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QUELQUES ASPECTS DU PROCESSUS DE FISSION 

Sommaire.- La f i s s i o n e s t toujours activement é t u d i é e du po int de vue 
expérimental e t théor ique en vue de mieux connaî tre l e s a s p e c t s s t a t i 
que; et dynamiques de ce phénomène. Une bonne déterminat ion de la 
barr ière de f i s s i o n a é t é obtenue en u t i l i s a n t l a méthode de S t r u t i n s -
ky. Un bon accord esw maintenant a t t e i n t en tre le - hauteurs de b a r r i è 
res c a l c u l é e s e t mesurées , sauf pour l e s a c t i n i d e s l é g e r s pour l e s q u e l s 
1» bosse i n t é r i e u r e c a l c u l é e e s t trop basse pour exp l iquer l e s r é s u l 
t a t s expérimentaux. Un examen plus approfondi des c a l c u l s et des 
m e i l l e u i e s données r e l a t i v e s 3 la f i s s i o n indu i t e pai neutrons dans 
2 3 °Th, 2 3 l P a e t 2 3 2 Th montre que la barr ière de f i s s i o n pour 2 n T h pré
sente t r o i s b o s s e s , t a n d i s que l e s r é s u l t a t s r e l a t i f s S ! " P a e t 2 3 2 T h , 
quoique compatibles avec une barr ière â t r o i s b o s s e s , n'apportent pas 
la preuve i n d i s c u t a b l e de son e x i s t e n c e . La dynamique, contrairement S 
la s t a t i q u e , e s t mal connue. Des r é s u l t a t s d é t a i l l é s ont é t é obtenus à 
p a r t i r des mesures des p r o p r i é t é s des fragments de l a f i s s i o n indui te 
par neutrons thermiques dans 2 1 5 U . Ces r é s u l t a t s peuvent ê t r e i n t e r 
prétés comme dus à une d i s s i p a t i o n d'importance moyenne entre le p o i n t -
s e l l e e t la s c i s s i o n . Cependant, d 'autres r é s u l t a t s r e l a t i f s â ia 
" f i s s i o n fToide" i n d u i t e par neutrons thermiques dans 2 3 3 U e t 2 Î 5 U ne 
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SOME ASPECTS CF NUCLEAR FISSION. 

Summary.-Fission i s s t i l l a c t i v e l y s tudied both from the t h e o r e t i c a l 
and experiment? 1 p o i n t s >£ view in order to know b e t t e r the s t a t i c s 
and the dynamics of the p r o c e s s . A ijood knowledge of the f i s s i o n 
barrier has been obta ined by using the S trut insky procedure. Good 
agreement i s now reached between double-humped f i s s i o n b a r r i e r h e i g h t s 
and experiments , except for l i g h t a c t i n i d e s for which the c a l c u l a t e d 
inner hump i s too low to exp la in the f i s s i o n data . Closer examination 
of the c a l c u l a t i o n s together with the a n a l y s i s of the b e s t f i s s i o n 
data for 2 3 ° l h , 2 3 1 P a a n d 2 "Th neutron- i iduced f i s s i o n ]*ad to the 
conclus ion that the f i s s i o n barr i er 1er 2 3 1 T h i s t r i p l e nunped whereas 
the data for 2 3 1 F a and 2 3 2 T h , though c o n s i s t e n t with a triple-humped 
b a r r i e r , do not provide ind i sputab le evidence for i f f e x i s t e n c e . The 
dynamics, in c o n t r a s t to the s t a t i c s , a»s poorly known. Deta i l ed 
r e s u l t s have been obta ined from the measurements of fragment p r o p e r t i e s 
for thermal-neutron induced f i s s i o n of 2 3 5 U . These r e s u l t s can be 
in terpreted as moderate d i i s i p a t i o n between saddle po int and s c i s s i o n . 
Yet , other recent r e s u l t s obtained from "cold fragmentation' in thermal 
neutron induced f i s s i o n in 2 , 3 U and i ! S U ; . - f not c o n s i s t e n t v i t h t h i s 
hypothes i s . Rather, according to recent microscopic c a l c u l a t i o n s o f 
the p o t e n t i a l energy s u r f a c e , cold fragmentation seems to stem from a 
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sont pas compatibles avec c e t t e hypothèse. En f a i t , d 'après de récents 
ca l cu l s microscopiques de l i surface d 'énergie p o t e n t i e l l e , la f i ss ion 
froide semble due â un nouveau mécanisme suivant lequel le noyau f i s -
sionnant sub i t une soudaine t r a n s i t i o n de forme entre la val lée de 
f i ss ion et c e l l e de fusion. A cet égard, la f i ss ion froide se ra i t 
s imi l a i r e au processus inverse de la fusion par ions lourds. 

1981 8 1 p . 

Commissariat à l 'Energie Atomique - France 

new mechanism whereby the f iss ioning nucleus undergoes a sudden shape 
t r ans i t i on from the f ission to the fusio.i va l ley . In this respect , 
cold fragmentation would be s imi la r to the inverse process for heavy-
ion fusion. 
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I - INTRODUCTION 

It is customary to say that the understanding of the fission process requires two problems to 
be solved and only two : the statics and tiie dynamics of the phenomenon. 

I.A - The statics consist In the determination of the potential energy of the fissioning 
system as a function of its shape between the initial state (which is nearly spherical) and the 
final state which is the scission point composed of tvj touching fragments. The great variety of 
snapes between these two extremes is defined by a set {s* of shape parameters in number n : 

{s} * S p s 2 s n (1.1) 

At small deformations, the nuclear shape is fairly simple and n has a small value whereas at 
large deformations the shape is more complex and needs a greater number of parameters to be repro
duced or another parameterization. 

The potential energy V({s}) at deformation {s} can be calculated with various methods. 

A method used since the very early studies of fission is called macroscopic because it assumes 
that the nucleus is a bulk of matter without internal structure and the calculations can be made 
with simple and conventional hypotheses. In this respect, the liquid drop model (LDM) which consi
ders the nucleus as a drop of charged and incompressible matter has been used and is still used 
extensively. This model has been quite successful in predicting the gross properties of the fission 
process but failed to explain more sophisticated aspects discovered in the mid 60's such as : fission 
isomers, vibrational resonances, Intermediate structure in subthreshold fission cross-sections, 
etc... 

At the other extreme, the îiçrosçogiçjçodels aim at describing the detailed motion of all the 
nucléons in the nucleus. In the Hartree-Fock (H.F.) or Hartree-Fock Bogolyubov (H.F.B.) methods 
which use self-consistent fields, a very accurate and thorough picture of the nuclear properties can 
be obtained, in principle. These methods hc.ve made great progress recently and encouraging results 
have been obtained. But the quality of these results require the knowledge of a good "effective 
nucleon-nucleon interaction". Such an Interaction cannot be derived as yet from basic principles 
but rather is determined phenomenologically and is tested only at small deformations. Moreover, the 
single-particle state basis used 1n the calculations needs to be large to cover the whole range of 
deformations and this leads to very long computer times. 

Ar Intermediate approach, called the iwçrosçoe1ç^1çrosço|>1ç method, Invented by Strutinsky 
[Str 67] uses the macroscopic energy together with a microscopic correction. More specifically, the 
potentla1 twrqy at deformation {s} can be written 1n the following form : 
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V((s}) - V M({s» • AE s h({s}) (1.2) 

in which VM({s}) is the ncroscopic energy, as obtained for example with the LDM 

and AE $ h({s}) is the "shel1-energy correction" which is closely linked to 

the density of single-particle states at the Fermi surface. 

The most interesting feature of this method is that a double-humped fission barrier is 

obtained for actinide nuclei when combining the single-humped shape of V,,({s}) with the oscillatory 

behaviour of AE h({s}) as a function of elongation (see fig. 1). Such a barrier shape proved imme

diately successful in explaining several puzzling fission results, already mentioned, namely : 

fission isomers, vibrational resonances, intermediate structure in subthreshold fission cross-sec

tions, etc... 

The description of the fission process in terms of the double-humped fission barrier is extre

mely interesting and has been covered in several review papers (see for example [Bra+ 72], [Nix 72], 

[Hie 73]). The most recent and comprehensive paper is that by BjbYnhoIm and Lynn [BL 80]. 

In the present talk, I will not review the double-humped fission barrier situation since this 

has been done previously on several occasions. Rather, I shall focus attention on the light actinide 

region (Th and Pa isotopes) where the double-humped barrier fails to explain quantitatively the 

data. But a triple-humped barrier, already predicted by the theorists, can probably explain the 

results in tha» mass region. This aspect of fission is reviewed in chapter II. 

I.B - The dynamics play also an important role in the understanding of the fission process 

because it describes the manner the fissioning system crosses (or passes over) the fission barrier 

and behaves during its descent from the saddle point down to scission. Two aspects of dynamics need 

to be considered : 

" îtKJSSIS-iKCÎiê-EîriKîSC.itiSl) which probably varies with deformation. This variation of B((s}) 

brings about a change in the fission path which would be obtained with a constant B value. 

- viscosity, or dissipation. This aspect controls the coupling of the collective degrees of freedom 

in the fission mode to the other degrees of freedom. If the coupling is weak, then there is no 

transfer of kinetic energy to excitation energy of the fissioning system and the system is said to 

be fluid. If, on tL' contrary, the coupling is strong, then there 1s some kinetic energy converted 

into excitation energy and the system is said to be viscous. Models have been invented to treat such 

cases. The adiagatiçjnodeT,, for example, assumes that there is no kinetic energy transfer into exci

tation and therefore that all the available energy at scission appears as pre-scission kinetic 

energy. At the other extreme, the statlstiçaljnodel assumed that the energy at scission is shared 

among all degrees of freedom, whether collective or Intrinsic, according to the laws of thermal 

equilibrium. Intermediate models are also used (see Section III.A). 
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Very l i t t l e is known about dissipation though this nuclear process is studied through both 
heavy-ion and f iss ion reactions. A review of the whole subject would be by far beyond the scope of 

234 °36 
this t a l k . Rather, in chapter I I I , I shall present some recent results about U and c U "cold 
fragmentation" which may shed some l i gh t to the motion between the saddle-point and scission and 
which may be explained thanks to a new f i ss ion mechanism. 
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Figure 1 
Illustration, in the one-dimensional representation, of the results 
obtained with the macroscopic-microscopic method for the calculation 
of the fission barrier for a typical actinide nucleus 
a) Macroscopic energy V H ( { s } ) 

b) Shell-energy correction iE h ( { s } ) 
c) Double-hump f ission barr ier obtained when combining the macroscopic 

energy with the shell-energy correct ion. 
In o) and c) the ground-state deformation {s„î is indicated by a 
vert ical arrow. 
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Figure 2 

232T Neutron-induced f i s s i o n c ross -sec t ion f o r Th jHS 55; 
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II - POSSIBLE EXISTENCE OF A THIRD WELL IN THE FISSION BARRIER. 

II.A - History and general background. 

The important success of the double-humped fission barrier in explaining many different fis
sion data is now well established. Quantitative analysis of these data gives consistent fission 
barrier parameters for most of actinide nuclei. Yet, there is a range of nuclei for which agreement 
has not been reached between calculations and experiments. This discrepancy occurs for light acti-
nides, such as thorium isotopes for which the calculated inner hump of the fission barrier is too 
low to explain the data. This disagreement persists even if various kinds of realistic models are 
used to calculate the barrier. This is the so-called "thorium anomaly" which is discussed in this 
chapter. Since the fission data considered in this respect are the vibrational resonances, they are 
oriefly discussed below (see also [Mic 78]). 

It has been known for a long time, that the fission mode was not completely damped in neutron-
induced fission. For example, structure in the near-threshold fission cro:s-section appeared in 
measurements as early as 1956 for 2 3 2 T h [HS 55] (see fig. 2) and 1965 for 2 3 0 T h |EJ 651 (see fig. 3). 

230 232 
This structure consists in one peak, as in anf for Th, or several peaks, as in a n f for Th. 
These peaks cannot be explained by conventional models, for example by assuming rapid changes in the 
number of neutron inelastic and fission exit channels. On the other hand, it is a well-known fact 
that vibrational levels are fully da.nped at the excitation energies (in the compound nuclei), 
roughly equal to 6 MeV, corresponding to the occurence of structure in the cross-section. Therefore, 
these levels cannot cause f».iy structure in the cross-sections. 

The advent of the double-humped fission barrier provided a straight forward explanation of 
this phenomenon in terms of vibrational levels In the second well of this barrier. Such states are 
called class-11 states as compared to class-I states in the first well. For a given total energy 
of the nuclear system, less excitation energy is available for class-II states than for class-I 
states. If the second well is shallow, the damping of the vibrational class-II states is weak and 
the width of these states is small. As a consequence, the fission probability presents a sharp peak 
in the vicinity of the vibrational state, and this peak shows up in the fission cross-section in 
the form of a resonance called "vibrational resonance" (fig. 4 ) . 

Quantitative analysis of the observed vibrational resonances can be made and reasonably good 
fits to the data can be obtained. As an illustration, fig. 5 shows the experimental data measured 
by James et al. |JLE 72|. Various fits to these data using different se».s of model parameters are 
displayed in fig. 6. 

It must be noted that these fits take into account, not only the class-II level responsible 
for the "vibrational resonance", but also the associated sequence of rotational levels. The energy 
sequence E 1 K of such a rotational set of levels is given by the following formula : 
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Figure 3 : Neutron-induced f iss ion cross-section 
for (Black dots are experimental data points 
[EJ 65]. Solid and dashed curves art calculations 
assuming one single-hump barrier [BL 30!) -

NEUTRON ENERGY IMeVI 

4 Potential energy A Excitation energy 

Vibrational 
resonances 

Deformation Fission yield 

figure 4 : Mechanism for the occurrence of big peaks called "vibrational resonances" 
in near-threshold fission cross-sections. On the left (fig. A) class-I and class-II 
vibrational states are shown as horizontal lines ; the damping of these states 
(hatched areas) increases with excitation energy. On the right (fig. B), resonances 
appear in the fission yield (or cross-section) as an effect of these vibrational states. 
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j Figure 6 : Vibrational resonance 

J around 715 keV in the neutron-indu-

- ced fission cross-section for " vTh. 
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Figure 7 : Comparison of theoretical and experimental 

values (at) of the moment of inertia for '"*vPu as a 

function of deformation. The two experinental points 
240 are for the Pu ground and isomeric states SB? 73 

(The ordinate gives the value of "-» in MeV" 1) 
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- = E° + * -JK LK ^ |̂ J(J + 1) - K(K + 1) + 5 K ) 1 / : a i ?(-) J + I > 2(J + 1)1 (II.1) 

in which J is the spin of the rotational level 
K is the spin projection number of the vibrational level 
3 is the moment of inertia of the nuclear system 

and a is the decoupling parameter which plays a role for K = 1/2 levels only. 
1/2 

230 In the case of tne 715 keV peak for Th, measurement of the angular d is t r ibut ion of the 
f ission fragments across the peak clearly indicates forward peaking, which is evidence for the 
presence of K = 1/2 components (see f i g . 14). Among the parameters needed to f i t the data, J and 
a are of special interest for the determination of the properties of the c lass- I I states. Good 
f i t s to the data are obtained with 

a 
1.8 keV < — < 2.7 keV 

20 
( I I . 2 ) 

- 2 . 3 < a < - 2 .0 
1/2 

h 2 t i 2 

The iner t ia parameter / - . , thus obtained can be compared to the value / - - , » 6 keV for the 
ground state, as deduced from the energies of the low-energy sequence of rotational levels for 
231 230 

Th. The states responsible for the Th vibrational resonance around 715 keV neutron energy have 
therefore a moment of inertia more than twice the value for the ground state. 

There is no precise relation between the deformation and the moment of inertia of a nucleus. 
Inertia increases with deformation but in a way which depends on the model used in the calculation, 
as illustrated in fig. 7. It is clear however that the states causing the vibrational resonance 
have a deformation greater than that of the ground state, in qualitative agreement with the double-
hump barrier hypothesis. 

Similar considerations hold for the Pu fission isomer which has a value of I~- equal to 
3.343 keV as compared to 7.156 keV for the ground state. 

But this interpretation, to be correct, implies that both barriers are high enough for the 
vibrational level to have a small total width. This is in contradiction with all calculations which 
show that the inner barrier is below the neutron separation energy, therefore preventing a vibra
tional resonance to exist at 715 keV incident neutron energy. This is one example of the "Thorium 
anomaly" mentioned earlier. 

A possible explanation for this anomaly gradually came out from progress made both in calcu
lations and experiments. 

More complete calculations of the fission barrier, in the region of the second saddle-point, 
were carried out by Mbller and Nix [MN 74] taking into account mass-asymmetry deformations. The 
calculated results showed that, for light actinides, the second saddle point becomes more elongated 
and the potential energy surface presents a shallow depression, like a lake (fig. 8). 
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232 Measurements of the Th fission cross-section carried out with a better resolution in the 
region of the vibrational resonances discovered earlier (fig. 2), revealed the presence of a fine 
structure composed of sharp peaks in each big vibrational resonance [BMP 75] (fig. 9). Preliminary 
analysis of the positions of these sharp peaks was consistent with sequences of rotational lev3ls 
and with an inertia parameter equal to 2.46 keVand 2.73 keV for the two vibrational resonances at 
1.5 and 1.6 MeV. It must be noticed that the interpretation of the energy spacings between the sharp 

232 230 
peaks, in terms of rotational levels, was easier for Th (as compared to Th) because the ana-

232 230 
lysed Th vibrational resonances have K = 3/2 (instead of ! = 1/2 for Th) thus eliminating the 
decoupling parameter a 

1/2 
I t is interesting to remark that the value of the inertia parameter deduced from the analysis 

232 230 
of the fine structure for Th is within the range of values needed to f i t the Th data, confir
ming that the moment of inertia of the vibrational resonances for Th isotopes i s , not only much 
greater than that for the ground state but also above the values obtained for some U and Pu fission 
isomers. (Table 1) . 

These results obtained from both calculations and experiments suggest a more refined mechanism, 
illustrated in f ig . 10, for the interpretation of the known Thorium vibrational resonances. The 
excitation energy in the compound nucleus (= 6 MeV) corresponding to the observation of vibrational 
resonances, is above the inner barrier where the class-I and class-II states are completely mixed 
and cannot be distinguished one from another. Moreover, the vibrational states at this energy 
(whether class-i or class-II) are fully damped and therefore cannot, as such, cause any structure 
in the data. But the vibrational resonances may be caused by levels in the third well (called 
class-I l l states) with a fine structure coming from the associated sequence of rotational levels. 

I t must be remembered that the class-I compound nucleus states, as observed in the lot/-energy 
neutron resonances, cannot be seen in the data at about 1 MeV neutron energy because, indspendently 
of their overlap, thuir spacing is several orders of magnitude smaller than the width of the reso
lution function. 

These Th results stimulated a renewed interest in the vibrational resonances in fission 
cross-sections of 1 .ght actinides, in order to find indisputable evidence for the existence of a 
third well in the fission barrier and for the fission mechanism proposed above. Much progress has 
been made since then in obtaining more accurate data a>v in having a clearer understanding of the 
mechanism which appears more complicated than was f i rs t anticipated (see for example [Pay 80]) . 

In the following part of this presentation, the above fission mechanism is described in more 
detail with i ts implications for the data obtained for " u T h , " £ T h and also "*Pa. 

I I .B - Consequences for the fission process of a third well in the fission barrier. 

Examination of the potential energy surface ( f ig . 8) shows that i t is symmetric with respect 
to the s, degree of freedom. Therefore, there are in fact two third wells with minima of the poten
t ial energy surface at ( s 2 , s?) and (s2, - S3) and with symmetric properties relative to s^ ( f ig . 11). 
Coupling through the barrier between these two wells modifies the properties of their vibrational 
levels. For each wave function 4<Q(S,) (with eigenvalue EQ) in either well , considered separately, 



- 13 -

a) 

234 THORIUM 

M n i.oo 

ELONGATION; s^ 
Î ~ %% 

Second well J 
Second saddle point 

(split into two wells) 

b) 
«M 

l/l 

without mass asynnetry 

with mass asymmetry 

s 2.s 4 

234, 
Figure 8 

a) Contour plot of the potential energy surface for '""Th in the 
region of the second saddle point. The inclusion of reflection 
asymmetry causes two wells Wl and W2 to appear in this surface. 

b) Fission barrier in the region of the second saddle-point without 
mass asymmetry (solid curve) and with mass asymmetry (dashed 
curve). 

Figure 9 : First evidence of fine 
structure superimposed on the gross 

232 
structure in the Th fission cross-
section. Arrows indicate the presence 
of some of the sharp peaks of this 
fine structure (BMP 75I. 
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Figure 10 : A possible explanation 
of the thorium anomaly in terms of 
th i rd well in the f iss ion barr ier . 
The mecharnsm is i l lus t ra ted for a 
K = 3/2 rotat ional band, as mea
sured in the broad peaks at 1.5 and 
l.fj '1eV incident neutron energy for 

232 the Th f i ss ion cross-section. In 
the case of two " th i rd we l ls " , the 
mechanism is more complicated, as 
explained in the text . 

• V i s , ) 

with no couplinq between the two wells 

with coupling between the two wells 

Figure 11 : Cut of the potential ener
gy surface along the s, (mass asymme
try) shape parameter. Two minima 
appear at s., and - s„. Degeneracy of 
a vibrational level (solid line) is 
lifted (dashed lines) if coupling 
between the two we11 s is taken into 
account. 

Figure 12 : Energies of rotational 
levels having K = 1/2 as a function 
of the decoupling parameter a . 
Levels are labelled according to 
their (J,K) value. 
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this couplinq leads to a pair of wave-functions v n and .„ (with opposite parities and eigenvalues 
E„ and E„ respectively). From text books, we can find the following expressions : 

•0= ^ [ W +"*0<-s3>] 

vo = vf r o ^ " -o (" S3 5J 
(II.3) 

.-+ r .... 1 r«" i | 
and AE = EQ - E Q = C exp I - >- I Q V2u(V(s 3) - E Q) ds 3 (II.4) o 

where V(s-,) is the potential energy across the barrier, along the s-, degree of freedom. 

The parities of the wave functions :.v and .„ against s, inversion apply in the same nunner 
to space reflection. 

Therefore, for interpreting the fine structure data in the vibrational resonances, one has 
to consider not one but two sequences of rotational levels of opposite parities and with bandheads 
separated by an energy AE. In fact, detection of sharp peaks corresponding to these two sequences 
is evidence that the process is cause by two "third veils" in the fission barrier. This criterion 
obviously was not considered in earlier analyses of the data. 

The relative positions of the rotational levels having the same (J,K) quantum numbers but 
opposite parities greatly depend on whether the K quantum number is equal to or different from 1/2. 

For K > 1/2, one parity sequence is approximately shifted, as a whole, by AE compared to the 
other parity sequence. This is because a = a = 0 and AE is supposed to be spin independent. 

1/2 ""1/2 

For K < 1/2, the situation is more complicated because the decoupling parameters a and 
a need to be taken into account. As may be seen from expression (II.1) and fig. 12, the 
-1/2 

influence of a (or a ) can, not only modify the regularity of the rotational pattern as a func-
1/ 2 - 1/2 

tion of J (for small values of a ), but also lead to level inversion (for large values a ). 
1/2 1/2 

Though the two values a and a were considered as independent parameters in some early 
1/2 -1/2 

analyses, it was soon realized that, according to basic considerations, one has : 

a = - a (II.5) 
1/2 -1/2 

This simple relation has the advantage of reducing by one the number of adjustable parameters 
in ficting the data but, on the other hand, if the value of la is large, then one can have 

I i' ' I different spin inversion in the two parity sequences as is illustrated in fig. 13. 

Evidence for the existence of a third well requires a very good resolution to identify all 
(or most of) the levels of these two rotational sequences. 
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In addition to these high resolution measurements, the direct ipin (and possibly parity) 

determination of the sharp peaks would be very valuable. This would help removing the ambiguities 

associated with an analysis based solely on energy spacings. 

Spin determination is made through angular distribution W(e) of the fission fragments assu

ming conservation of the K-quantum number from saddle point to scission. One obtains for a 

spin I = 0 target nucleus 

W(6) = I o n f(JK^) Hj(e) 
JKÏÏ 

* * > - T K i c ( e , l 2 + |d--K<e>!Zl <"-6> 

with £ W^(e) sine de = 1 

where anf(JK*r) is the partial fission cross-section for quantum numbers JK.r. 

VOS) is the angular distribution of the fission products, for the channel having 

quantum numbers JK, at angle e relative to the incident neutron beam. 

and di (e) is the reduced wave function for a symmetric top 

The expressions for the fission fragment angular distributions in the case of non-zero target 
231 

nuclei are more complicated and are discussed for the specific case of Pa in Section II.D. 

It can be noted that W K(9) is parity independent for spin-0 target nuclei. Parity may play 

a role for the overall angular distribution through the parity dependence of a -, if several fission 

channels are involved. 

Grapl's of W K(e) as a function of e are displayed in fig. 14 for various sets of KJ values. 

The angular distribution is of course symmetric relativp to 9 = 90°. 

Forward peaking is predicted for K = 1/2 and J > 1/2, and is more pronounced for larger 

J-values. Sideways peaking is obtained for the K > 1/2 values, and is more pronounced for larger 

K-values. Therefore, a K = 1/2 component can be easily identified through a crude anisotropy measu

rement. But the determination of the J-values for a set of levels having the same K quantum number 

(whether K is equal to or different from 1/2), is much more difficult because the differences in 

W K are much smaller and can be detected only through very precise measurements. 

The techniques used for measurement of the angular distributions depend on whether the neutron 

source delivers monoenergetic neutrons or bursts of neutrons with a widf spectrum used in conjunc

tion with the time-of-flight method. 
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- With monoenergetic neutrons, the fission fragments can be detected with a plastic foil 
(Hakrofol) placed around the sample and using well-known etching techniques. Though the solid angle 
covered by the plastic detectors is relatively large, there is nevertheless a loss of fission frag
ments in the detection system compared to fission cross-section measurements. Also, since the peaks 
are very sharp, it *s very difficult to set the incident neutron energy exactly on each peak. 

- With time-of-flight techniques, the detection of fission fragments cannot be made with 
plastic foils. The angle of fission fragment emission cei be selected either with grid ionisation 
chambers in which fission fragments are counted when they are emitted at angles between 0 and 
(the maximum angle determined by the geometry of the chamber) or with solid-state detectors set at 
chosen angle ::. 

In both cases, there is a loss of count rate and, to compensate for this, Measurements must 
be made with poorer resolution. By time of flight, it is relatively easy to identify the peaks and 
the fission yields in each peak for angles 0 < • < a „ , in contrast to measurements made with mono-
energetic neutrons. 

Both techniques have been widely used and are discussed for 'Th, Pa and " Th in 
Sections II.C, II.D and II.E respectively. 

If measurements of fission cross-sections and angular distributions were both carried out with 
sufficient pression to resolve the sharp peaks, then these data could be analysed independently one 
from each other because* apart from a background cross-section the fission contribution in each neak 
would come from one single state having well-defined J K quantum numbers. But this is not the case 
and, especially in the angular distribution data, contribution from several states are found in the 
data points. Therefore, to be meaningful, the analysis must be made simultaneously on both types of 
data (fission cross-section and angular distribution). 

II.C - The ( 2 3 0Th+n) system. 

This nucleus is certainly the best studied case for finding evidence of the existence of 
"tn'rd wells" in the fission barrier, because : 

i) it is a spin-zero target nucleus and, therefore, the expressions for angular distributions 
are relatively simple. 

ii) it presents, 3S already discussed, a well separated vibrational resonance at 715 keV with 
a peak cross-section of about ICO mb. 

iii) Forward peaking of the fission fragments across this resonance clearly indicates that 
K = 1/2. Despite the additional complexity brought about by the decoupling parameter, this K-value 
is an advant-je for the identification of two rotational bands of opposite parities. (See 
Section II.B). 

232 
iv) The energy of this vibrational resonance is lower than for Th. Therefore, fine struc

ture components can be better separated, especially by time of flight since it is well knewn that 
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resolution improves with decreasing energy. Also, at lower energy, the analysis of the daca is 
rendered easier because fewer values of the orbital angular momentum contribute to the cross-section, 
as an effect of the centrifugal barrier. 

230 
The renewed interest in the ( Th+n) system stimulated not only new and more accurate measu

rements but also closer examination of old data which had been overlooked. This was the case for 
the Los Alamos results measured with a nuclear detonation a*- a pulsed neutron sourca, using the 
tiirî of flight method jMV 71]. These data recorded on film reveal in fact "wiggles" across the 
715 keV peak for fission fragments detected at 100° and 125° relative to the incident neutron beam 
Mic 78]. 

These results have recently been reported on several occasions and an updated version V̂M 81] 
is given in fig. 15. Fine structure components are clearly present in both data sets with an ampli
tude exceeding the statistical uncertainty estimated to z 6 % at the maximum of the cross-section 
(a systematic error cf ± 20 % which was combined with the statistical uncertainty in earlier ana
lyses plays in fact a different role and must be treated separately). 

Unfortunately, this experiment was aimed at the measurement of the cross-section only with 
minimisation of possible anisotropy effects. This v, the reason why the fragment detection angles 
were chosen close to 90° where the differences in the various W contributions are small (see 
fig. 14). Nevertheless, thi-> measurement presents the advantage of data measured at two different 
angles with a very good energy resolution bi.ause of the very high neutron intensity of a nuclear 
detonation. Therefore, the ratio a ,(100°)/a ,(125°) (plotted in fig. 15) is of great value for 
interpreting the data. 

In order to confirm these old results, several measurements of both j , and W(0) were made 
which are summarized in Table II. 

Using the Geel linac as a pulsed neutron source, Blons et al |Blo+ 78a! carried ou* an angle-
integrated fission cross-section measurement, using a gas scintillator as a fission detector, with 
a resolution of 1.7 keV. These results were obtained with a resolution comparable to that of 
L.A.N.L. but with a better statistical accuracy, and they clearly confirm the presence of a fine 
structure. (See fig. 16). 

Despite the difficulties encountered in this type of measurements, fission cross-section data 
were also obtained with a good energy resolution (2.5 keV) using monoenergetic neutron beams 
iBru 80] but the resolution is still too broad to clearly resolve the fine structure (fig. 17). 

However, the use of monoenergetic neutron proves superior for measurements of angular distri
butions. Two data sets are of very good quality : 

i) using the Makrofol technique, the Bordeaux team was able to obtain data with an energy 
resolution of 2.5 keV, as for the fission cross-section measurement [Bru 80j (fig. 18). 

The anisotropy thus measured can be compared to previous data obtained with the same tech
nique by Yuen et al. |Yue+ 71] with a resolution of * 5 keV and James et al. IJLE 72] with a reso
lution of 10 keV to 20 keV (fig. 19). 
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230, 
a) Neutron-induced fission cross-sections for J Th and for fragments 

emitted at 9 - 100° and 9 = 125° |VM 81J. 

b) Ratio of the above cross-sections. The calculated values of this 

ratio for states having different J values (but K = 1/2) are indi

cated on the abscissa. 

The sets 1 and 2 are discussed in the text. 
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Angular d is t r ibut ion of f ission fragments emitted in the neutron-induced f iss ion 
230 

of Th at various incident neutron energies [Bru 80j . 
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ii) Solid-state detectors were used by Caruana et aï. to measure the angular distribution at 

6 fixed angles with a resolution of .. 4 keV [CBK 77] (See fig. 19). 

A summary of these experimental data is given in Table II. 

The validity of the theory can be verified by fitting simultaneously both fission cross-sec

tion and anisotropy data. Several attempts have been made with various hypotheses and are reviewed 

in what follows. These hypotheses fall into two categories : 

i) one rotational band only having a well-defined parity (this is consistent with a second 

well in the fission barrier) (See I I.C.I). 

ii) two rotational bands of opposite parities and having two opposite values of the decoupling 

parameter (a = - a ) (This is consistent with two "third wells" in the fission barrierï. (See 
1/2 -1/2 

u.c.2). 

I I . C . l - One single-pari ty rotat ional band hypothesis. 

The old data measured by James et a l . could be f i t t e d with one par i ty sequence of levels only 

[JLE 72] as already noticed. 3ut i t is not possible to f i t the more accurate daca with one single 

band of rotational levels (having either K = 1/2 or K = 1/2"). Attempts m d̂e with this hypothesis 

are reviewed below : 

K = l / 2 + ( f i g . 20) and K = 1/2" ( f i g . 21) in [Bru 80] 

K = l / 2 + ( f i g . 22) and K = 1/2" ( f i g . 23) in [Plo+ 80] 

K = l / 2 + ( f i g . 24) in [Bol+ 81] 

The parameters used in these calculations are given in Table I I I . fhe K = 1/2" option (used 

previously by the Harwell Group [JLE 72]) was ignored in [Bol+ 81j as unable to give a good f i t to 

the new data sets. 

In fac t , as can be ver i f ied in f i g . 20 through 24, none of the calculations can sat is fac tor i l y 

f i t the data though various parameter sets were used (see Table I I I ) . Therefore, one can conclude 

that the data are not in agreement with one-single-parity-band in the second well of the barrier and 

that two-parity bands must be considered. 

U.C.2 - Two-parity rotat ional band hypothesis. 

The number of parameters is the same as in the one-parity sequence since a = - a , 
1/2 -1/2 

as noted above. 

Several attempts to fit the same data were also made by the same groups (calculations made 

with independent a and a parameters are not considered here). 
1/2 -1/2 
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Attempt to f i t simultaneously both the cross-section (a) and the fission 
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Same attempt as in f i g . 20 but with Kn = 1/2" [Bru 80]. 
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The results of the best fits obtained are given in : 

Fig. 25 from [Bru 80] 
Fig. 26 from [Blo+ 80] (version B) 
Fig. 27 from [Bol+ 81] 
Fig. 28 from [Bio 81] (version C) 

The main parameters used in these fits are given in Table IV. 

The clue to the understanding of the determination of these parameters is given by examining 
the LANL o n f(125°)/o n f(100°) data plotted in fig. 15. These data present two peaks around 716 keV 
and 725 keV which can be reached only by J = 3/2 states. The exact predicted value is not obtained 
in the experiments probably because of resolution effects. Therefore, two main parameter sets can 
be considered depending on the parity assignments for the two postulated J = 3/2 states : 

Set 1 : 3/2 + state at 716 keV and 3/2" state at 725 keV 
Set 2 : 3/2" state at 716 keV and 3/2 + state at 725 keV 

All the fits made using the two-parity band hypothesis belong to one or the other of these 
two sets, as given below : 

Set 1 : [Bru 80], [Blo+ 80] version b, [Bol+ 81|, 
Set 2 : [Bio 81] version C. 

Therefore, it is natural that all the fits of set 1 have very close parameters. The difference 
in the parity assignments for the two J = 3/2 levels is compensated by different a and AE values. 
It is interesting to remark that whatever the parameter set is, the inertia parameter remains close 
to 2 keV, probably because it is mainly determined by the overall width of the vibrational reso
nance. 

The comparison between these two parameter sets is given in fig. 28 where the fits of 
J. 31ons, versions B and C, are plotted. One can see that set 2 gives a slightly better fit to the 
cross-section. But, what is still more in favor of set 2, is the fit to the anisotropy data. The 
calculated W(0°)/W(90°) and especially a.x(125°)/a -(100°) values are much more in agreement with 
the measurements than those calculated with set 1. Therefore, good agreement is obtained with the 
version C of [Bio 81) which is preferred to the other option. 

230 In conclusion, one can say that the Th vibrational resonance at 715 keV provides a good 
231 evidence for the existence of a triple-humped barrier in Th because the data cannot be reproduced 

by a one-pr.rity sequence of rotational levels (typical of a second well) but need two sequences of 
rotational levels to be explained, in accord with the thiro well hypothesis. Also the inertia para
meter obtained from the fits is about 2 keV, far below the ~ 3.3 keV value corresponding to measured 
U and Pu fission isomers. This, in itself, implies that the vibrational levels responsible for the 
715 keV resonance have a deformation substantially greater than that of the second well where the 
fission isomers take place, hence giving additional weight to the third well hypothesis. 
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Attempt to f i t simultaneously both the cross-section (a) and the f iss ion fragment angular 

d is t r ibut ion (b) for Th neutron-induced f i ss ion , assuming two-parity sequences of rota
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231 
I I . u - The ( Pa+n) system 

231 
Pa is a non-f iss i le rucleus presenting also some structure in i t s near-threshold f iss ion 

cross-section. Interpretat ion of the data i s rendered more d i f f i c u l t because the compound nucleus 
232 

Pa is odd-odd with a more complicated structure than the odd thorium isotopes. The spin and i ts 

projections can take only integer values thus excluding the K = 1/2 case which, though adding some 

complexity, provides the poss ib i l i t y for a better ident i f i ca t ion of two-parity bands in the f ine 
?31 - -

structure of the vibrat ional resonances. Also, the spin of Pa is d i f ferent from zero (I = 3/2 ) 
o-ir) 

with the consequence that the angular distribution is parity dependent, in contrast to the Th 
232 and Th cases. Examples of this parity dependence are given in fig. 29. This feature could be of 

interest for the identification of two rotational bands of opposite parities and slightly shifted 
in energy. 

231 A summary of the Pa f iss ion data is given in Table V. 

231 
Structure in the Pa f ission cross-section was detected as early as 1964 by Dubrovina and 

Shigin [DS 64] and confirmed by Muir and Veeser [MV 71] using a nuclear detonation as a pulsed 

neutron source associated with the time of f l i g h t technique. In this last measurement, a sharp reso

nance appeared at E = 158 keV with a natural width smaller than the width of the resolution func

t ion (4 keV). The same resonance also appeared, even more sharply, in measurements carried out with 

monoenergetic neutrons and a resolution of about AE = 2 to 5 keV around E = 160 keV. This reso

nance is so narrow that i t sticks out in the data in one point only with an observed peak cross-

section of 25 mb (at AE = 5 keV) and of 39 mb (at AE = 2 keV) (see f i g . 30). Such a resonance 

with a width of about 2 keV is due to a pure vibrat ional state, with quantum numbers (K,J ) equal 

to (3,3 ) as determined from an angular d is t r ibut ion measurement ( f i g . 31), that can exist only 

in a shallow well of the f iss ion barr ier , not compatible with the calculated properties of the 

second we l l , but possibly consistent with the postulated th i rd we l l . 

231 The interest ing features of the Pa f iss ion cross-section stimulated a j o i n t e f fo r t from 

three laboratories (Bruyères-le-Chatel, Los Alamos and Oak Ridge) to undertake the "best possible 

measurement" of this cross-section with presently-available techniques. I t was hoped that these 

measurements would reveal the detai ls of the f ine structure and c la r i f y the th i rd well s i tuat ion 

by showing, for example, that the 158 keV resonance i s in fact a doublet. 

The results obtained with the time of f l i g h t technique and a nominal resolution of 0.19 ns/m 

represented a substantial improvement compared to previous measurements (resolution width of 

0.4 keV compared to 2 keV around 160 keV). The f iss ion cross-section thus obtained is plotted 

between 0.12 MeV and 0.45 MeV in f i g . 32. The gross structure already observed in previous experi

ments at about 200 keV and 330 keV is reproduced but, in addit ion, a f ine structure also appears 

superimposed onto i t . The sharp peak at 158 keV, s t i l l shows up as a single peak, but defined this 

time by several points and with an observed peak cross-section of 89 mb (more than twice the 

highest value measured before). The energies of a l l the sharp peaks observed in th is energy range 

are given in Table V I . Above 450 keV, the f ine structure cannot be resolved because of the deterio

ration of the resolution with energy. 

Analysis of the gross structure at 200 keV and 330 keV is possible in terms of vibrat ional 

levels having K; = 0 + (almost pure) and Kn = 0" (s l igh t ly damped) respectively [Sic+ 79]. 
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Figure 29 
Calculated fission fragment angular distribution for several J values and for 
K 3 and 3 !Sic+ 79! 
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Figure 30 

Vibrational resonance aroun.l E = 160 keV 
231 

in the Pa neutron-induced fission cross-
section Sic+ 79 
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Figure 31 
Measured and calculated (with KJ" = 33 
fission fragment angular distribution 

231 in the Pa vibrational resonance 
around E = 160 keV (see fig. 30) n \ ? i 

[Sic+ 79! 
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Figure 32 

231 Neutron-induced fission cross-section for Pa measured by time of flight with an 
energy resolution of 400 eV at E = 160 keV. The arrows indicate the presence of 
sharp peaks in the fine structure [P1a+ 81). 
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An attempt to f ind some evidence for the existence of a th i rd well was made by a combined 
analysis of the sharp peaks in the f iss ion cross-section and the FFAD* by Sicre et al [Sic+ 79]. 
The analysis took into account the high cross-section measured on too of the sharp peaks, 
a consequence of the high resolution achieved in the measurement (see, for example, the 158 keV 
resonance) ; this was of great help in eliminating (J,K' ) combinations f o r which the calculated 
cross-section for compound nucleus formation was smaller than the observed f iss ion cross-section. 

ojch an analysis is described in detai l i n [Pla+ 8lJ and the parameters for three sharp peaks 
are given in Table VILA. These three peaks have K = 3 but i t appears that the f iss ion penetrabi l i ty 
P f is much smaller for K = 3 than f o r K" = 3", implying d i f ferent barr ier parameters for these 
two sets of quantum numbers. 

The small number of sharp peaks which are analysed do no provide evidence for the existence 
of a th i rd well in terms of two rotat ional bands of opposite par i t i es . Yet, interpretat ion of these 
results can be made consistent with the th i rd well hypothesis as discussed below : 

The narrow resonances at 156.7 and 173.3 keV can be considered as caused by two degenerate 
c l ass - I l l vibrational levels with opposite par i t ies (K = 3 and 3") and parameters given in 
Table VI I .B. The energy sh i f t of AE = 173.3 - 156.7 = 16.6 keV is acceptable. Unfortunately, the 
rotat ional levels associated with these vibrational levels as band heads are too d i f f i c u l t to 

** + T -

detect. The J" = 4 level has too small a C.N. formation cross-section. The J' = 4 level has a 
higher value of a.... but the f iss ion penetrabi l i ty is too small. The energies of these J = 4 levels 
were obtained by adding 16 keV to the energy of the band head, as would be obtained with an ine/ t ia 
parameter of 2 keV. Levels with higher J-values correspond to s t i l l smaller cross-sections because 
of the increased effect of the centrifugal barr ier and therefore cannot be detected. 

231 In conclusion, high qual i ty f iss ion data have been obtained for Pa. A f ine structure 
superimposed on the gross structure is clearly ident i f ied in the f iss ion cross-section. Interpre-

232 cation of these data is consistent with the existence of a th i rd well in the Pa f ission barr ier , 
though indisputable evidence for such a barrier shape in th is nucleus s t i l l remains to be found. 

ILE - The ( 2 3 2Th+n) system. 

232 Structure in the Th near-threshold f ission cross-section was studied on many occasions 
after i t was f i r s * observed [HS 55], but th is study was greatly stimulated by the detection of f ine 
structure i n the broad vibrational resonances, interpreted at that time as rotat ional sequences of 
levels having a large moment of i ne r t i a rBMP 75] . This preliminary analysis of f ine structure data 
was based on the energy spacinqs only and assumed one-oarity séquence of rotat ional I P V P U . 

232 230 
I t is more d i f f i c u l t to obtain accurate data on f ine structure for Th than for Th, 

essential ly because the vibrat ional resonances are located at higher energy (1.4 - 1.7 MeV as 
230 compared to 0.73 MeV for Th) where the resolution function is broader. The data are also more 

d i f f i c u l t to analyse because : 

* Fission Fragment Angular D is t r ibu t ion . 
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i ) a t higher energy, more angular momentum values o f the i n c i d e n t neutror. con t r i bu te to the 

compound nucleus fo rma t ion . 

i i ) there i s a group o f v i b r a t i o n a l resonances separated by roughly C.I Veï wi t - , the c o n t r i 

but ion of several K-values. 

More accurate measurements were ca r r i ed out since the i n t e r e s t i n g r e s u l t s f o r ~ J ~ 7 - «ere 

obtained i n order to substant ia te more thoroughly t h e i r i n t e r p r e t a t i o n . 

232 
A summary o f the T h f i s s i o n data i s giver, i n Table V I I I . 

The f i s s i o n c ross -sec t i on was measured w i th good r e s o l u t i o n us ing e i t h e r ^o roe re rge t i c neu
t rons (.'.E = 3 keV around E = 1.6 MeV) Bar 77* or a whi te source associated w i t ' the t ir .e of 

4 n n ' • -

f l i g h t method ( IE = 2.3 keV around E = 1.4 Me'»'). The r e s u l t s tn.us obtained are S . A T i n f t ; . 23 

and 34. They represent the upper l i r a i t o f accuracy tha t can be reached by p r e s e n t l y - a v a i ' a b l e 

convent ional techniques. As an i l l u s t r a t i o n of the progress accomplished towards - e a s u r e i e r t s of 

be t t e r accuracy, the old data of Kenkel and Sni th HS 5 i are compared to those of Slons et al 

BIOT 80* i n f i g . 35. In a i l these recent - w f naasurenents, the f i r e s t r i c t u r e a 1 real..-

observed by Blons e t al BMP 75* i s conf i rmed. A more d e t a i l e d i - t e rconpar i son of these f i r . e s t r uc 

tu re data together w i t h a t e n t a t i v e i n t e r p r e t a t i o n are g iven l a t e r i n trie t e x t . 

The f i s s i o n fragment angular d i s t r i b u t i o n was a lso seasurea i n the be^t poss ib le czriitions 

but w i t h a broader r e s o l u t i o n than f o r the f i s s i o n c ross -sec t i on measurement, as a co-seauence of 

the reduced count r a t e . FFAD data were taken using also e i t h e r oionoenergetic -eutrons w i t r f * a ~ e - t s 

detected w i t h Makrofol ; ' 'E = 5 keV) 3cir 77 or a wn i te neutror source associated w i t " the t : - - . - o * 
n ' • 

f l i g h t method, the se lec t i on of the angle of fragment emission being then acn ieve i w i t - g r i i s 

(:.E = 7 t o 16 keV around E„ = 1.6 MeV Bio ,•>.!' iuc>- , ; : ' } . I l l u s t r a t i o n of Vc- UU * n n - • 

thus obtained i s given i n f i g . 33 where i t car, be seer, t ha t there ire rap id changes i - * ' • acrsss 

the region of v i b r a t i o n a l resonances. 

230 
As f o r Th, i t i s necessary to f i t s imultaneously both - c and 'A[ ; data to p r t a i - . 3 

meaningful i n t e r p r e t a t i o n of the f i s s i o n process i n t h i s energy r eg i on . 

The g_ross_ st i - i ic ture of the v i b r a t i o n a l resonances needs t o be q u a n t i t a t i v e l y exp ia i - - . 1 f i r s t . 

Attempts were made by the Lucas Heights :.L.H.) BwM 30' and the 3 r u y e r e s - l e - C - i t e l -3RC- "AJ" " a 

groups. Deta i led p resen ta t ion and comparison of t h e i r r e s u l t s are g iven in Aho+ "9 . 

The var ious K con t r i bu t i ons determined by both groups f o r each v i b r a t i o n a l resonance are i n 

good agreement w i th recent determinat ion- , Auc+ 31* i l l u s t r a t e d in f i g . 36. There fore , there sews 

to be a general consensus on the K determinat ions , except f o r the \. I MeV resonance which snouid 

have K = 1/2 according t o Bîons e t al BMP 75_ cont rary to a l l o ther determinat ions which g ive a 

predominance of K ; 3 /2 . 

Since the BRC and L.H. f i t s are already reviewed i n d e t a i l e' .ewh.^re. there i s no need to 

repeat the same de ta i l ed presenta t ion here. The c a l c u l a t i o n s of these two groups are presented in 

f i g . 37 and 38 together w i th a comparison to the experimental da ta . In add i t i on to these f i s s i o n 

ca lcu la t ion , ' ; , f i t s to the r a d i a t i v e capture and sca t t e r i ng c ross-sec t ions were a lso considered 
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Figure 33 

232 Neutron-induced fission cross-section for Th (on top). The cross-^ecrinns 
for fission fragments emitted at 0 < 45° and ? <. 31°, as measured with gnu 1;, 
are plotted below [Blo+ 80] [BMP 75]. All these results were obtained with 
the time-of-flight method. 



- 40 

1570 1585 m £15 IU0 S«5 
E.(MeV) 

Figure 35 : Comparison of several data 
— 732 
for the Th neutron-induced f iss ion 
cross-section : 

a) from Henkel and Smith jHS 55j 

b) from Blons et a l . |Blo+ 80J with 

insert A. 

Figure 34 : Neutron-induced f iss ion cross-section for 
pop 

Th measured with monoenergetic neutrons \Bar 77] . 
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Figure 36 

Integral angular distribution of fission fragments (measured with grids) in the 
?3? 

Th vibrational resonances at E = 1.4 MeV, 1.6 MeV and 1.7 MeV. The lines are 
calculations for various K-contributions |'Auc+ 81], 
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Figure 37 : Fit to the Th fission cross-
section. The experimental points are from 
Blons et al. 'BMP 75'. The solid line is a 
fit described in ;AJT 79'. The dashed line 
is the fit from the Lucas Heights group 
ÎCBW 77 :. 
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Figure 36 

Fit to the Th fission fragment anisotropy. The solid line is a fit from the 

Bruyères-le-Chatel (BRC) group TAJT 791 using the same parameters as those for 

fig. 37. The other lines ( and ) are fits from Lucas Heights (see 

text). 
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"Abo+ 79' AJT 7 9 \ Examination of f i g . 37 and 38 shows that i t is possible to explain the gross 
~?32 . . . . . 
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sion channels needed to obtain such fits is impressive as can be seen in Table IX. It must be 
remarked that, in these analyses, each state in the third well is associated with a fission exit 
channel. In the BRC fit, most vibrational states were considered as doublets with components of 
opposite parities (in contrast to the L.H. fit) and as band heads for rotational levels. The lowest 
K = 1/2 state is not bound in agreement with the predictions of Moller and Nix rrMN 76]. The value 
of the inertia parameter used for the rotational bands is not very important since the sharp peaks 
of the fine structure do not appear in these calculations, as discussed below. 

These fits to the gross structure look satisfactory at first sight but, nevertheless, they 
present two drawbacks : 

i) the calculated fission cross-section above 2.4 MeV (not shown in fig. 37} is above the 
measured or?. This is certainly caused by too many fission channels used to fit the cross-section 
below this energy, 

ii) the fission barrier parameters used in the calculations cannot reproduce the fine struc
ture in the gross structure, as it is illustrated in fig. 39 for the 1.6 MeV vibrational resonance. 

Therefore, the analysis reported above is not completely satisfactory and a new set of fission 
barrier parameters must be found to fit both the gross structure and the fine structure data. 

Two trends towards more realistic fission barrier parameters can be suggested : 

il Trie number of fission exit channels must be reduced in order to yield lower ; , values 
nt 

above 2.4 MeV. This can be achieved, for example, by assuming more than one vibrational level for 
each fission channel with, as a consequence, a third well slightly deeper than the one postulated 
above. 

ii) Barriers with smaller penetrability are necessary to reduce the widths of some vibrational 
states and therefore reproduce the observed widths of the sharp peaks in the fine structure. 

It is interesting to have a closer look at the fine structure in the 1.6 MeV vibrational 
resonances since these sharp peaks, first interpreted as a single-parity rotational band, were at 
the origin of most of this work. The new results confirm the existence of these sharp peaks whether 
they are measured with monoenergetic neutrons [Bar 77] or by the time-of-flight method 'Blo+ 80;. 
A comparison of these two data sets is made in fig. 40. But the interpretation is now dif
ferent for it has to take into account the existence of two bands of opposite parities and also the 
gmnlitudç of the sharn nç^ks in tprmç of nçutrnn and fission penetrabilities. An atteint to fit the 
fine structure data is under way [Bio 81]. 

232 
In summary, much work has been achieved in the study of Th neutron-induced fission. Satis

factory fits to the gross structure in the fission cross-section have been obtained, in agreement 
with the results for the angular distribution. But, though the early results of 1975 could be inter
preted at that time as the proof of the existence of a third well in the barrier, the more accurate 
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232 The fine structure (x) in the 1.6 MeV Th{n,f) vibrational resonance 
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data that have been obtained since then, need to be interpreted with a more sophisticated theore
tical approach before one can conclude to the unambiguous existence of a third well in the fission 

233 barrier for Th. 
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III - SOME DYNAMICAL ASPECTS IN THE COLD FRAGMENTATION OF 2 3 4 U AND 2 3 ° - SYSTEMS. 

III.A - General background. 

In the preceding chapter, we examined some properties of the fission process that are strongly 
dependent on the statics of the phenjmenon, more specifically on the potential energy surface in the 
region of the saddle point. This is important, for example, for the determination of the fission 
probability and, consequently, for the understanding of the behaviour of fission cross- actions. 
But other properties require a more thorough description of tne motion from the formation of the 
initial state to the scission point. 

A complete treatment of fission mist include the dynamics of the process, essentially the 
inertia! mass tensor of the system and cissipation. These dynamical aspects influence many proper
ties of the fission fragments such as their yield, kinetic and excitation energies. Measurements 
of such properties and of their correlations can give a hint to the knowledge of fission dynamics 
which are still poorly known (see among many other references _VH 73 , 3jo 74 , Blo+ 73b ). For 
example, the share of the energy available in fission between excitation and kinetic energies of 
the fission fragments can give some insight into the importance of viscosity in the descent from 
the saddle point to scission. A large fragment excitation energy, usually determined by re.itron 
evaporation and y-ray emission, is the indication that the fissioning system has been heated up 
along the fission path and, therefore, that viscosity plays an important role. Also, the odd-even 
differences in the fragment yields can tell something about the preservation of superfluidity in 
the descent to scission. If strong even-odd effects are observed, they may be interpreted as evi
dence of adiabaticity in the motion along the f" "ion path. 

A vast amount of data has been accumulated on the properties of tne fission fragments. Yet, 
the conclusions deduced about the fission dynamics are very controversial. This is because tne 
interpretation of the data is ambiguous. For example, there is usually not a one-to-one corresoon-
dence between properties of fission fragments on one hand and fission parameters on the other hand. 
This can be illustrated by the kinetic energy of the fragments which is the sum of the Dre-scission 
kinetic (E ) energy and the Coulomb energy at scission ;'V ) : 

T c 
"K h s c + Sc i h l-' : 

Any variation in the fragment kinetic energy can be accounted for either by a change in the former 
(implying a change in the viscosity) or by the latter (by a modification of the scission configu
ration), and there is no easy way to disentangle the relative contributions of these two effects. 

Another example is provided by the total excitation energy of the fragments which depends on 
the scission properties. At scission, the fissioning system can be excited, as a consequence of 
viscosity effects, and the fragments dre strongly elongated because of their mutual nuclear 
interaction. But, after scission, this nuclear interaction is suppressed and the fragments change 
shape in flight to become more spherical. Therefore, the total fragment excitation energy E (A,i?) 
results from the addition of their excitation energy at scission E* and of their excess deformation 
energy E which is transformed into excitation energy, sc 
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E*(A,Z) = E ! . ( A , 2 ) + E d_(A,Z) fill.2) 

Again, as for the case of the kinetic energy, there is no direct experimental possibility of sepa

rating these two contributions. 

M more subtle example is given by odd-even effects in the fragmentation, i.e. differences in 

the yields of neighbour fragments having even or odd values of ï or N. It is commonly assumed that 

the existence of such effects can be considered as evidence of preservation of superfluidity between 

the saddle and scission points and, consequently, of low viscosity during this last phase of fission. 

B'jt this is far from being obvious. For example, even fragmentations are favoured in terms of the 

statistical model because they correspond to higher Q-values and, therefore, to larger yields as a 

consequence of a larger extension in phase space. In such an interpretation odd-even effects can 

appear though the use of the statistical model implies nuclear viscosity. Conversely, preservation 

of superfluidity does not automatically lead to even yields for this depends on the necking-in at 

scission. A slow and adiabatic necking-in preserves pairing in each nascent fragment, but an abrupt 

necking-in can lead to a breaking of nucléon pairs since pairing is a residual interaction with a 

long-range correlation. (See Section III.D). 

The above examples illustrate the consequences of the fact that, in fission experiments, 

measurements are made on the secondary fission fragments when they are far apart and after neutron 

evaporation, if present. It is not possible, through these experiments, to have directly access to 

the scission configuration where the primary fragments (prior to neutron emission) are still in 

contact. Therefore, the scission configuration can be pictured only with the help of fission models 

which can be tested only on the properties of the secondary fragments at infinity. Also, the para

meters describing the fragment properties are in large number and not accessible simultaneously, 

even with the most sophisticated spectrometers. 

Various models can be used to interpret the data : 

i) The adiabatic model assumes that the collective and internal degrees of freedom are comple

tely decoupled. This implies that the motion of the fissioning nucleus between the saddle and 

scission points occurs without transfer of energy from the kinetic energy in the fission mode to 

the intrinsic excitation energy. At scission, all the difference in potential energy between the 

saddle and scission points appears in the form of pro-scission kinetic energy. There is a kind of 

internal inconsistency in this model since it implies the maximum possible kinetic energy of the 

system, whereas the coupling of collective and intrinsic degrees of freedom increases with velo

city. Therefore, the adiabatic model can apply to cases having small potential energy changes 

between the saddle and the scission points. (See Section III.D). 

ii) The statistical model relies on physical hypotheses opposite to those of the adiabatic 

model for it implies a strong coupling between the collective and internal degrees of freedom. 

Therefore, the descent from the saddle point to scission is viscous and, at each step of the 

motion, there is equilibrium between all degrees of freedom whether they are collective or intrinsic. 
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iii) Intermediate models are also used between these two extremes. One of them assumes that 
the collective degrees of freedom are themselves strongly coupled, but with absence of coupling 
between the collective degrees of freedom as a whole and the intrinsic ones LN6r 69]. For example, 
in this model, the energy of the vibrational states can be transformed into pre-scission kinetic 
energy but not into excitation energy. Therefore, the collective and intrinsic modes are separately 
in thermal equilibrium at different temperatures T ,, and T. . respectively. 

Also, the dissipation that may occur during the descent from saddle point to scission can be 
of several types and the calculations can be made with various assumptions. The microscopic approach 
is used for example in the time-dependent-Hartree-Fock (TDHF) method in which the evolution of the 
system is obtained given the initial conditions and a two-body effective interaction |.Neg+ 78' . 
Macroscopic approaches have different physical assumptions : i) in the one-body dissipation 
[Blo+ 78b], the energy transfer occurs through interaction of the nucléons (supposed to have a long 
mean free path) with the moving boundary of the system and ii) in the two-body dissipation which 
is more likely to occur when the nucléons have a short mean free path, energy transfer is made 
through two-body collisions as in classical viscosity of usual macroscopic bodies [DSN 76]. The 
macroscopic calculations are usually carried out for systems free from shell effects. The relevant 
fission data are scarce and too much ambiguity is associated with fits to these data. At present, 
experiments cannot decide which type of viscosity actually occurs in fission. 

234 In the remaining part of this chapter, attention is paid only to low-energy fission of U 
and U. Properties of these systems are dominated by shell effects and consequently cannot help 
clarifying viscosity aspects which are more related to bulk matter properties. Yet, interesting 
results have been obtained both experimentally and theoretically and these can throw a light on 
possible mechanisms that occur between saddle point and scission. 

First, some properties of fission fragments produced in the thermal-neutron induced fission 
of U are recalled (Section III.B). The U fissioning system thus obtained is certainly one of 

235 the best studied since very important fission rates can be achieved by irradiating U fission 
foils with intense neutron beams produced in high-flux reactors. In such conditions, it is possible 
to study fission events with selected and correlated values of some fission parameters. Analysis 
of these fission data shows the interest of extending the range of selected fission parameters to 
extreme values in order to have access to fission events for which the primary fragments are only 
weakly excited, below the neutron emission threshold. This is the so-called "cold fragmentation" 
which is discussed in Section III.C and for which unexpected results are obtained. An interpreta
tion of these results, in terms of recent Hartree - Fock - Bogolyubcv calculations is proposed in 
Section III.D. 

III.B - Some properties of thermal-neutron induced fission of """U. 

A great quantity of data has been accumulated about the properties of this U fissioning 
system. Rather than reviewing all these data, which would be far beyond the scope of this report, 
the presentation is restricted here to fission results pertinent to possible viscosity effects and 
obtained with the Lohengrin spectrometer, one of the most sophisticated apparatus used for this 
type of study. 
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Results obtained with the Lohengrin, spectrometer have been recently presented in an article 
rLan+ 80] which, in many aspects, supersedes earlier presentations. It is recalled that Lohengrin 
is a mass spectrometer combining electrostatic and electromagnetic separations of the secondary a fission fragments (i.e. after prompt neutron evaporation), with o resolving power of /,. - 400 
[_Mol+ 75, Mol+ 77j . At the exit of the spectrometer, mass-separated fission fragments are available 
with a given ionic charge q and with a given kinetic energy. The nuclear charge distribution of 
these fragments can be further determined by measuring, by time of flight, their energy l es in a 
carbon absorber placed behind the spectrometer [Cle+ 75] , but charge separation can be obtained 
only for the light fragment group. Of special interest to our discussion are the yields, as a 
function of their kinetic energy, of fission fragments having given I and N values. These yields 
are presented, for the light fission group, in fig. 41, 42 and 43 for various A-, Z- and N-values 
respectively. 

An odd-even effect in the Z-yields shows up clearly for kinetic energies comprised between 
83.6 MeV and 112 MeV, and increases with kinetic energy in this range. The odd-even effect in the 
A- and N-yields is not as pronounced and shows up clearly only for high kinetic energies. It must 
be noted that the Z-yields reflect those at scission but not the N- (and A-) yields because of 
prompt neutron evaporation. Therefore, only the Z-yields can be directly analysed whereas inter
pretation of the N- and A-yields needs the simulation of neutron evaporation (for example by Monte-
Carlo methods as in [Lan+ 80j ) . 

The proton odd-even effect Y p in the yields, can be defined as : 

Y P - Y P 

Y« « = -4—£ ( i n . 3 ) 
° - e Y P + Yp 

where Yp and Yp are the even-Z and odd-Z yields respectively. 

This def in i t ion can be used loca l l y , in a narrow range of Z-yields and for a well-defined 
kinet ic energy or, on the contrary g lobal ly , when averaged over a wide range of yields or k inet ic 
energies or both. 

The increase with excitat ion energy of the proton odd-even effect for the l igh t fragment 
group is i l lus t ra ted in f i g . 44. 

Globally, from these measurements, the odd-even effect in the Z-yields is found to be 
{Zi.i ' 0.7) i, in good agreement with other estimations from other laboratories. 

A proton odd-even ef fect can also be detected in the fragment kinet ic energy as is i l l u s 
trated in f i g . 45 where i t can be seen that , on the average, even-Z fragments have a k inet ic energy 
0.4 MeV greater than for odd-Z ones. (This corresponds to a 0.7 MeV difference for both fragments). 

Interpretation of these odd-even ef fec ts , in terms of moderate viscosity during the motion 
between saddle point and scission |_Lan+ 80] , is summarized below. 
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A-yie1ds in the l ight fragment group for U thermal-neutron induced f iss ion 'Lan+ 80' 

a) For various values of the fragment kinetic energy. 
b) For a fragment k inet ic energy of 112 MeV. 

c) Averaged over al l kinetic energies. (The solid line is from [MR 78]) . 
All distributions are normalized to 100 %. 
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2-vieldi in the liaht fraament qrouo for 225, 
thermal-neutron induced fission and for various 
values of the fragment kinetic energy 'Lan+ 80]. 
All distributions are normalized to 100 *,. 

Figure 43 
235 N-vields in the light fr3gsent group for J 

thermal-neutron induced fission and for various 
values of the fragment kinetic energy 'Lan+ 80 . 
All distributions are normalized to 100 ' . 
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At scission, the system is composed of two components, one which is superfluid despite visco
sity and one which contains broken pair(s). Odd-odd fragmentation comes from the broken-pair compo
nent only whereas even-even fragmentation is a mixture of superfluid and broken-pair components. 
This representation explains the odd-even differences in the yields and their increase with fragment 
kinetic energy as a consequence of a decrease in the viscosity effect. One should also take into 
account the effect of odd-even differences in Q-values on the yields. This representation can also 
explain the odd-even différents in fragment kinetic energy. If the motion is superfluid all the 
way to scission, all the energy available at scission then appears in the form of pre-scission 
kinetic energy ; this corresponds to the adiabatic model discussed earlier. If pair breaking occurs 
during the descent from the saddle point, the energy required for pair breaking then comes as a 
reduction of the pre-scission kinetic energy. 

Since the observed odd-even effects increase with fragment kinetic energy, it is interesting 
to explore these effects up to extreme values of the kinetic energy for which the excitation energy 
of the fragments is too small for neutron evaporation to occur. This is the so-called "cold frag
mentation" discussed in Sections III.C and III.D. 

233 235 III.C - "Cold fragmentation" in thermal-neutron induced fission of U and U. 

The two systems U and U formed in the absorption of thermal neutrons by U and U 
respectively are in a superfluid state at the saddle point. Since superfluidity seems to be par
tially destroyed near scission even for fragments of higher kinetic energy, though to a lesser 
extent, it is interesting to explore the superfluidity properties of primary fragments with the 
highest possible kinetic energy. Such events are more difficult to study experimentally since the 
probability of fragmentation decreases very rapidly with increasing kinetic energy as is illustrated 
in fig. 46. On the other hand, they can be interpreted more easily because these fragments with 
high kinetic energy are, in fact, the primary fragments s-'-ce their excitation energy is small, 
below the neutron emission threshold. In this so-called fragmentation", properties of one 
fragment are closely linked to properties of the- complementary fragment. For example, if Z, and 
A. are respectively the atomic and mass numbers of the light fragment, then the corresponding 

234 numbers for the heavy fragment are Z H = 92 - 1^ and A H = 234 - A L (for U) or A H = 236 - A R 

(for U). Also, if E K is the kinetic energy of the light fragment, then momentum conservation 
requires that 

T A L EK = E L(l + -t) (HI-4) 
A H 

for th-' ••.'• '<inetic energy of both fragments. 

C.v : anmentation in the fission yields of U and U has been recently studied by two 
OO/l 

groups, One ^for U) using the Lohengrin f a c i l i t y mentioned ear l ier ( [Arm+ 81] , [Arm 81]) and 
the other (for 2 3 6 U ind 2 3 4 U) using a pair of s 
by these two groups ire b r ie f l y reviewed below. 

236 234 
the other (for U md U) using a pair of sol id-state detectors |'Sig+ 811. The results obtained 
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234 Among the results obtained by the f i r s t group for U (with Lohengrin), f i g . 47 i l lus t ra tes 
the variations in the A-yields for several biases set on the l igh t fraqment kinet ic enerqy. The 
effect of the Q-value is obvious. For high energy biases, only selected events with 0 ~> E' are 
actually observed. These results demonstrate also that events corresponding to cold fragmentation 
have been detected with a total kinetic energy very close to the Q-value. Another representation 
of the results thus obtained i s given in f i g . 48 where the total kinetic energy is compared to the 
average Q-value (called Q), as a function of A, for f ission events at the 10 yield leve l . The 
value of Q for a given A-fragmentation is obtained by averaging the Q-values over the Z-d is t r ibu-
t ion corresponding to this A-value. Fragments detected in th is manner have a total kinet ic energy 
(well defined by the spectrometer for a given A-fragmentation) close to Q. The exc' tat ion energy 
for both fragments in such events is 3.8 ± 1.2 MeV on the average with an odd-even A difference of 
about 1 to 2 MeV. 

Of special interest to our discussion is the even-odd effect in the 1 and H yields in this 
cold fragmentation. Proton pairing seems to play an important ro le. For example, even-Z isotopes 
such as " Se, Kr and " Sr are found with a great abundance in the corresponding A-yields. 
Also, the proton odd-even effect can be determined d i rect ly from the independent yields at 
E,, = 112 MeV and is found to be equal to 46 \ . In contrast, the neutron odd-even effect in the 

IS 

yields is much smaller, though the results are not influenced by neutron evaporation. The weak 
95 effect of neutron pairing is i l lus t ra ted by the high yields of many odd-N isotopes such as Sr 

91 and Kr. Generally, odd-N isotopes have yields comparable to those of the i r even-N neighbours 
which should be favored by their higher Q-value. In the independent yields at E„ = 112 MeV, the 
neutron odd-even effect is about 10 % only. 

In conclusion of this work, no evidence of complete supe, c l u i d i t y is found in the cold f rag-
234 

mentation of U since, even at these low excitation energies, broken pair components are impor
tant , especially for neutrons. 

In the results obtained ear l ier for U and 1) by the second group, *' > technique used to 
resolve the yields into well-defined nuclear species is d i f fe rent . The two fragments are detected 
by two sol id-state detectors which give the kinetic energies of these fragments. Moreover, the 
t ime-o f - f l igh t difference At between the two fragments is also recorded and this provides the pos
s i b i l i t y of resolving the fragment masses [Gue+ 78] by using the following relat ion : 

At = 4 : |(i -r~m-r) *, V¥, (in.5) 
M L 'i m i l *J 

LK 

where E l , P,., m. are respectively the kinet ic energy, f l i g h t length and mass of fragment i ( i = 1,2). 
IN 1 I 

The quantity in brackets can take a discrete set of values only and, therefore, for a fixed kinetic 
energy, the At spectrum is, in fact, a mass spectrum in as much as no neutron evaporate,:i ruirs in 
flight. With this method, it is easy to identify events caused by cold fragment'.' f^om those which 
have emitted neutrons. 



- 55 

• 
• E^nfiiHfV 

* 
; • m . . 

M 90 W n »o TOO 
MASS A 

> ai 
2 : 
- . 118 

116 -

11* -

118.1 MeV E * " from G-values (N ix l 

116i1 MeV 

11i>1 MeV 

1S* H9 
90_ 

H * 
15 
139 

1M 
13* 

10S 
12» A L / A H 

Figure 47 : On top, A-yields for cold fragmentation (light fragment 
233 group) in U thermal-neutron induced fission for 3 different values 

of the fragment kinetic energy. Below, maximum possible kinetic energy 
of the fission fragments (light group) calculated from Q-values (from 
jMN 80 J ) averaged over the 2-distribution for each A-value ;Arm 81 '••. 

Q/MeV T r —r 1 1 1 

N= 82 
20s -

200 
VA 

• _ 

z7 
m \ v^ V 

190 

* W A* 185 - »» v-A 
«0 *'\v • 
175 

• < 

Se*. 1 

figure 48 : Total kinetic energy E K( ), 
Q 

at yields y(A) = (T dE ̂  = 10" 5, 
- E K compared to the Q-value as given in \M 80j 

(solid line). Isotopes of even elements 
with independent yields larger than 90 % 
and odd-odd nuclei with yields larger than 
50 % are indicated lArm 811. 

J O i J O Q 25 9Q 62 S U A / A 
129 13* 139 H * 149 15* A L / A H 



- 56 -

In addit ion, the behaviour of the Q-values in the region of A„ = 132 gives the poss ib i l i t y 
of separating the Z-yields by properly sett ing the tota l k inet ic energy of the system, as is i l l u s 
trated in f i g . 49. In th is f igure, the maximum Q-values (cal led Q,. ) obtained for each mass rat io 
by selecting the best Z, - Z., combination is plotted as a function of the mass ra t i o . These Q„ a x 

values exhibit the fami l iar odd-even effect but the general trend shows a rather f l a t and horizontal 
portion around AM = 132 as a consequence of the extreme s t a b i l i t y of the Z = 50 - N = 82 configu
rat ion. Also plotted on the same f igure are the Q-values (called Q ) closest to Q M a x but obtained 
with a di f ferent Z, - Z u combination. In the st r ip between the Q.. and Q- lines l i e the values 

l_ M ; idX 0 

of the maximum total kinetic energy detected in this experiment. For each mass ratio, fragments 
having a total kinetic eiergy between Q„ and Q have only one Z. - Z H combination, that of Q.,1ax-
Therefore, by setting r.K in the experiment between Q.. and Q , it is possible to separate cold 
fragments having well-defined Z and N numbers. Unfortunately, this method can apply only to a 
limited number of fragments because of the behaviour of Q with A. The yields for cold fragments 
selected in this manner are given in fig. 50 for several values of E K-

This experiment though intrinsically limited to a narrow variety of fragments is very clean 
and can give the following information : 

i) There is no observed odd-even Z effect in the kinetic energy of cold fragments in contrast 
to what is observed at lower kinetic energies (see Vig. 45). 

ii) There is no significant odd-even effect whether in Z- or N-yields. For example, the 
yield at Z, = 41 is comparable if not superior to those at Z. = 40 and Z L = 42 for the same neutron 
numbers. 

In conclusion, the results on cold fragmentations for both the " U and U systems do not 
exhibit a strong enhancement of superfluidity as expected. The reason for this must be found in 
another mechanism such as the one which is suggested below. 

III.D - Mechanism proposed for cold fragmentation. 

The apparent paradox that superfluidity seems to be more preserved for fragments of low kine
tic energy than for cold fragments having a high kinetic energy can be explained by a better know
ledge of the statics of the phenomenon, i.e. by the potential energy surface of the fissioning 
system. 

Recent microscopic calculations of this surface, using the Hartree- Fock - Bogolyubov method 
with the Dl effective nucleon-nucleon interaction [BGG 81] can indeed shed some light on this pro
blem. The results obtained for Pu with this method are displayed in fig. 51 where the surface 
is plotted as a function of the deformation constraints Q~- and 0~- imposed on the self-consistent 
field. The ground state and the isomeric states are easily recognised in P. and P^ respectively. 
A very flat saddle point appears along the line M~M, for mass-asymmetric deformations (as expected) 
and the "fission valley" starts to go down slowly beyond M 3 for increasing elongation (or Q 2 Q) as 
can be seen in fig. 52. This valley (called V,) is supplemented by another surface (called V 2) which 
is the ^ery steep "fusion valley" corresponding to heavy-ion reactions. These two valleys are sepa
rated in the plot of fig. 51, but the introduction of another deformation parameter Q 4 Q , accounting 
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Figure 51 

Three-dimensional plot of tha 
t ion constraints, as calculated with the Har^ree - Fock 

Pu potential energy as a function of Q ? n and Q, 0 deforma-
Bcgolyubov method rBGG 81 ' . 
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240 
One-dimensional representation of the Pu potential energy surface (as shown in 

fig. 51) as a function of the Q~ 0 deformation constraint. V, and V-, represent the 

fission and the fusion valleys respectively. The dashed line is obtained for a 

system having mass and axial symmetry whereas the solid line includes axial asymmetry 

(inner hump of the fission barrier) and mass asymmetry at larger deformations BGG ?A\ 
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for necking-in (or buldging) of the nucleus, makes possible a connection between V, and V-. The 
potential energy surface can now be represented as a function of Q 2 0 and Q. Q, for a given value 
of Q,Q, as in fig. 53 where the Q, Q value corresponds to the most probable mass division. The fis
sion and fusion valleys appear clearly and are separated along the Q... coordinate by a barrier 
(called the Q. barrier) having a decreasing height for increasing Q ? n . This height goes to zero 
for Q,Q - 370 barns. The fusion valley is steeper than the fission one but both have the same poten
tial energy value around Q,„ = 260 barns (see fig. 52). This corresponds, in the fusion valley, to 
two separated fragments with deformations close to that of their ground state. 

Interpretation of the fission results presented in Sections III.B and III.C can easily be 
ai 

236 M 

234 explaired with such a potential energy surface assuming that its shape is similar for U and 
U systems. During its descent in the fission valley, the nuclear system moves slowly as a conse

quence of the small decrease of potential energy with elongation. Therefore, viscosity should not 
play an important role and superfluidity should be preserved almost completely during this phase. 
At the end of the fission valley (around Q 2 Q = 370 barns), the nascent fragments start to appear 
and this is very important for the pairing correlations. If the nucleus were spheroidal, there 
would be only a weak spatial correlation between nucléon pairs. But with some necking-in, the 
nucléon orbits must be described with a double-centre shell model potential (with some overlap) with 
the consequence that some spatial correlation starts to appeer, in the sense that nucléon pairs tend 
to be located either in one fragment or the other. If the system could continue to be slowly elon
gated (i.e. with increasing Q 2 0)» then t n i s spatial correlation of the nucléon pairs could become 
more pronounced. But, in the absence of Q.» barrier between the fission and fusion valleys, the 
system falls down in the fusion valley. This transition is difficult to describe for a rapid 
necking-in corresponding to a fall down to the oottom of the fusion valley is certainly limited by 
viscosity effects which are more important for high multipole orders (such as those necessary to 
account for sudden necking-in). But whatever the detailed nature of the transition is, it is 
reasonable to assume that it would lead to some pair breaking. 

In addition to the conventional descent in the fission valley (described above), another 
fission mode is possible whereby the system undergoes a shape transition from the fission valley 
to the fusion valley (even for Q.„ values smaller than 370 barns) by tunnelling through or passing 
over the Q» n barrier. Such a shape transition is illustrated in fig. 54 where the nuclear shapes 
are plotted for an intermediate Q_ n value (-•• 300 barns) when the system is in A (fission valley), 
in C (fusion valley) and in B (top of the Q- 0 barrier) (the locations of these points are indicated 
in fig. 53). These fission events coming from the higher portion of the fusion valley are mixed 
with those from the fission valley though with a much smaller probability because of the tunnelling 
of the Q. n barrier. These "fusion valley" events have a higher kinetic energy than ihose of the 
fission valley because they occur at a smaller elongation and, therefore, the fragments are formed 
in a more compact configuration, hence with a higher Coulomb energy. Setting a high bias for the 
kinetic energy enhances the proportion of these "fusion valley" events. If the kinetic energy is 
set high enough, for example near the Q-value, only "fusion valley" events can occur since no 
scission possibility exists in the fission valley at such an energy. Therefore, the bias on the 
kinetic energy is equivalent to a filter which favors the "fusion valley" events, the higher the 
bias, the greater the proportion of these events. Also the height of the Q« 0 barrier increases with 
kinetic energy ; this explains why the fission yields decrease so rapidly with increasing kinetic 
energy, as illustrated in fig. 46. 
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Figure 53 

Three-dimensional representation of the 240 
function of Q ? Q and Q.Q deformation constraints, as calculated with 
the Hartree - Fock - Bogolyubov method. The Q 3 Q 

the most probable mass division [BGG 81j . 

Pu potential energy as a 
as calculated with 
parameter is set to 
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Figure 54 

240 
Isodensity contour plot of the deformed Pu at the points A, B, C of the poten
tial energy surface plotted in fig. 53 [BGG 81}. Distances are given in fermis. 
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Therofore, cold fragmentation can result from that particular fission mode whereby a shape 
transition occurs by penetrating the barrier between the fission and fusion valleys (see fig. 55) 
as already pointed out in [BGG 8l]. The initial state (in the fission valley) has only a weak long-
range spatial pair correlation because of the spheroidal deformation without necking-in. It is 
reasonable to assume that the fast shape transition mentioned above will not greatly modify this 
pair correlation with the consequence that no odd-even effects are expected in the final state (in 
the fusion valley) as observed in the experiments. 

In conclusion, microscopic H.F.B. calculations of the potential energy surface for a largely 
deformed heavy nucleus seem to provide the basis for a coherent description of the low-energy 

port 0"\f\ 

fission of U and U, in agreement with the experiments. 

According to this description, most fission events come from the slow and adiabatic motion 
of the nuc]ear system down the fission valley. This type of motion continues while preserving super
fluidity until some slow necking-in starts to appear implying the appearance of fragment shells 
associated with pair spatial correlation within those shells. Near the end of this motion, the 
vanishing height of the barrier between the fission and fusion valleys causes the motion to change 
character. Instead of pursuing its slow descent in the fission valley, no barrier then prevents 
the system from falling down into the fusion valley, with a fast neck snapping controlled by visco
sity but in an unknown manner. Whatever the detailed rupture of the neck is, some pair breaking is 
anticipated at that stage but also, some of the pair correlation in the nascent fragments (present 
at the end of the fission valley) should be preserved. This e ilains the presence of odd-even 
effects in the yields of most common fission events. 

The rare cold fragmentation events recently studied originate from a different mechanism. The 
hiçh kinetic energy associated with this fragmentation prevents the system from gently descending 
the fission valley along the elongation degree of freedom. Rather, the system is forced to find 
a more compact scission configuration by crossing the barrier between the fission and fusion valleys. 
In the fusion valley the system consists in two separated and cold fragments having a deformation 
close to that of their ground state. The Coulomb energy of such a scission configuration is close 
to the total fission energy release (the Q-value), as observed. The difficulty in crossing the 
barrier explains the very low yields for such a fragmentation. Also, the shape transition between 
the two valleys occurs at an early stage where the pair spatial correlation is still very weak, 
in agreement with the absence of odd-even effects in the observed yields. It is interesting to note 
that in contrast to conventional fission, cold fragmentation is very close to the inverse process 
for heavy-ion fusion. It would be exactly the inverse process if scission configuration consisted 
in two fragments in their ground state. Though this completely-cold fragmentation is not excluded, 
its yield is far too small to be detected experimentally. 

Lastly, one may notice that viscosity seems to play only a minor role in both types of fis
sion, with the possible exception of the fast neck rupture in conventional fission. 
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240 r Contour plot of the Pu potential energy surface (as displayed in fig. 53) 
where the paths for fission, cold fragmentation and heavy-ion fusion are 
indicated. 
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lï - COSCU'SIOS 

The few selected topics discassed in this talk illustrate the progress accsspiisied recently 
in the ui ierstanding of soeie aspects of the fission process. 

The fission barrier calculated with the aacroscopic-aicrosccpic aethod gives two hasps witn 
heights in good agreement with the data, except for light actinides. For these nuclei "Tn s-,d ?» 

isotopes} a third hump, already predicted by some calculations, i s necessary to explain t-.e "-esu-ts. 
A great effort has been *ade to find indisputable proof of tie existence of suc*! a barrier srape 
for light actinides. This evidence seesis to be provided by the excellent Th fission data in. t'-e 
715 keV vibrational resonance region. The analysis of *" 4Pa and ",tTh data, also of •ary ri;--, qua
l i ty , is consistent with a triple-huaped fission barrier but does not provide evidence for its 
existence. Progress in this direction now needs aore intense neutron sources and s>o«-e sophisticated 
detection techniques. 

The understanding of fission dynamics fro* the saddle point to scission is s t i l l very ?n<;r. 

Microscopic calculation of the evolution of the system is possible using tne tine-dependent Hsrfe^-
Fock method, but the computer tine is very long, even with siaplifying assumptions. Also t'-e infor
mation contained in TDfff calculations is too rich for the sole purpose of understanding dissipation 
in fission. Different macroscopic approaches have been studied such as one-body and two-body dissi
pation but they apply only to hot fissioning systems almost iapossible to study experiments" !y. 
Comparison of the theory can be made only with scarce *rui aesbiguous experimental data and. w-.en 
possible, this coaparison cannot decide which type of dissipation actually occurs in fission. 
Fission data of a better quality are available at low energy but then, the dynamics are confûlTed 
by a combination of bulk matter properties and shell effects, the latter being predominant, l e 
veling these effects in order to have access to viscosity i s very difficult at present, "-.erefo»-*. 
understanding dissipation in fission s t i l l remains a challenge for the future. In this ta'k. results 
about low-energy fission of U and fc U systems are reported with special enphasi- c ce"2 frag
mentation. Interpretation of the results is possible qualitatively in terras of static -icrasccpic 
calculations using the H.F.B. !»ethod. A coherent description of the results car be ~ade 'or conven
tional fission as well as for cold fragmentation. This description i s dominated hy shell effects. 
as expected, and viscosity seems to play but a minor role. Cold fragmentation apoe.sr< to te net a 
simple extrapolation of conventional fission towards higher kinetic energy but rather the result 
of a new mechanism close to the inverse heavy-ion fusion. Further progress towards a ^c-re quanti
tative understanding of these aspects of fission require aore specific calculations fcr t-.e systems 
being studied together with some test of the accuracy of the H.F.B. method at large deformation ; 
also, more extensive experimental studies are necessary, if possibly over a wider range of 'issinn 
fragments. 
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.BLE I 

VALUE OF THE INERTIA PARAMETERS FOR FISSION ISOMERS 

Fission isomer * 2 / 
(keV) 

Ref. 

2 3 6 u 3.36 ± O.Ol [Bor+ 77] 

2 3 8 u 3.27 ± 0.03 [Met 79J 

2 3 9 P u 3.36 ± 0.01 [Bac+ 79] 

2 4 0 P u 3.343 ± 0.003 [Spe+ 72] 
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TABLE I I 

SUMMARY OF " u T h DATA DISCUSSED IN THE TEXT 

(E f l = 715 keV) 

Neutron Source Type of 
measurement 

Resolution 
(FWHM in keV) Ref. 

VdG anf jJLE 72] 
Monoenergetic neutrons W(e) 10 to 20 

Nuclear Detonation a n f (100°) a few keV [MV 71] [VM 81; 
+ Time cf flight °nf < 1 2 5°> 

Linac 
+ Time of flight 

anf 1.7 [Blo+ 78a] 

VdG anf 2.5 [Bru 80] 
Monoenergetic neutrons W(8) it M 

VdG 
Monoenergetic neutrons 

W(6) 10 [Yue+ 71] 

VdG 
Monoenergetic neutrons W(e) 8 [CBW 77] 
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TABLE III 

th VIBRATIONAL RESONANCE AROUND 715 keV 

Parameters used in the calculation of fission cross-section and fragment 
anisotropy data with one single-parity band of rotational levels. 

K77 n 2/2J 
(keV) 

a Ref. 

l / 2 + 2.0 - 1.76 [Bru 80] 

1/2" 2.628 2.4 [Bru 80] 

l / 2 + 2.4 0.4 [Blo+ 80] 

1/2" 2.5 2.4 [Blo+ 80] 

l / 2 + 1.8 0 [Bo H 81 j 

1/2" 1.8 to 2.7 - 2 to - 2.4 [JLE 72] 
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TABLE IV 

230. Th VIBRATIONAL RESONANCE AROUND E = 715 keV 
n 

Parameters used to fit simultaneously fission cross-section and fission 

fragment anisotropy data with two rotational bands of opposite parities 

Kïï h 2 /23 

(keV) 

a = - a 
1/ 2 - 1 / 2 K'o " E o) 

(keV) 

Ref. 

2 
1.9 - 1.1 3 [Bru 80' 

2 
1.85 ± 0.1 - 1.1 t 0.2 3 f_Blo+ 80] (version B) 

2 
1.35 - 1 3 [Boi+ si ; 

2 
2.0 + 0.1 0.2 ± 0.2 - 10 [Bio 81] (version C) 
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TABLE V 

SUMMARY OF "*Pa FISSION DATA DISCUSSED IN THE TEXT 

Neutron Source Type of 
measurement 

Resolution 
at 150 keV 

(FWHM in keV) 
Ref. 

VdG nf 40 ;DS 64^ 
Monoenergetic neutrons 
Nuclear Detonation 
+ Time of flight 

anf 4 :MV 71] 

VdG 
Monoenergetic neutrons °nf 2 [Sic+ 79] 

Synchrocyclotron 
+ Time of flight ~nf 2 ]Sym 79; 

Linac 
+ Time of flight 

anf 0.4 [Plat 81] 

VdG 
Monoenergetic neutrons 

W(5) 5 [Sic+ 79] 
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TABLE VI 

Energies of the sharp peaks observed below E = 450 keV in the 
231 

Pa fission cross-section and indicated by arrows in fig. 32. The 
peak energies are grouped according to the gross structure in the 
fission cross-section [Pla+ 8l|. 

E n (keV) En (keV) 

156.7 
- 312.1 

173.3 319.3 
182.3 324.2 
185.2 328.6 
187.4 -
190.2 336.7 
193.8 343.3 
200.0 350.3 

- 358.2 
281.9 -

- 371.1 
300.6 375.7 
304.5 
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'ABLE VII 

A - PROPERTIES OF SOME SHAT'f p r A K S I N T H E " i p a FISSION CROSS-SECTION [Pla+ 81; 

Energy 
(keV) 

Resolution 
width 

(FWHM in keV) 

Natural 
width 
(keV) 

Observed 
peak 

cross-section 
(mb) 

(K,J~) T f 

156.7 

173.3 

371.1 

0.4 

0.47 

1.2 

2.9 

6.4 

83 

6 

26 

(3,3 + ) 

(3,3") 

(3,4") 

= 0.2 

= 1 

- 1 

B - SUGGESTf POSSIBILITY OF TWO ROTATIONAL BANDS OF OPPOSITE PARITIES AROUND 

E„ = 160 - 180 eV n 

K" = 3" r = 3 + 

Energy 
(keV) 

J i ï 

JCN 

(lT.b) 
Remarks 

Energy 
(keV) 

J T 

T-

J 
aCN 
(mb) 

Remarks 

156.7 

172.7 

0 ~ 
•J 

4" 

20 

8 

Observed 

Postulated 

173.3 

189.3 

3 + 

4 + 

210 

2 

Observed 

Postulated 
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TABLE VIII 

SUMMARY OF 2 3 2 T h FISSION DATA DISCUSSED IN THE TEXT 

Neutron Source Type of 
measurement 

Resolution 
(FWJW in keV at 
E =1.6 MeV) n 

Ref. 

Linac 
Time of flight 

VdG 
Monoenergetic neutrons 

Linac j 

Time of f l i g h t i 

VdG 
Monoenergetic neutrons 

VdG ; 
Monoenergetic neutrons ! 

i 
VdG I 
Honoenergetic neutrons 

Linac 
Time of flight 

Linac 
Time of flight 

VdG 
Monoenergetic neutrons 

VdG 
Monoenergetic neutrons 

Jnf 

'nf 

Jnf 

W(") 

W( f i) 

W{9) 

! U(*) (" < 30°) 

| W(A) (« < 45°) 

! W(^) ['• < 23.4% 

I :• v- 33.7% -1 < 51.7°) 
! 

W(-) 

W(o) 

2.3 

30 - 50 

i 100 - 200 

100 

16 
7 

8.4 

_BMP 75. 

[Bar 77.' 

~Blo+ 30" 

ES 70 ; 

[And* 59; 

\ M 68' 

rXBW 77; 

•BMP 75; 

'Blo+ 30 ; 

r_Auc+ 8 1 ' 

[Bar 77; 

'Hoi 8 1 ' 
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TABLE IX 

Fission-barrier parameters used to 
232 f i t Fh f iss ion cross-section and angular d is t r ibut ion data 

(BRC f i t shown on f i g . 37 and 38) [Abo+ 79] 

(Al l energies in MeV) 

(K.r) EB E I I I EC H SII H 

1/2 + 5.49 5.47 6.86 1.30 0.60 1.30 
7/2 - 5.70 5.46 6.875 0.74 0.60 1.05 

1/2 + 6.27 5.72 6.86 1.20 1.0 1.23 
3/2 + 6.29 5.723 6.77 1.40 1.0 1.40 
1/2 + 6.22 5.86 7.24 1.40 1.0 1.40 
3/2 + 6.35 5.81 6.92 1.40 1.0 1.40 

[ 3 / 2 + 6.62 5.90 7.01 1.40 1.0 1.40 

L3/2 - 6.61 5.89 7.00 1.40 1.0 1.40 
["5/2 + 6.45 5.90 6.96 1.40 1.0 1.40 
L5/2 - 6.46 5.91 6.97 1.40 1.0 1.40 

r i /2 + 6.73 6.026 7.62 1.40 1.0 1.40 
Ll/2 - 6.74 6.036 7.63 1.40 1.0 1.40 

[3/2 + 6.78 6.016 7.29 1.40 1.0 1.40 
L3/2 - 6.79 6.026 7.30 1.40 1.0 1.40 
[1/2 + 6.76 6.19 7.43 1.40 1.0 1.40 
Ll /2 - 6.77 6.20 7.44 1.40 1.0 1.40 
[5/2 + 6.85 6.175 7.23 1.40 1.0 1.40 
L5/2 - 6.86 6.185 7.24 1.40 1.0 1.40 
[1/2 + 7.01 6.305 7.54 1.40 1.0 1.40 

Ll/2 - 7.02 6.315 7.55 1.40 1.0 1.40 
[1/2 + 7.20 6.38 7.70 1.40 1.0 1.40 

Ll /2 - 7.21 6.39 7.71 1.40 1.0 1.40 
[ 1 / 2 + 7.20 6.48 7.54 1.40 1.0 1.40 
Ll/2 - 7.21 6.49 7.55 1.40 1.0 1.40 

[1/2 + 7.22 6.55 7.57 1.40 1.0 1.40 
Ll /2 - 7.23 6.56 7.58 1.40 1.0 1.40 

[1 /2 + 7.24 6.625 7.52 1.40 1.0 1.40 

L i / 2 - 7.25 6.735 7.55 1.40 1.0 1.40 

means band heads for rotational levels used in the calculations but not indicated 
in this table. 
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