calculated by Ignatyuk, who used the independent-
pa r t i c l e shel l model , and ag ree fair ly well with the exper imenta l r e su l t s 
obtained by Coulomb excitation. 
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MESURE CORRELEE DANS LA TRIPARTITION DE Z35U PAR NEUTRONS 
THERMIQUES (SM-122/82) 
С. Carles, M. Asghar, T.P, Doan, R. Chastel, M. Ribrag, 
Laboratoire de Physique Nucleaire de la Faculte des Sciences de Bordeaux 
and 
Centre d'Etudes Nucleaires de Saclay, 
Gif-sur-Yvette, France 

Nous avons u t i l i se un Systeme d 'analyse mul t ipa ramet r ique avec des 
de tec teurs ä semi-conducteur pour m e s u r e r l es m a s s e s et l es energies des 
f ragments de fission b ina i re et de t r ipar t i t ion (emission de pa r t i cu les a de 
long parcours ) de l'XJ235 p a r neutrons the rmiques . Nous avons analyse 
environ 27 000 evenements de t r ipar t i t ion et p lus i eu r s centaines de m i l l i e r s 
d 'evenements de fission b ina i re . L 'u t i l i sa t ion d'une m e s u r e de difference 
de temps de vol en t re l es deux gros f ragments nous a p e r m i s de m i n i m i s e r 
l e s evenements p a r a s i t e s dans l e s regions de m a s s e s symmet r iques et trfes 
a symmet r iques . 

L e s principaux r e su l t a t s que nous obtenons sont l es suivants : 
1) la probabi l i te d ' emiss ion de par t i cu les a en fonction de la m a s s e 

des f ragments de fission b ina i re suivant la definition de Schmitt et al. Nos 
r e su l t a t s sont en accord avec ceux donnes pa r Schmitt et al. m a i s no t re 
methode nous pe rme t en out re d 'obtenir des r e su l t a t s dans les zones de 
faible taux de production ( m a s s e s symmet r iques et t r e s a symmet r iques ) ; 

2) l e s p ics de distr ibution de m a s s e des f ragments sont plus e t ro i ts 
pour l a t r ipar t i t ion que pour l a fission b ina i re ; 

3) nous etudions la var ia t ion de l ' energ ie cinetique totale en fonction 
du rappor t des m a s s e s en fission b ina i re et en t r ipa r t i t ion . 

English t rans la t ion of the preceding Abst rac t (SM-122/82): 

CORRELATED MEASUREMENT IN TERNARY FISSION OF 23SU BY THERMAL NEUTRONS 

We used a sys tem of mu l t i pa rame te r analysis with semi-conductor de 
t ec to r s in o r d e r to m e a s u r e the m a s s e s and energies of the f ragments emi t 
ted during the b inary fission and t r ipar t i t ion (emiss ion of long-range a-
par t ic les) of 235U by t h e r m a l neut rons . We analysed about 27 000 t r i p a r t i 
tion events and seve ra l hundreds of thousands of b inary fission events . By 
using the m e a s u r e m e n t of the difference between the t imes-of-f l ight of the 
two l a rge f ragments , we were able to min imize pa ras i t i c events in the r e 
gions of symmet r i c and highly a s y m m e t r i c m a s s e s . 

We obtained the following pr incipal r e su l t s : 
1) Regarding the probabil i ty of o -pa r t i c l e emiss ion as a function of the 

m a s s of the b inary f ission f ragments according to the definition of Schmitt 
et al. , our r e su l t s agree with those of Schmitt et al. , but our method gives, 
in addition, r e su l t s in the zones of low production r a t e s ( symmet r i c and 
highly a symmet r i c m a s s e s ) ; 

2) The m a s s distr ibution peaks of the f ragments a r e n a r r o w e r in the 
c a s e of t r ipar t i t ion than in that of b inary fission; 

3) We study the var ia t ion of the total kinetic energy as a function of the 
r a t io of the m a s s e s involved in b inary fission and t r ipar t i t ion . 
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ETUDE DE LA FISSION TERNAIRE INDUITE PAR DE PROTONS DE HAUTE ENERGIE. 
VISUALISATION A 

L'AIDE DE DETECTEURS SOLIDES (SM-122/87) 
R. Stein, J. Ralarosy, G.Remy, J. Tripier, M. Debeauvais, 
Laboratoire de Physique Corpusculaire, Strasbourg-Cronenbourg, France 

La m i s e au point de re la t ions p a rc ours -energ ie p r e c i s e s dans des 
nouveaux de tec teurs , nous a p e r m i s une etude cinematique de ce r t a ines 
in terac t ions t e r n a i r e s v i sua l i sees dans les de tec teurs sol ides . 

Nous avons en pa r t i cu l i e r calcule , g race ä ce r t a ines hypotheses , l a 
distr ibution en m a s s e et en moment des f ragments emis et ce l apour p lu-
s i eu r s centaines d 'evenements t e r n a i r e s . 

Le cas des cibles U, P b et Th pour des protons incident de 3, 18 et 
24 GeV/c est examine. 

English t rans la t ion of the preceding Abst rac t (SM-122/87); 

STUDY OF TERNARY FISSION INDUCED BY HIGH-ENERGY PROTONS. 
RECORDING BY MEANS OF SOLID DETECTORS 

The kinematic study of some t e r n a r y in teract ions recorded by means 
of solid de tec tors has been made poss ib le by the development of accura te 
r ange -ene rgy re la t ions in these new de tec to r s . 

Using cer ta in hypotheses, we have calculated, in pa r t i cu la r , the m a s s 
and momentum distr ibution of the f ragments emitted, and have done this for 
severa l hundred t e r n a r y events. 

The case of U, Pb and Th t a rge t s for 3, 18 and 24 GeV/c incident p r o 
tons is considered. 

TERNARY FISSION OF 232Th, 23eU and 239Pu (SM-122/95) 
L. Medveczky, G. Somogyi, 
Institute of Nuclear Research of the Hungarian Academy of Sciences, 

Debrecen, Hungary 
and 
G. Götz, 
Fachbereich Angewandte Physik der Friedrich Schiller Universität Jena, 

German Democratic Republic 

The purpose of the p resen t study is to r epo r t the data of the t e r n a r y 
photofission of 2 3 2Th, 238U and 2 3 9Pu. The fissions were induced with the 
b r e m s s t r a h l u n g of a 27. 5 MeV electron beam, and were detected s imul ta 
neously with t r a c k - d e t e c t o r s of different threshold (muscovite mica , p las t ic 
Melinex Q) for the d iscr iminat ion of the t r a c k s of the binary and t e r n a r y 
events the sandwich technique was used. During th is investigation al together 
about 1. 5 mil l ion b inary f ission events were scanned. With all the t h r e e 
nuclei the t h r e e - p r o n g events showed a higher frequency in the plas t ic de 
t ec to r s than in the mica ones. A number of two-prong events with a space 
angle s m a l l e r than 180° were a lso found. In both of the above events the 
angular and range dis tr ibut ions were measu red . The range distr ibution of 



898 ABSTRACTS 

the th ree -prong events indicates the p resence of a symmet r i c and an a sym
m e t r i c group. Comparing the resu l t s achieved with the two- t rack de tec tors 
of different threshold, and considering the interfer ing f iss ion-fragment 
sca t ter ing effect, the conclusion could be drawn that a significant pa r t of the 
th ree -p rong events could not originate from sca t te r ing p r o c e s s e s . On the 
bas i s of the resu l t s it s eems that in the case of Th and U the frequency of 
the t e r n a r y fission having thi rd fragment of a m a s s number 10 s m ё 30 is 
higher than those of a m a s s number >30. It has been establ ished that the 
ra t ios of the symmet r i ca l t e rnary- f i s s ion events (the m a s s of each fragment 
being >30) to the binary fission events, in the case of 232Th, 238U and2 3 9Pu 
a re ~ 8 X 10 -6, ~ 11 X10"6 and < 3 X 10"6, respect ively . 

VARIATION OF THE BINARY-TO-TERNARY FISSION RATIO FOR 235U IN THE 
RESONANCE REGION (SM-122/139) 
A.J. Deruytter, 
Central Bureau for Nuclear Measurements, Euratom Geel, Belgium, 
and 
C. Wagemans, 
NFWO, Rijksuniversiteitte Gent and SCK-CEN, Mol, Belgium 

P r e c i s e measu remen t s were per formed of the ra t io of b i n a r y - t o - t e r n a r y 
fission in the neutron energy region below 23 eV. 

The neutron source was the uranium target of the l inear e lectron a c 
ce l e ra to r of the С. В. N. M. at Geel (Belgium). The neutron energy-se lec t ion 
was made by time-of-fl ight at a short (8 met re ) wel l -col l imated flight-path. 
The high neutron intensity allowed good coll imation of the neutron beam onto 
the target and good resolut ion of the t ime-of-fl ight spec t ra in the considered 
energy- range since only two deposits of highly enriched 235U (on both s ides 
of an aluminium disk), of about 2 m g / c m 2 we re used. 

L a r g e gold-si l icon s u r f a c e - b a r r i e r de tec tors on both s ides of the back-
to-back target were used for the consecutive m e a s u r e m e n t s of long-range 
a -pa r t i c l e s ( absorbers in) and fission fragments ( abso rbe r s out). These 
de tec tors show a wel l - resolved energy spec t rum for the detected pa r t i c l e s . 
Time-of-fl ight spec t ra were recorded in both conditions. 

The ra t ios of the surfaces in count ing-ra te v e r s u s neutron energy 
spec t ra for binary and t e r n a r y fission in the s t rongest isolated resonances 
were calculated and compared with previously published contradic tory data 
(Table I). These ra t ios a r e also compared with the var ia t ion of other 
fission cha rac t e r i s t i c s in these resonances and with the few known r e s o 
nance spins (Table II). 



TABLE I. COMPARISON OF T / B VALUES 

E(eV) 

21,1 

19.3 

12.39 

8 .78* 

Detection level 

Detector 

Mehta et al. [1] 

96 ± 5 

97.5 i 3 

99 ± 3 

100 i 2 

9MeV 

Si(Au) 

Michaudon et al. [2]~ 

I 

92. 5 ± 5 

90 1 2. 5 

92.5 i 2. 5 

100 ± 1 . 5 

7. 3 MeV 

II 

105.5 ± 3 . 5 

105 ± 2 

100 ± 2 

100 ± 1 . 5 

10. 9 MeV 

ionization chamber 

These measurements 

I 

122 ± 6 

114 ± 3 . 5 

105.5 ± 4 

100 ± 3 

II 

118 ± 8 

116 ±5 

99 ±6 

100 ± 4 

Average 

120 ± 5 

115 ± 3 

102 ±3 .5 

100 ±2 ,5 

10 MeV 

Si(Au) 

* All the ratios are normalized at this energy О H 

TABLE II. COMPARISON WITH OTHER FISSION CHARACTERISTICS AND RESONANCE SPINS 

Energy 
(eV) 

21.1 

19.3 

12.39 

8.79 

Т/Б 
normalized at 8,79 eV 

120 ± 5 

115 ± 3 

102 ±3 .5 

100 ± 2 . 5 

Direct 
Poortmans et al. 
[3] (scattering) 

4" 

3" 

3" 

Spin assignments 
Indirect (normalized at 8. 79 eV) 

Melkonian et al. 
[4] (kinetic energy) 

4" 

4" 

3" 

Asghar et al. L 5J 
(y-ray multipl.) 

4" 

4" 

3" 

Cowan et al. [6] 
mass distribution 

A 

A 

(A) 
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ДЛИННОПРОБЕЖНЫЕ ЧАСТИЦЫ ДЕЛЕНИЯ OAEA-SM- 122/146) 
B . M . Адамов, С. С. Коваленко, К. А. Петржак, И. И. Тютюгин 
Физико-технический институт им . А.Ф . Иоффе, Ленинград, 
Союз Советских Социалистических Республик 

В настоящей работе определены отношения вероятностей деления с вылетом длинно-
пробежных частиц (ДПЧ-деление) 2 3 2Th, 2 3 3 U, 238U, 237Np нейтронами с энергией 14 Мэв к 
вероятности ДПЧ-деления TJ медленными нейтронами. Эти величины равны соответствен
н о е , 3 ± 0 , 2 ; 1 ,2±0 ,1 ; 0 ,64±0 ,06 ; 1 , 3±0 ,1 . Измерены выходы протонов и тритонов при д е 
лении вышеуказанных ядер {кроме 2 3 2Th) нейтронами с энергией 14 Мэв, а также при деле 
нии U, U медленными нейтронами и при спонтанном делении С т . Во всех случаях 

о4о 235 
(кроме Th) измерялись спектры альфа-частиц и тритонов; при делении Uмедленными 
нейтронами и при спонтанном делении 2 4 4 С т измерены спектры протонов. В опыте р е г и 
стрировались совпадения между осколком и длиннопробежной частицей. Осколки регистри
ровались мелкой ионизационной камерой, длиннопробежные частицы — кристаллом Csl (T1) . 
Разделение частиц по массам производилось методом анализа времени высвечивания в 
кристалле при регистрации частиц. Полученные данные позволили установить, что: 1) в еро 
ятность ДПЧ-деления возрастает с увеличеснием параметра Z / А ; 2) выходы протонов и 
тритонов на 100 альфа-частиц лежат в пределах 2^4% и 7 -г 10%, соответственно, и не зави
сят от энергии возбуждения; 3) максимумы энергетических распределений альфа-частиц 
лежат при энергии 16± 1 Мэв для всех ядер; соответствующая величина для протонов и 
тритонов равна 8-г9 М э в . Обсуждаются возможные причины изменения вероятности 
ДПЧ-деления при изменении Z /А и энергии возбуждения. 

English t rans la t ion of the preceding abs t rac t (SM-122/146): 

LONG -RANGE PARTICLES IN FISSION 

The authors de te rmined the re la t ive probabi l i t ies of 14-MeV neutron-
induced fission of 2 3 2Th, 233U, 238U and 237Np involving the emiss ion of long-
range pa r t i c l e s (" long-range pa r t i c l e " fission) and of " long-range pa r t i c l e" 
fission of 235U induced by slow neut rons . The ra t ios a r e , respect ive ly , 
0. 3 ± 0. 2, 1. 2 ± 0. 1, 0. 64 ± 0. 06 and 1. 3 ± 0. 1. Then they m e a s u r e d proton 
and tr i ton yields in the 14-MeV neutron-induced fission of the abover-mentioned 
nuclei (other than 232Th) and in the fission of 233U and 235U by slow neutrons 
and the spontaneous f ission of 244Cm. The a lpha-par t ic le and t r i ton s p e c t r a 
were m e a s u r e d in all cases (except for 232Th) and the proton s p e c t r a were 
a lso measu red for the fission of 235U by slow neutrons and the spontaneous 
fission of Cm. Coincidences between the fragment and the long- range 
pa r t i c l e were r eco rded experimental ly , f ragments being recorded by a smal l 
ionization chamber and long-range pa r t i c l e s by a CsI(Tl) c rys ta l . The m a s s 
dis tr ibut ion of the pa r t i c l e s was de termined by analysing the duration of 
f luorescence in the c rys ta l when pa r t i c l e s were recorded . The data obtained 
show that: (1) The probabil i ty of " long-range p a r t i c l e " fission i nc r ea se s as 
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Z 2 /A i n c r e a s e s ; (2) Pro ton and t r i ton yields p e r 100 alpha pa r t i c l e s a r e 
between 2 and 4% and 7 and 10%, respect ive ly , and a r e independent of the 
excitation energy; (3) The alpha pa r t i c l e energy distr ibution peaks a r e at 
16 ± 1 MeV for all nuclei , the cor responding value for protons and t r i tons 
being between 8 and 9 MeV. The authors d i scuss the poss ib le r e a s o n s for 
the var ia t ion in the probabil i ty of " long-range pa r t i c l e " fission with changes 
in Z 2 /A and the excitation energy. 

ТРОЙНОЕ ДЕЛЕНИЕ 235U МЕДЛЕННЫМИ НЕЙТРОНАМИ 
ÜAEA-SM-122/151) 
B . M . Адамов, Л . В . Драпчинский, С. С. Коваленко, К. А. Петржак, 
И . И. Тютюгин 
Физико-технический институт им. А .Ф.Иоффе , Ленинград, 
Союз Советских Социалистических Республик 

С помощью поверхностно-барьерных детекторов одновременно измерялись кинетичес
кие энергии осколков и длиннопробежных а -частиц при делении U медленными ней
тронами. Работа проводилась на реакторе Физико-технического института им А . Ф . И о ф ф е . 
Определено, что средняя суммарная кинетическая энергия осколков тройного деления на 
15 Мэв меньше, чем в случае двойного деления. Это значение хорошо согласуется с р а 
нее полученными р е з у л ь т а т а м и . Полуширина распределения суммарной кинетической энер
гии осколков тройного деления на 4,7 Мэв меньше, чем двойного. Получена зависимость 
средней кинетической энергии и дисперии кинетической энергии осколков от энергии 
а - частиц. Средняя кинетическая энергия осколков линейно уменьшается с ростом энергии 

ДЕ а - ч а с т и ц с наклоном ~г=* = 0 ,35. Дисперсия энергии в пределах ошибок опыта не зависит 

от энергии « - ч а с т и ц ы . Средняя энергия от-частиц линейно уменьшается от 16,0 Мэв до 
14,5 Мэв с ростом суммарной кинетической энергии осколков от 140 Мэв до 170 М э в . Опре
делена также зависимость кинетической энергии легкой и тяжелой групп осколков от э н е р 
гии а -частицы. Эти данные позволяют предполагать, что о - ч а с т и ц а формируется в основ
ном из нуклонов тяжелого осколка . 

English t rans la t ion of the preceding Abst rac t (SM-122/151); 

TERNARY FISSION OF 235U BY THERMAL NEUTRONS 

Surface b a r r i e r de tec tors w e r e used to m e a s u r e s imultaneously the 
kinetic energies of f ragments and long- range alpha pa r t i c l e s in the fission 
of 235U by t h e r m a l neut rons . The work was done on the r e a c t o r at the 
Ioffe Phys ico- technica l Inst i tute. It was found that the mean total kinetic 
energy of t e rna ry - f i s s ion f ragments is 15 MeV l e s s than in the case of b inary 
f ission. This value i s in good agreement with e a r l i e r r e s u l t s . The d i s t r i 
bution half-width for the total kinetic energy of t e rna ry - f i s s ion f ragments is 
4. 7 MeV l e s s than for b inary-f i ss ion f ragments . The authors de te rmined 
the mean kinetic energy and the spread in the kinetic energy of f ragments 
a s functions of a lpha-par t i c le energy. The mean kinetic energy of the f rag
ments d e c r e a s e s l inear ly as the alpha pa r t i c l e energy i n c r e a s e s , the angle 
of dip AEk/AE a being 0.35. Within the l imi t s of exper imenta l e r r o r the 
energy sp read does not depend on the alpha pa r t i c l e energy. The mean 
alpha pa r t i c l e energy d e c r e a s e s l inear ly from 16. 0 MeV to 14. 5 MeV as the 
total kinet ic energy of the f ragments i n c r e a s e s from 140 MeV to 170 MeV. 
The authors de te rmined the kinetic energy of the light and heavy groups of 
f ragments as a function of alpha pa r t i c l e energy. These data point to the 
fact that alpha pa r t i c l e s a r e formed mainly from nuclei of a heavy fragment. 
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AN EMPIRICAL CORRELATION FORMULA OF SPONTANEOUS FISSION 
HALF-LIVES (SM-122/4) 
Eiko Takekoshi 
Japan Atomic Energy Research Institute, Tokai Research Establishment, 
Tokai-mura, Naka-gun, Ibaraki-ken, Japan 

A simple empi r i ca l corre la t ion formula has been proposed separa te ly 
for the spontaneous fission half- l ives data with the nuclides in the range 
of P u ~ F m and in the wider range of T h ~ 104. Its functional form was 
derived on the bas is of Swiatecki 's cor re la t ion formula [1], in which the 
spontaneous fission half- l ives were expressed as a function of the usual 
fissionability p a r a m e t e r (Z2 /A) and the m a s s deviation (ÖM) of the ex 
per imenta l m a s s from Green ' s mass formula [2]. The corre la t ion functions 
proposed in the p resen t work a re of the form log10T =ci + c 2 (1 -X) 6M + C3 +A 
for the nuclides in the wider range of T h ~ 104. Here т, 6М and X a r e the 
spontaneous fission half- l ives measured in y e a r s , the m a s s deviation in 
MeV, and the fissionability pa rame te r , respec t ive ly . The values of 6M 
and X a r e calculated by using the original [3] and the rev i sed [4] M y e r s -
Swiatecki m a s s formulas and also by using the S e e g e r - P e r i s h o m a s s law 
[5]. The p a r a m e t e r s of c 1 ; c 2 , c 3 , and A w e r e de termined by following 
an i te ra t ive l e a s t - s q u a r e p rocedure . F o r 19 even-even, 7 odd-A, 2 odd-
odd nuclides in the range of P u ~ F m , the cor re la t ion formula with the best 
fi tness was found to be log i 0 r = - 347. 032X - 19. 020 (1 -X) 6М + 288.894+Д 
(4.451 for odd-A nuclides and 3.520 for odd-odd nuclides) with the weighted 
var iance of 0.796, by using the original Myers-Swiatecki m a s s formula . 
F o r 26 even-even, 8 odd-A, 2 odd-odd nuclides in the wider range of 
T h ~ 104, the cor re la t ion formula with the best f i tness was found to be 
log10T = 2 8 2 1 . 6 0 8 ( 1 - X ) 3 - 2 5 . 2 8 5 ( 1 -X) 6M - 18. 949 + Д (3. 725 for odd-A 
nuclides and 3.363 for odd-odd nuclides) with the weighted var iance of 
0.604, by using the revised Myers-Swia tecki m a s s formula . Both c o r r e 
lation function forms do not seem to be very successful , when the X- and 
6M-values a r e calculated by using the S e e g e r - P e r i s h o m a s s law. In the i r 
m a s s law the fissionability p a r a m e t e r s (X) a r e ext remely close together 
for a given element . 

REFERENCES 
[1] SWIATECKI, W.J., Phys. Rev. 100 (1955) 973. 
[2] GREEN.A.E.S., Phys. Rev. 95 (1954) 1006. 
[3] MYERS, W. B., SWIATECKI, W.J. , Nucl. Phys. 81 (1966) 1 and University of California Lawrence 

Radiation Laboratory Report UCRL-11980, 1965. 
[4] MYERS, W.D. , SWIATECKI, W.J., Arkiv for Fysik 36 No.43 (1967) 343. 
[5] SEEGER, P.A. , PERISHO, R .C. , University of California Los Alamos Scientific Laboratory Report 

LA-3751, 1967. 

902 



ABSTRACTS 903 

NUCLEAR SINGLE-PARTICLE HAMILTONIAN FOR ADIABATIC FISSION THEORY 

(SM-122/47) 
H. Meldner 
Institut für Theoretische Physik, Freie Universität Berlin, 
Berlin 

A simple she l l -model Hamiltonian i s d iscussed that allows self-
consistent solutions in the case of axial s y m m e t r y . This is an extension of 
e a r l i e r work where a r ea l i s t i c nuclear s ingle-par t ic le Hamiltonian was 
successfully applied to spher ica l nuclei [1]. The proposed Hamiltonian is 
basical ly non-local and reads in "local energy approximation" 

Hm . = ( P 2 / 2 m ) + v ( e u > m . ) { l - [ p m . ( z , b ) / P l ]
2 / 3 } [ l - ( a / f i ) ( pXs )V]p m . ( z , b ) 

+ ( i - m . ) V c ( z , b ) 

The subscr ip t v s tands for al l quantum numbers specifying a bound nucleon 
except for its i so -sp in 3-component nij . Vc is the s tat ic Coulomb potential 
and (z,b) a r e cylinder co-ord ina tes ; v is essent ia l ly the F o u r i e r t r ans form 
of the non-locali ty function that contains two p a r a m e t e r s ; pi and cr a r e the 
cr i t ica l density and spin-orbi t splitt ing p a r a m e t e r s . The fifth p a r a m e t e r 
of this model is given by the i so-sp in weighting constant т in the effective 
nuclear density 

<v=fVm i )
+ T s 1 ( 1 + T ) J 

where 

"Fermi 

"mT I k.mJV 
v 

i . e . the sum of the squares of the wave functions which a r e calculated self-
consistently this way. The problemat ic boundary condition of "volume 
conservat ion" in equipotential contours , for example, is completely avoided 
h e r e . In fact, most of the c lass ica l difficulties [2] of the Nilsson-type 
models for deformed nuclei and adiabatic fission computations do not a r i se . 

R E F E R E N C E S 

[1] MELDNER, H. , UCRL-17801 and Phys. Rev. 178 4, 
[2] WILETS, L., Theories of Nuclear Fission (Clarendon Press, Oxford, England, 1964), Chapter 4 , 3 . 
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NUCLEAR CURVATURE TENSION AND THE POSSIBILITY OF SHAPE ISOMERS 
FOR NUCLEI NEAR Ra (SM-122/48) 
E. Hilf, H. von Groote 
Physikalisches Institut der Universität Würzburg, 
Federal Republic of Germany 

The shape dependence of nuclear m a s s e s is d i scussed . The sadd le -
point a r ea of the potential energy surface has been studied. We used a s e m i -
empi r ic m a s s formula containing a volume- , a su r face - , a cu rva tu re - , 
a Coulomb-term as well as the shell cor rec t ion t e r m of Myers and 
Swiatecki (version II), the shape-dependent pair ing energy as suggested by 
Moretto and Noerenberg and the a symmet ry and compress ib i l i ty t e r m s of 
the droplet model of Myers and Swiatecki. The nuclear shape at the sadd le -
point and the "f la tness" (the width of the inve r se fission osci l la tor) of i ts 
vicinity is calculated as a function of charge Z, atomic weight A, and the 
fissil i ty p a r a m e t e r к, respect ively . The well-known change at the к -агеа 
of Ra from constr ic ted saddle-point shapes for light nuclei to sausage- l ike 
ones for heavy nuclei has been studied. This change i s emphasized by a 
curvature tension and simultaneously the saddle-point a r e a becomes ve ry 
flat. F o r sufficiently la rge values of the curvature tension a smal l second 
minimum occurs , which means a smal l double-hump fission b a r r i e r . This 
i s due to the different ways in which surface tension and curva ture tension 
act on deformed nuclei . The formation of a Strutinsky minimum in a smal l 
a rea of nuclei near Ra is fostered to the same degree as the value of the 
curvature tension is inc reased . The Strutinsky shell cor rec t ion t e r m , 
however (which led to the shape i s o m e r s of very heavy nuclei predicted), 
is s t i l l unknown for the strongly deformed and constr icted saddle-point 
shapes in question. Some simple other shell t e r m s have been t r i ed . The 
numer ica l values of the surface and curva ture tensions a r e es t imated by 
fitting simultaneously the fission b a r r i e r s of light and heavy nuclei and 
using the es t imate of the nuclear par t ic le density of Seeger, p = 1. 46 fm -3 . 

ON THE POTENTIAL SURFACE OF HEAVY NUCLEI (SM-122/63) 
H.C. Pauli*, V.M. Strutinsky** 
The Niels Bohr Institute, University of Copenhagen, Denmark 

The potential energy is split up into a smoothly behaving background 
and a rapidly varying contribution due to the nuclear shel l s t ruc tu re of which 
the l a t t e r has been computed by the shel l correct ion method. These shell 
cor rec t ions a r e presented and discussed for Р г _ Р 4 _ and different P3 - l ike 
deformat ions . To check the sensit ivity of the resu l t s on the different shell 
models , the calculations have been performed for the Nilsson model - the 
£• s - term has been replaced by the m o r e co r rec t s • [pX gradV] t e r m in the 
Hamiltonian - and a deformed general ized Saxon-Woods potential with a 
constant and deformation-independent surface th ickness . 

* On leave from the University of Basel, Switzerland. 
* * On leave from the I.V. Kurchatov Institute, Moscow, USSR. 
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VALIDITY OF NUCLEAR DEFORMATION ENERGIES OBTAINED FROM SINGLE-
PARTICLE LEVELS (SM-122/112) 
L. Wilets 
Department of Physics, University of Washington, Seattle, USA 
and 
W.H. Bassichis 
Department of Physics, MIT , Cambridge, Mass.,USA. 

A detailed descr ip t ion of the fission process re l i e s upon a knowledge 
of the deformation energy surface . Severa l extensive theore t ica l inves t i 
gations of the surface a r e cur rent ly being conducted at var ious inst i tut ions. 
They differ in such detai ls as the shape of the shell model potential, i n 
clusion of higher moments of deformation, handling of saturat ion, e t c . , or 
in the method of normalizat ion of empir ica l data, such as Strut insky 's 
s t a t i s t i ca l averaging. They all do contain the common feature that they 
uti l ize IPM energ ies and wave functions of some general ized Nilsson form 
in o r d e r to s imulate the r e su l t s of an idealized (perhaps modified) 
H a r t r e e - P o c k calculat ion. Aside from prac t i ca l ambiguit ies in such p r o 
cedures , t he re r ema in fundamental difficulties in the p r o g r a m s : it is not 
possible to deduce total energ ies , as a function of deformation, from single 
par t ic le energ ies and wave functions alone, without further knowledge of the 
two-body in teract ion. 

To tes t the degree of validity o r fai lure of var ious energy summation 
p resc r ip t ions , H a r t r e e - F o c k calculations were performed on light nuclei 
using an effective interact ion which had a l ready proved successful in r e 
producing a number of nuclear p r o p e r t i e s . The Ha r t r ee -Fock energies 
and wave functions were then a l so utilized a s input for the var ious s u m m a 
tion p rocedures and the resu l t s compared with H a r t r e e - F o c k . Our con
clusions do not depend upon how accura te or r ea l i s t i c the assumed i n t e r 
action i s (so long a s it is " reasonable") . The calculation is a numer ica l 
exper iment , a compar ison of an internally consistent model with var ious 
approximations to the model . 

We find that most p resc r ip t ions give qualitatively er roneous r e s u l t s . 
The s imple summation of eigenvalues (which cannot yield absolute e n e r 
gies) appears to be qualitatively reasonable although quantitatively in 
e r r o r . In the case of 2 0Ne, for example, it yields an equil ibrium quadru-
pole moment which is 28% too smal l and a curva ture which is too stiff. 

We conclude that a quantitative calculation of the deformation surface 
r equ i r e s a model which incorpora tes further information about the two-
body interact ion, such as H a r t r e e - F o c k . 

MICROSCOPIC INERTIAL MASS PARAMETER FOR SUPER-HEAVY NUCLEI (SM-122/153) 
A. Sobiczewski, Z . Szymafiski, S. Wycech 
Institute for Nuclear Research and Warsaw University, Warsaw, Poland. 

The iner t ia l m a s s p a r a m e t e r В charac te r iz ing the kinetic energy of a 
collect ive motion of a nucleus is calculated for nuclei in the neighbourhood 
of the hypothetical doubly-closed-shell nucleus 29S(114). The collective 
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motion considered consis ts of the change of the quadrupole, axially s y m 
m e t r i c deformation of the nucleus . The p a r a m e t e r В is obtained under the 
assumpt ion that the collective motion is adiabatic with r e spec t to the 
in t r ins ic motions. The numer ica l calculations a r e performed with help of 
the recent vers ion of the Nilsson potential (withthe <T2X t e r m ) . The 
pair ing cor re la t ions a r e taken into account. It appears that the m i c r o 
scopic values of В calculated for an even-even nucleus is about 10 t imes 
l a r g e r than the corresponding hydrodynamical va lues . It appears also that 
the p a r a m e t e r В is a sensi t ive function of the quadrupole and the hexa -
decapole deformations of the s ing le -par t ic le potential, as well as of the 
pair ing forces s t rength G. F o r example the ±5% change in G gives crudely 
±20% change in B. Rough es t imates of the coupling between the quadrupole 
(X = 2) and hexadecapole (A =4) osci l lat ions show that it may change the 
В value considerably. The addition of an odd nucleon to an even-even 
sys tem inc rea se s the В values by about 30%. It is mainly due to the d e 
c r e a s e in the pair ing cor re la t ions caused by the p resence of the odd, not 
pai red , pa r t i c l e . Such a l a rge growth of В alone ( i . e . even with no effect 
of the odd par t ic le on the fission b a r r i e r ) may inc rease the spontaneous 
fission half - l ives by a few o r d e r s . 

SINGLE-PARTICLE ENERGIES IN A DEFORMED POTENTIAL (SM-122/155) 
T. Johansson 
Lund Institute of Technology, 
Department of Mathematical Physics, 
Lund, Sweden 

A nuclear s ing le -par t i c le Hamiltonian H = T + V +k s • (p X g radV) , where 
к is a constant, is invest igated. The potential V is a sum of th ree t e r m s 
i . e . a deformed harmonic osc i l la tor (h .o . ) , another deformed h . о . 
squared, and a Gaussian. The squared h . o . i s added instead of Ni lsson 's 
T 2 - t e r m in o rde r to interpolate between a h . o . and a square well . The 
Gaussian tends to divide the nucleus into two separa ted pa r t s , and to p r o 
duce a neck in the shape of the nucleus . To investigate the average m a c r o 
scopic p roper t i e s of this potential we use the T h o m a s - F e r m i method and 
wri te the m a s s density as p ~ (Л - V ) 3 / 2 where the F e r m i energy X is d e t e r 
mined from the number of pa r t i c l e s . In this way, it i s , e . g . possible to 
keep the volume of the nucleus constant during deformation. By giving the 
h . o . and the squared h . o . different deformations the diffuseness can be 
var ied to some extent. To calculate the s ing le -par t ic le energ ies we use 
the method of diagonalization of the Hamiltonian in a r ep resen ta t ion . As a 
bas i s we use the asymptot ic wave functions. They a r e charac te r ized by 
the quantum numbers N, n z , Л and fi and by the frequencies u x and uz of 
the generat ing h . o . . These quanti t ies a r e determined in such a way that 
the s ing le -par t ic le energ ies a r e obtained with des i red accuracy using as 
few bas i s wave functions as poss ib le . It tu rns out that the squared h . o . is 
the main t e r m in the potential and that the h . o . - t e r m is a cor rec t ion that 
has to be given a negative sign in o rder to reproduce the levels in 2 0 8Fb as 
well as poss ib le . Consistently with th is , one obtains a radius of about 
1. 2A1/3 and a diffuseness of about 2.6 fm from the T h o m a s - F e r m i 
dis t r ibut ion. 
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ON THE THEORY OF NUCLEAR FISSION (SM-122/162) 
С. Syros 
European Atomic Energy Community, 
Brussels, Belgium 

Start ing from two-body in teract ions and imposing the r e s t r i c t i ons i m 
plied by the exclusion principle on the four- and two-body nucleon c o r r e l a 
tions a potential energy function is deduced. It cons is t s of two pa r t s - the 
shor t - r ange microscopic and the long-range collective one. The excess 
neutrons ( N - Z ) show cor re la t ions related to the interact ion between the 
in t r ins ic (Rj) and the collect ive (Йс) degrees of freedom of the sys t em. 

By assuming a pa r t i cu l a r form of this in teract ion and writ ing the wave 
function of the nucleus at the sciss ioning point as a b i l inear rotat ionally 
invariant combination of in t r ins ic and collective wave functions the separa ted 
equations 

T. + V. (R\ ) + D* d f ( # + V (R, ) (J • L 
D L)) ( A i ( R i ) = E . ^ i ( R i ) 

and 

T +V (R ) + *1 
Df 

+ V • < J • L >) <МКс>=Ес<МНс> 

a r e obtained, where (Df - d f ) , df a r e the numbers of in t r ins ic and co l l ec 
t ive degrees of freedom, and S the total energy available during the r e a c 
tion. As a p re l iminary application the second Strutinsky minimum has 
been represen ted by the Morse potential . Rotational s t a tes a r e m o r e 
easi ly populated than vibrat ional ones leading to the repor ted mul t ipolar i ty 
of gamma emiss ion . The calculated mass dis t r ibut ions show binding-energy 
s t ruc tu re and agree qualitatively with the exper imenta l data . 



SESSIONS D AND E 

POTENTIAL BARRIER EFFECTS IN THE POPULATION OF 2 4 2 m f Am AND 
*"m fAm SPONTANEOUSLY FISSIONING ISOMERIC STATES (SM-122/18) 
N. Vilcov 
Institute for Atomic Physics, 
Bucharest, Romania 

In the ca se of cer ta in t r ansuran ium nuclei , by taking into account 
the shel l -effects , energy-deformat ion curves charac te r ized by a secondary 
minimum (the Strutinsky' s two-humped potential b a r r i e r ) a r e obtained. 
This secondary minimum cor responds to an excitation energy of 2.5-3 MeV 
in the 2 4 2 , 2 4 4Am iso topes . The sub- threshold fission resonances in 2 3 7Np, 
2 4 1 Pu , 2 4 1Am etc . provided an excellent confirmation of the two-humped 
potential b a r r i e r hypothesis . Considering the exper imenta l difficulties 
met in the study of sub- threshold fission r e s o n a n c e s , information about 
the two-humped potential b a r r i e r obtained in other ways , is ex t remely 
useful. This is why the study of spontaneously fissioning i s o m e r s is now 
of g rea t i n t e re s t . The paper deals with the study of the po t en t i a l -ba r r i e r 
shape effects on the population of the i s o m e r i c s t a tes 242mfA.m and 2 4 4 m f Am 
by fast neutron capture . The F le rov -Dru in s h a p e - i s o m e r i s m hypothes is , 
the only one able to justify the appearance of spontaneously fissioning i s o 
m e r i c s t a t e s , was s imply put into a concrete form on the bas i s of the 
two-humped potential b a r r i e r model , by identifying the secondary min i 
mum with the i s o m e r i c s t a t e . The shape of the excitat ion function in the 
case of T^ = 14 ms 2 4 2 m f Am i s o m e r i c s ta te population through fast neutron 
capture i s shown to be d i rec t ly connected with the shape of the potential 
b a r r i e r of the nucleus resul t ing from capture . The combination of ex
per imenta l data on induced fission and spontaneously fissioning i s o m e r i c 
s ta tes population provides us with the possibi l i ty of de termining the poten
t ia l b a r r i e r p a r a m e t e r s . At the s a m e t i m e , recent exper imenta l data on 
the 2 4 4 m fAm spontaneously fissioning i s o m e r (T^ = 0.6 ms) obtained through 
fast neutron capture cannot be explained in t e r m s of the two-humped poten
t ia l b a r r i e r model . 

The necess i ty of taking into account t h ree -d imens iona l deformations 
for explaining both induced fission and i s o m e r i c s ta te population p r o c e s s e s 
i s analysed. However, the shape of the excitation function of the reac t ion 
2 4 3Am (n, y ) 2 4 4 m f Am does not exclude the possibi l i ty of angular momentum 
effects which a r e able to explain the existing exper imenta l data in t e r m s 
of the one-dimensional potential b a r r i e r model . 
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ANGULAR ANISOTROPY OF FISSION FRAGMENTS IN THE NEUTRON-INDUCED 
FISSION OF ^ U (SM-122/43) 
D.M. Nadkami, S.S. Kapoor 
Bhabha Atomic Research Centre, Trombay, Bombay, India 

Recent s tudies of the angular dis t r ibut ion of fission fragments in the 
fission of heavy nuclei following d i rec t reac t ions have indicated some 
evidence for a r a t h e r l a rge pair ing energy gap in the t rans i t ion s ta te 
spec t ra of even-even fissioning nuclei . In the p resen t work the t r ans i t ion-
s ta te nucleus 2 3 6 u has been investigated by measur ing the angular d i s t r i 
butions of fission f ragments in the fission of 235U induced by monoenerget ic 
neutrons of 20 different neutron energies ranging from 0.1 to 3.1 MeV. 
These m e a s u r e m e n t s were made with a se t -up consist ing of t h r ee s e m i 
conductor de tec tors which recorded the energy spec t ra of fission f rag
ments emitted at the average angles of 0°, 45° and 90° with r e spec t to 
the incident neutron di rec t ion. The re la t ive solid angles of detection for 
the th ree de tec tors w e r e exper imental ly de te rmined using i so t ropic f rag
ment dis t r ibut ions in the case of thermal -neut ron- induced fission of 235U. 
F o r each neutron energy the angular anisotropy was obtained by a l ea s t -
square fit to the measu red angular dis t r ibut ions taking into account the 
angula r - reso lu t ion effects due to the finite s ize of the t a rge t and the 
de t ec to r s . The p a r a m e t e r Ко of the assumed Gaussian dis tr ibut ion of 
the K-s t a t e s at the t r ans i t i on - s t a t e nucleus was then determined for each 
neutron bombarding energy using the theore t i ca l express ion for the 
angular anisotropy which includes the effects of t a rge t spin and nuclear 
deformation. The average orbi ta l angular momenta of the fissioning 
nucleus for different bombarding energies were evaluated using opt ical-
model neu t ron - t r ansmis s ion coefficients. The observed var ia t ion of K2

0 
with excitation energy shows a s teep i nc r ea se in the value of K0 at an 
excitation energy of 2.0 ± 0.1 MeV above the fission threshold . This in
c r e a s e in the value of K2, has been in te rpre ted as the onset of two quas i -
par t ic le excitat ions of the highly deformed t rans i t ion s ta te nucleus 236U. 
At excitation energies below the two-quas i -pa r t i c l e excitation low values 
of KQ a r e expected whereas fa i r ly high values of K2 we re observed in the 
p resen t work. This suggests that the s ta t i s t i ca l assumption of a Gauss ian 
distr ibution of K-s t a t e s below the two-quas i -pa r t i c l e excitation energy 
may not be valid because only a r e s t r i c t e d number of vibrat ional K-s t a t e s 
a r e avai lable . 

SPONTANEOUS FISSION IN THE NEUTRON BOMBARDMENT OF 
URANIUM ISOTOPES (SM-122/54) 
A.J. Elwyn* A . T . C . Ferguson 
Nuclear Physics Division, AERE, Harwell, United Kingdom 

A s e a r c h is being made for spontaneously fissioning i s o m e r s with half-
l ives in the range of 10-1000 ns from the neutron bombardment of the 
var ious isotopes of u ran ium. The t ime dis tr ibut ion of the pulses due to 
the detection of fission f ragments a r e studied after bombardment by 
0.1-77 MeV neut rons produced in reac t ions initiated by the pulsed proton 

* On leave from Argonne National Laboratory, USA. 
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and deuteron beams from the IBIS e lec t ros ta t ic a c c e l e r a t o r . With the 
present technique the intensity of the res idua l beam between beam b u r s t s 
is l e s s than 10"5 of the main beam intensity so that the t ime distr ibution 
of the pulses in any delayed fission p roces s can be observed quite cleanly. 
P r e l i m i n a r y resu l t s obtained with so l id -s ta te de tec tors indicate the ex
is tence of weakly excited events having a half-life of about 100 ns in the 
bombardment of 235U by 2 MeV neut rons . F u r t h e r s tudies a r e in p r o g r e s s 
to de te rmine the half-life m o r e accura te ly , as well as to obtain a m e a s u r e 
of the c ro s s - s ec t i on for the formation of a possible spontaneously fissioning 
mode. 

FISSION-FRAGMENT ANGULAR DISTRIBUTIONS FROM RESONANCE FISSION 
WITH ORIENTED NUCLEI (SM-122/57) 
N.J . Pattenden 
AERE.Harwell, Didcot, Berks, United Kingdom 
and 
H. Postma 
FOM, University of Leiden, Holland 

The angular distr ibution of fission fragments from oriented 235U 
nuclei has been measured as a function of incident neutron energy from 
0.04 eV to about 2000 eV, using the Harwell e lectron l inear a cce l e r a to r 
t ime-of-fl ight spec t rome te r with an electron pulse width of 0.23 /us and 
a flight path of 10 m. The 235U nuclei were aligned using the e lec t r i c 
hyperfine s t ruc tu re method, suggested by Pound (Phys. Rev. 7_6̂  (1949) 
1410), in the rubid ium-uranyln i t ra te single c rys ta l . Th i r ty - s ix c rys t a l s 
with surfaces enriched with 235TJ w e r e attached to a copper plate with the i r 
с-axes pa ra l l e l . They w e r e mounted in a cryosta t in the neutron beam 
and cooled to about 0.1K with a He-3 /He-4 dilution r e f r ige ra to r . F i s s ion 
fragments in direct ions both para l l e l and perpendicular to the c - a x i s w e r e 
detected by si l icon diffused-junction semi-conductor de tec tors operat ing 
at a t empe ra tu re of 1°K. Separate m e a s u r e m e n t s w e r e made to d e t e r 
mine the de tec tor background and the unoriented fission r a t e . 

The f iss ion-fragment anisotropy follows a re la t ion of the form 
W(0) = 1 + A2 f2 Г£ (cos 9) + higher t e r m s , where A2 is a nuclear p a r a 
m e t e r depending essent ia l ly on К and J, and f2 is an orientat ion p a r a 
m e t e r . The var ia t ion of the effect with t e m p e r a t u r e at pa r t i cu la r neutron 
energies has been studied down to about 0.08°K. The effect tends to 
sa tura t ion and l i t t le advantage is obtained from working below ~0.1°K. 
The variat ion of f2 with t e m p e r a t u r e must be considered carefully, but 
the higher t e r m s may be la rge ly neglected. The p a r a m e t e r A 2 shows 
significant fluctuations as a function of neutron energy, for example , 
changing from about -1.1 to -0.5 from 0.2 to 0.5 eV, in qualitative a g r e e 
ment with the work of Dabbs et a l . , repor ted at the Salzburg Conference 
( P r o c Conf. Salzburg, 1965 1_, 39). The A2 values for individual r e 
sonances below about 70 eV, and its average values over groups of r e 
sonances at higher energies a r e being obtained. 

L a t e r the work will be extended to cover the nuclei U and Np. 
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THE 230Th FISSION CROSS-SECTION NEAR 715 KeV (SM-122/61) 
L.G. Earwaker, G.D. James 
AERE, Harwell, Didcot, Berks, United Kingdom 

A measu remen t of the 2 3 0 Th fission c r o s s - s e c t i o n from 675 keV to 
1.4 MeV has been made with an energy resolut ion of 5 keV on the IBIS 
acce le ra to r using the 7 Li (p ,n ) react ion to generate neutrons and a Si-Au 
surface b a r r i e r fission-fragment de tec tor . This c ros s - sec t ion was f i rs t 
measu red by Gokhberg et a l . [1] and l a t e r measu red by Evans and 
Jones [2] and by Vorotnikov et a l . [3] at an energy resolut ion of about 
50 keV. These authors observed a d e c r e a s e in the fission c ro s s - s ec t i on 
with inc reas ing neutron energy from the peak at 715 keV to the valley at 
780 keV of a factor of 3. It has been shown by Lynn [4] that it is ve ry 
difficult to explain this d e c r e a s e on the theory of inelast ic neutron com
petition [5]. The p resen t r e s u l t s , normal ized to 0.37b at 1.4 MeV give 
a c ro s s - s ec t i on of 0.16b at 715 keV decreas ing to 0.017b at 780 keV. 
This l a r g e r d e c r e a s e is even h a r d e r to explain in t e r m s of inelas t ic 
competit ion, but is readi ly explained if the resonance is due to a level 
in the second fission po t en t i a l -ba r r i e r min imum. The observed width 
of the resonance is 35 keV. 

REFERENCES 

[1] GOKHBERG, B.M., OSTROSHENENKO, G.A..SHIGIN, V. A. , Dokl. Akad. Nauk SSR 128 (1959) 
1157; Soviet Phys. Doklady 4 (1960) 1074. 

[2] EVANS, J .E. , JONES. E.A., unpublished.see Ref. [ 4 ] . 
[3] VOROTNIKOV, P.E., DUBROVINA, S.M., OSTROSHENENKO, G.A., SHIGIN, V.A. , Soviet. J. 

nucl. Physics 5 (1967)207. 
[4] LYNN, J. E., in Nuclear Data for Reactors 2_, IAEA, Vienna (1967) 89. 
[5] WHEELER, J .A. , Physica 22 (1956) 1103; Fast Neutron Physics,New York, Interscience (1963) 

2051. 

SPIN DETERMINATIONS OF 235U RESONANCES BELOW 100 eV (SM-122/70) 
F. Poortmans, H. Ceulemans 
SCK - CEN Mol, 
and 
E. Migneco, J . Theobald 
CBNM, Euratom, Geel, 
Belgium 

Accura te and d i rec t spin determinat ions of resonances in fissi le 
nuclides have become n e c e s s a r y to achieve bet ter insight into the physics of 
nuc lea r f ission. Except for exper iments with polar ized neutrons and 
polar ized t a r g e t s , which a r e difficult to per form, the most d i rec t and 
re l iab le method is to m e a s u r e the ra t io of sca t te r ing to total c r o s s -
sect ion. To this end a sca t t e r ing chamber with ve ry low background, 
surrounded by nine 3He de tec to r s of 6" long, 1" d iamete r , 10 a tm. 
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p r e s s u r e and shor t j i t t e r t ime has been tes ted and installed at a 30 m 
flight path of the Linac at CBNM, Eura tom, Geel . The main advantages 
of the de tec tors a r e the i r good d iscr iminat ion p roper t i e s against gamma 
rays and fission neut rons . With this sys tem it is possible to m e a s u r e 
resonances which have Г°/Г Ш 3 X 1СГ3 and Г°/Г( Ш 5 X 1СГ3. 

Scat ter ing measu remen t s on 2 3 5 u resonances below 100 eV a r e in 
p r o g r e s s and although many a r e too weak, a s ta t i s t ica l ly meaningful 
sample l ies within the capabil i t ies of our ins t rumentat ion. 

DETERMINATION DU SPIN DES RESONANCES INDUITES PAR DES NEUTRONS 
LENTS DANS LE *39pu(SM-122/76) 
J. Trochon, B. Lucas 
Centre d'Etudes Nucleaires de Saclay, France 

Une m e s u r e de diffusion elast ique de neutrons lents pa r le 239pu a 
ete r ea l i s ee de 16 eV a 300 eV par la methode du temps de vol aupres 
de l1 a cce l e r a t eu r l inea i re de 45 MeV de Saclay, ut i l ise comme source 
pulsee de neu t rons . P lace a une dis tance de vol de 32 m, le de tec teur 
es t constitue de six photomult ipl icateurs equipes de sc in t i l la teurs l i 
quides charges au bo re -10 , du type Jackson et Thomas . L' el imination 
des rayons у s e fait pa r d iscr iminat ion de forme. Mais ce detec teur , 
forme de composes organiques hydrogenes est egalement sensible aux 
neutrons r ap ides . Afin d' evaluer la contribution des neutrons de fission, 
les au teurs ont inclus dans le detecteur deux photomult ipl icateurs equipes 
de sc in t i l l a teurs l iquides Ne 213 detectant les neutrons rapides pa r 
l ' i n t e rmed ia i r e des protons de r ecu l . A l 'a ide d'une source Cf les au teurs ont 
m e s u r e 1' efficacite re la t ive des deux types de sc in t i l l a t eu rs . La courbe de 
diffusion elast ique est a lo r s obtenue par difference et la normal isa t ion 
est faite p a r compara ison avec un echantillon de plomb. Les r e su l t a t s 
ont ete c o r r i g e s de l1 effet de diffusion multiple et d' auto-absorpt ion. 
L' echantillon de 239Pu est consti tue d' une plaque metal l ique de 5 cm de 
d i ame t r e , recouver t de deux feuilles d1 a luminium, chacune d' epa i s seur 
0,012 m m . Les au teurs ont ut i l ise deux e p a i s s e u r s , 0,08 mm etO, 13mm 
afin de ver i f ie r la qualite des cor rec t ions appor tees . Les va leu r s ob-
tenues sont p r e sen t ee s et comparees avec Celles publiees pa r les au t res 
l abo ra to i r e s . 

Engl ish t rans la t ion of the preceding Abst rac t (SM-122/76): 

DETERMINATION OF THE SPIN OF RESONANCES INDUCED BY SLOW 
NEUTRONS IN 239Pu 

The e las t ic sca t te r ing of slow neutrons by 239Pu was measured in the 
range 16 eV-300 eV by the t ime-of-fl ight method in the 45 MeV Saclay 
l inear acce l e r a to r used as a pulsed-neut ron sou rce . The de tec tor , which 
was placed at 32 m flight d i s tance , consisted of s ix photomult ipl iers 
equipped with liquid sc in t i l la tors filled with boron-10 , of the Jackson 
and Thomas type. The -y-rays were eliminated by form d i s c r i m i n a t o r s . 
Constituted a s it is of hydrogenated organic compounds, this de tec tor 
is a lso sens i t ive to fast neu t rons . To de te rmine the contribution of the 
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fission neu t rons , the authors included in the de tec tor two photomult ipl iers 
equipped with NE 213 liquid sc in t i l l a tors to detect fast neutrons through 
the in t e rmed ia ry of reco i l p ro tons . Using a Cf sou rce the re la t ive ef
ficiency of the two types of scint i l la tor was measu red . The e las t ic 
sca t te r ing curve was then obtained from the difference, and normal i za 
tion was effected by compar ison with a lead sample . The r e su l t s w e r e 
cor rec ted for the effect of multiple sca t te r ing and se l f -absorpt ion. The 
239pu s a m p i e consis ted of a meta l plate 5 cm in d iamete r covered with 
two aluminium foils, each 0.012 mm thick. Two th icknesses , 0.08 m m 
and 0.13 m m , were used in o rde r to check the quality of the c o r r e c 
t ions . The values obtained a r e presented and the r e su l t s a r e compared 
with those published by other l abora to r i e s . 

MESURES CORRELEES DES ENERGIES CINETIQUES DES FRAGMENTS DE FISSION 
DANS LE DOMAINE DES RESONANCES NEUTRONIQUES DE 235U(SM-122/77) 
C. Signarbieux, M. Ribrag 
Centre d'Etudes Nucleaires de Saclay, France 

Ces m e s u r e s ont ete e n t r e p r i s e s dans le but d' e tudier 1' influence 
eventuelle de 1' etat de spin su r le p rocessus de fission et co r r e l a t i ve -
ment de t en te r de c l a s s e r les niveaux de resonance en 2 groupes co r -
respondants aux 2 etats de spin poss ib les . L1 exper ience a ete r e a l i s e e 
a l1 a c c e l e r a t e u r l inea i re de Saclay su r une base de vol de 8 m de 
longueur; le de tec teur etait une chambre a gr i l le double, qui contenait 
un depot mince de 100 cm 2 2 3 s U (100 m g / c m 2 ) su r support mince 
(40 m g / c m 2 de VYNS). Pour chaque evenement, 4 p a r a m e t r e s ont ete 
e n r e g i s t r e s : les temps de vol du neutron incident, les energies c ine-
tiques (e2 et e2) des 2 f ragments de fission, un p a r a m e t r e supplemen-
t a i r e re l i e ä 1' angle d' emiss ion des fragments pa r rappor t au depot 
(се p a r a m e t r e pe rme t au depouil lement , d' e l iminar les t r a j ec to i r e s 
t r e s incl inees et de d iminuer beaucoup les effets de queue s u r les spec 
t r e s d' energie) . Au total 1,8 X 107 evenements ont ete Stockes s u r 
bände magnet ique. Les r e su l t a t s concernent 11 resonances suivantes: 
1,14 - 3,14 - 3,6 - 6,4 - 7,07 - 8,8 - 12,4 - 19,3 - 21,06 - 32, 1 -
35, 2 eV. Dans chacune de ces resonances le nombre d1 evenements 
etait supe r i eu r a 105 . La compara ison detai l lee des dis t r ibut ions de 
probabili ty P ( e l a e 2 ) , des d is t r ibut ions des m a s s e s et d* energie c ine-
tique totale n' a mon t re aucune var ia t ion significative de resonance a. 
r e sonance . Cette conclusion es t en d i s a c c o r d avec des r e su l t a t s p r e -
cedemment publ ies . 
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English t ransla t ion of the preceding Abst rac t (SM-122/77): 

CORRELATED MEASUREMENTS OF THE KINETIC ENERGIES OF FISSION 
FRAGMENTS IN THE REGION OF NEUTRON RESONANCES OF 235U 

These m e a s u r e m e n t s were made with a view to studying the possible 
effect of the spin s ta te on the fission p r o c e s s and a lso to making a tentat ive 
classif icat ion of the resonance levels into two groups corresponding to the 
two possible spin s t a t e s . The exper iment was performed on the Saclay 
l inear a cce l e r a to r using a flight path of 8 m. The detec tor was a double-
grid chamber containing a thin l aye r of 235U (100 c m 2 , 100 m g / c m 2 ) on 
a thin backing (40 m g / c m 2 of VYNS). Four p a r a m e t e r s were recorded 
for each event: the t ime-of-fl ight of the incident neutron, the kinetic 
energ ies (e^ and ег) of two fission f ragments , a supplementary p a r a 
m e t e r connected with the emiss ion angle of the fragments with r e spec t 
to the deposit (during ana lys i s , this p a r a m e t e r makes it possible to 
el iminate the highly inclined t r a j ec to r i e s and diminish, to a grea t extent, 
the ta i l effects on the energy spec t ra ) . In a l l , 1.8 X 107 events w e r e 
s tored on magnet ic tape. The r e su l t s deal with the following 11 r e sonances : 
1.14, 3.14, 3.6, 6.4, 7.07, 8.8, 12.4, 19.3, 21.06, 32.1 and 35.2 eV. In 
each of these resonances the number of events was g r ea t e r than 105 . The 
detailed compar ison of the dis t r ibut ions of probabil i ty P (ei and e%) and 
the dis tr ibut ions of m a s s e s and total kinetic energy did not show any 
significant var ia t ion from one resonance to another . This conclusion 
does not a g r e e with the r e su l t s published e a r l i e r . 

DISTRIBUTIONS ANGULAIRES DE PHOTOFISSION PRES DU SEUIL DES ELEMENTS 
232Th, 238TJ, 226Ra (SM~122/84) 
B. Tamain, M. Monnin 
Laboratoire de Physique Nucleaire, 
Faculte des Sciences, 
Clermont-Ferrand, 
France 

Les dis t r ibut ions angula i res de photofission des e lements 2 3 2 Th et 
238U sont m e s u r e e s au voisinage du seui l pour toute une s e r i e d' energies 
maximales de rayonnement de freinage. On s e p ropose a insi d' e tudier 
avec soin la modification de la dis t r ibut ion angulaire de photofission l iee 
ä la var ia t ion de 1' energie d' excitation. La dis tr ibut ion angulaire de 
photofission du 226Ra est de te rminee pour quelques va leurs de 1" energie 
maximale du rayonnement de freinage de Г o r d r e de 10 MeV. Cette 
m e s u r e a pour but df e tendre les connaissances des dis t r ibut ions angu
l a i r e s de photofission des e lements p a i r - p a i r ä d! au t r e s noyaux que ceux 
de 2 3 2 Th et 2 3 8U. Les e lec t rons u t i l i ses sont a c c e l e r e s dans un a c c e l e r a -
teur l inea i re puis devies pa r deux e l e c t r o - a i m a n t s . L' avantage d1 un te l 
dispositif r e s i d e dans la grande prec i s ion avec laquelle i l pe rme t de 
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definir 1' energie des e lec t rons (3 a 5%). Les f ragments de fission sont 
detec tes dans des de tec teurs sol ides de t r a c e s (polycarbonates et poly-
imides) d isposes su r la parol in terne d 'une enceinte a vide t ronconique. 
Les flux p a r a s i t e s (essent ie l lement de neutrons) sont evalues a ins i que 
les incer t i tudes cor respondan tes . Les resu l t a t s sont in t e rp re te s ä la 
l umie re de la theor ie des «canaux de fission» de A. Bohr. 

English t ransla t ion of the preceding Abstract (SM-122/84): 

ANGULAR DISTRIBUTIONS IN PHOTOFISSION OF 232Th, 23*U AND 
226Ra NEAR THE THRESHOLD 

The angular dis t r ibut ions in the photofission of e lements 2 3 2Th and 
238U a r e measu red in the neighbourhood of the threshold for a s e r i e s of 
maximum b remss t r ah lung energ ies . In this way it is proposed to c a r e 
fully study the modification in the angular distr ibution of photofission 
linked with the var ia t ion in excitation energy. The angular dis t r ibut ion 
of the photofission of 2 2 6Ra is determined for some values of the maxi 
mum b remss t r ah lung energy of the o rde r of 10 MeV. The a im of this 
measu remen t is to extend the knowledge of the angular dis t r ibut ions of 
the photofission of even-even e lements to nuclei other than those of 2 3 2Th 
and 238U. The e lec t rons used a r e acce lera ted in a l inear a cce l e r a to r and 
a r e then deflected by two e lec t romagne t s . The advantage of this device 
l ies in the high prec is ion with which the e lectron energy can be de t e r 
mined (3 - 5%). The fission f ragments a r e detected in the solid t r ack de 
tec to r s (polycarbonates and polyimides) a r ranged on the inner wal l of a 
vacuum chamber having the shape of a t runcated cone. The pa ra s i t i c 
fluxes (mainly neutrons) as wel l as the corresponding inde terminac ies 
a r e evaluated. The r e su l t s a r e in te rpre ted in the light of the "fission 
channels" theory of A. Bohr. 

MESURE A HAUTE RESOLUTION ET ANALYSE DE LA SECTION EFFICACE 
DE FISSION DE 239Pu (SM-122/91) 
J. Blons, H. Derrien, A. Michaudon 
Centre d'Etudes Nucleaires de Saclay. France 

La sect ion efficace de fission de2 3 9Pu a ete m e s u r e e en-dessous de 
35 keV en ut i l isant 1' a c c e l e r a t e u r l inea i re de 45 MeV comme source 
pulsee de neu t rons . La resolut ion nominale etait de 1 n s / m environ et 
les depots de 2 3 9Pu etaient po r t e s ä la t empe ra tu re de 1' azote liquide 
dans un sc in t i l l a teur gazeux. L1 analyse de cet te sect ion efficace, con-
juguee avec celle de la sect ion efficace totale , a ete faite pa r une 
methode de moindres c a r r e s avec le formal isme de Bre i t -Wigner a 
un niveau. La resolut ion de cet te m e s u r e a p e r m i s d' e tendre a 450 eV 
1' analyse detai l lee des r e sonances . Dans un grand nombre de ca s , 
1' analyse de forme conduit ä la determinat ion du spin des r e so n an ces . 
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Les resultats confirment et precisent 1' existence de deux families de 
resonances, ayant des valeurs moyennes de la largeur de fission qui 
sont tres differentes et qui correspondent aux deux etats de spin J = 0+ 
et J = 1+. L' etude du coefficient d' autocorrelation de la section efficace 
de fission jusqu1 ä une energie de 2 keV, montre qu* il est incompatible 
avec un modele statistique ou les proprietes des parametres sont in-
dependantes de 1' energie. Cette etude montre l1 existence d'une struc
ture intermediaire dont 1' espacement moyen est d1 environ 450 eV. 
Elle est interpretee comme etant due a la fission en-dessous du seuil 
de la voie 1+ pour laquelle le couplage ä la fission plus intense a 
certaines energies correspond ä. des etats intermediaires 1+ situes 
dans le puits de potentiel de la barriere de fission a deux bosses calculee 
par Strutinsky. Cette interpretation est confirmee par le fait que les 
resonances etroites (done probablement de spin J = 1+) ont une largeur 
de fission beaucoup plus faible entre 450 eV et 650 eV (environ 10 MeV) 
qu1 en dessous de 400 eV (environ 40 MeV). Cet effet explique done la 
decroissance de la section efficace de fission vers 500 eV. II est dis-
cute, notamment du point de vue des proprietes de 1' etat de transition 
1+ et de la reaction (n^ f ) . Des resultats obtenus sur d'autres noyaux 
fissiles (235U et 241Pu) sont egalement presentes. 

English translation of the preceding Abstract (SM-122/91): 

HIGH-RESOLUTION MEASUREMENT AND ANALYSIS OF THE FISSION 
CROSS-SECTION OF 239Pu 

The fission cross-section of 239Pu was measured below 35 keV, 
using the 45-MeV linear accelerator as pulsed neutron source. The 
nominal resolution was approximately 1 ns/m and the 239рц deposits were 
brought to the temperature of liquid nitrogen in a gaseous scintillator. 
This cross-section was analysed together with the total cross-section 
by the mean-squares method with the single-level Breit-Wigner formalism. 
The resolution of this measurement enabled us to extend the detailed re
sonance analysis to 450 eV. In a large number of cases, the analysis of 
shape leads to the determination of the resonance spin. The results con
firm and refine the existence of two resonance families, having very 
different mean values of fission width corresponding to two spin states 
J = 0+ and J = 1+ . The study of the autocorrelation coefficient of the 
fission cross-section up to 2 keV energy shows that this coefficient is 
incompatible with a statistical model.in which the properties of the para
meters are independent of energy. The present study shows that there 
exists an intermediate structure whose mean spacing is about 450 eV. 
It is interpreted as being due to fission below the threshold of the 1+ 
channel for which the coupling with more intense fission at some energies 
corresponds to the 1+ intermediate states situated in the potential well 
of the two-hump fission barrier calculated by Strutinsky. This inter
pretation is confirmed by the fact that the narrow resonances (hence 
probably of spin J = 1+) have a much smaller fission width between 450 eV 
and 650 eV (about 10 MeV) than below 400 eV (about 40 MeV). This effect 
thus explains the diminution of the fission cross-section towards 500 eV. 
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It is d i scussed pa r t i cu la r ly from the point of view of the p roper t i es of the 
1+ t rans i t ion s ta te and the (n, yf) react ion . The resu l t s obtained with 
other f iss i le nuclei (235U and 2 4 1Pu) a r e a lso presented . 

ANALYSE, A L'AIDE DE FORMALISMES A PLUSIEURS NIVEAUX ET DE 7 eV A 100 eV, 
DES SECTIONS EFFICACES TOTALE ET DE FISSION DE гзэри (SM-122/92) 
Н . Derrien, J. Blons, A. Michaudon 
Centre d'Etudes Nucleaires de Saclay, France 

Les sect ions efficaces totale et de fission ont ete m e s u r e e s a 
Saclay en uti l isant 1' a cce l e r a t eu r l inea i re de 45 MeV comme source 
pulsee de neu t rons . Les deux m e s u r e s ont ete faites avec une r e so lu 
tion nominale voisine de 1 n s / m et avec des echantillons por tes ä la 
t empe ra tu re de 1' azote l iquide. L' analyse de forme des resonances a 
1' aide de fo rmal i sme de Bre i t -Wigner a un niveau pe rme t d' obtenir 
dans la major i te des cas une bonne valeur des p a r a m e t r e s . Cependant, 
ce formal i sme ne peut pas toujours r ep rodu i re la forme des sect ions 
efficaces te l les qu1 e l les sont m e s u r e e s . En pa r t i cu l i e r , cer ta ines dif
ferences ent re les courbes theoriques et exper imenta les peuvent e t re 
net tement diminuees en ajoutant des resonances dont 1' existence n' est 
pas etablie d ' u n e facon cer ta ine . С est pour pouvoir r ep rodu i r e le plus 
fidelement poss ible la forme des sect ions efficaces que 1' analyse a ete 
poursuivie avec deux formal i smes ä p lus ieurs niveaux qui tient compte 
de l1 in ter ference en t re resonances de m e m e s spin et pa r i t e . Les deux 
fo rmal i smes etudies sont ceux de D.B. Adler et F . T . Adler d 'une pa r t , 
et de Reich et Moore d ' a u t r e pa r t . Dans les deux cas l 'a justement des 
courbes theor iques aux r e su l t a t s experimentaux se fait par la methode 
des moindres c a r r e s . 

Les r e su l t a t s de 1' analyse sont p r e s e n t e s , notamment: (a) la 
compara ison des courbes theor iques aux r e su l t a t s experimentaux; 
(b) les cas od 1' in ter ference ent re resonances pe rme t de suppr imer 
quelques resonances qui avaient du e t r e introduites avec le formal isme 
ä un niveau (par example a 11,5 eV; 58,84 eV; 83,52 eV); (c) l e n o m b r e 
de voies de so r t i e pour les spins 0+ et 1 + . 

Ces r e su l t a t s sont obtenus dans la gamme d' energie si tuee en-
dessous de 100 eV. l i s ne peuvent pas e t r e extrapoles ä une gamme 
d1 energie beaucoup plus elevee a cause du phenomene de s t ruc tu re in
t e r m e d i a t e qui a ete r ecemment mis en evidence et qui peut e t r e ex-
plique p a r la f ission au-dessous du seui l de la (des) voie(s) 1 + et done 
p a r le couplage ä des e ta ts i n t e rmed ia i r e s de m e m e s spin et pa r i t e 
s i tues dans le puits de la b a r r i e r e de fission ä deux bosses calculee par 
Strutinsky. 
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English t rans la t ion of the preceding Abstract (SM-122/92): 

MULTILEVEL ANALYSIS OF TOTAL AND FISSION CROSS-SECTIONS OF 
239Pu IN REGION BETWEEN 7 eV AND 100 eV 

The total and fission c r o s s - s e c t i o n s w e r e measu red at Saclay using 
the 45 MeV l inea r acce l e r a to r as a pulsed neutron sou rce . The two 
m e a s u r e m e n t s w e r e made with a nominal resolut ion of around 1 n s / m 
using samples at the t empera tu re of liquid ni t rogen. Analysis of r e 
sonance shape using the s ingle- leve l Bre i t -Wigner formal ism shows a 
good fit to the p a r a m e t e r s in the major i ty of c a s e s . This fo rmal i sm, 
however, cannot always reproduce the shape of the c r o s s - s e c t i o n s as 
measu red . In pa r t i cu la r , ce r ta in differences between the theore t i ca l 
and the exper imenta l curves can be considerably reduced by adding r e 
sonances whose existence has not been firmly es tabl ished. In o r d e r to 
reproduce the form of the c r o s s - s e c t i o n s as accura te ly as poss ib le , the 
analys is was conducted using two mul t i - leve l fo rma l i sms , thus taking 
into account in te r fe rence between resonances with the same spin and 
par i ty . The two fo rmal i sms studied were those of D.B. Adler and 
F . T . Adler and of Reich and Moore . In both cases the fitting of the 
theore t ica l curves to the exper imenta l r e su l t s is effected by the l e a s t -
squares method. 

The r e su l t s of analysis a r e given and include: (a) A compar ison 
of theore t ica l curves with exper imenta l r e su l t s ; (b) Cases in which 
in ter ference between resonances made it possible to exclude some r e 
sonances which had had to be introduced with the s ingle- leve l formal ism 
(for instance at 11.5 eV, 58.84 eV and 83.52 eV); (c) The number of exit 
channels for 0 + and 1 + sp ins . 

These r e su l t s a r e obtained in the energy range below 100 eV. They 
cannot be extrapolated to any much higher energy range because of the 
in termedia te s t ruc tu re phenomenon establ ished recent ly , which can be 
explained by the sub- threshold fission of the 1 + channel(s) and consequently 
by the pair ing at in termedia te s t a tes of the same spin and par i ty in the 
well of the double-humped fission b a r r i e r calculated by Strutinsky. 

DIRECT-REACTION FISSION OF ODD-A URANIUM AND PLUTONIUM ISOTOPES 
(SM-122/101) 
H.C. Britt, J.D. Cramer 
Los Alamos Scientific Laboratory, 
Los Alamos, New Mexico, USA 

Fiss ion- f ragment angular cor re la t ions and fission probabi l i t ies have 
been measu red for a s e r i e s of odd-A uranium and plutonium isotopes 
excited by (d ,p) , ( t ,p) , and (t,d) reac t ions . The following fissioning 
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nuclei have been studied using the indicated d i rec t reac t ions : 1. 2 3 6U: 
from (d,pf), (t,pf); 2 .237 U : f r 0 m ( d , p f ) , (t.pf); 3 . 2 3 9U: f rom(d ,p f ) ; 
4 . 2 4 1 P u : from,(d,pf) , (t ,pf), (t,df); 5. 2 4 3 Pu: f r o m ( d , p f ) , (t,df). 
Deuteron or t r i ton beams with an energy of 18 MeV were used and the 
outgoing charged pa r t i c l e s from the d i rec t react ion were detected at 
angles of 130° of 150° with an exper imenta l energy resolut ion of ~150keV. 
F ragmen t angular cor re la t ions were obtained at 7 angles for the (d,pf) 
and (t,pf) exper iments and at 24 angles for the (t,df) m e a s u r e m e n t s . The 
resu l t s of the angular co r re la t ions were fitted to a s e r i e s of evenLegendre 
polynomials and fission probabil i t ies as a function of excitation energy 
were obtained for each ca se . 

F i s s ion probabi l i t ies and angular cor re la t ion coefficients were com
pared for each case to previously repor ted (n,f) r e s u l t s . F o r the (n,f) 
react ion fission probabi l i t ies a r e obtained by dividing repor ted (n, f) 
c r o s s - s e c t i o n s by calculated total react ion c r o s s - s e c t i o n s . The d i rec t 
react ion exper iments show fission thresholds at excitation energies equal 
to or l e s s than threshold energ ies observed in (n,f) exper iments . This 
resu l t is consis tent with the fact that the d i rec t reac t ions a r e not l imited 
to angular momentum t r ans f e r s of i. = 0 or 1 that a r e predominant at low 
energy in the neut ron-capture r eac t ions . Thus , the d i rec t reac t ion r e 
sul ts can show fission through low-lying t rans i t ion s t a tes that have 
spins and pa r i t i e s that a r e inaccess ib le to neutron capture r eac t ions . 
The d i rec t react ion r e su l t s show thresholds equal to the thresholds mea 
sured in neutron exper iments (to within ± 50 keV) for 2 3 9 u and 2 4 3 Pu . 
F o r 2 4 1Pu the threshold measured in the d i rec t react ion exper iments is 
~ 200 keV lower than the threshold from (n,f) exper iments . Qualitative 
cha rac t e r i s t i c s of the t rans i t ion s ta te spec t r a for the nuclei studied a r e 
determined from detailed compar isons of the r e su l t s obtained using the 
var ious r eac t ions . 

AN EXACT CALCULATION OF THE PENETRABILITY THROUGH TWO-PEAKED 
FISSION BARRIERS* (SM-122/103) 
J .D . Cramer, J.R. Nix 
University of California, 
Los Alamos Scientific Laboratory, 
Los Alamos, New Mexico, USA 

Severa l recent ly observed fission phenomena have been in terpre ted 
quali tat ively in t e r m s of a two-peaked potential energy of deformation in 
the fission d i rec t ion . The in te rmedia te well in such a potential provides 
a source for the shor t - l ived spontaneously fissioning i s o m e r s now ob
se rved in over a dozen nuclei . The p resence of d i sc re t e energy levels 
in the in te rmedia te well may explain anomalous effects which have long 
been apparent in neutron-induced fission c r o s s - s e c t i o n s for s e v e r a l of 
the even-even t a rge t nuclei , such as the s t ruc tu re observed in the c r o s s -
sect ions of 234U and 2 3 0 Th t a r g e t s , and most recent ly the sys temat ic 
c lus ter ing of sub- threshold fission resonances in s e v e r a l compound 

* Work performed under the auspices of the US Atomic Energy Commission. 
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nuclear s y s t e m s . Theore t ica l predictions of s ing le -par t ic le effects on 
the potential energy of deformation support this in terpre ta t ion. 

These recent developments requi re a fresh examination of the pene
t ra t ion of the fission b a r r i e r . In par t icu la r , it is important to consider 
more complicated shapes than the inverted ha rmonic -osc i l l a to r potential 
introduced by Hill and Wheeler . Fo r this reason we have performed an 
exact calculation of the penetrabil i ty through fission b a r r i e r s V(e) defined 
in t e r m s of two parabolic peaks connected smoothly with a third parabola 
forming the in termedia te well . The potential is specified by the peak 
energies Ej and E 2 and the minimum energy E 0 of the connecting curve , 
along with the constants nwi, nu2 andtuo0 related to the curva tures of 
the th ree parabolas . Fo r a wave of unit amplitude impinging on the 
b a r r i e r , the amplitude of the t ransmit ted wave is determined by r e 
quiring that the wave functions (expressed exactly in t e r m s of parabol ic 
cylinder functions) and the i r f i rs t der ivat ives match.at the connecting 
points €j and e2 . This leads to a closed express ion for the amplitude 
of the t ransmi t ted wave, from which the penetrabil i ty is obtained. At 
energies well below the b a r r i e r tops , the exact penetrabi l i t ies agree with 
those calculated by use of the WKB approximation. The penetrabi l i ty is 
essent ia l ly an increasing exponential function, but exhibits nar row r e 
sonances at the positions of the quasi-bound vibrat ional s ta tes in the 
in termedia te well . The width Г of these resonances is ex t remely sma l l 
(~0.1 eV) for the levels near the bottom of the well , but i nc reases as 
the energy i n c r e a s e s . This t rend continues in some cases above the top 
of the b a r r i e r , producing broad peaks in the penetrabi l i ty function. 
Results a r e presented for var ious c lasses of two-peaked b a r r i e r s and 
compared to recen t exper imenta l data. 

FISSION BARRIER DETERMINATIONS AND FRAGMENT ANGULAR CORRELATIONS 
FOR THE ^ P u , M2Pu, 24<u, 23«U, 234Th, and 232Th COMPOUND NUCLEI 
FROM (t, pf) REACTIONS (SM-122/104) 
J . D . Cramer, H.C. Britt 
University of California, 
Los Alamos Scientific Laboratory, 
New Mexico, USA 

Fiss ion probabil i t ies and the angular distr ibution of the fission 
fragments have been measured for six even-even compound nuclear 
sys t ems using the (t, pf) reac t ion . Angular cor re la t ions of fission f rag
ments obtained in these exper iments provide information about the low-
lying collective excitations or t ransi t ion s ta tes at the fission b a r r i e r . 
The (t,p) react ion in pa r t i cu la r leads to neu t ron- r i ch res idua l nuclei 
un obtainable by other methods . The absence of spin coupling for (t,p) 
react ions on even-even t a rge t s provides angular dis tr ibut ions with well 
defined s t ruc tu re in the region of the fission b a r r i e r . 

The exper imenta l data were obtained using an 18-MeV tr i ton beam 
on t a rge t s of 242 рц ( 240pU) 238U( 236TJ, 232T h and 230Th a t Los Alamos 
Van-de-Graaff acce l e r a to r facility. Outgoing protons were detected at 
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140° re la t ive to the incident t r i tön beam. Excitat ion energies ranging 
from 3.0 to 9.0 MeV were obtained in these exper imen t s . F i s s ion f rag
ment angular dis t r ibut ions were measu red at 24 angles from 0° to 140° 
re la t ive to the k inemat ic recoi l angle. 

The data were fitted to a s e r i e s of evenLegendre polynomials 

W(6) = A0 [1 + £ gLPL (cos 0)] 
L 

and the coefficients g2 through g12 and A0 were determined a s a func
tion of excitation energy. The fission probabil i ty Pf was obtained from 
the ra t io of A 0 to the (t, p) c r o s s - s e c t i o n for the t a rge t nucleus . The r e 
sul ts exhibit well defined s t r u c t u r e in the angular coefficients which 
c o r r e l a t e s with s t r u c t u r e in the fission probabil i ty for most of the nuclei 
studied. 

In an at tempt to in te rpre t this observed s t ruc tu re the exper imenta l ly 
determined fitting p a r a m e t e r s Pf and g a r e compared with calculated 
r e su l t s of a mic roscop ic model . This model takes into considerat ion 
the penet rabi l i ty and angular dependence of fission through each m e m b e r 
of the var ious t rans i t ion bands at the saddle point and appropr ia te ly sums 
the r e su l t s for compar ison with the data. The effects of b a r r i e r pene t r a 
tion through a two-peaked deformation potential a r e explored in this 
ana lys i s . 

This survey of the fission p roper t i e s of s e v e r a l nuclei indicates 
some genera l t r ends re la t ing the saddle point deformation to the 
cha rac te r of the t ransi t ion level s t r u c t u r e . 

INTERMEDIATE STRUCTURE IN THE NEUTRON-INDUCED-FISSION 
CROSS-SECTION OF 232U (SM-122/105) 
J .A. Farrell 
University of California, 
Los Alamos, New Mexico, USA 

The fission c ross -sec t ion of 232U has been measured from a neutron 
energy of 65 eV to 6 keV with a resolut ion of approximately 12 n s / m 
using an underground nuclear explosion as a pulsed neutron s o u r c e . 
232U is the only even-even t a rge t nucleus with an appreciable low energy 
fission c r o s s - s e c t i o n and there fore furnishes an opportunity to study the 
resonance p a r a m e t e r s of a f issionable nucleus without the complicat ions 
introduced by the p resence of two spin s t a t e s . The data have been fitted 
with a mult i level c r o s s - s e c t i o n formula from 65 to 220 eV. It was 
n e c e s s a r y to a s sume the exis tence of two | + f ission channels to fit 
adequately the valleys between r e sonances . The average fission width 
of the 14 resonances between 80 and 150 eV is only 1/4 of the average 
fission width of the next 14 resonances between 150 and 220 eV. The 
in terference between each of the resonances between 80 and 150 eV was 
found to be des t ruc t ive in the dominant fission channel and most ly con
s t ruc t ive in the second. Since the in ter ference would be expected to be 
random, this suggests the p resence of one or m o r e resonances with 
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small neutron widths and very large fission widths of 30 eV or more in 
this region. Such a resonance, which would be nearly invisible in the 
fission cross-section but would interfere strongly with the neighbouring 
resonances, can be interpreted as due to a state in the second minimum 
of the fission potential barrier where the excitation energy is near the 
second maximum and the coupling between states in the two wells is re 
latively weak. 

To test this hypothesis, several sets of mock data were generated 
assuming a single fission channel and a very wide resonance with a 
negligible neutron width. It was possible to fit the mock data without 
including a wide resonance if a second fission channel was introduced. 
The resulting parameters display interference properties and small ap
parent widths similar to those obtained from the 232U analysis. Based 
on these results, we interprete the small fission widths, two fission 
channels, and apparent correlation in interference between resonances 
obtained in the 232u fit as probably spurious, being due to the fact that 
one or more wide levels have been missed. 

CHANNEL EFFECTS IN THE INTERACTIONS OF RESONANCE ENERGY NEUTRONS 
WITH 233U (SM-122/117) 
E. Melkonian, J. Felvinci 
Columbia University, 
New York, USA 

Difficulties have arisen in the past in the interpretation of the fission 
cross section of 233u arising from the large ratio of level width to spacing 
of the resonances. Recently, using the Nevis synchrocyclotron as a 
pulsed neutron source, a time-of-flight experiment was performed on 
233U to search for measurable differences between resonances. These 
measurements consist of event-by-event recording of the neutron time-
of-flight together with the energy of (a) one fission fragment, or (b) a 
gamma-ray above 3 MeV. 

The following observations, suggestive of underlying physical pheno
mena, were made: 

1. Average fission-fragment energies were calculated as a function of 
neutron time-of-flight. Across several of the resonances, there was ob
served a small but distinct decrease toward longer flight times of this 
average fission-fragment energy. This could be explained on the as 
sumption that some of the fissions take place through an intermediate 
state leading to delays of the order of 100 nsec and to lower average 
energy. 
2. Gamma-ray yields from the 4.8 eV, 11.5 eV and 16.3 eV resonances 
were considerably higher than would be expected on the basis of fission 
and capture cross-section data. The 4.8 eV resonance has been identified 
by multilevel analysis as 2+, which is consistent with the higher gamma 
yield. This would imply that the 11.5 eV and 16.3 eV resonances are 
also 2+. 
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3. Neutron t ime-of-f l ight spec t ra for var ious sect ions of the fission 
fragment energy dis tr ibut ion were obtained. Some of the resonances 
showed s ta t i s t ica l ly significant differences in yield. These pa r t i cu la r 
resonances a r e tought to be of the same J value (probably 3+). The r e 
sul ts could be in terpre ted as a r i s ing from fission through different 
channels of the same spin s t a t e . 

Fu ther ana lyses of these r e su l t s a r e in p r o g r e s s . 

PENETRATION OF A DOUBLE BARRIER (SM-122/119) 
C.Y. Wong, J. Bang 
University of Copenhagen, 
Niels Bohr Institute, 
Denmark 

The Hil l -Wheeler formula for penetrat ion through a single b a r r i e r 
is general ized to the cases where the potential is 
1. a parabola joined at each end by two inverted parabolas and 
2. two inverted parabolas joined together . 

The t r a n s m i s s i o n function can be obtained exactly and can be ex
p res sed analytical ly in t e r m s of parabol ic cylinder functions. It is found 
that at appropr ia te ene rg ie s , when the Bohr quantization rule is s a t i s 
fied at the second minimum, a resonance s t ruc tu re shows up at the t r a n s 
miss ion function. The resul t of the calculation is applied to analyse the 
exper imenta l data of (d,pf) and (n, pf)reactions with t a rge t s of 2 3 9Pu, 
2 4 1Pu, 2 3 3 u, and 236U. It is found that the resonances in the (d,pf) r e a c 
tion can be explained quite well by penetrat ion through a double b a r r i e r . 
The fission b a r r i e r s for these nuclei , defined in this case as the highest 
point of the double b a r r i e r , a r e found to be considerably higher than those 
assumed in the past by various inves t iga tors . 

РАСПРЕДЕЛЕНИЯ ОСКОЛКОВ ПО МАССАМ И КИНЕТИЧЕСКИМ 
ЭНЕРГИЯМ ПРИ ДЕЛЕНИИ ЯДЕР БЫСТРЫМИ НЕЙТРОНАМИ 
ÖAEA-SM-122/133) 
В . Г . Воробьева, П .П. Дьяченко, Б . Д . Кузьминов, 
А . И . Сергачев, Л .Д . Смиренкина 
Физико-энергетический институт, Обнинск, 
Союз Советских Социалистических Республик 
А . Лайтаи 
Центральный институт физических исследований, Будапешт, 
Венгерская Народная Республика 

В работе исследовалось влияние энергии возбуждения делящихся ядер (четно-чет 
ного U, четно-нечетных 2 3 3 Th , 2 3 9U и нечетно-нечетного 2 3 8Np) на распределения о с 
колков по массам и кинетическим энергиям. Деления вызывались моноэнергетическими 
нейтронами с энергией от тепловых до Еп * 6 Мэв с шагом 100 + 300 кэв и нейтронами с 
Еп = 15,5 М э в . Обсуждаются следующие явления: 
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1. Влияние переходных состояний делящихся ядер на выходы у и кинетические э н е р 
гии Е к осколков. Для самого легкого ядра— 2 3 2Th обнаружены резкие изменения 7 и Е к 
при делении вблизи порога, что можно приписать влиянию отдельных каналов деления. Для 
других ядер у и Ек сохраняются неизменными при превышении энергии над барьером на 
1-1,5 Мэв . Наблюдавшиеся в работе других авторов вариации Е к при Еп < 600 кэв для 2 3 5U 
в настоящей работе не проявились. Эти результаты истолковываются в пользу представле
ний о двугорбой структуре барьера деления. Измерена зависимость угловой анизотропии 
от масс осколков при делении U H U нейтронами с Еп = 3 Мэв и Е п = 1,6 Мэв, соответ 
ственно . В пределах ошибок опыта (±2%) корреляция масс и угловой анизотропии о т с у т 
с т в у е т . 

2 . Совокупность результатов по у и Е к анализируется в рамках статистической мо
дели . Получены параметры плотности уровней осколков а и энергии возбуждения Е0 для 
ядра в точке разрыва, которые наилучшим образом описывают совокупность эксперимен
тальных данных. Отмечается , что результаты эксперимента могут быть качественно поня
ты в рамках теоретических представлений А .В . Игнатюка, основанных на вычислении плот
ности состояний ядра перед разрывом, с привлечением метода оболочечных поправок 
В . М. Струтинского. 

3 . Тонкая структура кривой выходов осколков проявляется только для четно-четных 
и четно-нечетных делящихся я д е р . При делении Np нейтронами тонкая структура о т с у т 
с т в у е т . Обсуждается корреляция тонкой структуры выходов осколков и кривой зависимос
ти энергии деления от нуклонного состава пар осколков. 

English t rans la t ion of the preceding Abst rac t (SM-122/133): 

MASS AND KINETIC ENERGY DISTRIBUTIONS OF FAST-FISSION FRAGMENTS 

The authors investigate the influence of the excitat ion energy of 
fissionable nuclei (even-even 236U, even-odd 2 3 3 Th and 239U, and odd-odd 
23SNp) on the m a s s and kinetic energy dis tr ibut ions of the fission f rag
men t s . F i s s i ons were induced by monoenerget ic neutrons with energies 
ranging from t h e r m a l to En ""б MeV ( increasing in s teps of 100-300 keV) 
and by 15.5-MeV neut rons . 

The following phenomena a r e discussed: 

1. The influence of the t rans i t ion s ta tes of fissionable nuclei on the yields 
and kinetic energies of the fission f ragments . F o r the l ightest nucleus 
considered (232Th) abrupt var ia t ions in yield and kinetic energy a r e 
observed in fission nea r the threshold , possibly due to the influence 
of the individual fission channels . F o r the other nuclei the kinetic 
energies a l so remain unchanged when the energy exceeds the b a r r i e r 
and r e a c h e s 1-1.5 MeV. The kinetic energy var ia t ions at En <600keV 
observed by other authors in the case of 235U did not appear in the 
p resen t work. These r e su l t s a r e in te rpre ted as supporting the idea 
of a double-humped fission b a r r i e r s t r u c t u r e . The authors measured 
the dependence of angular anisotropy on fission fragment m a s s in 
235U and 238U fission by 3-MeV and 1.6-MeV neutrons respect ive ly . 
Within the l imi ts of the exper imenta l e r r o r (± 2%), t he r e is no co r 
re la t ion between fission fragment m a s s and angular anisotropy; 

2. The yield and kinetic energy resu l t s a r e analysed within the f r ame
work of a s t a t i s t i ca l model . Those p a r a m e t e r s a r e found which best 
desc r ibe the exper imenta l data as a whole (level density of the fission 
fragments and excitation energy for a nucleus at the sc iss ion point). 
It is noted that the exper imenta l r e su l t s can be understood qualitatively 
within the f ramework of A.V. Ignatyuk' s theore t ica l concepts based on 
calculation of the densi ty of nuclear s ta tes before sc i s s ion with the 
help of V.M. Strutinsky' s shel l co r rec t ion method; 
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3. Fine s t r u c t u r e of the fragment yield curve was found only in the case 
of even-even and even-odd fissionable nuclei . There was no fine 
s t ruc tu re in 237Np fission by neut rons . The cor re la t ion between the 
fine s t r u c t u r e of the fission fragment yields and the curve showing 
the dependence of fission energy on the nucleonic composition of 
fission fragment pa i r s is d i scussed . 

ФОТОДЕЛЕНИЯ 2 3 2 Th, 238U, 238Pu, 2 4 0Pu, 2 4 2 Pu 
ВБЛИЗИ ПОРОГА (IAEA-SM-122/135) 
С. П. Капица, Ю.М. Ципенюк 
Институт физических проблем им. С .И.Вавилова , Москва 
Н . С . Работнов, Г . Н . Смиренкин, A . C . Солдатов, Л .Н. Усачев 
Физико-энергетический институт, Обнинск, 
Союз Советских Социалистических Республик 

Приводятся экспериментальные данные по сечениям и угловым распределениям о с 
колков фотоделения, частично опубликованные ранее . Измерения проводились на т о р м о з 
ном спектре, производилось восстановление энергетических зависимостей парциальных 
сечений фотоделения в пересчете на монохроматические кванты . Угловые распределения 
анализировались по формуле 

W (в) = а + b s in 2 в + с s in 2 2 в 

Максимальное наблюденное значение анизотропии (в /а ) достигает~-100 ( 2 3 2Th, Е т а х = 5 ,2Мэв) , 
а квадрупольной (с/в) ~ 3 ( ^ Р и , Е т а х = 5 , 2 Мэв) . Данные анализируются в связи с гипоте 
зой двугорбого барьера, которая, по-видимому, объясняет некоторые экспериментальные 
факты, резко выпадающие из традиционной картины. 

English t rans la t ion of the preceding Abst rac t (SM-122/135): 

PHOTOFISSION OF 2 3 2 Th, 238U, 2 3 8Pu. »»Pu AND 242Pu NEAR THE THRESHOLD 

The authors p resen t exper imenta l data (some of which have been 
published previously) regarding the c r o s s - s e c t i o n s and angular d i s t r ibu
tion of photofission f ragments . They ca r r i ed out m e a s u r e m e n t s on the 
b r e m s Strahlung spec t rum and recons t ruc ted the energy dependences of 
the par t i a l c r o s s - s e c t i o n s of photofission as a function of monochromat ic 
quanta. The angular dis t r ibut ions were analysed using the formula 

W(tf) = a + b s in 2 tf + с sin2 2-й 

The maximum observed value of anisotropy (b/a) is ~ 100 (2 3 2Th, 
E m a x = 5.4 MeV) and of the quadrupole component (c/b) ~ 3 (2 4 0Pu, 
E m a x = 5.2 MeV). The data a r e analysed in re la t ion to the double-humped 
b a r r i e r hypothes is , which evidently explains cer ta in exper imenta l 
findings which a r e c lear ly inconsistent with the t radi t ional p ic tu re . 
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SUB-THRESHOLD FISSION OF M1Am (SM-122/140) 
E. Migneco, J. Theobald, J. Wartena 
Central Bureau for Nuclear Measurements, 
EURATOM, Geel, Belgium 

The neutron-induced sub- threshold fission c ro s s - s ec t i on of 2 4 1Am,is 
measured in the energy range between 1 eV and 3 keV with nominal t i m e -
of-flight resolut ion of 2TJ ns / in~lm^2^s7m~using theUBNM l inear a c 
ce le ra to r as pulsed neutron source and a liquid sc int i l la tor for the de tec 
tion of the fission neut rons . This detector is equipped with pulse shape 
d i sc r imina to rs and pile up r e j ec to r s against the high 7-radia t ion from the 
sample . This exper iment has been motivated by our sub- threshold fission 
c ros s - sec t ion data on 2 4 0Pu showing the groupwise resonance enhancement 
due to in termedia te s t a tes in the fission exit channel and by the fission 
c ross - sec t ion display of 241Am (n, f) in the P e t r e l repor t of P.A. Seeger 
et a l . where in te rmedia te s t ruc tu re s of different types a r e slightly in
dicated. With our high resolut ion exper iment we t r y to investigate further 
the existence of in termedia te levels of the type found in sub- threshold 
fission of 240Pu. The presence of in termedia te s t a tes as well a s the 
existence of a spontaneously fissioning shape i s o m e r in 242Am found by 
F l e r o v et a l . have been in te rpre ted by Bjjirnholm, Lynn and Weigmann 
on the bas is of the theory of Strutinsky. It has been pointed out by J .R .Nix 
that a quantitative analysis of the exper imenta l r e su l t s on the ra t io of the 
half- l ives of the ground s ta te and the i somer i c spontaneous fission of 
242Am is not in agreement with the value for the energy of a secondary 
potential minimum deduced from the i somer excitation function and from 
fission c ros s - sec t ion resonance spacings . With our experiment we have 
t r i ed to invest igate carefully the la t te r point. Our resu l t is that between 
1 and 3 keV no narrow c ros s - s ec t i on s t ruc tu re s g r e a t e r than 1 barn a r e 
observed, while we c lear ly confirm the resonances at low energy up to 
150 eV, which have been a l ready measured by C. Bowman as well as 
P.A. Seeger et a l . This resu l t ag rees with the discuss ion of E. Lynn at 
the Dubna Conference on Nuclear S t ruc ture , in which he mentioned that 
the genera l behaviour of the 241Am sub- threshold fission c ro s s - s ec t i on 
does not fit with the s ize of the narrow in termedia te s t ruc tu re s indicated 
in the P e t r e l data between 1 and 3 keV. 



SESSION F 

DELAYED GAMMA-RAYS FROM SPONTANEOUS FISSION OF 252Cf (SM-122/2) 
K. Skarsvag 
Institutt for Atomenergi, Kjeller, Norway 

The main difficulty in exper iments with delayed g a m m a - r a y s is the 
elimination of the fission neut rons . In recent y e a r s fast neutron diffusion 
and moderat ion in smal l a s sembl i e s has been studied by the pulsed-neut ron 
technique. These studies have made it c l ea r that it can be difficult to e l i 
minate the f ission neutrons by shielding only, a fact which has not been fully 
apprecia ted in ear ly m e a s u r e m e n t s of the number , energy spec t rum and 
t ime distr ibution of delayed g a m m a - r a y s from fission. 

In the p resen t experiment the re la t ive number and the t ime distr ibution 
of delayed g a m m a - r a y s from spontaneous fission of 252Cf has been measu red 
for g a m m a - r a y energies g r e a t e r than 100 keV. The g a m m a - r a y s were d e 
tected by a Nal(Tl) c rys t a l , 3 inch in d i amete r and 3 inch thick, in coinci
dence with a semi-conductor de tec tor for the fission f ragments . The fission 
neutrons have been eliminated by the method of t ime-of-fl ight, a method 
which can be used for t imes s h o r t e r than the flight t ime of the fas tes t f ission 
neutrons over the direct dis tance from source to g a m m a - r a y detector . F o r 
m e a s u r e m e n t s in the nanosecond t ime range the Nal(Tl) had a 8 mm wide 
col l imator in front of it, and the t ime dis tr ibut ion was measu red by scan
ning the flight path of the fission f ragments . In the t ime ranges 5 to 30 ns 
and 30 to 120 ns the t ime distr ibution was m e a s u r e d electronical ly with a 
t ime resolut ion of 6 ns and with the Nal(Tl) detector at a dis tance of s eve ra l 
m e t r e s from the source . In the t ime range 5 to 30 ns the m e a s u r e m e n t s 
were made with a shield between the 252Cf source and the Nal(Tl) detector . 

CALCULATION OF ANGULAR AND ENERGY DISTRIBUTION OF PROMPT NEUTRONS 

FROM FISSION (SM-122/9) 

G.Y. Kluge 
Central Research Institute for Physics 
of the Hungarian Academy of Sciences, 
Budapest, Hungary 

Calculat ions of angular and energy dis tr ibut ions of prompt neutrons 
from fission a r e repor ted . The purpose of the calculat ions was to account 
for the deviations of the exper imenta l from the predic ted energy and for the 
angular dis t r ibut ions in t e r m s of a m o r e adequate evaporation theory. In 
th is way we hope to clarify the exis tence of that smal l fraction of neutrons 
which is assumed to be emitted isot ropical ly in the labora tory sys tem and 
not from moving f ragments . 

927 



928 ABSTRACTS 

In the p resen t calculation the total neutron spec t rum from fission is 
descr ibed as a sum of contributions from individual f ragments weighted by 
the i r frequency of occur rence and the number of neutrons emitted. The 
emiss ion of neutrons from individual f ragments is evaluated by assuming 
isotropic evaporation in a f rame of re fe rence moving with the fragment. 
Two types of emiss ion spec t ra a r e considered. The simplified type 
cha rac t e r i zed by the number and average energy of the neutrons emit ted 
pe r fragment is given as <p(e) = Cen exp( -e /T) . The p a r a m e t e r s T, n and 
the average energy ё a r e re la ted as ё = (n - l )T and С is a constant n o r m a 
l izing the spec t ra to the number of emitted neutrons v = / <p(e )de . The 
other type is based on the original Weisskopf formula arfd desc r ibes a 
neutron cascade consis t ing of maximum th ree success ive emiss ions . The 
p a r a m e t e r s of the spec t rum of f i rs t type can be obtained in t e r m s of a 
s ta t i s t ica l theory with the assumption of t he rma l equil ibrium at the moment 
of sc iss ion. F o r the second type, using the s a m e assumption of the rma l 
equil ibrium, the inverse neutron c r o s s - s e c t i o n s and the level densi t ies of 
nuclei a r e included as calculated from the r e su l t s of Dostrovsky et a l . , 
Cameron and Gilbert , respect ively . 

With the knowledge of the initial excitation energies of the individual 
fragment p a i r s , the above calculat ions pe rmi t the formulation of a complete 
theory of prompt fission neutron emiss ion from which all cha rac t e r i s t i c 
p a r a m e t e r s of neutron emiss ion and the i r dependence on the excitation 
energy can be predicted. Numer ica l r e su l t s for the spontaneous fission of 
252Cf and for the s low-neutron-induced fission of 235U a r e given. 

PROMPT v IN SPONTANEOUS AND NEUTRON-INDUCED FISSION OF 23SU (SM-122/20) 
M. Holmberg, H, Conde 
Research Institute of National Defence, 
Stockholm, Sweden 

This paper gives the average number of prompt neutrons pe r fission, 
v, for the neutron-induced fission of 2 3 6 u in the energy region 0. 8 - 6. 5 MeV. 
The v-value for the spontaneous fission of 236U is a lso repor ted . It should 
be noted that the spontaneous value may be compared with the m e a s u r e m e n t s 
of 2 3 5 u + n since this react ion gives the s a m e compound nucleus. T h e r e 
a r e indications that the spontaneous P-values for var ious isotopes a r e higher 
than the ones expected from extrapolat ions from the induced fission for the 
s a m e compound nuclei . No e a r l i e r measu remen t exis ts of the spontaneous 
v-value of 236U. 

The prompt t7-value of the neutron-induced fission of 236U is of in te res t 
s ince the fission c r o s s - s e c t i o n shows a s t ruc tu re in the threshold region. 
This s t ruc tu re gives valuable information about the fission channels s ince 
the var ious К bands a r e separa ted . F o r another f issionable nucleus having 
a s imi l a r s t ruc tu re , 232Th, a re la t ive ly high v-value has been repor ted in 
the vicinity of the threshold. Since no data of prompt vr for 236U + n have 
been repor ted previously , this m e a s u r e m e n t also gives a compar ison with 
the v-values for other u ran ium isotopes . In general , the v-values a r e 
roughly the s a m e for isotopes having the s a m e atomic number Z. 

The accuracy of the neutron-induced data is about 5%, whereas the 
spontaneous S-value has an e r r o r of 4%. 



ABSTRACTS 929 

PROMPT GAMMA-RAYS FROM 235U(n,f), 239Pu(n,f) AND 252Cf 
(SPONTANEOUS FISSION) (SM-122/33) 
V.V. Verbinski, H. Weber, R. E. Sund 
Gulf General Atomic Incorporated, 
San Diego, California, USA 

The spec t r a of prompt g a m m a - r a y s from the fission of 2 3 5U, 239Pu and 
252Cf were measu red with the same g a m m a - r a y spec t romete r and geomet r i 
cal a r rangement , making it possible to de te rmine with good accuracy any 
smal l differences in spec t ra l shape and in total g a m m a - r a y yield. The 
g a m m a - r a y spec t rome te r util ized a 5. 85 cm d iameter by 15 cm long Nal(Tl) 
detector surrounded by a 20 cm OD by 30 cm long Nal(Tl) anti-Compton 
sheath. The response to monoenerget ic g a m m a - r a y s consisted of a to ta l -
energy peak with a smal l r e s idue at lower pulse heights , making it poss ible 
to obtain the ent i re spec t rum from 0. 14 to 10 MeV with good accuracy. The 
fission events were detected with a sur face b a r r i e r type detector . Gamma 
ray emitted within 10"8 s of the f ragments were identified by means of a 
coincidence c i rcui t , and the fission neutrons were eliminated by locating 
the g a m m a - r a y detector 70 cm away from the fission foil. P rac t ica l ly all 
of the fission neutrons r equ i re m o r e than 10"8 s to t rave l this dis tance. 

The g a m m a - r a y pulse height distr ibutions and the detector efficiencies 
were determined with var ious g a m m a - r a y sources , and a response mat r ix 
generated from these data was used to unfold the spec t ra with a smoothing 
technique. The prompt g a m m a - r a y s from spontaneous fission of Xlf 
produce the softest spec t rum and the l a rges t total g a m m a - r a y energy yield 
Ey(TOT) from 0. 14 to 10 MeV of 6. 84 MeV pe r fission, with an average 
g a m m a - r a y energy Ey of 0. 88 MeV. F o r 2 3 9Pu, the corresponding values 
were E (TOT9 = 6. 82 MeV,_and E = 0. 94 MeV. F o r 235U, 
Ey(TOT) = 6. 51 MeV, and E y = 0. 9? MeV. The relat ion of these t rends to 
nuclear p roper t i e s is d iscussed. The re la t ive values of Ey(TOT) a r e known 
to about 0. 1 MeV, while the overal l sys temat ic e r r o r is approximately 
0.3 MeV. 

PROMPT NEUTRON AND К X-RAY EMISSION FROM 236U FISSION FRAGMENTS 
(SM-122/34) 
J. W, Bolgman+ , V. S. Ramamurthy*. R, L, Walsh 
AAEC Research Establishment, 
Lucas Heights, N. S. W., Australia 

A f o u r - p a r a m e t e r investigation of neutron emiss ion from individual 
236U fission f ragments is in p r o g r e s s . P rompt fission neutrons a r e detected 
in a l a rge liquid sc in t i l la tor operated in quadruple coincidence with t h r ee 
other de tec to rs . Two surface b a r r i e r de tec tors de te rmine the comple
men ta ry f iss ion-fragment kinetic energies and a thi rd detector , a high-
resolut ion l i th ium-dri f ted sil icon detector , is used to m e a s u r e the c h a r a c t e r 
is t ic К X - r a y s emitted from one of the p r i m a r y fission produc ts . The 

t On attachment from University of N. S. W., Wollongong College. 
* On attachment from the Bhabha Atomic Research Centre, Trombay, India. 
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four-parameter data have been analysed to yield the average number of 
neutrons emitted from 236U fission fragments of specific mass and charge. 
In addition, data from a preliminary investigation of the charge distribution 
for the thermal neutron fission of 235U are presented. 

PROMPT GAMMA-RAYS FROM THERMAL NEUTRON-INDUCED FISSION OF 235U 
(SM-122/40) 
H. Albinsson, L. Lindow 
AB Atomenergi, Studsvik, Nyköping, Sweden 

Measurements have been made on the gamma radiation from fission 
fragments in slow-neutron-induced fission of 2S5U. The fragments were 
detected with solid-state detectors of the surface-barrier type and the 
gamma radiation with a Nal scintillator. The fragment energies were used 
to determine the masses, and the gamma radiation was measured as a 
function of fragment mass. Time discrimination between the fission gammas 
and the prompt neutrons released in the fission process was employed to 
reduce the background. The gamma radiation emitted during different time 
intervals after the fission event was studied with a recoil distance technique, 
i. e. by changing the position of a collimator along the path of the fission 
fragments. In this way, an estimate of the life-times of the gamma-emitting 
states was made. The relative yield of the gamma-rays was determined as 
a function of mass, gamma-ray energy and time after the fission event. 

Comparisons are made with data obtained from Cf fission. Attention 
is drawn to features which seem to be the same in 235U and 252Cf fission. 

The photon-yield curve as a function of mass resembles that of the 
prompt-neutron yield although more structure was found in the former 
case. This structure may be related to long-lived states in deformed nuclei 
and relatively low excitations in spherical nuclei. 

The following tentative half-lives of the gamma radiation have been 
found: 7 X 1СГ12, 2 X 10"n, and 5 X 10-11 s. These values concern the in
tegral radiation without respect to energy and mass selection because so 
far a careful analysis of the corrections could not be made. 

THE PRESENT STATUS OF v (SM-122/55) 
D.W. Colvin 
Atomic Energy Research Establishment, Harwell, United Kingdom 

Renewed interest in fission-neutron multiplicity from both fission- and 
reactor-physics points of view has led to a careful evaluation of all the 
experimental information available to the spring of 1969. Where possible 
and necessary, all data have been normalized to currently accepted cross-
sections and weight adjusted on the basis of present-day experience in the 
difficulties of making measurements. Recommended values are presented 
for thermal and spontaneous fission in 233U, 235U, 239Pu, 241Pu, and 240Pu 
and 252Cf. Least-squares fits are given to all available data on the depen
dence of v on incident neutron energy, and the reliability of the information 
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discussed in the light of present-day reactor requirements as well as its 
relevance to current theories in fission physics. Results are presented 
initially as ratios to 252Cf to allow future absolute adjustments; however, 
absolute values are included based on an up-to-date evaluation of v,„nr, for 
2 5 2 c f ^ sP°n-

Reliable precise values of v, perhaps the most fundamental parameter 
in an Atomic Energy Programme, are still unavailable from an understand
ing of the fission process, and only a series of painstaking measurements, 
carefully analysed, can form the basis for reliable input to the corpus of 
information known as evaluated nuclear data files, which provide the basic 
physics information for reactor design. Discrepancies and gaps in the 
data revealed by analysis, as well as experiments using the evaluated files 
point the way to the most proper fresh experiments required to improve our 
knowledge. That information of this accuracy presents a challenge to the 
theoretician is not an incidental benefit. 

MESURE DU NOMBRE MOYEN DE NEUTRONS PROMPTS DE FISSION ET DES 
PROBABILITES ASSOCIEES POUR LA FISSION DE 235U, 238U ET 239Pu INDUITE 
PAR DES NEUTRONS D'ENERGIE COMPRISE ENTRE 1, 5 ET 
15 MeV (SM-122/93) 
M. Soleilhac, J. Frehaut, J. Gauriau 
CEA, France 

Le nombre de neutrons instantanes {V) emis dans la fission de 235U, 
238U et 239Pu par des neutrons d'energie comprise entre 1, 5 et 15 MeV a 
ete mesure simultanement sur ces trois corps en utilisant la technique du 
gros scintillateur liquide. Les mesures ont ete effectuees par rapport au 
v pour la fission spontanee du 252Cf. 

Nous avons utilise une chambre ä fission rapide contenant l'etalon et 
les trois corps ä mesurer. Les neutrons ont ete produits en utilisant le 
faisceau pulse d'un accelerateur Van de Graaff 12 MeV et une cible gazeuse. 
L'energie des neutrons incidents a ete mesuree pour les 29 points experi-
mentaux en utilisant la technique du temps de vol. 

La precision relative de 1% obtenue a permis de mettre en evidence 
pour 235U une augmentation de pente de 46% de la courbe v (E) entre 5 et 
7, 5 MeV, correspondant au phenomene (n,n'f). Aucune discontinuite com
parable n'apparalt vers 12 MeV. Pour 238U la variation de v en 
fonction de l'energie est lineaire. Pour 239Pu la'loi v (E) est pratiquement 
lineaire; des discontinuites de l 'ordre de 1% peuvent toutefois exister vers 
6 et 12 MeV. Des resultats obtenus nous avons pu deduire les valeurs des 
probabilites associees P (v). 

Les resultats sont en accord avec l'ensemble des mesures publiees. 

English translation of the preceding Abstract (SM-122/93); 

MEASUREMENT OF THE AVERAGE NUMBER OF PROMPT FISSION NEUTRONS AND 
ASSOCIATED PROBABILITIES FOR THE FISSION OF 235U, 238U and 239Pu INDUCED 
BY NEUTRONS IN THE ENERGY RANGE 1.5-15 MeV 

The number of prompt neutrons (v) emitted in the fission of 235U, 238U 
and 23?Pu by neutrons in the energy range 1. 5-15 MeV was simultaneously 
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measu red on these t h r ee substances with the l a rge liquid scint i l la tor tech
nique. The measu remen t s were made re la t ive to v for the spontaneous 
fission of 252Cf. 

We used a fast f ission chamber containing the s tandard and the t h r ee 
substances to be measured . The neutrons were produced with the pulsed 
beam from a 12 MeV Van-de-Graaff acce le ra to r and a gaseous ta rge t . Inci
dent neutron energy was measu red for the 29 exper imental points by using 
the t ime-of-fl ight method. 

The achieved re la t ive prec is ion of 1% revealed, for 235U, a 46% inc rea se 
in the slope of the curve 17(E) between 5 and 7. 5 MeV, corresponding to the 
p r o c e s s (n, n'f). No comparable discontinuity appears towards 12 MeV. 
F o r 238U, the energy dependence of v is l inear . F o r 2 3 ¥ u , the law i/(E) is 
pract ica l ly l inear , but discontinuities of about 1% may occur in the region of 
6 and 12 MeV. We were able to deduce the values of the associa ted p roba 
bi l i t ies P(v) from the r e su l t s obtained. 

The r e su l t s a r e in agreement with all the m e a s u r e m e n t s published. 

ИССЛЕДОВАНИЕ РЕНТГЕНОВСКОГО ИЗЛУЧЕНИЯ ПРИ ДЕЛЕНИИ 
ТЯЖЕЛЫХ ЯДЕР ТЕПЛОВЫМИ НЕЙТРОНАМИ (IAEA-SM-122/ 152) 
А . Н. Смирнов, С М . Соловьев, Л . И . Тывин, В . П . Эйсмонт 
Союз Советских Социалистических Республик 

На современной, по существу, начальной стадии экспериментов более или менее пол
ные и непротиворечивые данные о свойствах характеристического излучения получены толь
ко для спонтанного деления 252Cf, когда не возникает проблемы фона от вызывающих д е 
ление частиц (квантов). В настоящей работе описывается ряд опытов по измерению выхо
дов и энергетического распределения рентгеновских лучей при делении, индуцированном 
тепловыми нейтронами. 

С целью лучшего понимания как вопросов эмиссии самого характеристического излу
чения, так и свойств распределения заряда , вслед за ранее исследованными случаями (де
ление 2 3 5U и 2 3 9 Ри)изучены рентгеновские лучи осколков 2 3 3U. В сравнительных (к 2 3 5U) 
измерениях определены спектры и интенсивность характеристических К-лучей. Для 2 3 3 и 
энергия квантов, испускаемых легким осколком, меньше, а тяжелым — больше, чем для 2 3 6 и. 
Разница в энергии приписана разнице в зарядах, которая сравнивается с существующими г и 
потезами. Сделаны некоторые заключения о влиянии на распределение зарядов оболочечных 
эффектов . Интенсивность излучения обоих ядер найдена одинаковой (в пределах 10%). 

Уникальная возможность измерения мгновенного заряда осколков в корреляции с дру
гими параметрами деления, предоставляемая методом характеристических лучей, использо
вана для определения зарядов осколков в актах деления ( 4l) с вылетом длиннопробежных 
& -частиц (в дальнейшем для краткости именуемого тройным делением). Для этого в одина
ковых условиях измерены энергетические спектры, а также выходы, К-излучения в двойном 
и тройном делении. Отмечено, что спектры излучения двойного и тройного деления весьма 
схожи: оба имеют по два пика, почти одинаковых по положению и величине, что , несомненно, 
отражает большое подобие зарядовых свойств осколков, образующихся в этих процессах. 
Вместе с т е м , в спектрах наблюдены некоторые отличия, заключающиеся в сдвигах правых 
склонов пиков излучения легкого и тяжелого осколков тройного деления в сторону меньших 
энергий. Найдено, что величина сдвигов соответствует вылету о - ч а с т и ц . Для отношения 
выходов излучения (тройного к двойному) получено значение, близкое к единице: 0,9 ± 0 , 2 . 
Отсутствие заметных различий в выходах, по-видимому, указывает на отсутствие больших 
различий в спинах осколков двойного и тройного деления. 

Ввиду противоречивости литературных данных по выходам К-излучения при делении 
U (результаты отдельных работ отличаются в 2-3 раза ) , проведены измерения интенсив

ности рентгеновских лучей осколков U относительно осколков спонтанного деления 252Cf, 
выход для которых известен с наибольшей достоверностью. Сравнение проведено при м а к 
симально возможной идентичности условий, 
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English t rans la t ion of the preceding Abstract (SM-122/152); 

INVESTIGATION OF X-RAY EMISSION IN FISSION OF HEAVY NUCLEI 

BY THERMAL NEUTRONS 

At p re sen t , essent ia l ly p re l imina ry s tage of the exper iments , m o r e or 
l e s s complete and consis tent data on the p roper t i e s of cha rac t e r i s t i c r ad i a 
tion have been obtained only for spontaneous fission ( Cf), where t he re is 
no problem of a background from fission-inducing pa r t i c l e s (quanta). The 
paper desc r ibes a s e r i e s of exper iments to m e a s u r e the X - r a y yields and 
energy distr ibution in fission induced by t h e r m a l neut rons . 

With a view to gaining a be t t e r unders tanding both of questions of the 
emiss ion of cha rac t e r i s t i c radiat ion itself and of the p roper t i e s of i ts charge 
distr ibution, following on e a r l i e r investigations into the fission of 235U and 
239Pu, the authors studied X - r a y s from fragments of 233U. They m e a s u r e d 
the spec t r a and intensity of cha rac t e r i s t i c K-radia t ion re la t ive to 235U and 
found that the energy of the quanta emit ted by light f ragments i s l e s s in the 
ca se of 233U than for 235U, while for heavy fragments it is g r e a t e r . They 
at t r ibute this difference in energy to a difference in charge , and compare 
this l a t t e r difference with cu r ren t hypotheses . Cer ta in conclusions a r e 
drawn regard ing the influence of shell effects on charge distr ibution. The 
radiat ion intensity i s found to be identical (to within ± 10%) for both nuclei . 

The unique possibi l i ty of measu r ing the prompt charge of f ragments 
s imultaneously with other fission p a r a m e t e r s that is offered by the c h a r a c t e r 
ist ic r a y s method was used to de te rmine fragment charges in 235U fission 
events involving the ejection of long- range alpha pa r t i c l e s (subsequently called 
t e r n a r y fission for shor t ) . F o r this purpose the energy spec t r a and yields 
of K-radia t ion in b inary and t e r n a r y fission were m e a s u r e d under identical 
conditions. It was found that the radiat ion spec t r a for b inary and t e r n a r y 
fission a r e ve ry s imi la r : they both have two peaks that a r e a lmost identical 
in r e spec t of posit ion and magnitude, which doubtless ref lects the c lose 
s imi la r i ty between the charge p rope r t i e s of the f ragments formed by this 
p r o c e s s . Some differences, however, were observed in the spec t ra , in 
that the r ight-hand slopes of the radiat ion peaks for the light and heavy 
f ragments from t e r n a r y fission a r e shifted in the di rect ion of lower energ ies . 
It was found that the magnitude of the shifts co r responds to the ejection of 
alpha pa r t i c l e s . The ra t io of radiat ion yields ( t e rnary to binary) was found 
to be c lose to unity: 0. 9 ± 0. 2. The fact that t he r e a r e no appreciable 
differences in yield obviously points to the re being no major differences in 
the spins of b inary and t e r n a r y fission f ragments . 

In view of the inconsistent data in the l i t e r a tu r e on K-rad ia t ion yields 
in the fission of 235U (the r e s u l t s obtained by individual authors differ by a 
factor of 2 to 3), the intensity of X-rad ia t ion from 235U fragments was m e a 
sured re la t ive to that obtained with f ragments from the spontaneous f ission 
of 252Cf, the yield for which is known mos t re l iably . The compar i son was 
made under conditions which were a s identical as poss ib le . 
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О ВАРИАЦИИ КИНЕТИЧЕСКОЙ ЭНЕРГИИ ОСКОЛКОВ ПРИ ДЕЛЕНИИ 
235U НЕЙТРОНАМИ С ЭНЕРГИЕЙ 0,15-1,68 Мэв 
ÖAEA-SM-1.22/161) 
Е . Дерменджиев, Н. Кашукеев, Ц. Пантелеев, И . В . Сизов, Тян Сан Хак 
Объединенный институт ядерных исследований, Дубна (СССР) 

На электростатическом генераторе ЭГ-5 Лаборатории нейтронной физики Объединенно
го института ядерных исследований методом измерения относительного выхода W осколков 
из двух урановых мишеней исследовалась вариация кинетической энергии Е к осколков деле 
ния 2 3 5U. Зависимость W ( E n ) изучалась в интервале^ энергий нейтронов Еп= 0 , 1 5 - 1,68 Мэв . 
Найдено, что при Е „ ~ 0,77 Мэв и Е„ ~ 1 - 1,68 Мэв Е_ > Е„ н а ~ 0,4 М э в . 

п к "тепл. 

English t ransla t ion of the preceding Abstract (SM-122/161): 

ON THE VARIATION OF FRAGMENT KINETIC ENERGY IN THE FISSION OF 
235U INDUCED BY 0.15 TO 1.68 MeV NEUTRONS 

The variat ion of the kinetic energy Ek of fission f ragments of 235U was 
studied on the e lec t ros ta t ic EG-5 LNF OIYal genera tor by measur ing the 
re la t ive yield of fragments W from two uranium t a r g e t s . The function 
W(EH) was studied in the neutron energy in terval EH = 0.J_5 - 1_. 68 MeV. It 
is found that for EH ~ 0.77 MeV and EH ~ 1 - 1 . 6 8 MeV E k > E~k thermal by 
about 0.4 MeV. 

ON THE PERIODICAL STRUCTURE IN THE RESONANCE NEUTRON FISSION 
CROSS-SECTIONS OF 235 и AND 239Pu (SM-122/160) 
Yu.V. Ryabov, N. Janeva 
JINR, Institute for Neutron Physics, 
Dubna, USSR 

The method of investigating the per iodical behaviour of the fission 
c r o s s - s e c t i o n s was suggested by P . Egelstaff [1]. In the p resen t paper 
this method is applied in the analysis of the fission c r o s s - s e c t i o n s of 2S5TJ 
and 239Pu in the energy range between 50 eV and 3 keV [2]. 

The calculated s e r i a l corre la t ion coefficient is defined by 

C 0 v f a i ( W ) ; a | t k (W)1 
[varajCWO; v a r a j + k(W)]J 
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with j = 1, 2, . . . n, where к = 1, 2, . . . n /2 , 

S j = A ( j W ) - A [ ( j + l ) W ] ; A ( E ) = ^ 
0 

ДЕ is the dis tance between consecutive points, W is the averaging in terval . 
The c o r r e l o g r a m s for 235U and 239pu a r e obtained for different values 

of W ranging from 40 to 150 eV. The c o r r e l o g r a m s show the oscil lat ions 
with a period of 200 eV for 235U and 400 eV for 2 3 9 Pu. 

This effect may be explained by the existence of the set of g ross s t r u c 
tu re resonances in the second minimum [4] of the potential energy curve 
of fissioning nuclei . 

REFERENCES 
[1] EGELSTAFF, P. , J. nucl. Energy T_ (1958) 35. 
[2] RYABOV, Yu.V. e t a l . , Atomn. Energ. 24 (1968) 351. 
[3] LYNN, J .E. , "Neutron Resonance Reactions" (Clarendon Press, Oxford (1968)). 
[41 STRUTINSKY, V.M. , Nucl. Phys. A9S (1-67) 420. 
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SESSION G 

DELAYED-NEUTRON ENERGY SPECTRA (SM-122/37) 
S. Shalev, J.M. Cuttler, G.Ben-Yaakov 
Department of Nuclear Science, 
TECHNION, Israel Institute of Technology, 
Haifa, Israel 

The need for measurements of delayed-fission-neutron energies is dis
cussed, and the sparse data previously available are reviewed. Some sug
gestions are made regarding the possible form of delayed-neutron spectra, 
using information obtained from fission-yield data, identified neutron pre
cursors, level-density calculations and delayed-proton emitters. 

The development of high-efficiency, high-resolution 3He proportional 
and ionization spectrometers is discussed in some detail, including the 
results obtained with thermal and monoenergetic fast-neutron irradiations 
using a Van-de-Graaff accelerator. Spectrometer optimization is described 
for optimum energy resolution, while maintaining high fast-neutron-detection 
efficiency, low gamma-ray sensitivity, and negligible pile-up and base-line 
shift distortions. 

The analysis of a complex pulse-height distribution is carried out by a 
non-linear least-squares method. The energy-dependent response function 
of the spectrometer is expressed as an analytical function, the parameters 
of which have been determined experimentally by a series of highly mono-
energetic fast-neutron irradiations. The experimental and computational 
techniques are described in detail, with particular emphasis on their appli
cation to the analysis of delayed-neutron energy spectra. л 

The energy spectra of delayed neutrons are presented for the fission 
of 235U, 238U and 232Th. Individual spectra are given for each of the longer-
lived groups. Energy calibration is carried out by determining the delayed-
neutron energy spectrum of l7N obtained from the reaction lsO(t,a)1'1'N. 
The experimental arrangements are described in detail, and a complete 
analysis is presented of possible sources of error in each stage: neutron 
emission from the sample, scattering in the laboratory, detector response, 
electronic pulse analysis and calibration techniques. The experimental 
results are compared with previous measurements and conclusions drawn 
with respect to reactor control and basic research into the decay of fission 
products. 

GAMMA-SPECTROSCOPIC STUDIES OF SHORT-LIVED FISSION 
PRODUCT HALOGENS (SM-122/41) 
A. Lundän, A, Siivola 
Department of Technical Physics, 
Technical University of Helsinki, 
Otaniemi, Helsinki, Finland 

Gamma rays associated with short-lived fission product iodine and 
bromine isotopes have been investigated using Ge(Li) and Nal(Tl) detectors 
and a 4096-channel two-parameter spectrometer. Both manual and auto-

936 
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mated techniques have been used to s epa ra t e iodine and bromine chemical ly 
from other fission products of u ran ium. 

In the f i rs t exper iments , the decay of the 83s 136I was invest igated [1 ]. 
I r r ad ia t ed samples of uranyl n i t r a te were dissolved in hot 1-M HN0 3 and 
iodine was then ext rac ted into CCU. The organic phase was separa ted , 
purified by washing with HNO3, and m e a s u r e d . The separa t ion p rocedure , 
which was done manual ly, took about 2 min and m e a s u r e m e n t was s t a r t ed 
2. 5 min after the end of i r radia t ion . 

A total of 21 g a m m a - r a y s were assigned to the decay of 136I. According 
to the proposed level scheme these depopulate 14 levels in 1 3 6Xe. Some of 
these t rans i t ions a lso have a sho r t e r - l i ved component with a half-life of 
40 ± 5 s. This is thought to be due to an i s o m e r i c s ta te in 136I that decays 
be be ta emiss ion to the energy levels of 1 3 6Xe. 

In F e b r u a r y 1969, the construction of an appara tus for continuous p r o 
duction and fast t r a n s f e r of fission product halogens and r a r e gases was 
concluded in our labora tory . The working pr incip le of this device i s to 
br ing iodine and b romine in gaseous form through hot -a tom reac t ions with 
methane, as f i rs t suggested by Denschlag et al. [ 2 ] . The operat ion of the 
appara tus i s completely automatized. Gas t r a n s f e r t imes s h o r t e r than 1 s 
can be achieved. 

In the gamma spec t ra of the f ission product isotopes produced with the 
aid of this device four shor t - l ived g a m m a - r a y s have been found, whose 
energies and half - l ives a r e 1223. 0 ± 3. 9 keV (2. 2 ± 0. 3 s) , 144. 5 ± 3 . 2 keV 
(2. 7 ± 0. 3 s) , 808. 3 ± 6. 4 keV (15. 7 ± 1. 6 s) and 776. 8 ± 0. 3 keV 
(17. 5 ± 1. 1 s) . The las t one probably belongs to the isotopes 8 8 Br, as 
suggested by Denschlag and Gordus [3 ] . The origin of the t h r e e other 
g a m m a - r a y s is not c l ea r yet. P r e l i m i n a r y exper iments have shown that 
they may be assoc ia ted with r a r e - g a s e act ivi t ies r a t h e r than halogens. 
F u r t h e r m o r e , the 144. 5-keV t rans i t ion s e e m s to follow the xenon fraction 
and the 808.-3 keV t rans i t ion the krypton fraction in the chemical separa t ion 
p rocedure . -s 

REFERENCES 

[1] LUNDAN, A. , SIIVOLA, A., On the decay of!36 I, Ann. Acad. Sei. Fenn. A. j> (1968) 288. 
[2] DENSCHLAG, H .O . , HENZEL. N . . HERRMANN, G., Reaktion von Spaltrückstoß-Kernen mit 

Methan und Benzol, Radiochim. Acta 1_ (1963) 172. 
[3] DENSCHLAG, H.O. , GORDUS, A. , Gas-chromatographic technique for rapid isolation of 

uranium fission products, Z. analyt. Chem. 226 (1967) 62. 

IMPROVEMENTS IN THE SEMITHEORETICAL APPROACH TO 
DELAYED NEUTRON EMISSION (SM-122/51) 
A.C. Pappas, T. Sverdrup 
University of Oslo, 
Blindem, Norway 

Delayed-neutron emiss ion probabi l i t ies and expected spec t r a of the 
emitted neut rons a r e considered in a semi theore t ica l approach, but along 
the l ines of improvement previously suggested by Jahnsen , T. , Pappas , A. C. , 
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Tunaal , Т . , (in Delayed F i s s ion NeutronsCProc. Pane l Vienna, 1967), 
IAEA, Vienna (1968) 35). In the p re sen t study probabi l i t ies a r e es t imated 
for a number of p r e c u r s o r s on the bas i s of recent knowledge to the p a r a 
m e t e r s involved. The obtained r e su l t s with r e spec t to P(n) a r e compared 
with available exper imental information and co r re l a t ed to spin and angular 
momentum effects caused by excitation energy in the emi t t e r nucleus . The 
energy influence found on the spin dis tr ibut ion i s introduced and s p e c t r a of 
the emit ted neutrons es t imated. These show a much s m a l l e r contribution 
from energet ic neutrons than expected from all previous t r e a t m e n t s , thus 
in much be t t e r agreement with the one or two m e a s u r e d spec t ra . The 
r e s u l t s may, there fore , be useful in analysing neutron spec t r a as m e a s u r e d 
from the complex mix tu re of delayed-neutron p r e c u r s o r s always observed 
under exper imenta l conditions. 

STUDY OF SHORT-LIVED SELENIUM FISSION PRODUCTS (SM-122/69) 
P. del Marmol, D. C. Perricos * 
Centre d'Etude Nucleaire, CEN - SCK, Mol, Belgium 

By means of a fast pneumatic rabbit coupled to an automatic r a d i o 
chemical separa t ion sys tem, 87Se and 88Se a r e separa ted in a few seconds 
as hydr ides from the t he rma l neutron fission products of 235U. After r e 
covery in water , selenium was fur ther purified from Br , I and Rb by pass ing 
it through a mixed prec ip i ta te of AgCl and Cs-phosphomolybdate and i ts de -
layed-neut ronac t iv i ty was followed by means of 3He counters . The half-
l ives w e r e m e a s u r e d through the neutron act ivi t ies of the i r b romine daughters 
as 5.9 ± 0. 2 s for 87Se and 1. 3 ± 0. 3 s for 8 8Se. 

F r o m a delayed neutron activity consistent with the 87Se half-life and in 
constant r a t io with the 8 7 Br activity, a Pn value of 0. 23 ± 0. 07% was eva
luated for 8 7Se. A shor te r - l ived neutron activity was observed and could be 
due to 88Se, but the evidence was too weak so that an upper l imit of P n S 1% 
is es t imated for this isotope. 

BETA-DECAY ENERGY FOLLOWING FISSION (SM-122/131) 
T .D. MacMahon, J. Scobie, H. W. Wilson 
The Scottish Research Reactor Centre, East Kilbride, 
Scotland 

A considerable uncer ta in ty exis ts in the energy r e l ea sed following f i s 
sion in the form of beta radiat ion from the fission products . Work supported 
in pa r t by the UKAEA has been c a r r i e d out at the Scottish R e s e a r c h Reac to r 
Cent re to m e a s u r e the r a t e of decay of beta energy for t imes up to 10s s 
following i r rad ia t ion of 2 3 5 u for per iods of 10 to 105 s. F r o m the data it is 
poss ib le to der ive the total beta energy r e l e a s e and this is calculated to be 
6. 3 ± 0. 5 MeV p e r fission. It is hoped to p re sen t data for 233U and 2 3 9Pu 
fission. 

IAEA fellow from Nuclear Research €enter Democritos, Athens, Greece. 
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ЗАПАЗДЫВАЮЩИЕ НЕЙТРОНЫ 2 3 2Th И РАСПРЕДЕЛЕНИЕ 
ЗАРЯДА В ДЕЛЕНИЩ1АЕА-5М-122/136) 
Б . П. Максютенко, М . З . Тараско 
Физико-энергетический институт, Обнинск, 
Союз Советских Социалистических Республик 

Измерены относительные выходы запаздывающих нейтронов 2 3 2 T h при делении ней
тронами с энергией в диапазоне 5,0-7,2 Мэв: реакция Д (о-, п) Не,мишень толщиной 200 к э в . 
Полученные изменения отношения выходов групп значительно больше ранее измеренных на 
толстой мишени (1-2,5 Мэв) . 

Разработан новый математический метод разложения кривых распада . Он позволяет 
выделить значительно большее число вкладчиков экспонент, чем метод наименьших квадра
т о в . С помощью этого метода получено 11 групп, из которых 7 соответствуют чистым и з о 
топам-предшественникам запаздывающих нейтронов. Наблюдается корреляция в изменениях 
выходов различных групп. На примере изотопов брома показывается возможность изучить 
изменения соответствующего распределения заряда в делении с изменением энергии. 

English t rans la t ion of the preceding Abs t rac t (SM-122/136): 

DELAYED NEUTRONS OF THORIUM-232 AND CHARGE DISTRIBUTION IN FISSION 

The authors measu red the re la t ive fission yields of delayed neutrons of 
232Th following fission by neut rons in the 5. 0-7, 2 MeV energy range 
(D(d, p)3He react ion, ta rge t th ickness 200 keV). The resul t ing var ia t ions in 
the ra t io of group yields a r e considerably g r e a t e r than those previously m e a 
sured on a thick t a rge t (1-2. 5 MeV). 

A new mathemat ica l method of analysing the decay curves was developed, 
making it poss ib le to isola te an appreciably l a r g e r number of contr ibutors 
to the exponents than the l e a s t - s q u a r e s method. Using this method eleven 
groups were obtained, seven of which cor respond to the pu re isotopes which 
a r e p r e c u r s o r s of the delayed neut rons . A cor re la t ion is noted in r e spec t 
of the var ia t ions in yield between the different groups . Taking the isotopes 
of b romine as an example, the authors show that it is poss ib le to study 
changes in charge distr ibution in fission as a function of energy changes. 

PROMPT NEUTRON EMISSION FROM FISSION FRAGMENTS IN 14-MeV 
NEUTRON- AND PHOTO-FISSION OF 232Th AND 238U (SM-122/142) 
H. D. Sharma 
University of Waterloo, 
Waterloo, Ont. 
and 
L. H. Gevaert, R. E. Jervis 
University of Toronto, 
Toronto, Ont. , Canada 

The rad iochemica l y ie lds , Y(A), for se lected nuclides in the m a s s 
region from 99 to 125, have been determined in the f ission of 232Th and 
238U with 14. 7 MeV neutrons and with photons from 25-MeV b remss t r ah lung . 
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The compilation of radiochemical and mass-spectrometric yields by Gevaert 
[ 1 ] has provided a set of Y(A) values for comparison with the prompt mass 
yields, y(A), obtained by Gönnenwein and Pfeiffer [2 ]. The method requires 
normalization of Y(A), such that E^YtAj,) = EA A .yY(AH) = 100 where A c is 
the mass number of fissioning nuclides, v (A), the average number of prompt 
neutrons emitted by a fission fragment A, was calculated from an analysis of 
the difference of Ey(A) and EY(A) curves [3], thus enabling calculation of 
Рт^ the mean total number of prompt neutrons emitted from both fragments. 
The normalization of Y(A) at A =117 for 238U with 14 MeV neutrons, and 
average Ac = 238, gave a value of UT =3 .8 which is in agreement with the 
value of 3. 75 obtained by Gönnenwein and Pfeiffer (or v = 4. 7 which includes 
pre-fission neutrons). The v (A) curve shows that in the asymmetric region 
up to As 108 and A s 132, the curve has a somewhat similar shape as the 
one observed in thermal neutron fission (saw-tooth curve) whereas in the 
symmetric region v (A) = 0. 5 ± 0. 5 at A = 110 and gradually increases to 
4. 0 ± 0. 5 at A = 129. The radiochemical yields in the asymmetric region 
in 232Th fission with 14 MeV neutrons are not yet well established. However, 

114 
if it is assumed that E Y(A) = 100, the v (A) curve in the symmetric r e -

A L 
gion again shows that v (A) = 0. 3 ± 0. 5 at A = 105 and increases to 4 ± 0. 5 
at A = 129. From these curves, it can be speculated that one of the shapes 
of fissioning nucleus at the scission point has two equal volumes separated 
by a neck which leads to fission fragments in the symmetric region in 
fission at moderate excitation energy. The neck is perhaps a little longer 
in the case of 232Th. The results do not either support or refute the two-
mode hypothesis. Perhaps, some mass-spectrometric yields in the sym
metric region and time-of-flight measurements of fission fragments will be 
helpful in determining the precise shape of v (A) curve for these fissioning 
nuclides and thus support the validity of two-mode hypothesis or fragment 
shell theory. 

In the photofission of 232Th and 238U, Y(A) curves do not resemble the 
respective ones obtained in 14 MeV neutron fission. Calculations of v (A) 
for 238U from a comparison of an assumed y(A) curve based on the values of 
y(A) obtained with photons from 33 MeV bremsstrahlurig [4], show that the 
v (A) curve has discontinuities in the symmetric region. It is also of some 
importance to determine accurate mass-spectrometric and prompt mass 
yields to calculate v (A) in photo-fission. Alternatively, measurements of 
neutron emission as a function of mass along with prompt yields may 
perhaps be helpful in explaining the differences in the radiochemical yields 
in these fissioning systems. 

R E F E R E N C E S 
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[2] GÖNNENWEIN, F . , PFEIFFER, E., Z.Physik 207 (1967) 209. 
[3] TERRELL, J . , Phys. Rev. 127 (1962) 880. 
[4] HOGG, G.R., Nucl, Phys. 72(1965)167. 



ABSTRACTS 941 

HIGH-ENERGY PHOTOFISSION IN гзаи, 232Tn A N D 209Bi (SM-122/156) 
B. Schröder, G. Nydahl, B. Forkman 
Department of Nuclear Physics, 
Lund Institute of Technology and Department of Physics, 
University of Lund, Sweden 

The mass -y ie ld dis t r ibut ions from photofission of 238U and 232Th at 
300 -1100 MeV and of 209ßi at 700 MeV have been measured by using 
ca tcher- fo i l techniques combined with g a m m a - r a y spect roscopy. By means 
of a subtract ion method the high-energy single-humped m a s s dis tr ibut ions 
of uranium and thor ium were calculated; they show a half-width (FWHM) 
between 17 and 22 m a s s units, s im i l a r to that obtained in the bismuth ca se . 
The c r o s s - s e c t i o n s of symmet r i c and a s y m m e t r i c photofission in uranium 
and thor ium have been calculated from the peak- to-val ley ra t ios obtained. 
The c r o s s - s e c t i o n s showed resonances around 350 MeV which was i n t e r 
preted as a pion-effect. 
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THE MOST PROBABLE CHARGE IN FISSION OF URANIUM INDUCED BY 
12-55 MeV PROTONS (SM-122/5) 
H. Umezawa 
Japan Atomic Energy Research Institute, 
Tokai Research Establishment, Japan 

The behaviour of the most probable charge , Zp , has been invest igated 
through radiochemical m e a s u r e m e n t s of the fission yields of s eve ra l shielded 
nuclides in 238U fission induced by 12-55 MeV protons . A stacked-foil t a rge t 
assembly containing twelve uran ium ta rge t s (20-70 mg U 3 0 8 / cm 2 , 238U 
99. 3%, 235U 0. 68%) accompanied with aluminum a b s o r b e r s was i r r ad ia t ed 
with a 55 MeV proton beam for 9-18 hours by a synchrocyclotron of the 
Insti tute for Nuclear Study, Univers i ty of Tokyo. One of the uranium ta rge t s 
was placed out of the range of the proton beam and worked as the moni tor 
t a rge t for background neutrons . After the i r rad ia t ion , each ta rge t was ana
lysed by sys temat ic radiochemical analysis mainly based on ion-exchange 
technique. 

Determined were the independent yields of the shielded nuclides, 86Rb, 
1 3 4 Cs, and 1 6 0 Tb, and the cumulative yields of 72Zn, 8 9Sr, 97Y, 99Mo, 112Pd, 
115Cd, 1 3 2Te, 1 4 0Ba, 141Ce, 1 4 4Ce, 1 4 3 Pr , 147Nd, i 4 9 P m , 153Sm, 1 5 6Eu, and 
1 6 1Tb. Assuming a Gaussian charge d ispers ion curve with 2 a2 = 0. 95, ECD 
ru le , and that the number of emitted neutrons in fission i s given by 2. 7 
+ Ex/8 as a function of the excitation energy Ex of the compound nucleus, 
the total chain yields were calculated from the m e a s u r e d cumulative y ie lds , 
and the y i e l d - m a s s cu rves were const ructed for each of the eleven proton 
energ ies . The absolute yield of a shielded nuclide was converted to the 
fractional independent yield by dividing by the total chain yield for the given 
m a s s chain read off from the y i e ld -mass curve; the Z p -value in the c o r r e s 
ponding m a s s chain was then determined by using the above-mentioned 
cha rge -d i spe r s ion curve . 

The Zp-values obtained follow nei ther the ECD nor the UCD ru le . They 
a r e located between the values predicted by the ECD and UCD r u l e s , which 
a r e close to the ECD-values at low energies and gradually approach the 
UCD-values as the proton energy i nc r ea se s . The in te rmedia te -energy 
fission mechan i sm is to be d iscussed in t e r m s of a sys temat ic behaviour 
of the Zp-values found in this way. 

RANGE DISPERSION OF 235U(n,f) RECOILS IN ALUMINIUM (SM-122/6) 
T.Ishimori, M. Saeki 
Nuclear Physics Laboratory, Tokai Research Establishment, 
JAERI, Tokai-mura, Ibaraki-ken, Japan 

According to the exper iments with coll imated r eco i l s , it is reasonable 
to a s sume that the fission reco i l s of definite m a s s number show a range 
d ispers ion of normal distr ibution type. The values of average ranges in 

942 
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aluminium a r e also available from other s tudies . Therefore , in the p resen t 
work, range d ispers ion of recoi l nuclides is studied (mass number 95, 97, 
99, 103, 131, 132, 133, 135 and 141) in aluminum using no coll imation. 
Exper imenta l : 

The ta rge t assembly consis ted of ve ry thin 235U ta rge t and s eve ra l thin 
aluminium ca tche r s (1 . 4 - 3.4 mg Al /mg) . After neutron i r rad ia t ion , the 
radioact ivi ty caught by each ca tcher was determined by us ing both 
у - s p e c t r o m e t r y and decay t rac ing of photopeaks. Thus, the average concen
t ra t ion of a given nuclide was obtained for each ca tcher . 

In the p re sen t work, no col l imator is used. There fore , r e so i l s of a 
given m a s s number should d is t r ibute according to the a r e a function of the 
normal distr ibution in the ca tcher medium. If the s tandard deviation of the 
original normal distr ibution is given, the shape of the above function is 
determined. F o r a given value of s tandard deviation, the dis tance depth 
from the ta rge t , which should stand for the average concentrat ion obtained 
exper imental ly ,can be calculated. 

On a probabil i ty paper , the relat ionship between the recoi l concent ra 
tion and depth of aluminium should give a s t ra ight l ine pass ing through the 
point cor responding to the average range for one half of the original . 

F o r a given value of s tandard deviation (ag), the s t ra ight l ine mentioned 
above is drawn. F r o m the inclination of the line the s tandard deviation (crf) 
is obtained. 

F o r a s e r i e s of 0g, the above operat ion was repea ted and the mos t p r o 
bable value of the s tandard deviation was obtained from the a value which 
satisfied the re la t ion 

*f/<rg = 1 

Resul ts obtained 

Mass number 95 97 99 103 131 132 133 135 141 

% Half-width 14.2 16.0 17.1 17.9 25.2 29.2 26 .4 30.6 34.6 

THE AVERAGE PRIMARY CHARGE VALUES IN 235U THERMAL FISSION (SM-122/24) 
K. Sistemich, P. Armbruster, J. Eidens, E. Roeckl 
Institut für Festkörper- und Neutronenphysik KFA Jülich, Federal Republic of Germany 

The average p r i m a r y charge in 235U the rma l f ission has been de t e r 
mined from the total number of beta decays. The gas-f i l led m a s s s e p a r a t o r 
at the Resea rch Reac tor Jül ich 2 produces a beam of fission products in 
separat ion t imes of 1|US. Long-l ived fission products have been used for 
a m a s s cal ibra t ion within the light and heavy fission product group. The 
total number of /3 decays between t ime zero and 3000 s after f ission is 
m e a s u r e d by a 47r-ß-counter us ing an acitvity build-up technique. Average 
charge values in the m a s s regions of high fission yields have been de t e r 
mined with an accuracy of ± 0. 08 charge uni ts . A Wahl -d iagram for 235Ui 
t h e r m a l f ission i s p resen ted . B e s i d e s , the average va r i ance of the charge 
distr ibution is de termined by making u s e of the nuc lear charge d ispers ion 
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of the gas-f i l led sepa ra to r . A value of ö = (0. 59 ± 0. 03) charge units has 
been obtained in agreement with radiochemical m e a s u r e m e n t s . 

The m e a s u r e m e n t is compared with f o r m e r r e su l t s obtained by r a d i o 
chemical and physical methods. The s tandard deviations between the different 
m e a s u r e m e n t s amount to 0. 08 - 0. 10 charge uni ts . 

A calculation of the average charge values , assuming a two-spheroid 
model of the sc iss ion configuration, is p resented . The potential energy 
of the f ission configuration has been minimized. The charge values a r e 
calculated ei ther by an approach using m e a s u r e d kinetic and excitation 
energies of the p r i m a r y fragments o r by the m a s s formula of Myers and 
Swiatecki. Standard deviations between calculation and m e a s u r e m e n t of 
0. 12 charge units have been obtained. The general impor tance of nuc lear 
charge m e a s u r e m e n t s for fission theory is s t r e s s e d in a final discussion. 

MASS AND ENERGY DISTRIBUTIONS OF FISSION FRAGMENTS FROM гзгГЬ (n,f) 
BY MeV NEUTRONS (SM-122/25) 
F. Gonnenwein, W.Holubarsch, E. Pfeiffer 
Physikalisches Institut der Universität Tubingen, Federal Republic of Germany 

The fission of 232Th induced by MeV neutrons has been analysed in a 
two-pa rame te r experiment . The coincident fission fragments were 
detected in semi-conductor counters and the resul t ing pulse heights gathered 
into a 64 X64 ma t r ix . F r o m these data m a s s and energy of the p r i m a r y f rag
ments have been calculated. The neutron bombarding energies were 1. 92, 
2. 97 and 4. 81 MeV with an energy spread of typically 150 keV. This m e a n s , 
that the f ragments observed vi r tual ly s tem from f i r s t - chance fission. At 
l eas t 2 X104 events were collected for each energy. The m a s s dis t r ibut ions 
obtained compare quite favourably with those from radiochemical s tudies . 
The peak- to-va l ley r a t io s found for the double-humped m a s s yield cu rves 
va ry from 560 /1 , 122/1 to 45/1 for neutron energies 1. 92, 2. 97 and 4. 81 MeV 
respect ive ly . All m a s s dis t r ibut ions show a s t ruc tu re at fragment m a s s 
numbers A *» 135 and A * 141. The mean total fragment kinetic energy 
E k = (169. 0 ± 2. 0), (169. 7 ± 2. 0) and (170. 5 ± 2. 0) MeV, whereas the dip in 
kinetic energy (i. e. the difference between maximum kinetic energy in the 
e n e r g y - v s - m a s s plot and the kinetic energy at symmet r i c m a s s division) i s 
22. 5, 20. 3 and 18. 7 MeV for neutron pro jec t i le e n e r g i e s of 1. 92, 2. 97 and 
4. 81 MeV, respect ive ly . When the bombarding energy is inc reased , the 
fragment kinetic energy is r a i sed for all m a s s divisions, except pe rhaps for 
ex t remely a symmet r i c m a s s r a t i o s . However, this r a i s e is m o r e pronounced 
for n e a r - s y m m e t r i c f ission than for high-yield a s y m m e t r i c f ragments : 
whereas the kinetic energy in the f o r m e r m a s s region changed by near ly 
5 MeV, this change is l e s s than 1 MeV in the a s y m m e t r i c region for the span 
of excitation energies studied. 
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CHARGE DISTRIBUTION IN LOW-ENERGY FISSION REACTIONS (SM-122/26) 
H.O. Denschlag, S.M. Qaim *, W. Eckhardt, G. Herrmann 
Institut für Anorganische Chemie und Kernchemie der Universität Mainz, 
Federal Republic of Germany 

Charge d ispers ion in spontaneous fission of 252Cf was de termined for 
the fission chains with m a s s numbers 139 and 140 and was found to be 
a = 0. 62 ± 0. 05 and 0. 7 ± 0. 2, respect ive ly , comparable with the average 
d ispers ion observed in thermal -neut ron- induced fission ( cr = 0. 59 ±0. 06 [1 ]). 

The fract ional independent yield values of 1 3 3 I , 134I and 135I were d e t e r 
mined in four different fission reac t ions using a rapid technique for the 
separa t ion of iodine from p r e c u r s o r s [2 ]. Resul ts a r e given in the follow
ing Table I. 

TABLE I. FRACTIONAL INDEPENDENT YIELDS (%) 

Reaction 

235U(n,.h, F) 

BSU(n,.h. F) 

239Pu(nth,F) 

232Th(nR,F) 

133 j 

£ 4 

14 ± 3 

15 i 5 

s 5 

1 3 4 , 

12 ±2 

33 ± 4 

33 ±5 

a 3 

!35j 

47 ± 2 

61 ±5 

61 ± 5 

12 ± 6 

n Reactor neutrons screened by Cd 

The yields of 135I l i s ted above and independent yields of 135Xe in the 
t he rma l -neu t ron fission of 235U, 2 3 3u and 239Pu (3) were used to calculate the 
width p a r a m e t e r s of the Gaussian charge d ispers ion curve resul t ing in a 
value of a = 0. 58 ± 0. 11 for all t h r e e f ission react ionsi 

The mos t probable charges (Zp-values) of the fission chains 133 and 134, 
calculated using the exper imental yields and и = 0.59 l ie on the (updated) 
charge distr ibution curve of Wahl [1 , 4] for all t h r ee fission reac t ions . 

The Zp-values of chain 135, on the other hand, fall off the line by about 
1/4 unit towards Z = 53. We in te rpre t th is behaviour as a tendency to r e a 
l ize the closed neutron shell N = 82 in the fission chain 135. 

T h e Zp-values of chains 96 a n d 97 [4 ] , complementary to 135 in the 
fission of 233U deviate from the Z p -curve by the s a m e amount as that of chain 
135, but fall on the smooth l ine in the absence of magic complementary p r o 
ducts as in fission of 2 3 9 Pu. 

We conclude that both sc i s s ion of the nucleus into f ragments , and sub
sequent evaporation of prompt neutrons a r e affected by the closed 82-neutron 
shell . 

Exper iments with 14 MeV neutrons a r e under way. 

* Alexander von Humboldt Fellow, on leave from Pakistan Atomic Energy Commission. 
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FRAGMENT ENERGY CORRELATION MEASUREMENTS FOR THE PROTON-INDUCED 
FISSION OF 226Ra (SM-122/27) 
E. Konecny 
Technische Hochschule, München, Federal Republic of Germany 
and 
W, Norenberg 
Universität Heidelberg, Federal Republic of Germany 
and 
H,W. Schmitt 
Oak Ridge National Laboratory, Oak Ridge, Tenn. , USA 

The yield, the average total fragment kinetic energy and the width of 
the total fragment kinetic energy distribution have been determined as 
functions of fragment mass from two-parameter fragment-energy-correlation 
experiments for the proton-induced fission of 226Ra. Results were obtained 
for proton energies Ep = 9, 11 and 13 MeV. The average total fragment 
kinetic energy is found to decrease slowly with increasing compound-nucleus 
excitation energy. The observed rate of decrease is generally largest for 
fragment pairs in which one fragment is near doubly magic, i. e. for heavy 
fragment mass «132 amu. Increase in relative yield of the symmetric 
peak of the mass distribution with increasing excitation energy is once 
again observed. These and other observations are interpreted in terms of 
the previously proposed two-component.hypothesis together with molecular 
model considerations including the assumption that the number of quasi-
particle excitations at scission is determined by the excitation energy at the 
saddle point. 

RADIOCHEMICAL STUDIES OF RECOIL PRODUCTS IN THE INTERACTION OF 28 GeV 
AND 2.2 GeV PROTONS WITH URANIUM, BISMUTH AND GOLD (SM-122/32) 
К. Baechmann, J. В. Cumming 
Brookhaven National Laboratory, Upton, N.Y. 
and 
Technische Hochschule Darmstadt, Federal Republic of Germany 

The recoil properties of a number of products (lanthanides, barium, 
palladium and strontium) formed by the interaction of 28 GeV and 2. 2 GeV 
protons with uranium, gold and bismuth were measured by a radiochemical 
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method, using a thick target-thick catcher arrangement as well as a thin 
target - thin catcher arrangement. The ranges of neutron-deficient products 
are considerably lower than the ranges of neutron-excess products. There 
is a strong decreasing tendency for the kinetic energies of neutron-deficient 
isotopes if the bombarding energy is increased. The momentum spectra of 
neutron-deficient products are split up in a spallation-like and a fission
like contribution assuming that^P У /N/ДА (mean momentum divided by the 
mass difference between target and product nucleus) is constant. The contri
bution of spallation is decreasing with increasing ДА. The forward-to-
backward ratio was used to calculate the average deposition energies of the 
fissioning nuclei. There is a strong dependence of the deposition energy on 
the N/Z value of the product with a slope of about - 750 MeV per unit change 
of N/Z. 

MASS DISTRIBUTION IN LOW-ENERGY FISSION BY GAMMA ANALYSIS (SM-122/36) 
A. Notea, D. Nir 
Department of Nuclear Science, 
TECHNION-Israel Institute of Technology, Haifa, Israel 

Cumulative chain yields following low-energy fission have been deter
mined by gamma-ray analysis using a calibrated Ge(Li) spectrometer. 
Gamma-ray spectra in the energy range 25 to 2200 keV were obtained from 
two days to one year after end of irradiation, and analysed to identify the 
gamma-ray emitters and determine their absolute intensities. 

Relative chain yields were determined and confirmed for those chains 
in which two or more fission products were detectable, such as 95Zr -
95Nb, 135I - 135Xe, 140Ba - W0La, 144Ce - 144Pr. In these cases, and for 
nuclei emitting several gamma-rays, the relative intensities were deter
mined and compared with other published data. In many cases our values 
show the smallest uncertainty and provide a better fit to the decay schemes. 

The relative mass distributions are presented for thermal neutron fis
sion of 233U, 235U and 239Pu and reactor neutron fission of 232Th. The yields 
are compared with suitably normalized radiochemical measurements. 
Agreement is good, with the exception of 103Ru which is higher than the radio
chemical yield value. The anomaly does not appear to be due to errors in 
either the measured data or the decay scheme. 

The results obtained indicate the reliability and accuracy of the method 
for fission-product mass-distribution measurements. The method will be 
used for measurements of yield changes with fissionable nuclei excitation 
energy. 



948 ABSTRACTS 

INDEPENDENT YIELDS AND DISTRIBUTIONS OF ISOTOPES OF Br, Kr, 
I AND Xe IN THERMAL NEUTRON 
FISSION OF 23SU STUDIED WITH AN ON-LINE SEPARATOR (SM-122/38) 
S. Amiel, Ch. Braun, В. Ehrenberg, H. Feldstein, Y. Nir-El, M. Oron, E. Yellin 
Nuclear Chemistry Department, 
Soreq Nuclear Research Center, Yavne, Israel 

The determinat ion of yie lds of individual nuclides formed in fission 
and the measu remen t of the i r nuc lear p rope r t i e s is being c a r r i e d out with 
the aid of an e lect romagnet ic m a s s sepa ra to r . The s e p a r a t o r is connected 
in an on-l ine mode with a t a rge t placed at an external neutron beam of a 
nuc lear r eac to r . The m e a s u r e m e n t s a r e per formed by controlled neutron 
i r rad ia t ions , ve ry rapid chemical separa t ions and t r ans fe r of a specific 
element for subsequent isotopic separat ion. Overal l t imes of t r ans f e r and 
separa t ion a r e of the o rder of one second. The exper imenta l a r rangement 
p e r m i t s direct measu remen t s of separa ted isotopes over a wide range of 
m a s s e s , on both s ides of the Zp l ine. Of grea t advantage is the possibi l i ty 
provided by this technique of obtaining in a single t ime-cont ro l led i r r a d i a 
tion a s imultaneous determinat ion of independent and fract ional yields of an 
isotopic s e r i e s . 

The elements Br , I, Kr and Xe have been studied. Yields were de t e r 
mined by the assay of the individual isotopes or the i r descendents collected 
at var ious posi t ions on an aluminium s t r ip . These m e a s u r e m e n t s were 
supplemented by direct on-line m e a s u r e m e n t s of very shor t - l ived act ivi t ies 
to de te rmine the halflives of the isotopes in question, the i r daughters and 
the i r p r e c u r s o r s , and to evaluate the cor rec t ions requ i red to compensate 
for decay and build-up during extraction, chemical separat ion, t r ans fe r and 
ion-source res idence t ime. Selective reco i l labell ing was a lso employed in 
the determinat ion of the independent y ie lds . 

The r e su l t s for the independent fission yields of isotopes of e lements 
at the a symmet r i c m a s s yield peaks in the the rma l neutron fission of 235U 
a r e presented . The shape of the independent isotopic distr ibution curves 
obtained in the p re sen t exper iments points to the impor tance of nuc lea r 
s t r u c t u r e effects in the yields from low-energy fission. The r e s u l t s a r e 
d iscussed in the light of the available exper imenta l data on i sobar ic charge 
d ispers ions at var ious m a s s e s and the existing models of m a s s and charge 
dis tr ibut ions in fission. 

Data re levant to the fission yields and nuclear p roper t i e s of some 
nuclides for which l i t t le or no information has been published a r e given a s 
well . 

EMISSION OF К X-RAYS IN THE THERMAL FISSION OF 235U (SM-122/42) 
S. S. Kapoor, S. K. Kataria, S. R. S. Murthy, P. N. Rama Rao 
Bhabha Atomic Research Centre, Trombay, Bombay, India 

The yields of К X - r a y s emit ted by f ragments of specified nuclear 
charges have been determined in the t he rma l f ission of 2 3 5U. The X - r a y 
energies were m e a s u r e d with a cooled l i thium-drif ted sil icon detector having 
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an energy resolut ion equal to 0. 88 keV FWHM at 26. 25 keV. The f ragments 
were detected in near ly 2JT geometry by a semiconductor detector placed at 
a separa t ion of 0. 5 m m from the 2 3 5TJ source coated on 7 m g / c m 2 a luminum 
backing. This a r rangement was chosen to el iminate Doppler broadening of 
X - r a y l ines and uncer ta in t ies assoc ia ted with solid angle of detection if 
X - r a y s were emitted from flying f ragments . The spec t rum of К X - r a y s 
in coincidence with f ission were r eco rded on a 1024 channel ana lyser 
The solid angle of detection was exper imental ly determined by measu r ing 
the number of L X - r a y s pe r alpha in the decay of 234U presen t in the source . 
The observed spec t r a were analysed by a l e a s t - s q u a r e fitting code to de t e r 
mine the total number of К X - r a y s emit ted p e r fission from fragments of 
different atomic number s . In genera l , the X - r a y yield p e r fragment is 
found to i nc r ea se as one moves away from the closed shell regions öf : 

N = 50, Z = 50 and N = 82. A s t r ik ing fea ture observed in the sys temat ics 
of the X - r a y yields is a significantly lower yield for xenon (even Z) as com
pared to the neighbouring odd Z products , and the absence of a spectacular 
i n c r e a s e in the yield beyond N = 88, as found e a r l i e r for 252Cf case . The 
p re sen t r e su l t s a r e d iscussed with r eg a rd to the c h a r a c t e r i s t i c s of t r a n s i 
t ions leading to in ternal conversion and the poss ib le effects of the init ial 
spin of the f ragments . 

Exper iments a r e in p r o g r e s s to de te rmine a lso the К X - r a y yields as 
a function of fragment m a s s . F o r this work, the foi l-fragment de tec tor 
assembly cons is t s of two thin sil icon semi-conductor de tec tors placed ve ry 
close on ei ther side of a thin 235U foil. The kinetic energies of the pa i r s 
of f ragments and the coincident К X - r a y s a r e r eco rded event by event us ing 
a m u l t i pa r ame te r ana lyser . These r e su l t s on the var ia t ion of К X - r a y yield 
with m a s s will a lso be repor ted and discussed. 

RANGES OF FISSION PRODUCTS IN SOLID MATERIALS (SM-122/46) 
H. Muenzel 
Institut fßr Radiochemie, Kernfoischungszentrum Karlsruhe, 
Federal Republic of Germany 

The different empir ica l r ange -ene rgy re la t ions for f ission products 
used in recoi l work a r e compared with each other. In genera l , the s tandard 
deviations of the constants used a r e r a t h e r l a r g e and the i r dependence on the 
m a s s number A and atomic number Z of the ion a r e quite uncer ta in . T h e r e 
fore a new r ange -ene rgy re la t ion was derived. F i r s t , the constants in an 
approximated theore t ica l express ion for the specific energy loss due to 
Ionisation were calculated by a l eas t fit of known exper imenta l data. Then 
using this equation and an express ion for nuc lear stopping given by Lindhard 
the dependence of the range (R) on energy (E), A and Z was calculated by 
numer ica l integrat ion. The r e su l t s were approximated by the formulas 

R = a E e 

R = ffE8 + 7 
R = ffE8 

E 
2 < E 

300 < E 

< 2 MeV 
< 40 MeV 
< 100 MeV 
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for light absorber m a t e r i a l s , e. g. Al, the new range-ene rgy re la t ion agrees 
very well with experimental data. However, in the case of heavy absorbe r 
m a t e r i a l s , e. g. U, t h e r e is a sys temat ic deviation of severa l per cent . 

THE RANGES AND ENERGIES OF FRAGMENTS FROM SPONTANEOUS FISSION OF 
252Cf (SM-122/49) 

N.K. Aras, E.N. Caner, O. Birgül 
Department of Chemistry, 
Middle East Technical University, Ankara, Turkey * 

The ranges and energies of fragments from spontaneous fission of 
252Cf. The average ranges of f ragments from spontaneous fission of 252Cf 
were m e a s u r e d in aluminium by stopping the fission f ragments in foils. 
Specific fission products were chemical ly separa ted from the var ious foils 
and the i r radiat ions counted. The following range values were obtained 
in mg A l / c m 2 : 

" M o : 3. 83 ± 0. 07 115Cd : 3. 61 ± 0. 02 

m A g : 3.66 ± 0 . 0 4 131I : 3. 42 ± 0. 12 

113Ag : 3. 62 ± 0. 07 140Ba : 3. 03 ± 0. 04 

The fragment ranges were converted to energies using r ange-ene rgy 
re la t ions of Lindhard, Scharff and Schiott. This conversion takes into 
account contributions from both electronic and nuclear stopping of the f rag
ments in aluminium. 

Modifications were made in the electronic stopping par t of the equation, 
in o rde r to obtain an agreement with the experimental ly measu red kinetic 
energies of Schmitt et al. F o r some f ragments , the mos t probable charge , 
Z p , and number of neutron emitted, vA , for a given m a s s number , A, a r e 
not well known and the re a r e l a rge differences between values determined 
by different worke r s . There fore , in this calculation different se ts of Zp 

and uA values were used and compar i sons made . 

The agreement between experimental ly measu red and calculated kinetic 
energies was good. However, the predict ion of specific energy loss in a lu
minium as a function of energy by Lindhard et al. i s not accura te in the e lec
tronic-stopping region. 

This work was supported in part by the Turkish Atomic Energy Commission. 
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DETERMINATION OF THE NEUTRON FISSION MASS-YIELD-CURVES FOR 241 
AND 242m AMERICIUM (SM-122/72) 
W. Weinlaender 
Institut für Radiochemie der Technischen Hochschule München, 
Garching bei München, Federal Republic of Germany 

For the americium isotopes 241 and 242m the mass yield curve for ther
mal neutron fission is determined. The yield of the main fission products 
is measured by direct gamma spectroscopy with lithium-drifted germanium 
detectors of the irradiated sample and compared with the yields of these 
elements from 239Pu neutron fission. Some of the elements with lower yield 
are separated by ion-exchange methods before measurement. The mass-
yield-curves found for 241 and 242m americium are compared with those of 
the neighbouring nuclides. 

MESURE SIMULTANEE DE L'ENERGIE CINETIQUE ET DE LA CHARGE DES 

FRAGMENTS DE FISSION DE 235U (SM-122/79) 
H. Nifenecker, J. Poitou, M. Ribrag 
Service de la Metrologie et de la Physique Neutroniques Fondamentales, 
Centre d'Etudes Nucleaires de Saclay, France 

Une etude approfondie de la methode de determination des distributions 
de charge des produits de fission par la mesure de leur emission de rayonne-
ment X a ete entreprise. On a mesure la Constance de temps de decrois-
sance de l'emission X en fonction de la charge des fragments. On peut 
ainsi tenir compte exactement des modifications des fonctions de reponse 
du detecteur du rayon X dues ä l'effet Doppler. Compte tenu de ces ame
liorations dans l'analyse des resultats experimentaux, on determine la dis
tribution de charge des fragments de masse donnee. Les resultats sont 
discutes. On etudie egalement cette distribution de charge pour diverses 
valeurs de l'energie cinetique totale des fragments et on discute les effets 
d'appariement dans les distributions de charge. 

English translation of the preceding Abstract (SM-122/79): 

THE SIMULTANEOUS MEASUREMENT OF THE KINETIC ENERGY AND CHARGE OF 
235 U FISSION FRAGMENTS 

A detailed study of the method of determining charge distributions in 
fission products by measuring their X-ray emission was undertaken. The 
time constant of the decrease of X-ray emission was measured as a function 
of the fragment charge. The changes in the X-ray detector's response 
function due to the Doppler effect could thus be accurately taken into account. 
With these improvements in the analysis of experimental results, the authors 
determine the charge distribution in fragments of a given mass, and discuss 
the results. A study is also made of this charge distribution for various 
values of the total kinetic energy of the fragments,and the pairing effects in 
charge distribution are discussed. 
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ETUDE DE LA FISSION SPONTANEE DE QUELQUES NOYAUX LOURDS (SM-122/83) 
M. Monnin, В. Tamain 
Laboratoire de Physique Nucleaire, 
Faculte des Sciences, Clermont-Ferrand, France 

Les periodes de fission spontanee des elements 232U, 233U, 235U, 238U, 
232Th sont mesurees ou majorees ä l'aide des detecteurs solides de traces. 

Dans le cas des isotopes de masses 232 et 238 de 1'uranium, les longu
eurs des traces des deux fragments emis en correlation permettent une 
determination de la distribution en masse. 

English translation of the preceding Abstract (SM-122/83); 

STUDY OF THE SPONTANEOUS FISSION OF SOME HEAVY NUCLEI 

The spontaneous fission half-lives of the elements 232U, 233U, 235U, 
238U and 232Th have been measured or increased with the help of solid track 
detectors. 

In the case of uranium isotopes of mass 232 and 238, the track lengths 
of the two fragments emitted in correlation make it possible to determine 
the mass distribution. 

FISSION DE 23*U ET DE 239PU A MOYENNE ENERGIE, DETERMINATION 
SEMI-EXPERIMENTALE DE LA DISTRIBUTION EN MASSES (SM-122/94) 
F. Communeau, A. Moussa 
Commissariat "a l'Energie Atomique, 
С. Е. Bruyeres-le-Cbltel et C.E.N. Grenoble, France 

Des cibles d'uranium et de plutonium ont ete soumises ä un flux de 
neutrons de moyenne energie issus de reactions (D,T). Plusieurs irradia
tions ont ete effectuees correspondant ä des temps de quelque 10 heures et 
ä des flux integres de neutrons de 1, 5 a 3 X 1015 environ en 4n. Le nombre 
de fissions obtenues dans l'echanffllon variait de 1 ä 4 X 1012. Chaque cible 
est mise en solution et les elements suivants sont separes: strontium, 
yttrium, zirconium, molybdene, palladium, argent, cadmium, baryum, 
lanthane, cerium, praseodyme, neodyme, europium, samarium. Le rende-
ment de la separation chimique est mesure. Les mesures effectuees par 
spectroscopie gamma et beta portent sur un (ou deux) elements des chalnes 
89, 91, 93, 95, 97, 99, 109, 111, 112, 115, 140, 141, 143, 144, 147, 153, 
156. Diverses corrections sont apportees aux resultats bruts pour tenir 
compte notamment des facteurs de geometrie, de l 'epaisseur des sources, 
des decroissances entre irradiation et separation chimique et entre sepa
rations et mesures. Pour une irradiation, les differents nombres d'atomes 
trouves sont rapportes ä 1'un d'eux (95Zr ou 147Nd). Ensuite, et pour chaque 
masse, les divers resultats donnent lieu ä une ponderation tenant compte 
des sources d 'erreurs recensees. Pour les masses dont les rendements 
relatifs ont ete ainsi naesures, les masses "complementaires" sont calcu-
lees ä partir de courbes v = f(A); la contribution des divers processus de 
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fission est evaluee к partir de considerations semi-experimentales. La 
courbe d'ensemble sinsi determinee est ajustee de facon ä normaliser ä 
200 l 'aire delimitee par le trace. Les resultats ainsi obtenus, affectes 
d'une erreur calculee et d'une erreur estimee sont compares aux valeurs 
publiees. 

English translation of the preceding Abstract (SM-122/94): 

MEDIUM-ENERGY NEUTRON-INDUCED FISSION OF 238U AND Z39Pu. 
SEMI-EXPERIMENTAL DETERMINATION OF MASS DISTRIBUTION 

Uranium and plutonium targets were subjected to a flux of neutrons of 
average energy from (D, T) reactions. Several irradiations were made, 
representing times of some 10 hours, at integrated neutron fluxes of about 
1. 5 to 3 X 10 in 4 7Г geometry. The number of fissions obtained in the 
sample varied from 1 to 4 X 1012. Each target is immersed in solution and 
the following elements are separated: strontium, yttrium, zirconium, 
molybdenum, palladium, silver, cadmium, barium, lanthanum, cerium, 
praseodymium, neodymium, europium and samarium. The chemical 
separation yield is measured. The measurements made by gamma- and 
beta-spectroscopy are for 1 (or 2) elements in the chains 89, 91, 93, 95, 
97, 99, 109, 111, 112, 115, 140, 141,143, 144, 147, 153, 156. Various 
corrections are applied to the crude results in order to take account, inter 
alia, of geometrical factors, source thickness, and decay between irradia
tion and chemical separation and between separation and measurements. 
For a particular irradiation, the different numbers of atoms found are 
elated to one of them (95Zr or 147Nd). A weighting factor for each mass is 
then applied in respect of the various results obtained, account being taken 
of the sources of errors recorded. For the masses whose relative yields 
have thus been measured, the "complementary" masses are calculated 
from v =f(A) curves; the contribution of the various fission processes is 
evaluated from semi-experimental considerations. The overall curve thus 
determined is adjusted so as to standardize the area plotted to 200. The 
results obtained, which bear a calculated error and an estimated error, 
are compared with the published values. 

RADIOCHEMICAL STUDIES IN THE SYMMETRIC REGION OF 235U FISSION 
(SM-122/115) 
H.V. Weiss, R E . Ballou, J.L. Elzie, J.M. Fresco 
Naval Radiological Defense Laboratory, 
San Francisco, California, USA 

As part of a study on the distribution of nuclear charge in the region 
of symmetric fission of 235U with thermal neutrons, n 8 Pd was identified 
and its cumulative fractional chain yield was determined. The Pd was iso
lated free from Ag and Cd at different times after fission, and the quantity 
of descendant n 8Cd activity produced was measured. A half-life of 
3.1 ± 0 , 3 s was derived from these data. Through a comparison of the 
U8Cd activity produced by 118Pd with the total 118Cd activity produced by 
all isobars, a cumulative fractional chain yield of 0. 29 ± 0. 03 was computed 
for n 8 Pd . 



954 ABSTRACTS 

By the rapid separation of Ag after irradiation and subsequent measure
ment of the respective Cd daughter activity, the fractional independent 
yields of m A g and 118Ag were also measured. These values are 0. 35 ±0. 05 
and 0. 55 ± 0. 10, respectively. The width-parameter, a , for the Gaussian 
distribution of nuclear charge was computed to be 0. 65 for the 118-mass 
chain. The most probably nuclear charge (Zp) was estimated to be 46. 22 
± 0. 17 and 46. 88 ± 0. 12 for mass 117 and 118, respectively. 

Also a procedure was developed to determine the half-life of 115mAg. 
Ag was separated from the Pd precursor and Cd descendant within 1 s after 
neutron irradiation of 235U. The separation was accomplished by the de
position of fission-formed Ag from solution onto finely divided copper powder; 
the interfering elements passed through the copper bed. At various times 
after the Ag separation, the Cd daughter products formed were quantitative
ly stripped from the Ag parent. The various fractions collected were radio-
chemically purified and analysed for 2. 3 - d 115mCd. The contribution of 
each of two 115Ag isomers to the 115mCd activity was resolved. From these 
data the half-life derived for 115mAg was 55. 0 + 2. 4 s. 

' - 1 . 5 ) 

MASS-ENERGY CORRELATIONS IN THE 7-to 13-MeV PROTON-INDUCED FISSION 
OF Th, U, AND Pu ISOTOPES* (SM-122/126) 
R. L. Ferguson, S. C. Burnett, F. Plasil, F. Pleasonton, H.W. Schmitt 
Oak Ridge National Laboratory, Oak Ridge, Tenn. USA 

Measurements have been made of correlated fragment kinetic energies 
for proton-induced fission of 232Th, 233U, 235U, 238U and 239Pu. In the 
proton energy range 7 - 1 3 MeV, results were obtained for 238U at fifteen 
bombarding energies, for 235U at seven, for 233U at five, for 232>ph at four, 
and for 239Pu at three energies. Fifty thousand to one hundred thousand 
events were analysed in most of the experiments. 

Silicon surface barrier detectors were used to determine the kinetic 
energies of correlated pairs of fission fragments from thin deposits of 
fissile materials which were bombarded by protons at the ORNL tandem 
accelerator. Since one of the objectives of this work was to compile a set 
of self-consistent results for a wide range of fissioning systems, experi
mental conditions and procedures were as nearly uniform as practicable for 
all cases. The data were transformed to give fragment mass and kinetic 
energy distributions and their correlations. In the three cases for which 
information on fragment neutron emission was available, the average mass 
and kinetic energy distribution were corrected for the effects of neutron 
emission. 

General characteristics of all the distributions obtained were observed 
to be qualitatively similar, but striking differences were found in certain 
quantitative aspects. Although asymmetric fission was observed to pre
dominate in all the systems investigated, the contribution from symmetric 

* Research sponsored by the US Atomic Energy Commission under contract with the Union Carbide 
Corporation. 
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m a s s division was found to become m o r e important as bombarding energ ies 
were inc reased . F o r ^^ъ. a th i rd peak, corresponding to s y m m e t r i c 
m a s s division, was observed at proton energies of 0. 25 MeV and g rea te r . 
Despite a careful s ea rch in the case of 238U, no evidence was found for s teps 
in the m a s s distr ibution peak- to-va l ley ra t io as a function of proton energy. 
Overa l l widths of the m a s s dis tr ibut ions were l i t t le affected by changes in 
bombarding energy. In general , the average total fragment kinetic energy 
E K was observed to d e c r e a s e ~ 1-2 MeV with increas ing bombarding energy 
over the range studied. In every case the graph of EK v e r s u s fragment 
m a s s exhibited a peak in the region of heavy fragment m a s s ~ 132 and a 
dip of ~ 10-20 MeV at symmet r i c m a s s division. 

КИНЕТИЧЕСКАЯ ЭНЕРГИЯ ОСКОЛКОВ И ЭНЕРГЕТИЧЕСКИЙ 
БАЛАНС ПРИ ДЕЛЕНИИ 235UНЕЙТРОНАМИ ЭНЕРГИЙ 
В ИНТЕРВАЛЕ 0-0,6 Мэв OAEA-SM-122/ 137) 
П. П. Дьяченко, Б . Д . Кузьминов 
Физико-энергетический институт, Обнинск, 
Союз Советских Социалистических Республик 
А . Лайтаи 
Центральный институт физических исследований, Будапешт, 
Венгерская Народная Республика 

В работе выполнены относительные измерения средней кинетической энергии оскол
ков с точностью ± 100 кэв при делении U нейтронами с энергией 0-0,6 Мэв . 

Обсуждается влияние изменений распределения зарядов и масс осколков на кинетичес
кую энергию и на среднее число нейтронов деления. 

English t rans la t ion of the preceding Abst rac t (SM-122/137): 

FRAGMENT KINETIC ENERGY AND ENERGY BALANCE IN THE 0-0. 6 MeV 
NEUTRON-INDUCED FISSION OF 235U 

The authors c a r r i ed out r e l a t ive m e a s u r e m e n t s with an accuracy of 
100 keV on the mean kinetic energy of 0-0. 6 MeV neutron-induced fission 
f ragments of 235U. 

They discuss the effect of var ia t ions in the charge and m a s s d i s t r ibu
tion of the f ragments on the kinet ic energy and the mean number of f ission 
neut rons . 

DETERMINATION PAR SPECTROMETRIE DE MASSE EN LIGNE DE LA DISTRIBUTION 
ISOTOPIQUE DU RUBIDIUM ET DU CESIUM PRODUITS AU COURS DE LA FISSION 
A BASSE, MOYENNE ET HAUTE ENERGIE (SM-122/141) 
J. Chaumont, E. Roeckl, Y. Nir-El, R. Klapisch 
CSNSM, Orsay et IPN Orsay, France 

La methode du s p e c t r o m e t r e de m a s s e en ligne que nous avions dec r i t e 
p a r a i l leurs a ete appliquee ä l a determinat ion des rendements independants 
de produi ts de fission alcal ins des system.es f iss ionants suivants: 235U + n 

http://system.es
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thermiques, 238U et Th par protons de 150 MeV, 238U, Th et Та par protons 
de 24 GeV. 

La cible est constituee par une couche d'uranium ou de thorium de 
1 ä 2 mg cm"2 deposee sur une vingtaine de plaquettes de graphite de 70 ä 
80 ßm. L'ensemble, enveloppe dans une nacelle en tantale mince est porte a 
une temperature de 1800°C. Les fragments de fission sont arrgtes dans 
le graphite et, comme nous le montrons, les elements alcalins en ressortent 
tres rapidement par diffusion. Sur la surface de tantale chaude, les isotopes 
de Rb et Cs sont ionises selectivement en raison de leur faible potentiel 
d'ionisation. L'analyse en masse des ions reacceleres est effectuee par un 
spectrometre de masse ä secteur magnetique de 90° d'un pouvoir de re 
solution ЛМ/М = 1/200 (a 1% du pic) assurant une resolution complete des 
isotopes du Rb et Cs. Le comptage des ions est effectue par un multipli-
cateur d'electrons et les spectres de masse enregistres a l'aide d'un analy-
seur multiechelle. 

La methode permet de mesurer aussi bien des isotopes stables que 
ceux de tres courtes periodes (100 millisecondes pour 97Rb). La limite de 
sensibilite dans les conditions usuelles est d'environ 10/ib. 

A basse energie, l'irradiation dans un flux de 108 n cm"2 s"1 au reacteur 
EL 3 de Saclay a permis de mesurer les Rb de (A= 89 ä A=97) et les Cs de 
(A=139 ä A=145). Les distributions sont approximativement gaussiennes et 
sont centrees respectivement sur A=92, pour Z=37 (Rb) et A=141 pour 
Z = 55 (cs). On en deduit, pour ces fragments complementaires, une yaleur 
moyenne du nombre de neutrons emis qui confirme les resultats obtenus 
par d'autres methodes. 

Les distributions isotopiques qui s'elargisseht ä moyenne energie 
(150 MeV), s'etendent ä haute energie (10 et 24 GeV) beaucoup plus loin du 
cöte des isotopes deficients en neutrons qu'il n'avait pas ete possible de 
le montrer experimental em ent jusqu'ici, La comparaison entre des cibles 
de Та, Th et U permet de discuter les contributions.respectives de fission 
ä haute energie et de spallation. 

English translation of the preceding Abstract (SM-122/ 141): 

DETERMINATION BY ON-LINE MASS SPECTROMETRY OF THE ISOTOPIC 
DISTRIBUTION OF RUBIDIUM AND CAESIUM PRODUCED DURING LOW, 
MEDIUM AND HIGH ENERGY FISSION 

The on-line mass spectrometric method described by us elsewhere 
was used to determine the independent yields of alkaline fission products of 
the following fissioning systems: 235U + thermal n, 238U and Th by 150 MeV 
protons, 238U, Th and Та by 24 GeV protons. 

The target consists of a 1 to 2 mg/cm2 layer of uranium or thorium 
deposited on some 20 small graphite plates of 70-80 (xm. The assembly, 
located in a thin tantalum container, is heated to a temperature of 1800°C. 
The fission fragments are stopped by the graphite and, as is shown in the 
paper, the alkaline elements escape very quickly by diffusion. On the sur
face of the hot tantalum the Rb and Cs isotopes are ionized selectively be
cause of their weak ionization potential. Mass analysis of the re-accelerated 
ions is carried out with a mass spectrometer with an angle of 90° and a 
resolving power of ДМ/М = 1/200 (at 1% of the peak), ensuring complete 
resolution of the Rb and Cs isotopes. The ions are counted with an electron 
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multiplier and the mass spectra are recorded by means of a multi-channel 
analyser. 

The method can be used for the measurement of both stable isotopes 
and very short-lived isotopes (100 ms for 97Rb). The sensitivity limit 
under the usual conditions is about 10 jub. 

At low energy, irradiation in a flux of 108 n cm"2 s"1 in the EL3 reactor 
at Saclay permitted measurements of A=89 to A=97 for Rb and A=139 to 
A=145 for Cs. The distributions are approximately Gaussian and are cen
tred on A=92. 3 for Z=37 (Rb) and A=141 for Z=55 (Cs). 

For these complementary fragments an average value of the number of 
neutrons emitted has been deduced, confirming the results obtained by 
other methods. 

The isotopic distributions, which broaden at medium energy (150 MeV), 
extend at high energy (10 and 24 GeV) much further in the neutron-deficient 
direction than could be shown experimentally hitherto. Comparison of Та, 
Th and U targets makes it possible to discuss the respective contributions 
of high-energy fission and spallation. 

CHARGE DISTRIBUTION IN THE SYMMETRIC REGION OF HIGH ENERGY PROTON 
INDUCED FISSION OF URANIUM (SM-122/143) 
E. Hagebtf 
CERN, Geneva, Switzerland 

As a continuation of the studies in high-energy proton-induced fission 
at CERN, some yields of indium and tin isotopes from the fission of ura
nium with 570 MeV and 18. 2 GeV protons are reported. The yields have 
been determined by conventional radiochemical methods including the use 
of an electromagnetic isotope separator. 

These yields are used together with published yields of isotopes of 
other elements in the same mass region to construct charge dispersion 
curves for A = 117. The charge dispersion curve at 18. 2 GeV is double-
humped, and one of the two parts is identical in form and position to the 
570 MeV. 

Also Z p , the most probable charge for each mass number, as well as 
the width of the charge dispersion curve as a function of fission product 
mass and of proton energy has been established. 

Although Zp moves slightly with energy below 570 MeV, it seems that 
in the symmetric fission region the width of the charge dispersion curve is 
independent of mass number and proton energy. 

О РАСПРЕДЕЛЕНИИ ЭНЕРГИИ ВОЗБУЖДЕНИЯ МЕЖДУ 
ОСКОЛКАМИ ДЕЛЕНИЯ (IAEA-SM-122/144) 
М.В. Блинов, Н.М. Казаринов, И.Т. Крисюк, С.С. Коваленко 
Институт атомной энергии им. И.В.Курчатова, Москва, 
Союз Советских Социалистических Республик 

Путем регистрации совпадений между нейтронами, испускаемыми легким и тяжелым 
осколками в случае деления 235U тепловыми нейтронами, определена величина 

Mi < v\ vT>, — , Е„ . Эта же величина была рассчитана с использованием литературных 
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данных по зависимости v(M), —,,, (М), W(E), W(M). Экспериментальное значение 

<vk vr > близко к рассчитанному, хотя и несколько меньше. Разница в этих величинах 
может быть связана с эффектом перераспределения энергии возбуждения между осколка
ми при фиксированных значениях М и Ек . 

English t rans la t ion of the preceding Abst rac t (SM-122/144) 

EXCITATION ENERGY DISTRIBUTION IN FISSION PRODUCTS 

By record ing coincidences between neutrons emit ted by light and heavy 
f ragments in the fission of 235U by the rma l neutrons , the authors de te rmine 
the value of (v\ v-^У, M J M 2 , Ek. This value is calculated using data from 
the l i t e r a tu re regarding the functions of v (M), 5v /6E*(M), W(E), W(M). The 
experimental value of ^v-^Vj У is c lose to the calculated value but somewhat 
lower. The difference between these two values may be due to the r e d i s - . 
t r ibution of excitation energy between fragments at fixed values of M and 
E k -

ЗАВИСИМОСТЬ ВЕЛИЧИНЫ АНИЗОТРОПИИ ИСПУСКАНИЯ НЕЙТРОНОВ 
ДЕЛЕНИЯ ОТ ПОЛНОЙ КИНЕТИЧЕСКОЙ ЭНЕРГИИ ОСКОЛКОВ 

IIAEA-SM-122/145) 
М . В . Блинов, Н . М . Казаринов, И .Т . Крисюк,А.Н. Протопопов 
Институт атомной энергии им. И.В.Курчатова, Москва, 
Союз Советских Социалистических Республик 

Измерена зависимость среднего числа нейтронов деления от полной кинетической 
энергии осколков для случая деления U тепловыми нейтронами. Измерения проводились 
для двух углов вылета нейтрона (0° и 90° ) . Суммарная энергия осколков определялась 
двумя полупроводниковыми счетчиками, а нейтроны регистрировались сцинтилляционным 
счетчиком . Отделение нейтронов от 7 " квантов производилось по времени пролета . Полу
чена зависимость величины угловой анизотропии вылета нейтронов от полной кинетической 
энергии осколков . Проведены расчеты по модели испарения нейтронов из возбужденных 
осколков. Результаты работы обсуждаются с точки зрения возможности существования 
дополнительного механизма эмиссии нейтронов деления. 

English t rans la t ion of the preceding Abst rac t (SM-122/145) 

DEPENDENCE OF ANISOTROPY OF EMITTED NEUTRONS ON 
TOTAL KINETIC ENERGY OF FRAGMENTS 

The authors m e a s u r e d the dependence of the mean number of fission 
neutrons on the total kinetic energy of the f ragments in the t h e r m a l neut ron-
induced fission of 2 3 5U. The m e a s u r e m e n t s were per formed for two neutron 
ejection angles (0° and 90°). The total fragment energy was determined by 
two semi -de tec to r counters , while the neutrons were r eco rded by a sc in t i l 
lation counter. The neutrons were separa ted from the gamma quanta by 
the t ime-of-fl ight method. The authors determined the angular anisotropy 
of neutron ejection as a function of the total kinetic energy of the f ragments . 
The calculat ions were performed according to the model which postula tes 
the boiling-off of neutrons from excited f ragments . The r e su l t s obtained 
a r e d iscussed with special r e fe rence to the question whether t he r e can be 
an additional mechanism for the emiss ion of fission neut rons . 
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О ТОНКОЙ СТРУКТУРЕ ВЫХОДОВ ОСКОЛКОВ ПРИ ДЕЛЕНИИ 
ТЯЖЕЛЫХ ЯДЕР (IAEA-SM-122/147) 
И .А . Баранов, А . Н . Протопопов, Б . М . Ширяев 
Союз Советских Социалистических Республик 

С помощью полупроводниковых кремниевых счетчиков измерены спектры кинетичес
кой энергии осколков, совпадающих с парными осколками определенной заданной энергии Е к . 
Величина Е к бралась различной в интервале от 60 до 112 Мэв . 

Для случаев, когда Е к > 100 Мэв, полученные спектры обнаруживают тонкую структуру 
величины выходов осколков в зависимости от энергии (или массового числа) осколка. Для 
малых Ек спектры представляют собой одиночные пики, что не согласуется с данными рабо
ты [1] . 

Анализ данных по тонкой структуре выходов показывает, что для больших Ек имеет 
место корреляция между величиной выходов осколков и конечной энергией возбуждения о с 
колков, в то время как для малых Ек такая корреляция отсутствует . С точки зрения стати
стической модели Эриксона [2] качественно это может быть объяснено влиянием проницае
мости потенциального барьера для осколков на величину выхода. Однако подсчеты выходов 
осколков по упомянутой модели с учетом влияния проницаемости барьера параболической 
формы для распределений с некоторыми фиксированными Е к дают результаты, не согласую
щиеся с экспериментальными распределениями. 

Подсчет конечной энергии возбуждения осколков при делении составных ядер различ
ной четности показывает , что структура в энергии возбуждения осколков наиболее четко 
проявляется для четно-нечетных составных ядер и отсутствует у нечетно-нечетных ядер . 
Из анализа энергии возбуждения для различных ядер и экспериментальных данных по тон
кой структуре делается предположение о преимущественном влиянии на структуру х а р а к т е 
ра разделения заряда между осколками. 

Л И Т Е Р А Т У Р А 

[1] ANDRITSOPOLOUS, G . , N u c l . P h y s . A 94 (1967) 537. 
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English t rans la t ion of the preceding Abst rac t (SM-122/147) 

FINE-STRUCTURE OF FRAGMENT YIELDS IN FISSION OF HEAVY NUCLEI 

Semi-conductor sil icon counters were used to m e a s u r e the k inet ic-
energy spec t ra of f ragments coinciding with p a i r s of f ragments of a given 
fixed energy E^. Different values of Еь, were selected between 60 and 
112 MeV. Where E k is g r ea t e r than 100 MeV the spec t ra obtained revea l 
f i ne - s t ruc tu re of fragment yields depending on the energy (or m a s s number) 
of the fragment. At low Ek-values the spec t ra a r e sepa ra te peaks , which 
does not ag ree with the findings of Andritsopolous. 

Analysis of the data on the f ine - s t ruc tu re of yields shows that at high 
Eh -values t h e r e i s cor re la t ion between the fragment yields and the final 
excitation of the f ragments , while at low Ek-values no such cor re la t ion is 
found. F r o m the viewpoint of E r i c s o n ' s s ta t i s t ica l model this could be ex
plained qualitatively by the fact that yield is influenced by the extent to 
which the potential b a r r i e r is penet rab le by f ragments . However, rough 
calculations made of fragment yields using this model and taking into account 
the effect of penetrabi l i ty of a b a r r i e r of parabol ic shape for distr ibutions 
with cer ta in fixed values of EK give resu l t s which do not accord with the 
exper imenta l dis tr ibut ion. 

Calculation of the final excitation energy of f ragments in the fission of 
compound nuclei differing in par i ty shows that the fragment excitation energy 
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displays structure most clearly in the case of even-odd nuclei while no 
structure is to be seen in the case of odd-odd nuclei. From an analysis of 
the excitation energy for different nuclei and the experimental data on fine-
structure the authors suggest that structure depends primarily on the 
character of charge dispersion between the fragments. 

АНОМАЛЬНОЕ УГЛОВОЕ РАСПРЕДЕЛЕНИЕ ОСКОЛКОВ ДЕЛЕНИЯ 226 Ra 
НЕЙТРОНАМИ С ЭНЕРГИЕЙ 14+16 Мэв (IAEA-SM-122/148) 
Ю.А. Бабенко,Ю.А. Немилов,Ю.А. Селицкий, Л . А. Плескачевский, 
В . Б . Фунштейн 
Союз Советских Социалистических Республик 

Деление ядер тяжелее тория в случае возбуждений, превышающих барьер деления на 
несколько Мэв , обычно характеризовалось угловыми распределениями типа о*(0) - a+bcos^O. 
В работе [1]6ыл обнаружен случай отклонения от этой закономерности, когда Ra делился 
нейтронами с энергией 14,6 Мэв . С целью исследования причины увеличенного выхода о с 
колков под углом 60° к направлению облучающих радий нейтронов были сняты угловые р а с 
пределения и сечения деления при больших энергиях нейтронов, до Е„=20 М э в . Оказалось , 
что аномальное распределение с дополнительным максимумом под углом 60° исчезает при 
Ец> 16 М э в . Одновременно с этим анизотропия уменьшается до значений —— 1,1. Сечение 
деления в области Еп - 13-г 20 Мэв в пределах точности ±7% не проявляет отклонений от 
плавного р о с т а . По-видимому, аномальность в угловом распределении осколков возникает 
только при нейтронном облучении, т . к . проверка деления Ra дейтронами с аналогичным 
возбуждением привела к обычным распределениям . 

Л И Т Е Р А Т У Р А 
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Ядерная физика _4 (1968) 269 . 

English translation of the preceding Abstract (SM-122/148) 

ANOMALOUS ANGULAR DISTRIBUTION OF FRAGMENTS IN FISSION OF 
226Ra BY NEUTRONS IN ENERGY REGION 14-16 MeV 

The fission of nuclei heavier than thorium in the event of excitations 
several MeV above the fission barr ier has normally been characterized by 
angular distributions of the type cr (0) = a + b cos20. Babenko et al. (1968) 
found a case of divergence from this law, in the 14-MeV neutron-induced 
fission of 226Ra. To study the reason for the increased fragment yield at 
an angle of 60° to the direction of bombarding-neutron incidence, the authors 
took the angular distributions and fission cross-sections for higher neutron 
energies, up to 20 MeV. It was found that the anomalous distribution with 
an additional peak at an angle of 60° disappears when the neutron energy 
exceeds 16 MeV. At the same time the anisotropy drops to a value of about 
1. 1. The fission cross-section in the neutron energy range from 13 to 
20 MeV does not, to within ± 7%, show any deviations from a smooth growth 
curve. The anomaly in the angular distribution of fragments evidently 
arises only in the case of neutron irradiation, since a cross-check with the 
deuteron-induced fission of 226Ra at similar excitation levels resulted in 
the normal distribution patterns. 
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УГЛОВАЯ АНИЗОТРОПИЯ ОСКОЛКОВ ПРИ ДЕЛЕНИИ 2 2 6Ra НЕЙТРОНАМИ 
С ЭНЕРГИЕЙ 4-Н9 Мэв (IAEA-SM-122/149) 
Ю.А. Бабенко, В . Т . Ипполитов, Ю. А . Немилов, Ю. А . Селицкий, 
В . Б . Фунштейн 
Союз Советских Социалистических Республик 

Измерены угловые распределения осколков делений Ra нейтронами с энергией 
4-г 9 М э в . Форма распределений во всех случаях согласуется с предсказаниями статисти
ческой теории Халперна-Струтинского . Интересен тот факт , что при Е п = 4,7 ^-7,1 Мэв ани
зотропия постоянна и имеет весьма большую величину (А = 1,5). Вычисление дисперсии(К„) 
проекции углового момента на приближенную ось симметрии ядра дает при Е п = 6,2-^7,1 Мэв 
значение К0= 8 - 10. Это приблизительно в два раза меньше значений К ,̂ для более тяжелых 
ядер при соответствующей энергии возбуждения над порогом [1] и в точности соответствует 
значению Гриффина [2) для дисперсии, определяемой лишь моментом неспаренной частицы. 
Делается вывод о значительном увеличении энергии спаривания в седловой точке Ra . 

Л И Т Е Р А Т У Р А 
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English t rans la t ion of the preceding Abs t rac t (SM-122/149) 

ANGULAR ANISOTROPY OF FRAGMENTS IN FISSION OF 2Z6Ra BY NEUTRONS 
IN ENERGY REGION 4-9 MeV 

The authors m e a s u r e d the angular dis t r ibut ions of fission f ragments 
from 4-9 MeV neutron-induced fission of 226Ra. The shape of the d i s t r ibu
tions in all c a s e s ag rees with the predic t ions of the Halpern-Stru t insky 
s ta t i s t ica l theory. It is in te res t ing that when E n i s between 4. 7 and 
7, 1 MeV the anisotropy i s constant and has a very high value (A = 1. 5). 
Calculations of the d ispers ion (K.2) of the project ion of the angular m o m e n 
tum on the approximate symmet ry axis of the nucleus gives a K | value of 
between 8 and 10 when E n is between 6. 2 and 7. 1 MeV. This is approxi
mate ly half the KQ values for heav ie r nuclei at a cor responding excitation 
energy above the threshold , and cor responds exactly to Griffin's value for 
d i spers ion de termined solely by the momentum of the unpaired pa r t i c l e . 
These r e su l t s s e e m to point to a considerable i n c r e a s e in the pa i r ing energy 
at the saddle point of 22 , /Ra. 

ТРЕХПАРАМЕТРОВЫЕ ИЗМЕРЕНИЯ СПОНТАННОГО ДЕЛЕНИЯ * C m 
(IAEA-SM-122/150) 
И . Д . Алхазов, С . С . Коваленко, О .И . Косточкин, Л . З . Малкин, 
К . А . Петржак, В . И . Шпаков 
Союз Советских Социалистических Республик 

С помощью полупроводниковых детекторов и нейтронного жидкостного сцинтилляцион-
ного счетчика выполнены измерения кинетических энергий двух осколков и числа мгновен
ных нейтронов в одном акте деления С т . 

Рассчитаны с помощью ЭВМ Минск-22 контурные диаграммы в системе координат 
энергий обоих осколков, контурные диаграммы в координатах отношение масс—суммарная 
кинетическая энергия как для случаев испускания различного числа нейтронов, так и для 
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суммы всех случаев. На их основе построены спектры суммарной кинетической энергии и 
кинетической энергии одного из осколков, массовое распределение осколков деления 244Ст. 
Для средней суммарной кинетической энергии получена величина, равная (188,6± 1,6) Мэв . 
Средние массы легкого и тяжелого осколков равны 104,6±1,0 и 139,0±1,4 массовых единиц. 

Получены также контурная диаграмма распределения среднего числа мгновенных ней
тронов и контурная диаграмма энергии возбуждения (с точностью до энергии у- квантов) в 
системах координат кинетических энергий осколков и отношение масс—суммарная кинети
ческая энергия. 

Построены зависимости суммарной кинетической энергии и кинетической энергии 
одного осколка от отношения масс, средних масс от суммарной кинетической энергии, за
висимости числа мгновенных нейтронов от суммарной кинетической энергии для различных 
отношений масс и от отношения масс для различных значений суммарной кинетической 
энергии, зависимость средней энергии, затрачиваемой на испускание одного нейтрона, от 
отношения масс и другие. 

Производилось определение величины аппаратурной дисперсии, получена зависимость 
ядерной дисперсии от отношения масс. 

English t ransla t ion of the preceding Abst rac t (SM-122/150) 

THREE-PARAMETER MEASUREMENTS OF SPONTANEOUS FISSION OF ^ C m 

The authors used semi-conductor de tec tors and a neutron liquid sc in t i l 
lation counter to m e a s u r e the kinetic energies of two fragments and the 
number of prompt neutrons in fission of a single 244Cm nucleus. 

A Minsk-22 digital computer was used to compute the contour d iagrams 
in a sys tem of co-ordinates represen t ing the energies of both f ragments and 
in co-ord ina tes r epresen t ing the m a s s ra t io and the total kinetic energy 
both for c a se s where var ious numbers of neutrons were emitted and for the 
sum of all c a se s . These d iagrams were used to obtain the spec t r a for the 
total kinetic energy and the kinetic energy of one of the f ragments and the 
m a s s distribution of 2 4 4Cm fission f ragments . The mean total kinetic energy 
was found to be equal to 188. 6 ± 1. 6 MeV. The average m a s s e s of the 
light and heavy fragments a r e 104. 6 ± 1. 0 and 139. 0 ± 1. 4 m a s s uni ts , r e s 
pectively. 

The authors also obtained contour d iagrams showing the distr ibution 
of the mean number of prompt neutrons and the excitation energy (accura te 
to within the energy of the gamma quanta) in co-ordina te sys t ems r e p r e s e n 
ting the kinetic energies of the fragments and the m a s s r a t io and total 
kinetic energy. 

They then plotted the total kinetic energy and the kinetic energy of one 
fragment as a function of m a s s ra t io , the average m a s s e s as a function of 
total kinetic energy, the number of prompt neutrons a s a function of total 
kinetic energy for var ious ra t ios and as a function of m a s s r a t io for var ious 
total kinetic energy values , the mean energy consumed pe r neutron emitted 
as a function of m a s s ra t io and so on. 

They also determined the extent of d ispers ion due to the appara tus and 
calculated the dependence of nuclear d ispers ion on m a s s ra t io . 
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TRANSMISSION MEASUREMENTS OF 235U FISSION FRAGMENTS IN Mg, AI. 

Fe, Ni, Ag (SM-122/154) 
V. Aiello, G. Maracci, F. Rustichelli 
EURATOM, ISPRA, Italy. 

T r a n s m i s s i o n m e a s u r e m e n t s of the f ission fragments a r i s ing in 235U 
thermal -neu t ron- induced fission were per formed by i r rad ia t ing a back - to -
back fission chamber in the t h e r m a l column of the B.B-2 r eac to r of Monte-
cuccolino (Bologna) Italy. The back- to-back fission chamber i s a gas-flow 
counter ut i l izing argon containing 2 pe r cent ni trogen. The e lect rode spacing 
was 10 m m and the gas p r e s s u r e was adjusted slightly above ambient 
p r e s s u r e . The operat ing voltage was 100 V posi t ive applied to each anode. 
The sou rce of fission fragments cons is t s of a thin l aye r of na tura l uranium 
( ~ 0 . 2mg/cm 2 ) evaporated under vacuum on a Pt d isc . This u ran ium 
deposit is located in one of the two fission chambers of the counter . I r r a 
diations were made in a neutron flux of ~ 109 cm"2 s"1. During i r rad ia t ion 
the fission f ragments , which a r e able to pene t ra te a thin sheet of var iab le 
thickness (1-10 mg/cm 2 ) of the element investigated, a r e d i rec t ly counted. 
By repeat ing the m e a s u r e m e n t s with different th ickness of the shee t s , one 
obtains a t r a n s m i s s i o n curve of the 235U fission f ragments for each element 
investigated. Another natural uranium deposit located in the second fission 
chamber ac ts as a moni tor for the neutron flux for the different s o r t s of 
i r rad ia t ion . 

F r o m the t r ansmis s ion curves it i s poss ib le to der ive the re la t ive 
effective stopping power of the different t a r g e t s , and the ranges of the f i s 
sion f ragments in the different e lements investigated. Actually the ranges 
a r e obtained by coupling the m e a s u r e d re la t ive stopping powers with the 
absolute value of the range of 235U fission fragment in Al, m e a s u r e d by 
Segre and Wiegand, by an independent experiment using the activation tech
nique. The r e su l t s obtained a r e compared with theore t ica l calculat ions 
concerning the loss of energy of f ission f ragments in m a t e r i a l . 
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