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FOREWORD 

This third international Symposium on the Physics and Chemistry of 
Fission, held in Rochester, N. У. , from 13 to 17 August 1973, was a worthy 
successor to the important symposia held in Salzburg (1965) and in Vienna 
(1969). Although there may not have been in Rochester quite the excite
ment that prevailed in Vienna (where the beautiful verification of the struc
tured fission barrier provided by the Strutinsky calculations was presented), 
the present meeting reaped the benefits of this revolutionary discovery. 
The first direct experimental verifications of the deformed fission isomers 
have also only recently been achieved. 

The present Symposium, somewhat more than previous ones, concen
trated on theoretical concepts and calculations concerning the fission pro
cess itself, and only on those new experimental results most pertinent to 
the theoretical development. Contained in these two volumes are the full 
texts and discussions of the 62 papers presented at the Symposium, and 
abstracts of those contributions that, because of time limitations, could 
not be presented. 

These Proceedings of course do not represent the last word on this 
obviously complex topic. It is apparent that even the liquid drop features 
of the fission process have not yet been fully, or even adequately, worked 
out, the most obvious deficiency still being a reliable treatment of the 
dynamics, where a better knowledge of the 'viscosity' is obviously needed. 
The importance of quantum mechanical, single particle effects in the 
fission process is emphasized in these Proceedings, and a number of 
advances in microscopic calculations are included. 

I t is clear, in view of the large participation and the quality of the work 
presented, that scientists throughout the world find these meetings a 
valuable international forum for the exchange of information and welcome 
the Agency's initiative in promoting this continuing series of symposia. 
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SYMMETRIC AND ASYMMETRIC FISSION 
OF Ra- AND Ac-ISOTOPES 

E. KONECNY, H.J. SPECHT, J. WEBER 
Beschleunigerlaboratorium der 

Universität und Technischen Universität München, 
Munich, Federal Republic of Germany 

Abstract 

SYMMETRIC AND ASYMMETRIC FISSION OF Ra- AND Ac-ISOTOPES. 
Fission probabilities and fragment anisotropics have been investigated at low excitation for fission of 

226Ac, 227Ac, 228Ac and !25Ra, 227Ra induced on a 226Ra target by direct reactions with a 23.5-MeV 3He beam 
and an 18-MeV d beam.These results show that the triple-humped character of the mass distribution pertains 
to low excitation energies where second- and higher-chance fission are energetically excluded. More 
important, they reveal different thresholds for symmetric and asymmetric fission. In addition, the angular 
anisotropics for both components close to the fission barrier seem to be different, also suggesting that 
asymmetric and symmetric fission of the nuclei investigated proceed over different saddle points. The 
fission probability Tf/Tn increases exponentially for both components, with a much bigger slope for the 
symmetric one. For 227Ra and 228Ac the fission probability for symmetric fission even exceeds that for 
asymmetric fission already at some few MeV above the barrier. 

The average kinetic energy is lower for the symmetric than for the asymmetric component and does 
not change significantly with excitation energy of the fissioning nucleus. On the contrary, for asymmetric 
fission it decreases with excitation, as observed for fission of actinide nuclei. 

1. INTRODUCTION 

One of the important problems in nuclear fission has 
been to understand the existence of two types o£ fragment mass 
distributions, symmetric and asymmetric. Low excitation fission 
of higher-Z actinide nuclei is typically asymmetric (for a re
view see, e.g. ref.[l]), characterized by a double humped mass 
distribution. On the contrary, nuclei near Pb and Bi exhibit 
a symmetric mass distribution [2,5]. For fission of nuclei in 
the intermediate region (Ra, Ac, Th, Pa) a triple humped mass 
distribution with well-established minima between the" three 
mass yield peaks is observed[4~1l] . 

It has been suggested that the triple humped mass dis
tribution is the result of a superposition of two different 
fission components, a symmetric one which has similar features 
like the symmetric fission of lighter nuclei and is appropria
tely described by the liquid drop model[12] and an asymmetric 
component, which shows the same characteristic features like 
fission of U or Pu, the energetics of which is explained to 
very great detail by the influence of shells in the nascent 
heavy fragment [13] . 

Briefly summarized, the evidence for two separate com
ponents is the following: (a) The average total fragment ki
netic energy for symmetric fission is about 5 MeV smaller 
than for asymmetric fission; the average values for the 

3 
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asymmetric and symmetric component follow separately the ki
netic energy systematics of asymmetric fission for nuclei 
with higher Z and of symmetric fission for lower-Z nuclei, 
respectively[5]. (b) The dependence of the fragment kinetic 
energy on the excitation energy of the fissioning nucleus is 
very different for the two components (see below), (c) If 
analyzed as a function of fragment mass, the width of the 
kinetic energy distribution shows clear maxima for those frag
ment masses for v/hich the contribution of both components is 
about equal; apparently, another contribution is added to the 
"intrinsic" energy width of each component which results from 
the difference in average values [5,9]- (d.) The fragment exci
tation energy as represented by the number of evaporated neu
trons shows independent evidence for the superposition of two 
components, becoming especially visible in the number of 
emitted neutrons as a function of fragment kinetic energy for 
constant mass ratio. A full and quantitative description is 
given in ref.[9]. 

Although there are hints for two components even for U 
and Pu fission at moderate excitation energies[6] they become 
most clearly visible for Ra or Ac. Since so far all experi
ments exhibiting evidence for two-component fission were 
carried out at higher excitation energies, it remained experi
mentally undecided whether the two components are associated 
with two different fission barriers. According to recent cal
culations on the deformation-dependent nuclear potential ener
gy surface[14-18] , the character of the fragment mass split 
is, in fact, explained as a consequence of either an asymmetri
cally (pear shape like) or a symmetrically distorted outer 
fission barrier, with slight hints even for two different 
saddles in the same nucleus [14-,15] • 

It therefore seemed desirable to measure the fission 
probability and the fragment anisotropy (presumed to be deter
mined at the barrier) close to the fission threshold, separate
ly for the two mass components. Such a study is not feasible 
for higher-Z actinide nuclei both because of the inner barrier 
being the higher one[l5Janu the extremely low relative yield 
( <10"a) of the symmetric component close to the barrier; 
earlier attempts in this direction[19,20] have, in fact, been 
unsuccessful. In the present experiment, we have therefore in
vestigated fission of Ac and Ra isotopes for which the outer 
barrier is presumably the higher one. In order to obtain suffi
ciently low excitation energies, we have investigated fission 
of 2ieAc, "7Ac, 2i8Ac and of "5 Ra, "7 Ra induced by the reac
tions (3He,t) , (3He,d), (3He,o<), (d,p), on a 226Ra target respectively. 
It has been proved [21] by cross bombardments and by a comparison with 
neutron induced fission that indeed direct reactions provide a reliable tool 
for determining fission thresholds. 

2. EXPERIMENT AND DATA ANALYSIS 

The experiments were carried out with 23.5-MeV 3He and 
18-MeV d beams from the Munich MP accelerator on a 50 jug/cm* 
"ffRa target evaporated on a 20 pg/cm1 carbon backing. The out
going light particles from the direct reactions were identi
fied by a AE - E telescope mounted at 108° with respect to the 
beam axis. In coincidence with these, the fission fragments were 
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ДЕ/Е 
(108°) 

RECOIL AXIS 

vCf-SOURCE+DETECTOR 

FIG. 1. Diagram of the detector arrangement. The dashed circle indicates the position of a Cf source 
mounted on a Si-detector above the reaction plane for on-line calibration and stabilization of the fission 
detectors Fl to F4. 

measured in two pairs of semiconductor detectors at approxi
mately 0° and 90° with respect to recoil axis in very close 
geometry. A geometrically correct diagram of the detector 
arrangement is given in fig.1. On-line calibration and stabili
zation of the fragment detectors was done by additional coinci
dences with a further detector placed behind a 25iCf spontaneous 
fission source. Past-slow techniques with constant fraction 
triggers were used throughout, with pile-up rejection in addition 
for the ДЕ-detector. The pulses from the 6 detectors and their 
time relationship were digitized in 7 ADCs, fed into the 
Munich PDP8/10 computer system and stored event-by-event on 
magnetic tape. The incoming data were sorted into four types 
of events: (а) ДЕ-Е telescope coincidences; (b) triple coinci
dences of ДЕ/Е with either F2 or F4-, the closer fission frag
ment detectors in each direction; (c) quadruple coincidences 
of ДЕ/Е with either F1/F2 or F3/F4-; (d) events in each of the 
fission detectors 54 to F4- in coincidence with the zsz Cf de
tector mentioned above. 

The data were then analyzed on-line according to exci
tation energy of the final nucleus, fragment mass and total 
kinetic energy using the Schmitt calibration method[22] and 
including corrections for recoil effects, prompt neutron 
emission and target absorption. Chance coincidences could be 
exactly corrected for using the time spectra of the coinciden
ces and the singles.particle energy spectra. 

Prom the data, the fission anisotropics 6"f(0° )/ 6rf (90°) and the fission probabilities 

e(%e,p) rn 
forr f«r n 
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(and equivalent for the other reactions used) were determined 
as a function of excitation energy. The denominator <* (3He,p) 
is obtained from the ДЕ-Е singles but must be corrected for 
contaminants from the C-target backing and, specifically in 
this case, for break-up of the 3 He particle into p+p+n in the 
Coulomb field of the target nucleus which was investigated 
separately with coincidences between pairs of ЛЕ/Е telescopes. 
The break-up correction influences only the data obtained for 
the highest excitation energies. In all cases, the "true" 
singles spectrum has been checked by additional runs with 3He 
and d on 23eU, assuming that the fission-particle coincidence 
spectra represent the shape of the reaction singles spectrum, 
since (̂  / С is nearly constant over a wide energy region for 
the corresponding compound nuclei [21,23] (taking into account the 
second-chance fission effects and small differences in the 
Coulomb field between Ra and U). Throughout the paper, the in
dicated error bars refer to statistical errors only; the syste
matic error is of the order of 20#. 

For 22-6Ha(3He,<* ) "sRa-*f a further correction must be 
applied for ternary fission of the 2аэ Th compound nucleus 
formed after 3He capture. A good quantitative estimate of this 
correction can be obtained from the observation of «-particle-
fission coincidences in the reaction d+ 22SRa, for which the 
reaction22SRa(d,«)"*Er-*f is ruled out energetically for the 
deuteron energy used. The shape of this o< spectrum as well as 
its relative yield are in agreement with similar data on •а5г Cf 
spontaneous ternary fission[24]. For the total energy range 
covered in the experiment, the total amount of this correction 
is about 20$ of the observed events with an estimated relative 
error of 0.2 included in the error bars for the 225Ra data. 

200 

CO 
< 100 

о < 
UL 
се 
LU 
Q. 

Z3 
о о 

50 

20 

226Ra( 3He.df) 

80 100 120 140 160 180 
FRAGMENT MASS (amu) 

FIG. 2. Fragment mass distribution for fission of г2,Ас at excitation energies between 7 and 13 MeV. 



IAEA-SM-174/20 7 

The fission probabilities and fragment anisotropies were 
analyzed both for events of type (b), and for the asymmetric 
and symmetric component separately (using coincidences of 
type (c)). Fig.2 shows, for example, the fragment mass spec
trum for fission of 227 Ac at 0° corresponding to excitation 
energies between 7 and 15 MeV. The symmetric component was 
determined from a narrow mass window (in this case 105^A<125) 
and its corresponding yield multiplied by a scale factor 
(~1.4) transforming the window observed to the area corres
ponding to a symmetric mass distribution with Gaussian shape 
[9]. Because of the steeper angle with respect to the target 
surface for the fission fragments detected, the pair of detec
tors F1/F2 had a better mass resolution, i.e. no tails from the 
asymmetric yield in the symmetric window; for F5/F4 a small 
correction (5# of the asymmetric yield) for such tails had to 
be subtracted. The sum of the counts for the symmetric and 
asymmetric components observed in correlated detector pairs 
F1/F2 or F5/F4- were normalized to the corresponding number of 
counts observed in F2 or F4- alone, to avoid errors from mis
alignment of the detectors. 

For the two nuclei investigated with the highest statisti
cal accuracy (227 Ac and " s Ac) the data were also completely 
analyzed with respect to the correlated three parameters: 
nuclear excitation energy, fragment kinetic energy and frag
ment mass. 

3. FISSION PROBABILITY FOR ASYMMETRIC AND SYMMETRIC FISSION 
The mass distribution for гг7 Ac for 7 < E x < 15 MeV as given in fig.2 shows a triple humped curve with clear minima 

between the three mass yield peaks. Since second-chance fission 
is excluded here for energetical reasons, we can conclude that 
both fission modes really occur in the same nucleus., contrary 
to speculations that one of them is due to fission of another 
isotope after neutron emission from the originally excited 
nucleus. 

Figs 3 and 4- show fission probabilities and fragment aniso
tropies as a function of excitation energy in the fissioning 
nuclei 226,227,228 A c a n d 225,227 ga respectively, separately 
for the symmetric and asymmetric fission modes. In all cases the 
data presented for the (in most cases dominant) asymmetric com
ponent were obtained by subtraction of the curve indicated in 
the figs, for the symmetric component from the data points for 
total fission which were measured with higher statistical 
accuracy (events of type (b)). Only for 23S Ra in fig.4- the 
total fission probability is given in addition, for clarity 
displaced by a factor of 10. 

Several interesting features are directly visible in figs. 
5 and 4. 
1. Most important, symmetric and asymmetric fission appear, in 
fact, to be associated with different fission barriers; for all 
cases except " 5 Ra the symmetric barriers appear to be higher 
than the asymmetric ones. This is definitely true for ZZ7 Ac and 2,28Ac, the two cases with the highest statistical accuracy 
(8.5 MeV compared to 7.5 for as7Ac, 9.2 compared to 7.2 for 
228 Ac respectively). In these cases, the upper limit for a 
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FIG. 4. Fission probabilities and fragment anisotropics for 225Ra and 227Ra as a function of the excitation 
energy in the fissioning nuclei. Arrows mark the neutron binding energies. 

possible symmetric yield averaged over the region between the 
two thresholds relative to the symmetric yield just above the 
symmetric threshold is 6$ (95$ confidence limit). The fragment 
angular anisotropics also seem to be different for the two mass 
components; the dashed line in the plots for symmetric fission 
(top of fig.3) marks the anisotropy for the asymmetric compo
nent. This difference further supports the interpretation of 
the different threshold behaviour as really being due to se
parate barriers. 
2. Following the well-known trend at the lower-Z actinides, the 
atomic number of the fissioning nucleus appears to have a pre
dominant influence on the total fission probability. Prom Ra to 
Ac, adding one single proton increases the fission probabili
ty near the threshold by almost a factor of 10. Nevertheless, 
the absolute fission probabilities, especially for symmetric 
fission, are extremely small, which, of course, presents the 
major difficulty of these experiments. 
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3- The competition of symmetric and asymmetric fission seems to 
be governed more by the neutron number. Clearly, both for Ra 
and Ac the nuclei investigated with the smallest neutron numbers 
(22SRa and "e Ac) reveal the biggest relative contributions of 
symmetric fission. 
4. The fission probability for both the symmetric and asymmetric 
component rises exponentially with increasing excitation energy, 
generally for the symmetric component much steeper than for the 
asymmetric one. In the logarithmic plots of figs.3 and Ц-, the 
slope of the fission probability a(log(f7/Q)/3EX f°r both 
fission modes remains constant for at least 5 MeV above the 
barrier (the increase above the dotted line for Z28 Ac in fig.3 
is caused by the onset of second-chance fission) and is much 
smaller than expected on the basis of simple statistical model 
considerations [25]. However, it seems to be influenced by the 
same parameters used in ref. [25J to describe the statistical 
aspects of neutron evaporation vs. fission competition. Pig.5 
shows the slope b and the intercept a of the function Iog07/Q = 
а+Ь(Ех-Е.р) as a function of E~-B' » E~ being the fission barrier and В ' the neutron binding energy of the daughter nucleus after 
neutron evaporation, corrected for even-odd neutron number 
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e f f e c t s (В' =B + Д ; Д =0 fo r odd N and equal t o the neu t ron e n e r 
gy gaP for even-N daughter n u c l e i [25]; for a nuc leus (Z,N) i t has 
been deduced by i n t e r p o l a t i n g d i f f e r e n c e s in the neut ron b ind ing 
ene rg i e s [26] for the n u c l e i (Z,N) , (Z, N-1) and (Z,N), (Z,N+1)) . 
Although the observed s lopes a r e h ighe r and the f i s s i o n p roba
b i l i t i e s a r e lower for symmetric compared t o asymmetric f i s s i o n , 
both components seem to fol low the same t r e n d . 

5 . Most s u r p r i s i n g l y , however, the y i e l d of the symmetric com
ponent even exceeds t h a t of the asymmetric component a l r e a d y a 
few MeV above the threshold, as is evident for 227Ra and 
228 Ac within the range of our data and has been observed also for 227Ac 
[ 8 - 1 0 ] . This r e s u l t cannot be due to second-chance f i s s i o n as 
has been specu l a t ed before [ 2 7 ] . Nor can it be explained [27] 
as due t o a washing-out of s h e l l e f f e c t s wi th i n c r e a s i n g e x c i 
t a t i o n energy , which, accord ing to r e c e n t c a l c u l a t i o n s [28], should 
be n e g l i g i b l e a t t hese low e n e r g i e s . In a simple s t a t i s t i c a l 
model fo r the compet i t ion of symmetric and asymmetric f i s s i o n , 
l e v e l d e n s i t y c o n s i d e r a t i o n s to be v a l i d would r e q u i r e the l e v e l 
d e n s i t y parameter a fo r l e v e l s a s s o c i a t e d wi th t he symmetric 
saddle to exceed t h a t fo r l e v e l d e n s i t i e s above the asymmetric 
s a d d l e , a „ , by more than 30$ fo r 227 Ra and 226 Ac. 

6. The fission probability for the asymmetric component of ^TAc shows a 
definite structure in the region of the fission threshold. Although the 
minimum in the structure might be correlated with the onset of symmetric 
fission,it could more likely be caused by the competing neutron channel 
(the difference between fission threshold and neutron binding energy being 
only 0. 7 MeV in that case), since similar effects are not observed for the 
other reactions in Figs 3 and 4. A similar structure (a "plateau") 
observed in the 226Ra(n,f) reaction at 8. 5 S Ex S 9. 5 MeV in » R a [29] is 
not confirmed in our 226Ra(d, pf) data. 

In conclusion, we have found experimentally the existence of different 
barr iers for symmetric and asymmetric fission in the same nucleus, 
suggesting that the character of the fragment mass split is already pre
determined at the saddle stage of the fission process. Although this seems 
to be in accord with the expectations from shell model calculations [14, 15], 
a deeper understanding specifically of the rapid increase of the symmetric 
fission probability above the asymmetric one has to await further detailed 
analysis. 

4. FRAGMENT MASS AND ENERGY DISTRIBUTIONS 
Aside from the fundamental question on different barriers 

for symmetric and asymmetric fission, the observed data contain 
a rather comprehensive information on the fragment mass and 
kinetic energy distributions as a function of excitation 
energy of fissioning Ac-nuclei. Although much has been known 
on this subject before[5,8-10] a more detailed presentation 
of our data on the reactions observed with the highest statis
tical accuracy, i.e. 2*eRa(äHe,pf) and 226 Ra(*He,df), seems 
reasonable since only the present data allow one to exclude in
fluences from second- and higher-chance fission. 
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of the heavy fragment mass for the reaction 226Ra (3He, df), the data for fragment masses A and 227-A 
being averaged. Data shown refer to excitation energies in 227Ac between 7 and 13 MeV (first-chance 
fission only). 

Fig.6 shows the fragment mass yield, the average total 
kinetic energy and the width of the kinetic energy distribu
tion as a function of fragment mass for all events observed in 
the reaction 226 Ra(3He,df). Although this sum is weighted in a 
complicated way by the fission probability and by the energy-
dependent (3He,d) cross-section (high deuteron energy corres
ponds to low excitation energy), it contains only data for 
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excitation energies in **7Ac(7 MeV < E < 13 MeV)and therefore 
refers to first-chance fission only, second-chance fission 
being ruled out by energy considerations. The data show the 
same features as those known for higher-energy fission of 217 Ac[9,10] and similar nuclei: 
a minimum in the mass distribution around fragment mass 
A=125; 
an average fragment kinetic energy being about 10 MeV lower for 
near symmetric mass splits (A«i114) with respect to A=134 to 
136 and the subsequent decrease for higher fragment masses, 
well known for asymmetric fission and explained by shell effects 
in the nascent fragment nuclei[1]; 
a distinct maximum of the width of the kinetic energy distri
bution for fragment masses A=128 to 130, which can be inter
preted as strong evidence for the existence of two components 
as outlined in section 1. For дг6 Ra(aHe,pf), the data observed 
look rather similar. For E > 12 MeV they contain contributions 
of second-chance fission (see fig.3). 

In figures 7 and 8, the average kinetic energy is 
analyzed for the symmetric and asymmetric component separately 
as a function of excitation energy in the fissioning nuclei 2" Ac and ггвАс, respectively. (The squares in fig.8 refer to 
data corrected for second-chance fission using the data of 
figs.7 and 3). The average values for both components not 
only appear to be different in absolute value, indicating that 
the distances of the charge centres of the nascent fragments 
at scission are different for the two components. They also 
change with excitation energy in a different way. For asymmetric 
fission, the fragment energy decreases with excitation energy by 

ш 

-Ц15- = - 0.6310.07 
226D„/3, Ra(3He.df) 

SYMM. 

10 12 14 16 18 
Ex .EXCITATION ENERGY [MeV] 

FIG. 7. Average total fragment kinetic energy for the asymmetric and symmetric component as a function 
of excitation energy in the fissioning nucleus 227Ac. Lines represent least squares fits. 
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FIG. 8. Average total kinetic energy for the asymmetric and symmetric component as a function of 
excitation energy of the fissioning nucleus 2Z8Ac, Open squares represent data for the asymmetric component 
corrected for second-chance fission. Lines represent least squares fits (in the case of asymmetric fission, 
for the corrected data points). 
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FIG. 9. Slope of the average fragment kinetic energy vs. excitation energy in 2г8Ас, д<Е^>/дЕх, plotted 
as a function of heavy fragment mass, the data for fragment masses A and 228-A being averaged (not 
corrected for effects of second-chance fission). 
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ЭЕк /ЭЕх=-0.72±0.15 fo r 2 a s Ac апйЭЕ к /дЕ х =-0 .63±0 .07 fo r " 7 A c 
(corrected for second-chance fission), very similar to 
SE, / äE =-0.54-0.04 found for the (asymmetric) fission reaction г39Ри (d,pf) [30] . In particular, this decrease is greatest 
for the near magic heavy fragments with A « 132-134-. This is 
more clearly shoira. in fig.9, where for 22a Ac the average slope 
ÖEJ/ЭЕ is plotted as a function of fragment mass (not corrected 
for second-chance fission effects). This trend is consistent 
with earlier measurements[30-32] and explicitely discussed in 
refs.[31,33]• Contrary to asymmetric fission, the fragment ki
netic energy for the symmetric component does not change signi
ficantly with excitation energy (if at all, it rather increases 
than decreases; the comparative values fordE,/dE are 
0.14±0.22 and 0.13^0.11 for "7Ac and "e Ac, respectively). 
The different behaviour for symmetric and asymmetric fission 
also in this respect is another piece of evidence for the 
existence of two separate fission modes. 

Thus it seems that after the gross determination of the 
symmetric or asymmetric character of fission made already at 
the barrier, the two components follow a different path with 
no or little overlap in the development from the barrier to 
the scission configuration. 
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DISCUSSION 

H. C. BRITT: Your rf /IJ results show structures that look very much 
like subbarrier resonance structures, especially in the case of 227Ac, and 
I am curious to know what the experimental energy resolution was in these 
experiments. If the structures are subbarrier resonances, then it seems 
possible that the estimated asymmetric barrier heights might be too low, 
as was the case for 240Pu before we took resonance phenomena into account. 

E. KONECNY: The experimental energy resolution was about 100 keV 
FWHM. For statistical reasons, however, we have summed over 200-keV 
energy intervals. The structure observed is not broadened by insufficient 
resolution. It is very interesting that the dip in the structure for 227Ac 
occurs exactly at the position where the symmetric fission sets in. We 
have therefore looked for similar structures in the data for the other nuclei 
investigated and have not found any with statistical significance. 

H.J. SPECHT: We have discussed three possible explanations for the 
structure in the case of 227Ac. Firs t of all, one might suspect transmission 
resonances below the barrier, as Mr. Britt has pointed out. However, 
the width of the structure is of the order of 1 MeV, which is much more 
than the instrument resolution, but also much more than the width normally 
observed for such resonances. As in the other cases, the fission probability 
increases extremely rapidly at the barrier, in accordance with the behaviour 
of a single rather than a double barrier . 

Secondly, as Mr. Konecny has already said, the minimum in the 
structure coincides exactly with the onset of symmetric fission. This looks 
very much like a destructive interference between two coupled channels, 
and, in fact, the size of the dip even agrees quantitatively with such an 
exciting speculation. Unfortunately, however, we just do not find this 
phenomenon in the other nuclei investigated. 
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The third and I think the most likely explanation at the moment is the 
presence of some structure in the competing neutron channel. In the case 
of 227Ac, the difference between the fission threshold and the neutron 
binding energy is only about 1 MeV, whereas in all the other cases this 
difference amounts to 2-3 MeV. 

C.F . TSANG: I should just like to raise again the idea that Dietrich 
suggested in Session IV in the discussion on Bj^rnholm's paper1. One 
can perhaps understand the behaviour of rf /Гп for asymmetric and 
symmetric fission based on Bj<J>rnholm's enhancement of Ц /Гп for 
asymmetric shapes. The observation that initially the asymmetric r f / r n 
is much larger than the symmetric one may be due in part to this enhance
ment. Then the rate of increase of If/IJ, as a function of excitation energy 
for the asymmetric case being much less than that for the symmetric case 
may be explained by the washing-out of this enhancement. 

H. GROENING: The data for226Ra seem to indicate that the fission 
barr ier for symmetric fission would be much thinner than that for asym
metric fission. I understand that Nix has mapped the potential energy 
surface for Ra and I wonder if the calculations bear this out. 

Also, I do not think that the data which you obtained differ greatly from 
those of Babenkoand co-workers2 in the 226Ra(n, f) reaction. Both show a 
plateau at roughly the same energies with a subsequent sudden increase. 
Your data for 5Ra seem to show an analogous phenomenon. 

E. KONECNY: The statistical accuracy of our 227Ra data is too small 
to establish the slope of the symmetric threshold. From the data on 227Ac 
and 228Ac, however, we find no significant differences in the steepness of 
the symmetric and asymmetric threshold. The subsequent rise in fission 
probability for the symmetric component is attributed to the neutron 
emission vs fission competition and not to the penetration of a barrier. 

The hint of a (statistically non-significant) "plateau" in our data on 
227Ra relates to excitation energies of about 9. 4 to 10 MeV compared to 
the plateau observed by Babenko and co-workers at about 8. 5 to 9. 5 MeV. 
At these latter energies we observe a fairly steep rise in the fission 
probability instead. For 225Ra our data are statistically not precise enough 
to deduce any structure. 

D. G. PERRY: Would you comment as to why, in the case of 228Ac, 
one sees a rise attributed to second-chance fission in the asymmetric 
component, but not a corresponding increase in the symmetric component? 

E. KONECNY: At the onset of second-chance asymmetric fission at 
an excitation energy of about 12. 5 MeV in 228Ac the first-chance asymmetric 
fission probability is about 2. 5 X 10"3, compared to an asymmetric fission 
probability of about 5 X 10"3 in227Ac; thus second-chance effects become 
very clearly visible. For symmetric fission, second-chance fission 
effects may be expected at about 14 MeV in 228Ac (very close to the end 
of the energy range covered in the experiment), where the first-chance 
symmetric fission probability is also about 2. 5 X 10"3. The symmetric 
fission probability for 228Ac near the threshold, however, is only about 
3 X 10"4. Therefore second-chance effects for symmetric fission do not 
become observable in our data. 

1 BJ0RNHOLM, S., BOHR, A., MOTTELSON, B. R., Paper IAEA-SM-174/205, these Proceedings, Vol.1. 
2 BABENKO, Yu.A., et a l . , Sov. J. Nucl. Phys. JX) (1969) 133. 



18 KONECNY et al. 

S. BJ0RNHOLM: Do you still see the bump around 8 MeV in 227Ac 
when you sum the symmetric and asymmetric fission probabilities? 

E. KONECNY: Yes. 
H. J. SPECHT: One should distinguish between an interference effect 

and simple competition between uncoupled channels. In the first case, the 
sum will still show structure, whereas in the latter it will not. 

S. S. KAPOOR (Chairman): I should like to point out that your results 
showing a larger anisotropy for symmetric mass divisions are in agree
ment with the results of some of our measurements carried out about 
eight years ago for the 4-MeV neutron-induced fission of 235U. These 
results seem to imply that not only KQ but also mass division should be 
determined at the fission transition point. 

E. KONECNY: You are correct. The differences in anisotropies for 
symmetric and asymmetric fission support the theory that the two fission 
channels proceed over different barr iers associated with different K-
distributions. As far as correlations between fragment anisotropies and 
the finer details of the mass division are concerned, no conclusions can 
be drawn on the basis of our results. 
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FRAGMENT MASS AND KINETIC ENERGY 
DISTRIBUTIONS FOR FISSIONING SYSTEMS 
RANGING FROM MASS 230 TO 256* 

J. P. UNIK, J.E. GINDLER, L.-E. GLENDENIN, K.F. FLYNN, 
A. GORSKI, R.K. SJOBLOM 
Chemistry Division, Argonne National Laboratory, 
Argonne, 111., United States of America 

Abstract 

FRAGMENT MASS AND KINETIC ENERGY DISTRIBUTIONS FOR FISSIONING SYSTEMS RANGING FROM 
MASS 230 TO 256. 

Pre-neutron-emission fragment mass and total kinetic energy (TKE) distributions, as well as mass-
energy correlations, have been obtained for thermal-neutron-induced fission of 229Th, 233U, !S5U, 23sPu,-
!4sCm, 249Cf, 254,Es and spontaneous fission of w C m , a t m , 250Cf, 2MCf, 2MCf and 25sFm using the double-
energy method. Post-neutron-emission mass distributions of fragments formed in the thermal-neutron-
induced fission of 25ICf, 2s^Es, 2s5Fm and spontaneous fission of 253Es, !s4Fm and 2 5Jm have been obtained 
radiochemically. These data, covering a wide range of different fissioning systems, make possible detailed 
examinations of many aspects of the fission process. All the double-energy data were analysed in a self-
consistent manner (identical energy calibration methods, corrected for neutron-emission effects, experimental 
resolution, fragment energy losses in target materials, etc.) so that the precision of reported TKE values 
and fragment masses, relative to the energy calibration method used, are believed to be better than ±0.5 MeV 
and ±0. 2 amu, respectively. Several of the pre-neutron mass distributions, particularly for 2MTh(n, f), 

2s5U(n, f) and 248Cm(sf), exhibit pronounced fine structure. This observed fine structure is discussed in terms 
of enhanced formation of even-Z fragments in fission, nuclear charge division and fragment shell structures 
at large deformations. The total kinetic energy released in the fission of ! , fCm and 250Cf resulting from 
neutron capture is greater than in the respective cases of spontaneous fission. However, the fraction of initial 
excitation energy appearing as additional TKE in the fission of 2s0Cf is substantially greater than for 246Cm, 
consistent with existing neutron emission probability measurements. The neutron emission function 5(A) 
for pre-neutron-emission fragment masses has been indirectly determined by comparison of cumulative 
pre- and post-neutron-emission mass yields for thermal-neutron-induced fission of 254Es and spontaneous 
fission of 252Cf and 256Fm. The trends in 5(A) and the characteristics of the mass distributions as a function 
of the fissioning nucleus and excitation energy are discussed. 

1. INTRODUCTION 

The large amount of data published in the past on fission 
fragment mass and kinetic energy distributions has contributed 
greatly toward our qualitative understanding of many aspects of 
the fission process. However, recent, rapid advancements in 
fission theory now require data of greater precision, studies 
of a wider range of fissioning systems (particularly the heav
iest elements, such as fermium), and investigations of the many, 
finer details of the fission process. Unfortunately, complete 
post-neutron-emission (secondary) mass distributions of the 
fission products are presently known for only a few of the more 
readily available isotopes of uranium and plutonium and for 
2= 2cf. Physical measurements of the pre-neutron-emission (pri
mary) mass and kinetic energy distributions and their various 

* Work performed under the auspices of the US Atomic Energy Commission. 
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correlations have been made for a much larger number of fission
ing systems. However, much of this data is of limited value 
because of uncertainties associated with the different methods 
used for energy calibration, the corrections applied for neutron 
emission from the fragments, the quality of the sources, the 
experimental resolutions, etc. 

A comprehensive program is currently underway to investi
gate fragment mass and kinetic energy distributions for a wide 
range of nuclides that fission either spontaneously (sf) or 
when irradiated with thermal neutrons (n,f). All data are col
lected and analyzed in a complete, self-consistent manner to 
attain the highest relative precision and absolute accuracy 
possible with available experimental methods. Secondary mass 
distributions are determined radiochemical^, whereas primary 
mass distributions are obtained with solid-state detectors 
using the well-established double-energy method. These two 
methods are complementary since the radiochemical method can be 
used to obtain mass distributions for many fissioning systems 
where physical measurements are not feasible because of extreme
ly low fission specific activities, low fission-to-alpha emis
sion branching ratios, etc. On the other hand, for those fis
sioning systems where primary and secondaryjnass distributions 
are known, neutron emission probabilities, v(A), as a function 
of fragment mass can be indirectly obtained. The double-energy 
method provides a great deal of additional information, such as 
fragment kinetic energies and fragment mass and kinetic energy 
correlations. In the present investigation data have been ob
tained for fissioning nuclides ranging from 230Th to 256Fm. 
These results, combined with our earlier studies of nuclear 
charge distribution [1] and mass distribution fine structure 
[2] in fission, now make possible detailed examinationsof many 
aspects of the fission process. 

2. EXPERIMENTAL PROCEDURE 
2.1. Double-Energy (Physical) Method 
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Coincident fission fragmen 
gold-surface-barrier silicon de 
heights were recorded event-by-
subsequent off-line data proces 
an identical experimental arran 
to those described in Ref. [1]. 
energies were calculated event-
nique. Post-neutron-emission к 
fragments were first calculated 
using the mass-dependent energy 
fission fragment energy spectru 
kinetic energies were then tran 
energies by a suitable correcti 
neutron emission from the fragm 
functions, v(A), were used for 
(n,f) and 252cf(Sf) fissioning 
probabilities as a function of 
the other cases studied. There 
the neutron function for 229fh( 
as that measured for 235u(n,f) 
the 252Cf(sf) neutron function 
and energy computations for Cm, 
Uncertainties introduced by the 
the v(A) functions are discusse 
neutron functions were normaliz 
sured average total neutron emi 
aged over the computed mass dis 
included in these transformatio 
the total kinetic energy releas 
were then calculated from the p 
through the conservation laws о 
iteration procedure began with 
es and subsequently used result 
until convergence criteria were 
kinetic energies. 

ts were detected by two 4-cm 
tectors. The resultant pulse 
event onto magnetic tape for 
sing. All data were taken with 
gement and electronics, similar 
The fragment masses and kinetic 

by-event using an iterative tech-
inetic energies of complementary 
from the recorded pulse heights 
calibration based on a 252r,f 

m [3]. The post-neutron-emission 
sformed to pre-neutron-emission 
on for the average effects of 
ents. Published neutron emission 
the 233u(n,f), 235u(n>f)s 239Pu 
systems [4-6]. Neutron emission 
fragment mass are not known for 
fore, the appropriate shape of 
n,f) was assumed to be the same 
[6], and the reported shape of 
[4] was used in the fragment mass 
Cf, Es and Fm isotopes, 
se assumptions for the shapes of 
d in Sect. 5. In all cases, the 
ed to gj_ve the appropriate mea-
ssion (vx) values [7] when aver-
tributions ,and corrections^ were 
ns for the dependence of v(A) on 
e. The primary fragment masses 
re-neutron-emission energies 
f mass and linear momentum. The 
an estimate of the fragment mass-
s of the preceeding iteration 
met for the computed masses and 

By using the same experimental arrangement and electronic 
equipment, extremely thin targets and backing materials, a sin
gle consistent energy calibration method and neutron emission 
correction method, and by making the necessary second order 
corrections, the relative precision of reported average total 
kinetic energy values and fragment masses (relative to the 
energy calibration method used) are believed to be better than 
± 0.5 MeV and +0.2 amu, respectively. The absolute accuracies 
are more difficult to estimate since they are primarily depen
dent upon poorly understood inherent uncertainties in the 
energy calibration method used. However, an analysis of the 
data taken in this work for 235U(n,f) and 252cf(sf) using a new, 
totally independent energy calibration method [8] yielded aver
age values for the masses and total kinetic energies within 0.1 
amu and 0.8 MeV, respectively, of those reported here. This new 
calibration procedure is based on the energy response of surface 
barrier detectors to heavy ions ranging from alpha particles to 
low-energy uranium ions and depends upon the mass, nuclear 
charge and energy of the ions. In comparison, the currently 
used calibration method [3] depends only on the mass and energy 
of the fragments. Although the new calibration method appears 
to be applicable over a wider range of energies and masses than 
the existing method, the parameterization of the new calibration 
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method must be more fully studied before it can be universally 
applied. However, since the two independent calibration methods 
yield almost identical results for low-excitation energy fission 
of the actim'de elements (within their respective estimated 
errors), the results quoted here based on the existing calibra
tion method are believed to have an absolute uncertainty of 
± 0.2 amu and ± 1 MeV for the average masses of the light and 
heavy fragment groups and total kinetic energy release, respec
tively. 

2.2. Radiochemical Method 

Radiochemical measurements of the fission product mass dis
tributions were made for the spontaneous fission of 2 5 3 E S . 
l^jFm, 256pm ancj the thermal-neutron-induced fission of Z 5 1Cf, 
" 4 E s , and 255pm. Each of the above nuclides after chemical purification 
accounted for essentially all of the observed fission events 
with the exception of the 2 5 5Fm samples for which corrections 
were made for growth of 251cf during the neutron irradiations. 
Chemical purification was achieved by separating the desired 
elements from other actinide elements on a cation exchange 
column using Dowex-50 resin in the ammonium form and a-hydr-
oxyisobutyric acid as the elutriant [9]. Whenever purification 
from fission products or inert salts was required, a column of 
Aliquat-336 (a mixture of trioctyl and tridecyl methyl ammon
ium chloride) adsorbed on hydrophobic diatomaceous earth [10, 
11] was used. Rare earth fission products were removed by elu-
tion with a IM NH4SCN - 0.01M H2SO4 solution. The desired 
element was then eluted with 0.0214 H2SO4. Further purification 
was achieved by loading the 0.02M_ H2SO4 solution onto a column 
of di(2-ethyl hexyl) orthophosphoric acid (HDEHP) adsorbed on 
diatomaceous earth and eluting the column with various concen
trations of hydrochloric acid [12]. 

Final samples of the isotopes were prepared by evaporating 
a tetraethylene glycol solution of the element as the nitrate 
or chloride on a 0.005-inch-thick platinum plate. This gave 
samples that were well-distributed and thin enough to collect 
recoiling fission fragments on catcher foils. Aluminum catcher 
foils were used for spontaneously fissioning samples, whereas 
polyethylene catcher foils were used for thermal-neutron-indu
ced fission to avoid interference by neutron-activated impuri
ties in aluminum. In most cases, the catcher foils were in 
intimate contact with the fissioning source. In a few cases, 
a 0.00025-inch mylar film was interposed between the fissioning 
source and catcher foil to prevent transfer of the actinide 
source material and thus avoid possible contamination of lan-
thanide fission products with alpha activity. 

Neutron irradiations were made in the large pneumatic tube 
(rabbit) of the Argonne heavy water reactor, CP-5,in a flux 
of % 2 x 10l3 neutrons cm~2 sec-1. The irradiations were from 
thirty to sixty minutes duration. 

After an irradiation or collection period the catcher 
foils were either counted in a standard position of a Ge(Li) 
Y-ray spectrometer or dissolved (in HCl or NaOH for aluminum 
and in HC104-HN03 for polyethylene) in the presence of carriers 
for the fission product elements. The fission products were 
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isolated using conventional radiochemical techniques and counted 
in a beta proportional counter with a low background. Fission 
yields were calculated from the measured activities using the 
appropriate Bateman equations to correct for growth and decay. 

3. FRAGMENT MASS DISTRIBUTIONS 

3.1. Double-Energy (Physical) Method 

_ The first moments o_f the fragment pre-neutron-emission mass 
(A^ H ) , kinetic energy (EL SH) and total kinetic energy (TKE) dis
tributions as well as the foot-mean-square widths of these dis
tributions are listed in Table I for all of the fissioning sys
tems studied. The subscripts L and H refer to the light and 
heavy fragment mass groups,respectively. The pre-neutron-emis-
sion mass distributions for thermal-neutron-induced fission and 
spontaneous fission are shown in Figs. 1 and 2, respectively. 
All of the distributions shown have been corrected for the ef
fects of experimental mass dispersion caused by neutron evapora
tion from the fragments, the energy resolution of the detectors 
and the energy loss of the fragments in the target materials [1]. 
The calculated mass resolutions for the fissioning systems 
studied here range typically from a = 1.22 to 1.78 amu. 

Many qualitative features of mass division in low-energy 
fission are evident in Figs. 1 and 2. For example, the average 
masses of the heavy fragment groups are nearly constant over the 
entire range of fissioning nuclides studied, whereas the average 
masses of the light fragment groups increase with increasing mass 
of the fissioning nuclides. There is an appreciable increase in 
the yield of symmetric fission fragments for the very heaviest 
fissioning systems, particularly for 254ps(njf) ancj 256pm(Sf)_ 
Furthermore, it is quite apparent that a great deal of fine 
structure exists in the mass distributions, most notably for the 
lighter fissioning nuclides. This fine structure has previously 
been shown to be the result of a preferential formation of frag
ments with even nuclear charges in low-energy fission [2, 13, 
14]. The shaded vertical bars in Figs. 1 and 2 indicate the cal
culated masses corresponding to the formation of fragments with 
the designated even nuclear_charge numbers. The most probable 
or average nuclear charge, Zju, assoc''a'ted with a fragment of 
mass, Ai u, was found in earlier charge division studies [1] 
of 233u^,f), 235u(n,f), 239Pu(n,f) a n d 252Cf(Sf) to be ^0.5 ± 
0.2 proton greater for the light fragment and ^ 0.5 proton less 
for the heavy fragment than calculated on the basis that the 
fragments are formed with the same charge density (Zp/Ap) as the 
fissioning nuclide. From this observation the average fragment 
masses corresponding to given even nuclear charges, as indicated 
in Figs. 1 and 2, were calculated using the relationships, 

\ = (AF/ZF)(ZL - 0.5) (1) 

A~H.= (AF/ZF)(ZH + 0.5) (2) 

As can be seen in Figs. 1 and 2, there is generally excellent 
agreement between masses corresponding to the maxima of the 
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Fragment Mass (amu) 

FIG. 1. Primary fragment mass distributions obtained for thermal-neutron-induced fission. All distributions 
have been corrected fox experimental dispersions. The shaded vertical bars indicate the calculated frag
ment masses associated with the even nuclear charges shown in the figure for Z39Pu(n, f). 
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Fragment Mass (amu) 

FIG. 2. Primary fragment mass distributions obtained for spontaneous fission. All distributions have been 
corrected for experimental dispersions. The shaded vertical bars indicate the calculated fragment masses 
associated with the even nuclear charges shown in the figure for Cf(sf). 

mass-distribution fine structure and the calculated masses 
associated with fragments possessing even nuclear charges. The 
widths of the shaded bars shown in Figs. 1 and 2 reflect an 
estimated ± 0.2 proton uncertainty in the calculation of average 
masses associated with even-charge fragments. 

By closer examination of the mass distributions shown in 
Figs. 1 and 2, there appears to be a strong preference in these 
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fissioning systems for mass and charge divisions that yield heavy-
fragment groups containing 52 to 58 protons. Major fractions of 
the yields for all these fissioning systems are associated with 
heavy fragments formed within this range of protons numbers. 
Furthermore, there appears to be a preference for divisions in 
which the light fragment contains 42 protons and is complemen
tary to a heavy fragment with 52, 54 or 56 protons. For thor
ium and uranium isotopes where the Z = 42 light fragments are 
not complementary to these proton numbers, these charge-mass 
divisions occur in very low yields. However, for fissioning 
nuclides of plutonium, curium and californium the divisions 
corresponding to (Z|_,Zn) = (42, 52), (42, 54), and (42, 56), 
respectively, generally occur with the highest or nearly highest 
yields. It is not immediately obvious that, in the act of fis
sion, fragments formed with these protons numbers have special, 
stabilizing properties which strongly influence the fission mass 
and charge distributions or whether the neutron numbers associa
ted with these proton numbers are the more important, controlling 
factors. 

Wilkins and Steinberg [15] have been somewhat successful in 
reproducing the qualitative features of mass distributions over 
a wide range of fissioning nuclides using a static potential-
energy surface calculation. The total potential energy of two 
nearly tangent spheroids was calculated as the sum of three de
formation-dependent terms: 1) a liquid-drop term, 2) a Strutin-
sky-type deformed-shel1 and pairing correction term, and 3) a 
Coulomb interaction correction term between the fragments. The 
minima in the potential energy surfaces were found to be criti
cally dependent on the fragment deformations and the size of the 
deformed-shell correction terms. In their model, Wilkins and 
Steinberg calculate the relative potential energies for all mass 
divisions at the value of the deformations for light and heavy 
fragments corresponding to the minimum in the surface and relate 
these potential energies to the observed fission yields. Examina
tion of the various contributions to the total potential energy 
at these deformations reveals that the. minima are strongly in
fluenced by sizable negative shell corrections occurring for 
neutron numbers in the vicinity of %66 and %88, and for proton 
numbers of U44 for large fragment deformations. These shell 
corrections, taken from the work of Strutinsky [16], are shown 
in Fig. 3. In this figure, a deformation parameter of n £ 9 
would correspond to the deformation at which the deepest minima 
in the calculated potential energy surface occur. As can be 
seen in Fig. 3 for this region of fragment deformations, there 
are no sizable negative proton shell corrections corresponding 
to the large fission yields observed for 52 <_ Z <_ 58. However, 
a large netative shell correction exists for fragments having 
U80-90 neutrons. These fragments have proton numbers associated 
with them which are within the Z = 52 to 58 range. Sizable 
shell corrections also occur at these deformations for Z % 44 
and N % 66, nucleon numbers that are quite close to those of the 
Z = 42 fragments which also seem to play a role in determining 
fragment mass distributions in fission. 

Therefore, on the basis of simple, static potential energy 
considerations, the neutron shell corrections (level densities] 
for deformed fragments near 88 neutrons seem to be important in 
determining the relative constancy of the heavy fragment mass 
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20 50 100 20 50 100 150 
Z N 

FIG. 3. Contour diagrams of Stratinsky shell corrections as a function of nucleon number and nuclear 
deformation [16] . Negative shell corrections are shaded. Contour lines correspond to increments of 
5 ( W . 

group near An % 140 for a wide range of fissioning nuclides. In 
addition, neutron and proton shell corrections near N % 66 and 
Z % 44 also contribute to the shapes of the fragment mass distri
butions. Further refinements in the calculation of these poten
tial-energy surfaces including shell corrections which are cal
culated more precisely [17] may lead to a more quantitative 
interpretation of many aspects of mass and charge division in 
fission. 

3.2. Radiochemical Method 

Fission yields for the various mass chains determined in 
this work are presented in Table II and plotted as mass-yield 
curves in Fig. 4. Included in both the table and figure are 
the fission yields determined previously at this laboratory for 
256Fm(sf) [18]. The errors for the values given in Table II 
were evaluated on the basis of the number of measurements, the 
statistical error in the counting rate determination, and any 
uncertainties in the decay scheme of the particular nuclide 
measured. The measured yields of the isomers 53.5-h H5gcd and 
27-h 121gsn were converted to total chain yields by using values 
for the isomer ratio, (m+g)/g, reported for 235u(n,f) as 1.072 ± 
0.02 [19] and 1.156 ± 0.05 [20], respectively. However, the 
reported isomer ratio of 2.5 ± 0.2 [20] for T25gsn in 235u(n,f) 
does not appear to be applicable to the heaviest fissioning 
systems, 25SFm(n,f) and 256Fm(sf) (see Table II and Fig. 4 ) . This 
leads to some uncertainty in estimating the peak-to-valley ratios 
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FIG. 4. Radioohemically determined mass-yield curves for several fissioning systems. 

for the othe r fissioning systems (Table III). An ison 12S9sn is suggested by the mass-yield curv mer ratio of £1 .5 for '"Ssn "is suggested by the mass-yield curve for 255Fm 
(n,f) and was used to establish approximate valley positions for 
the other cases (arrowheads in Fig. 4). Summations of the mass-
yield curves for the six fissioning systems were normalized to 
200%. 
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TABLE III. Summary of Radiochemical^ Determined Mass 
Distribution Characteristics 

F iss ion ing 
System 

2 2 9 T h ( n , f ) 
2 3 3 U ( n , f ) 
2 3 5 U ( n , f ) 
2 3 9 P u ( n , f ) 
2 1 t 5Cm(n,f) 
2 * 9 C f ( n , f ) 
2 S 1 C f ( n , f ) 
2 5 2 C f ( s f ) 
2 5 3 E s ( s f ) 
2 S 1*Es(n, f ) 
2 5 1 ,Fm(sf) 
2 5 5 F m ( n , f ) 
2 5 6 Fm(s f ) 

ML 
(amu) 

87.6 
93.3 
94.9 
98.9 

102.8 
105.8 
107.3 
106.1 
105.9 
110.6 
108.8 
113.2 
111 .8 

MH 
(amu) 

139.9 
138.2 
138.6 
138.1 
139.2 
139.8 
140.7 
142.1 
142.4 
140.2 
141.5 
138.8 
141 .0 

VT 

2.5 
2.5 
2.5 
3.0 
4.0 
4.4 
4.0 
3.8 
4.7 
4.2 
3.7 
4.0 
3.2 

Peak- to -Va l ley 
Rat io 

500 
440 
620 
150 
155 
i 3 0 
%20 

^600 
£450 

%8 
%60 

2.5 
12 

that symmetrical fission of Cf will decrease with an increase 
in excitation energy. The results presented here for 25'Cf(n,f) 
clearly do not support this hypothesis. Also in evidence in 
Fig. 4 is the shift of the light mass peak and the relative con
stancy of the heavy mass peak. The characteristics of the six 
mass distributions are summarized in Table III together with the 
characteristics of several other mass distributions determined 
previously. 

The variation with fissioning mass in the mean masses (first 
moments) of the light and heavy groups for both primary (solid 
curve) and secondary (dashed curve) mass distributions is shown 
in Fig. 5. Previous papers (e.g. ,Ref. [18]) have considered the 
variation of the mean secondary masses, Rj_ and Щ, to be essen
tially linear functions of the fissioning mass (Ap) with only 2 5 2Cf(sf) deviating from this pattern. However, with the new 
data presented in this paper it is clear that these functions 
(for both primary and secondary masses) are not quite linear and 
that there is a distinct deviation in the region of Ac £ 250 to 
255. 

_ Values of the average total emission of neutrons per fission 
(v-r) presented in Table III and Fig. 5 are those derived by the 
mass-balance relationship 

v T = AF - <FTL + M~H) (3) 

These values agree fairly well with values of vj measured direct
ly [7] (depicted by the dashed-dot curve in Fig. 5) and seem to 
indicate a leveling off of vj for Ap > 245. 
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MASS OF FISSIONING NUCLEUS (amu) 

FIG, 5. Average primary masses (solid curves) and secondary masses (dashed curves) of the fission product 
groups and total average neutron emission DT (dot-dash curve) as a function of the mass of the fissioning 
nucleus. 

4. FRAGMENT TOTAL KINETIC ENERGY CORRELATIONS 
The average total kinetic energy release for many fissioning 

systems has in the past been correlated with the symmetric-fis
sion Coulomb repulsion parameter ZpVApl/3, i.e., 

TRT = В (Zp 2/A F
1 / 3) + С И ) 

However, in previous correlations, e.g.,Ref. [23], Т Ж values 
with large uncertainties were included as well as data for fis
sioning systems with widely different excitation energies and 
angular momentum distributions. The total kinetic energy has 
previously been shown to be slightly dependent on both excita-
tion energy as well as angular momentum [24]. The TKE values 
obtained in this work are correlated with the Coulomb repulsion 
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FIG. 6. Correlation of measured average total kinetic energies (TKE) with the symmetric-fission Coulomb 
repulsion parameter zf/Ap . Data for thermal-neutron-induced fission are shown as open circles, data 
for spontaneous fission are shown as solid squares. The fissioning nuclides are indicated for each data point. 

parameter in Fig. 6. The line in this figure is the result of a 
least-squares fit of the (n,f) data (open circles) to Eq. (4) 
yielding В = 0.13323 and С = -11.64. For fission data taken at 
nearly the same low excitation energy and with no angular momen
tum, it is seen that TKE data can be adequately represented by 
Eq. (4).generally to within ± 1 MeV. However, in fitting the 
data,the TKE value for 249cf(n,f) was omitted since it is considerably lower than expected from such a linear fit. The 
TKE values measured in this work as well as in the work of 
others (e.g., Ref. [25]) indicate a deviation for californium 
isotopes from this general linear dependence. The first moments 
of the fragment mass groups for californium fission also deviate 
from the smooth dependence with fissioning mass based upon iso
topes of other elements as shown in Fig. 5. 

The TKE values measured for spontaneous fission are in al
most all cases less than those measured or interpolated from 
(n,f) data, as seen in Table I or Fig. 6. Fragment mass and 
kinetic energy correlations have been obtained for spontaneous 
fission as well as fission following neutron capture for two 
fissioning nuclides, 246r,m and 250cf. In the case of 246cm 
there is little difference between the TKE for 245cm(n,f) as 
compared with 246r,m(sf). However, 250cf(n,f) has a substantially 
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6.. 
3.832 
2.86 
0.972 

184.2 
183.9 
0.3 
6.3 

450 
± 0.034 
± 0.06 
± 0.07 
± 0.5 
± 0.5 
± 0.7 
± 0.8 

6 
4.06 
3.53 
0.53 

189.1 
187.0 
2.1 
8.5 

.617 
± 0.04 
± 0.09 
+ 0.10 
± 0.5 
± 0.5 
± 0.7 
± 2.1 

TABLE IV. Energy Balance Comparison: Spontaneous vs 
Thermal-Neutron-Induced Fission 

Fissioning 2 4 6 r m 250.. 
System 96 L m 98 L T 

E*(n,f) (MeV) 
vT(n,f) 
vT(sf) 

Т Щ n,f) (MeV) 
TT<E~(sf) (MeV) 
ДТКТ (MeV) 
B"n(MeV/n) 

reater TKE value than 250r,f(sf). The difference in behavior of 
.KE of the two fissioning nuclides for (sf) compared with (n,f) 
can be directly correlated with the measured neutron emission 
probabilities, since the difference in initial excitation energy 
between (n,f) and (sf) must appear primarily as additional in
ternal excitation energy of the fragments (resulting in increased 
neutron emission) or additional kinetic energy of the fragments. 
The energy balances of neutron emission and TKE for these two 
fissioning nuclides are summarized in Table IV. For 246cm fis
sion there is little difference in TKE between (n,f) and (sf), 
and most of the initial excitation energy appears as additional 
internal excitation energy of the fragments resulting in increas
ed neutron emission. For 250r,f there is a substantial difference 
of TKE (2.1 MeV) for (n.f) compared to (sf). Consequently, less 
of the initial excitation energy is available for eventual neu
tron emission. The energy balance can be put into quantitative 
terms by assuming that the initial excitation energy (E*) must 
be distributed between additional neutron emission (Avj) and 
additional kinetic energy (ATKE) according to the relationship 

* E = (ÄVT>Bn + ЛТКЕ (5) 

An average energy required to emit a neutron, ТГП £ 7 MeV/neutron, 
is obtained from this correlation using the available data_^ This 
is quite consistent with the generally accepted value for В . 

Comparison of spontaneous fission with fission taking place 
above the barrier as in (n,f) for the same fissioning nuclide 
can, in principle, provide information regarding dynamic, dam
pening effects in fission. However, the meager amount of infor
mation available at present indicates that interpretations will 
be very complex. As seen from the 246cm and 250cf data pre
sented here, there are differences in TKE between (sf) and (n,f). 
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FIG. 7. (a) raw. of total kinetic energy distribution, (b) kinetic energy data and (c) primary fragment mass 
distribution for 24fcm(sf)i, shown as circles, and for 245Cm(sf), shown as crosses. All distributions are 
uncorrected for experimental dispersion. 

However, the differences are variable from one fissioning nuclide 
to another,and furthermore they are dependent on the fragment 
masses. Figs. 7 and 8 show comparisons of the mass distri
butions and TKE values as a function of fragment mass for spon
taneous fission and fission following neutron capture for 246cm 
and 250cf, respectively. The data shown in these two figures 
have not been corrected for experimental resolutions. The mass 
distributions for 2 4 6Cm(sf) and 245c.m(n,f) are very similar, with 
the 245cm(n,f) mass distribution being slightly more asymmetric. 
On the other hand, the mass distributions for 2 5 0Cf(sf) and 
249Cf(n,f) are quite different, with the 249cffn,f) case being 
more symmetric, contrary to the results for 246r.m. For both 
fissioning nuclides, the major differences in TKE between (sf) 
and (n,f) occur for fragment masses more symmetric than the aver
age masses as shown in Figs. 7b and 8b. Correction for the poor
er mass resolution of the (n,f) cases (because of increased neu-
tron emission) would slightly increase the observed differences 
in TKE for (n,f) and (sf) cases in mass regions more symmetric 
than the average masses and decrease the observed small differ
ences for very asymmetric mass divisions. 
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FIG. 8. (a) rms of total kinetic energy distribution, (b) kinetic energy data and (c) primary fragment mass 
distribution for 250Cf(sf), shown as circles, and for ""cf(n,f), shown as crosses. All distributions are 
uncorrected for experimental dispersion. 

Results for the total kinetic energy release as a function 
of fragment mass are shown in Fig. 9 for the (n,f) cases studied. 
As can be seen, the well known decrease in TKE near symmetric 
fission (indicated by vertical lines) becomes less pronounced 
for heavier fissioning systems. While most of the distributions 
are essentially structureless, the TKE distribution for 229Th(n,f) 
contains a great deal of structure. Fig. 10b shows an expan
ded version of TRT(A) for Z 2 9Th(n,f). For comparison the TKE(A) 
distribution (normalized by an arbitrary factor of 0.944) for 
the nearest fissioning system measured, 2^ 3U(n,f), is shown by a 
dashed line. This normalized TKE(A) distribution is shown here 
as being representative of previously measured, structureless 
distributions. The difference between the measured ТТЁ(А) dis
tribution for 229Th(n,f) and that representative of a typical 
smooth distribution is shown in Fig. 10a. As can be seen, this 
difference is of the order of a few MeV. Furthermore, the masses 
corresponding to the maxima in Fig. 10a are identical to those 
associated with the mass distribution fine structure shown in 
Fig. 1. This correlation with masses associated with even-Z 
fragments suggests that in 229Th(n,f) mass divisions containing 
even-Z fragments have a greater TKE release than odd-Z fragments. 
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FIG. 9. Average total kinetic energy as a function of primary heavy-fragment mass for cases of thermal-
neutron-induced fission. The vertical lines indicate the symmetric fission masses for each fissioning nuclide. 

There a r e s e v e r a l p o s s i b l e e x p l a n a t i o n s f o r t h i s o b s e r v a t i o n , 
none of which a r e conclusive. However, the in terpre ta t ion mus t be re la ted 
to the fact that the energy r e l eased in 2 2 9Th(n, f) i s low and s m a l l e r than 
in all f issioning sy s t ems studied he r e . F o r example, if the energy requi red 
to b reak a proton pa i r for formation of two odd-Z fragments came totally 
at the expense of TKE, then one would expect the even-Z fragments to 
have ~ 2 . 5 MeV m o r e total kinetic energy than odd-Z fragments . It may 
a l so be that in th is case the energy available for internal excitations 
d u r i n g t h e t r a n s i t i o n from t h e s a d d l e p o i n t t o t h e s c i s s i o n c o n 
f i g u r a t i o n i s i n s u f f i c i e n t t o b reak nuc leon p a i r s . A l a r g e r 
f r a c t i o n of any e x i s t i n g p r e - s c i s s i o n k i n e t i c ene rgy may t hen 
s u r v i v e d i s s i p a t i o n i n t o e x c i t a t i o n energy f o r even -even p a i r e d 
f r a g m e n t s as opposed to odd-A or odd-odd f r a g m e n t s . The e f f e c t 
c o u l d a l s o be caused s imp ly by a s m a l l e r c h a r g e s e p a r a t i o n (of 
t h e o r d e r of 2%) of t h e f r agmen t s a t s c i s s i o n f o r even-Z t o t a l l y 
p a i r e d f r a g m e n t s a s opposed to odd-Z f r a g m e n t s . 

5. DETERMINATION OF NEUTRON EMISSION FUNCTIONS 

No information is presently available on neutron emission 
probabilities as a function of fragment mass, v(A), for the 
heaviest fissioning systems (Ap > 252). However, these func
tions can be obtained indirectly for 254Es(n,f) and 256Fm(sf) 
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FIG. 10. Average total kinetic energy for Th(n, f) as a function of primary heavy-fragment mass. The 
dashed curve in (b) shows the ТКЩА) values obtained for U(n, f) multiplied by 0, 944. The curve shown 
in (a) represents the difference between the two curves shown in (b). 

from the primary and secondary mass distributions which have been 
determined in the present work and in earlier^ work £18], since 
these distributions are interrelated by the v(A) function. For 
this purpose an iterative method was used to derive neutron 
emission functions. 
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FIG. 11. Compaiison of radiochemical mass yield data with secondary mass distributions obtained by 
transformation of physically determined primary mass distributions using the known 0(A) function for !52Cf(sf) 
(dashed curves) and empirical functions v(Ap) (solid curves) derived by an iterative method. 
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The results of this iterative method are_shown in Fig. 11. 
The physical data, transformed with various v(A) functions, are 
givejn as curves through the radiochemical data (open circles). 
The v(A) functions used in the transformations are given as 
corresponding solid or dashed curves. In all cases,_the initial 
transformed curves obtained with a 252Cf(sf)-shaped v(A) function 
are shown as dashed curves. 
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FIG. 12. (a) rms of total kinetic enetgy distribution, (b) kinetic energy data and (c) primary fragment 
mass distribution for 2HEs(n, f). Data points indicated by open circles were calculated assuming that the 
C(A) function had the same shape as that ditectly measured for 25zCf(sf) (Ref. [4]). Data points shown as 
crosses were calculated using the 5(A) function derived indirectly in this work and shown in Fig. 11. 
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validity of the method used here. Other than the region near 
symmetry, the_ most obvious difference between the experimental 
and derived v(A) functions is in the mass region of A % 95 to 
105 where the derived function indicates greater neutron emis
sion. 

Since the radiochemical mass distributions for Es(n,f) 
and 256Fm(sf) are considerably less complete than the one_for 
"2r,f(sf), the uncertainties associated with the derived v(A) 
functions shown in Fig. 11 are correspondingly greater. The most 
significant conclusions that can be drawn from these results is 
+hat the derived v(A) functions are definitely saw-toothed in 
character and the shapes of the functions are most likely dif
ferent from the shape of the 252cf(sf) function. Thus, for the 
spontaneous and thermal-neutron-induced fission of nuclides 
heavier than 252cf,shell effects continue to play an 
important role in determining the relative fragment deformation 
energies. 

The primary mass and kinetic energy distributions presented 
for the fission of Cf, Es and Fm is_otopes in Sects. 3.1 and 4 
were calculated assuming that the_ v(A) functions for these sys
tems have the same shape âs the v(A) function measured [41 for 
252cf(sf). However, the v(A) functions derived here for 254E S 
(n,f) and 256pm(Sf) f,ave slightly different shapes than that 
for 252cf(sf). It_ is therefore important to establish what 
effect different v(A) functions have on the calculated primary 
mass and kinetic energy distributions. Such a comparison is 
shown in Fig. 12 for 254ES(n,f) which seems to have a v(A) func
tion most different from that of 252r.f(sf\ The open circles 
indicate the results calculated with a 252r,f(Sf)-shaped v(A) 
function, and_ the crosses indicate the results calculated with 
the derived v(A) function. As can be seen in Fig. 12, the mass 
distribution calculated with the latter \T(A) function is shifted 
slightly toward symmetry compare^ with the distribution calcu
lated with the 252Qf(sf)-shaped v(A) function. However, the 
results of the two calculations are in very good agreement. 
Also_the results of total kinetic energy calculations using the 
two v(A) functions agree well. Thus, for the purpose of cal
culating primary mass and kinetic energy distributions, a nor
malized 252cf(sf)-shaped v(A) function is a sufficiently good 
approximation for the heavier fissioning systems investigated in 
this work. 
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DISCUSSION 

M. S. MOORE: What do the closed circles represent in the last figure? 
J .P. UNIK: The closed circle data points in the last figure were 

obtained using a neutron function which had the same shape as that measured 
for 252Cf(sf) but assuming v(.A) to be independent of TKE (A). 

M. S. MOORE: Is it really fair to include 230Th and Fm in the figure 
showing average total kinetic energy vesus Zp/Ap/3 (Fig. 6), when we know 
that these distributions show anomalous behaviour? 

J. P. UNIK: For the purpose of this figure, namely to be able to 
interpolate and extrapolate unmeasured TKE values, I think it is perfectly 
satisfactory to include these data points. 

S. BJ0RNHOLM: I was struck by the amount of structure in the mass 
and kinetic energy distributions of 229Th(n, f) and ^^mfsf) showing a 
preference for even fragments. Extrapolating, you should expect even 
more structure in 240'242Pu(sf). Have you studied that? 

J. P. UNIK: I would expect appreciable fine structure in the mass 
distribution for spontaneous fission of 240Pu and ^ ^ u . We are currently 
studying ^^Pufsf) but have no data available at this time. However, Deruytter 
will show mass distributions obtained for ^Pufsf) in a paper to be presented 
later in this session. 

J. C. D. MILTON: In your work you have found that the fragment total 
kinetic energy increases with the excitation energy of the fissioning system 
(i. e. dEk/dE* is positive) yet previous direct reaction studies by many 
workers2 have shown the reverse effect. Moreover, Konecny has just 
shown us (Fig. 9 of paper IAEA-SM-174/20) that cffi^/dE* is most negative 
near mass 130, whereas it is most positive at the same point in your Fig. 8. 
Do you have an explanation for this discrepancy? 

J. P. UNIK: No, I do not have a conclusive explanation for this difference 
However, the effect observed in this work is experimentally real and, I 
believe, consistent with the observations of Deruytter for fission of 240Pu. 
All the cases you cite are for systems above the fission barrier , with 
angular momentum, whereas I am comparing systems well below the 
barr ier with those slightly above the barrier. 

M. ASGHAR: It seems that your 239Pu(n, f) data show less structure 
than the neighbouring nuclei, 235U(n, f) and 245Cm(n, f). Could you enlarge 
on this? 

J. P. UNIK: I have no comment to make on this. 
M. ASGHAR: The data show that the peak-to-valley ratio goes down 

as the mass of the fissioning nucleus goes up. Have you tried to correlate 
this ratio to something like zf/A^3, as you did for the TKE? 

J. P. UNIK: We are at present trying to correlate and compare 
measured peak-to-valley ratios with various theoretical predictions. 

P. FONG: I should like to report some recent calculations on asym
metric mass distributions, which is still one of the major problems in 
fission theory. The starting point of these calculations is the potential 

1 DERUYTTER, A.J . , WEGENER-PENNING, G., Paper IAEA-SM-174/35, these Proceedings, Vol.2. 
2 KONECNY, E., SPECHT, H. J., WEBER, J., Papel IAEA-SM-174/20, these Proceedings, Vol. 2; 

MILTON, J. C D . , SPECHT, H.J. , FRÄSER, J .S . , European Conf. on Nucl. Phys., Aix-en-Provence, 
June-July 1972, J. Phys. (Paris) Colloque 5, Supplement to Vol. 33, N0.8-9(1972)17; also earlier work 
by Schmitt and others. 



44 UNIK et al. 

118 
118 

128 
108 

138 
98 

148 
88 

158 
78 

FIG. A. Calculated energy release between saddle and scission for U as a function of fragment mass ratio. 

energy surface of Mustafa, Mosel and Schmitt. As the 236U nucleus moves 
from saddle to scission, the potential energy decreases. Figure A shows 
the amount of energy released as a function of the mass ratio of division. 
This energy may be transformed to heat excitation energy or kinetic energy 
of the collective modes of motion. Two alternative calculations are 
carried out. One assumes that all the energy becomes heat excitation 
energy, this being the statistical theory which I originated a long time ago. 
The other assumes that all the energy becomes kinetic energy and this 
will be referred to as the dynamical theory. The results are shown in 
Fig. B. The statistical-theory prediction of asymmetric mass distribution 
is as good as can be expected. This agreement removes one serious 
difficulty in the statistical theory. 

If we examine the current status of the statistical theory, we see that 
there is no single set of calculations that explains all distributions. On 
the other hand, within one systematic consistent framework, there do 
exist separate calculations on mass distribution, charge distribution, 
kinetic energy distribution, prompt neutron distribution, energy dependence 
of distributions, LRA fission rate, LRA energy and angular distributions, 
spontaneous fission distributions and so on. These calculations are 
reasonably successful and at the present time there are no serious problems. 
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FIG. B. Fragment mass distribution for thermal neutron fission of 235U, calculated assuming energy release 
all goes into excitation of the fragments (statistical theory) or energy release all goes into kinetic energy of 
the fragments (dynamical theory). 

The fact that the calculations are not combined into one single set is 
a reflection of the enormous mathematical complexity rather than any-
intrinsic fundamental difficulty. With the development of more power
ful theoretical tools, such as the Strutinsky prescription, BCS calculation, 
viscosity studies and so on I am optimistic that a single set of calculations 
for all distributions may eventually emerge. 

n i i i i i i i r ^ T r̂  

EXPERIMENTAL 

_1 1 I 1 I I 1 I I I I 





IAEA-SM-174/72 

MEASUREMENT OF THE KINETIC ENERGY 
DISTRIBUTIONS IN THE THERMAL-NEUTRON-
INDUCED FISSION OF 2 5 5 Fm AND 251Cf 

R.C. RAGAINI, E.K., HULET, R. W. LOUGHEED 
Lawrence Li verm ore Laboratory, 
University of California, 
Livermore, Calif., 
United States of America 

Abstract 

MEASUREMENT OF THE KINETIC ENERGY DISTRIBUTIONS IN THE THERMAL-NEUTRON-INDUCED 
FISSION OF 2s5Fm AND 251Cf. 

The kinetic energy distributions of coincident fission fragments from the thermal-neutron-induced 
fission of 255Fm and Z51Cf have been measured with phosphorus-diffused silicon detectors. The most probable 
value of the post-neutron total kinetic energy is 192. 5 ± 2. 9 MeV for 255Fm and 182.1 ± 2. 7 MeV for 
251Cf, Fragment mass distributions were calculated with no neutron emission corrections. The resultant 
mass and kinetic energy distributions for 255Fm show characteristics indicating predominantly asymmetric 
fission with appreciable symmetric fission. Fragments near mass symmetry are unusually energetic, which 
is a feature in common with symmetric fission in 2s,Fm and !58Fm. 

The thermal-neutron-induced fission cross-sections were measured as 3400 ± 170 bams for255Fm and 
4800 ± 250 bams for 2slCf. 

The complete text of this paper has been published as : 
RAGAINI, R. C , HULET, E . K . , LOUGHEED, R. W. , Phys . Rev. C9 
(1974) 399. 

D I S C U S S I O N 

M.S . MOORE: P e r h a p s I misunders tood your comment that the changes 
you observe do not seem to be very dependent on excitation energy. To my 
mind, the changes between 2 5 6 Fm spontaneous fission and P 5 F m + n) prompt 
f ission appear quite pronounced. 

E . K . HULET: I believe you must be comparing the 256Fm(sf) m a s s 
distr ibution determined by rad iochemis t ry with our distr ibution m e a s u r e d 
by counters . Because of the la rge difference in m a s s resolut ion between 
the two exper iments , a compar ison of peak- to-val ley ra t ios is not ve ry 
meaningful. Our conclusion concerning the effect of excitation energy is 
based par t ia l ly on the smal l changes in the m a s s dis tr ibut ion we observed 
in 251Cf(n, f) compared with 252Cf(sf). The main point is that we do not find 
any evidence that excitation energy can be blamed for the ve ry l a rge amount 
of symmet r i c fission found in 2 5 7Fm(n, f). 

M. S. MOORE: Can you ext rac t v f o r 2 5 6 F m prompt fission using these 
data and the radiochemical r e su l t s ? 

E .K . HULET: Yes , in pr inciple v can be derived from these expe r i 
men t s , but it would be quite inaccura te . 

47 
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D.C. HOFFMAN: Firstly, I should like to confirm that the counter 
experiments do not have as good a mass resolution. For example, the 
peak-to-valley ratio for 252Cf is a 700 from radiochemical measurements, 
while ^ 10 is a good value for counter experiments. In addition,if a v 
correction is made for Fm, this can deepen the valley obtained from counter 
measurements. 

Secondly, as you have pointed out, the highest TKE is observed for 
mass symmetric splits both for 255Fm(n,f) and 257Fm(sf) but, in addition, 
the variance of the TKE is large and some symmetric fission has rather 
low TKE. Would you comment on whether this may be another type of 
symmetric fission or is it a tailing of asymmetric peaks, in other words, 
why is there such a large distribution of TKE at symmetry? 

E.K. HULET: Since we can distinguish symmetric fission by the 
unusually high kinetic energies of the fragments, the mass-kinetic energy 
distributions have the appearance of a symmetric fission mode super
imposed upon a normal asymmetric one. It looks as if there are two 
fission modes present in 255Fm(n, f), 257Fm(sf) and257Fm(n, f). The low 
kinetic energies from fragments near mass symmetry would then arise 
from the asymmetric mode of fission — that is a symmetric scission 
of asymmetrically deformed nuclei. 

B.D. WILKINS: We have calculated potential energy surfaces for the 
fermium isotopes using a static model. For the ligher fermium isotopes 
the calculations show a deepest minimum in the potential energy, 
asymmetric in mass, occurring at quite large deformations. As one adds 
neutrons, a second minimum, occurring at small deformations, rapidly 
comes down in energy as one approaches 264Fm. This minimum is 
symmetric in mass and because of its small deformations would be expected 
to yield significantly higher TKE values than the asymmetric component. 

When one looks at the experimental data for 255Fm(n, f), it is clear 
that the asymmetric component is quite dominant even at symmetry, where 
one expects it to have a TKE release of about 215 MeV. However, a small 
yield from the symmetric minimum giving a TKE of ~240 MeV is readily 
apparent. 

At 25SFm the situation has changed with the symmetric minimum 
becoming dominant. Thus, in addition to the high TKE release, one 
expects a much greater variance in TKE at symmetry owing to the 
contributions from both minima. 

F . PLASIL: I would like to disagree with Mr. Hulet's comment that 
his results seem to indicate the existence of two modes of fission in the 
neutron-induced fission of 255Fm. Firs t , I think that the term "fission 
mode" should be reserved for situations where it is clearly demonstrated 
that two qualitatively different processes are involved, such as could be 
the case if the barr iers were to be different. What we should consider 
is the question whether there is justification for decomposing the measured 
distributions into symmetric and asymmetric components. The decision 
to decompose and to talk about two different components is largely 
arbitrary, but it does not seem to be suggested by the fragment total kinetic 
energy versus fragment mass contour diagram just shown. There is no 
hint of a separate peak in the distribution as is the case in the fission of 
nuclei near radium. All that seems to be indicated is a preference for 
higher kinetic energies when the mass divisions are close to symmetry. 
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This effect can be understood, as Mr. Hulet pointed out, in terms of the 
expected near-spherical shape of the fragments in that mass region. 

K. DIETRICH: I should like to mention that when Dickmann and I 
recalculated the Vandenbosch model using the Strutinsky method some 
years ago, we always obtained two minima for a given mass split. They 
corresponded to different fragment deformations at scission and this would 
therefore also imply different kinetic energy components. These calculations 
were done for uranium and it is conceivable that similar results could be 
obtained for fermium. 

U. MOSEL: In the case of the ligher actinides, one of the two minima 
you obtained in your recalculation would be due to the liquid drop behaviour, 
whereas the other one would be due to the shell effects. Since fission 
becomes symmetric again in the fermium region and both the LDM and 
the shell corrections tend to favour symmetric splits, there is little 
reason to expect two fission modes based on this explanation for the most 
dominant decay mode. 
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Abstract 

COMPARISON OF THE FISSION CHARACTERISTICS OF THERMAL-NEUTRON-INDUCED FISSION OF a9Pu AND 
THE SPONTANEOUS FISSION OF M0Pu. 

The thermal-neutron-induced fission of ^'Pu and the spontaneous fission of 240Pu were compared to study 
the influence of the excitation energy on the fission characteristics. A two-dimensional coincident fragment 
pulse-height analysis was performed with a 4ir Pu source viewed by a surface barrier detector on each side of the 
foil. The Pu source was a mixture of about 90% 24l)Pu and lÔ o asPu. The thermal neutron measurements were 
performed with a well-thermalized beam of the BR1 graphite reactor. The ""PU spontaneous fission experiments 
were performed with the reactor shut down. In such a method the systematic errors cancel in the comparison. 
Kinetic energy and mass distributions were obtained for both systems. The average pre-neutron total kinetic 
energy is found to be higher for thermal-neutron-induced fission, i.e. 177.9 ± 0.04 MeV, than the value 
176.8 i o. 14MeV for spontaneous fission. The indicated errors are statistical. The mass distributions are similar. 
However, the peak-to-valley ratio is larger, and the peaks are narrower and shifted towards the symmetric 
point over 1 mass unit for spontaneous fission. Mass distributions for several groups of total kinetic energies of 
the fragments indicate that with increasing total kinetic energy the mass peaks become narrower, the average 
heavy mass approaches 132 and apparent fine structure at lower kinetic energies disappears. The fine structure 
effects in the mass distributions at low total kinetic energies are more pronounced in spontaneous fission. This 
effect may be due to the fact that in thermal-neutron-induced fission of 2MPu, 0+ and 1+ channels are open. 

1. INTRODUCTION 

The mass and kinetic energy distributions of the fission fragments show-
many peculiarities such as asymmetry of the fragment mass division, fine 
structure at well-defined masses and a maximum of the total kinetic energy 
for a heavy fragment mass equal to 132. 

Until now one could not predict the influence of the excitation energy on 
all these peculiarities, because knowledge is lacking on the fission process 
between the saddle point and the scission point. 

Several fast neutron fission experiments have been carried out for nuclei 
with mass number varying from232Th to M1Pu. In those experiments the 
probability for the reaction (n, n'f) is real and may cause trouble in the 
correct interpretation of the results. 

We carried out a double energy experiment with the compound nucleus 
^''Pu. We compared the thermal-neutron-induced fission of 239Pu with the 
spontaneous fission of 240Pu. In the first case the excitation energy of the 

Research sponsored by I. W.O.N.L., Belgium 
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compound nucleus was 6. 4 MeV higher than in the second. The relatively-
shor t half-life for spontaneous fission of 2 4 0Pu and its ve ry low fission c r o s s -
section at the rmal neutron energies permi t ted the use of one source containing 
2 4 0 Pu a s well a s 2 3 9 Pu. The t he rma l neutron fission of 239Pu (large c r o s s -
section) is measured with the r eac to r beam on; 2 4 0 Pu spontaneous fission with 
the r eac to r shut down. So the same experimental a r r angemen t could be used 
for both. 

An analogous experiment was c a r r i e d out a long t ime ago by Mostovaya [1] 
with a double ionization chamber . T o ra sk a r and Melkonian [2] a l so studied the 
spontaneous fission of 2 4 0Pu and the low-energy neutron induced fission of Pu, 
but this was done in two separa te exper iments with a different source and another 
set of de tec to r s . Recently, analogous exper iments were done on the compound 
nuclei M 2 P u [ 3 ] , 250Cf and 2 4 6 Cm [ 4 ] . 

2. EXPERIMENTAL PROCEDURE 

The fission source was p repared at CBNM-Geel and consisted of 
60 n g / c m 2 Pu acetate e lec t rosprayed on a gold-coated VYNS film. It 
contained about 8. 3% of 2 3 9Pu and about 90% of 2 4 0Pu. The exact isotopic 
composition is given in Table I. 

Care was taken to keep the Cf- and Cm- impur i t i e s below the detection 
l imit . Two la rge gold-sil icon surface b a r r i e r de tec tors were placed face-
to-face at opposite s ides of the ta rge t . Detec tors and fission source were 
mounted para l l e l to the direct ion of the neutron beam in a vacuum fission 
chamber constructed with thin Al windows for entrance and exit of the neutron 

TABLE I. ISOTOPIC COMPOSITION OF 
THE Pu-TARGET 

Isotope 

2 3 8 P u 

2 3 9 P u 

2 4 0 P u 

2 4 1 Pu 

2 4 2 0 Pu 

2 4 1 . Am 

C m 

Cf 

Abundance (%) 

0.006 

8.261 

90.820 

0.853 

0.060 

1.07 

« 0.01 

« 0. 01 
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beam. A well-thermalized and collimated neutron beam of the Belgian 
reactor BR 1 was used. The electronic apparatus for this two-parameter 
correlation experiment consisted of two charge-sensitive preamplifiers and 
two double-delay-line clipped amplifiers with a clipping time of 2 ßs to avoid 
distortion of the pulse-height spectra by a pile-up. We further used a fast-
slow coincidence unit with a resolution time of 6 ns, and a double analogue-
to-digital converter of 128 x 128 channels. Coincident pulse heights were 
registered event by event on paper tape. We registered alternatively the 
thermal fission with the reactor on, and the spontaneous fission with the 
reactor shut down, to avoid background. The data were collected during a 
period of several weeks. About 105 thermal and about 104 spontaneous fission 
events were registered. 

With such an experimental procedure, systematic er rors cancel in the 
comparison of the results and we only have to take the statistical er rors 
into account for the comparison. 

3. DATA ANALYSIS 

From the coincident pulse heights of the two complementary fragments, 
post-neutron kinetic energy values were calculated with the simple linear 
equations 

Ej = A; Xi + Bi i = 1, 2 (detectors) (1) 

where -Ei and Xi are the energy and the pulse height of the fragment, and Aj 
and Bi are the calibration constants. 

The use of the mass-dependent calibration formula of Schmitt [ 5] is not 
appropriate here because the detectors suffer from a large »-flux. 

The constants Aj and Bi from Eq. (1) are determined by identification of 
the average light pulse height and the average heavy pulse height with the 
corresponding post-neutron kinetic energies obtained by Schmitt [ 5]. 

For each thermal fission run, the calibration constants were determined. 
They varied slowly with time and we fitted a linear function of the time 
through the experimental values of Ai(t) and Bi(t). This method permitted 
us to obtain accurately the values of the calibration constants for the 
spontaneous fission runs by interpolation. 

A first approximation of the fragment masses, m, was obtained from 
the relations 

MiEi =M2E2 (2) 

M l + M 2 = 240 (3) 

El and E2 are the post-neutron energies from Eq. (1). Equation (2), the law 
of conservation of impulse, is only rigorously valid for the fragments before 
neutron evaporation. To correct these preliminary energy and mass values 
for neutron emission we used the distribution of emitted neutrons as a function 
of the fragment mass as obtained by Milton and Fräser [ 6] . For spontaneous 
fission of 240Pu, such a distribution is not available in the literature, but it 
is well known that for all fissioning isotopes the general features of these 
distributions are similar. So we multiplied the whole distribution of 
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(239pu + n t h j w i t h the ra t io between the average number of emit ted neutrons 
pe r fission [ 7] for spontaneous fission of 2 4 0Pu and for t he rma l -neu t ron -
induced fission of 2 3 9Pu. 

In this way neutron emiss ion cor rec t ions were ca r r i ed out for spontaneous 
a s well a s for t he rma l fission, event by event. F r o m these event-by-event 
calculated values the mass and the total kinetic energy dis tr ibut ions were 
obtained and the corre la t ion between m a s s and energy was studied. We 
obtained m a s s distr ibutions for s eve ra l d i sc re te groups of total kinetic energy 
values , a s well as the var ia t ion of the total kinetic energy as a function of the 
heavy fragment m a s s . 

4. RESULTS AND DISCUSSION 

4. 1. Total kinetic energy and mass dis tr ibut ions 

The total p re -neu t ron kinetic energy for the thermal-neut ron- induced 
fission of 239Pu is 177. 95 ± 0.04 MeV. This value i s 1.1 ± 0.2 MeV l a r g e r 
than that for the spontaneous fission of 2 4 0Pu. In the l a t t e r case we obtained 
176. 84 ± 0. 14 MeV. This difference is caused mainly by the difference in 
kinetic energy of the light fragment (cf. Table II). 

A normal distr ibution was fitted to the exper imenta l total kinetic energy 
dis t r ibut ions . The a r e a s of these distr ibutions shown in F igs 1 and 2 a r e 
normal ized to make the comparison ea s i e r . 

The distribution for spontaneous fission differs from that for the rma l 
fission in a few respec t s : 

(a) The r ight side of the distribution in F ig . 1 shows a deviation from the 
normal shape. 

(b) The distribution is slightly b roade r . 
(c) The whole distr ibution is shifted to the low-energy side (see F ig . 2). 

TABLE II. PRE-NEUTRON ENERGY AND MASS VALUES 

< E* . . > 
tot. kin. 

< JE* > 
L 

< JE* > 
H 

< m * . > 

< m* > 
H 

2 3 9 P u 

177.9 

103.4 

74. 5 

100.76 

139.24 

+ 

+ 

+ 

+ 

+ 

+ 

n t h 

0.04 

0.04 

0.04 

0. 04 

0.04 

MeV 

M e V 

M e V 

a m u 

a m u 

2 4 0 P u 

176.8 

102.4 

74.3 

101.55 

138.45 

sp. f. 

i o. 

t o. 

+ o. 

t o. 

t 0 

14 

14 

14 

14 

14 

M e V 

MeV 

M e V 

a m u 

a m u 
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FIG.2. Comparison of the fitted energy distributions for a9Pu + п ^ (dotted line) and for 24CPu spontaneous 
fission (full line). 

The m a s s distr ibutions a r e shown in F ig . 3. Again the a r e a s of the d i s 
tr ibutions a r e normal ized . Only the heavy fragment side i s shown on the 
figure; the light fragment side is identical but reflected with r e spec t to the 
s y m m e t r i c point M = 120. 

The re a r e again some differences between the spontaneous and induced 
fission resu l t s : 

(a) The re is a shift over about one m a s s unit of the peak to the point M = 120 
for spontaneous fission (see a lso Table II). 

(b) The peak is b roade r for induced fission. 

The re i s in general good agreement between our r e su l t s and those of 
Mostovaya [ 1 ] . The re a r e however considerable d i sagreements between our 
resu l t s and those of T o r a s k a r and Melkonian [ 2 ] . They obtained a total 
kinetic energy which is about 3. 7 MeV higher for spontaneous fission, where 
we found a difference in the opposite direct ion of 1. 1 MeV. The shapes of 
the m a s s and energy dis tr ibut ions show significant differences from all such 
distr ibutions known until now: they detected a pronounced shoulder in the m a s s 
distr ibution near Мц = 142 and a lso one in the energy distribution near 
E Гос. kin. = 186 MeV. 
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FIG.3. Mass distributions for spontaneous and induced fission (only the heavy fragment mass is represented). 

The results of Toraskar and Melkonian are obtained from two separate 
experiments, so in the comparison of the results the systematic errors do 
not cancel. An additional uncertainty is introduced by the different calibration 
procedures used in the two cases: for induced fission, the mass-dependent 
Schmitt formula for239Pu was used, but for spontaneous fission of 240Pu the 
same formula was used utilizing 252Cf spontaneous fission data. The total 
error (systematic and statistical) on the total energy difference is about 
3 MeV, whereas the statistical accuracy of our result is 0. 2 MeV. 

Recently Dyatchenko and co-workers [ 3] carried out an analogous expe
riment on the compound nucleus 242Pu. They also obtained a higher total 
kinetic energy for the spontaneous fission compared with their value for 
induced fission, but the general characteristics of the kinetic energy and 
mass distributions obtained by this group are in agreement with our results. 

Unik and co-workers [4] also performed analogous experiments. They 
compared the thermal-neutron-induced fission of Cm and 249Cf with the 
spontaneous fission of 246Cm and 250Cf, respectively. There is good agree
ment between our results and those of Unik. The total kinetic energy is 
higher for induced fission then for spontaneous fission. Also the general 
shape of the distributions shows the same trends. 

4.2. Total energy balance 

The compound nucleus 240Pu formed by capture of a thermal neutron in 
the nucleus 239Pu has an excitation energy which is 6. 4 MeV — the binding 
energy of the neutron — higher than the nucleus M()Pu fissioning spontaneously 
in its ground state. 
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TABLE III. TOTAL ENERGY BALANCE 

< E* , . > 
tot. kin. 

< E . > neutr . 
< E y > [9] 

< Q > 

239 D , 
Pu + n t h 

177.95 - 0. 04 

21.2 - .0.4 

8 t 1.5 

207. 1 - 1 . 9 

M e V 

MeV 

MeV 

MeV 

Pu sp. f. 

176.8 - 0. 14 MeV 

15.8 - 0.5 MeV 

8 - 1.5 MeV 

200. 6 - 2. 1 MeV 

There should be about the same 6. 4-MeV difference between the <Q> 
values of both systems — <Q>is the average total energy released per fission. 
<(Q̂ > is composed of the total kinetic and the total excitation energy of the 
fragments. We assume the average released gamma energy to be equal for 
both cases, then only neutrons account for the difference in total excitation 
energy. We calculated from our mass distributions, and using the neutron 
distributions of Milton and Fräser [6] and the neutron binding energy tables 
of Milton [ 8], that about 5. 3 MeV of the initial supplementary excitation 
energy goes into neutron emission in the case of induced fission (see Table III), 
Together with the total kinetic energy difference of 1. 1 MeV, we obtain a 
A<(Q )> value of about 6. 5 MeV, almost exactly the difference in initial excitation 
energy. We obtained the same conclusion as Unik [4] for the compound 
nuclei246Cm and 250Cf, i .e . the additional excitation energy is distributed 
between additional kinetic energy and additional neutron emission. 

4. 3. The mass distribution correlation with kinetic energy 

The variation of the total kinetic energy as a function of the heavy 
fragment mass is shown in Fig. 4. In general, the energy curve for 
spontaneous fission lies below that for induced fission. But at the broad 
maximum situated between MH = 130 and MH = 135 the energy for both 
systems is about equal, within the statistical error limits. 

There is also a slight deviation from a monotonic decrease in the region 
136 < MH < 150 near a heavy mass value MH = 142. 

Analogous features are found by Unik and co-workers [ 4] and 
Dyatchenko and co-workers [3] for other isotopes. Toraskar and Melkonian 
[2] found that the entire energy curve for spontaneous fission lies higher 
than that for induced fission in the case of 240Pu. Owing to limited statistical 
accuracy in the curve, no further conclusions may be drawn. 

In Figs 5 and 6, mass distributions are shown for increasing total 
kinetic energy, ranging from 152 MeV to 207 MeV in steps of 5 MeV, for 
spontaneous and induced fission respectively. With increasing kinetic 
energy the peaks of the distributions become narrower and shift to the 
symmetric point, the symmetric yield decreases and the average heavy mass 
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FIG .4. Comparison of the variation of the total kinetic energy with the heavy fragment mass for both fissioning 
systems. 
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FIG. 5. Mass distributions for the spontaneous fission of Pu for increasing total kinetic energy of the fragments, 
ranging from 152 MeV to 207 MeV in steps of 5 MeV. 
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FIG.6. Mass distributions for the thermal-neutron-induced fission of и9Ри for increasing total kinetic energy of 
the fragments, ranging from 152 MeV to 207 MeV in steps of 5 MeV. 

approaches MH = 132. These trends are illustrated in the tables in Figs 5 
and 6. Although the statistical errors in the spontaneous fission experiments 
are large, especially for the spectra away from the maximum yield, and call 
for some reserve, the mass distributions seem to show more structure than 
in the case of induced fission. This may be because more fission channels 
are open in the latter case, leading to slightly different mass and kinetic 
energy divisions. 

From the previous discussion it follows that the difference of 6. 4 MeV 
in excitation energy of the compound nucleus leads to a difference of 1.1 MeV 
in kinetic energy of the fragments and 5. 3 MeV in internal excitation energy 
of the fragments. This result supports the relatively strong damping during 
the first part of the descent from the saddle point to the scission point in the 
picture proposed by Bjj6rnholm [ 10]. 
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DISCUSSION 

H.J. SPECHT: With the aid of Fig. A I should like to present some 
experimental information on the dependence of the average total kinetic 
energy ^Ei<)> on excitation energy in 240Pu. In addition to the two points 
indicated by crosses for spontaneous and thermal neutron fission reported 
by Mr. Deruytter, I have included the excitation energy dependence found in 
the 239Pu (d, pf) reaction by Milton and co-workers1 . I have also added a point 
for fission from the well-known 4-ns isomeric state in Pu which we have 
measured in Munich. The error bars given include possible systematic 
e r rors , which I do not think is the case with Mr. Deruytter's points. (These 
are normalized to Schmitt's thermal neutron value, which in turn is indicated 
by the solid point and large error bar.) It is remarkable that this value still 
seems to follow the trend observed for fission above the barrier, whereas 
the point for spontaneous fission from the ground state is definitely lower. 

J. P. UNIK: The excitation energy dependence of the total kinetic energy 
for fission of ^"Pu is more complex than indicated in this figure. Several 
years ago we reported the negative slope observed for 239Pu (d, pf). However, 
we also observed at that time that the negative slope (dTKE/dE*) was 
approximately three times larger for the case of 240Pu (a,a'f), indicating a 
strong angular momentum dependence. 

A. J. DERUYTTER: It would certainly be very dangerous to extrapolate 
the curve shown in this figure to zero excitation energy, because this would 
lead to quite a high value for the kinetic energy, one that would be hard to 
explain. 

M. ASGHAR: According to the data presented in Mr. Deruytter1 spaper,most 
of the 1. 1-MeV difference in the total kinetic energy between 239Pu (n, f) and 
240Pu (sf) appears to be taken up by the light fragment. I wonder why this 
should be so? 

S. Bj£>RNHOLM: I believe that the preferential increase in the kinetic 
energy of the lighter fragment is related by conservation of momentum to 
the shift towards higher mass asymmetry in the neutron-induced fission 
experiment. 

1 MILTON, J .C.D. ,e tal . , in European Conf. on Nuclear Physics(Aix-en-Provence,June-July 1972), J.Phys. 
(Paris) Colloque 5, Supplement to Vol. 33, N0.8-9(1972) 17. 



62 DERUYTTER and WEGENER-PENNING 

180 
or 
Ш z 

Ш 

Hi 175 

lef t ist 

T \ 
. , "°9Puaf. 

t 239D _ 
Pu*n th 

-

J^Pufd.pf) " 
: ^ - ^ 

Ex .EXCITATION ENERGY [MeVl 

FIG. A. Average total fragment kinetic energy versus excitation energy for excitation below 10 MeV. See 
discussion for a description of symbols in figure. 

A. J. DERUYTTER: It is certainly clear from the experimental evidence 
presented in the paper that the major part of the difference is taken up by the 
light fragment and I agree with Mr. Bj(6rnholm's observation. 

S. Bj£>RNHOLM: The advantage of your experiment is that you can in 
principle compare fission from 0+ states exclusively. How much does fission 
from the 1+ resonances in239Pu (nth,f) contribute in practice? 

A. J. DERUYTTER: In the case of thermal-neutron-induced fission of 
239Pu, about 51% of the fissions result from a bound level resonance (0+), 
42% from the 0. 297-eV resonance (1+) and the remaining fraction from higher 
energy resonances (mixture of 0+ and 1+). However, as has been shown by 
Melkonian and co-workers at Columbia University, the difference in kinetic 
energy between these two channels is only 0. 7 MeV and cannot explain the 
observed difference. However this remark does not affect the experimental 
1.1-MeV difference observed here between spontaneous fission of 240Pu and 
the thermal-neutron-induced fission of 239Pu. 

E. MELKONIAN: In our measurements at Columbia University we 
used Be and Sm filters to isolate the negative 0+ energy level and the 
0.3-eV 1+ level, respectively. The Be-filtered data give a more direct 
comparison with the SF case. The total kinetic energy difference between 
the two levels is 0. 7 MeV, a correction for which would reduce, but not 
eliminate, your effect. 

I should like to ask a question concerning the use of 128 channel ADCs. 
Such a small number of channels leads to grid fluctuations, as pointed out 
by J. C D . Milton and others many years ago. How did you handle this 
problem? 

A. J. DERUYTTER: The grid fluctuations are indeed real if you want 
to make a two-dimensional mass surface starting from two energy values, 
but we simply plotted the mass distributions for groups of 5-MeV total 
kinetic energies. Furthermore, as I stressed in the oral presentation, 
we have a greater interest in the more general characteristics of the 
behaviour of these distributions as a function of total kinetic energy. 
Statistical fluctuations are present, especially for 240Pu spontaneous fission. 
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Т. GOZANI: The ambiguity in the angular momentum states excited in 
fissions that are induced in direct reactions with charged particles, mentioned 
now and on several occasions before, emphasizes again the desirability of 
performing more photofission studies in the threshold and subthreshold 
regions. The experimental problems involved in the unfolding of the brems-
strahlung data should be more than compensated for by the fact that no more than 
two states (Eland JE2) are excited for even-even nuclides. 
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Abstract 

A SYSTEMATIC ODD-EVEN EFFECT IN THE INDEPENDENT YIELD DISTRIBUTIONS OF NUCLIDES FROM 
THERMAL-NEUTRON-INDUCED FISSION OF ̂ U . 

A detailed analysis of experimental data was found to exhibit a systematically consistent odd-even effect 
in the independent yield distributions of the nuclides in thermal-neutron-induced fission of f f iU. 

The odd-even effect in the element yield distribution for elements at the fission peaks appears as a saw
tooth structure, in which the amplitudes between the enhanced even-Z yields and the less favoured odd-Z yields 
are ± 25% of the mean values. The elements examined constitute ~75ЧЬ of the fission yield. 

The distribution of the isotopic yields in many cases was found to have a saw-tooth pattern superimposed 
on a Gaussian-like shape, where the amplitudes between the high even-N and low odd-N values are on the 
average s ± 8% of the mean values. This effect at the light peak nuclides seemed to be unresolved while 
pronounced at the heavy peak nuclides. 

The isobaric dispersions were studied in 24 mass chains (14 at the heavy mass peak and 10 at the light 
peak) and were found to follow the general pattern of a Gaussian with widths varying between 0.45 and 0.8 
charge units. The detailed description of the isobaric dispersion is represented by a saw-tooth structure 
fluctuating with amplitudes of s 30% around a constant-width Gaussian in which the even-Z nuclides are 
consistently enhanced. The only appearance of a significant closed shell effect is observed in ш Т е . 

The fact that the neutron pairing effect in the yields as compared with that of the protons is much smaller 
is attributed to the evaporation of neutrons during the de-excitation of the fragments, a process which is 
responsible for "washing out" part of the original neutron pairing effect in the primary fragment formation in 
fission. 

The present set of experimental data indicates the relative importance of the individual properties of the 
fragments versus the collective behaviour of the fissioning nucleus, as described by the calculations of defor
mations of shell-corrected liquid drop potential energy surfaces. One is also led to conclude that nucleon 
transfer, visualized by the different charge density of the fragments, takes place before scission and that at 
scission there is a smaller probability, consistent with energy considerations, of breaking pair configurations. 

INTRODUCTION 

Much of the phenomenology of fission has recently been described satis
factorily using Strutinsky's method of calculating deformed shell struc
tured potential energy surfaces (1). Calculations based on this approach 
rendered a qualitatively correct picture of most mass distributions in 
fission of both symmetric and asymmetric modes (2-6). However, a more 
detailed comparison between the theoretical and experimental results indi
cates that the fine structures experimentally observed (e.g., in the mass 
yields and kinetic energy distributions) are not explained by the theory at 
this stage. Such structure has been found experimentally in thermal 
neutron fission of doubly even nuclides, indicating a pronounced preference 
for the formation of doubly even fission fragments at low excitation 
energies (7-9). This may be explained by the greater stiffness of doubly 
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even fragments, being less deformed and hence formed preferably when the 
available energy is low (8). Another possible explanation is obtained by 
referring to the proton and neutron pairs in the fissioning nucleus; since 
low-energy fission may be sufficiently adiabatic there is a reduced proba
bility for breaking of pairs at scission and doubly even fragments should 
thus be more frequent than those of odd mass, while doubly odd ones should 
be further reduced (10). 

Wahl has given a satisfactory approximation for the calculation of inde
pendent yields in thermal neutron fission in 235U by using the experimental 
mass yields, an empirical Zp function and assuming a Gaussian distribution 
of constant width of a = 0.56 +_ 0.06 charge units applicable to the whole 
range of fission products (11). The correlation of those yields, which he 
referred to as the "normal" ones, with the experimental values, revealed 
an enhancement in yields of even-Z elements (12) and depression of those 
of odd-Z. 

Recent experimental data, based on isotopic separation of fission pro
ducts, substantiated Wahl's suggestion and clearly showed an enhancement of 
yields of some even-Z elements as compared with' the depressed yields of 
odd-Z elements (12-16). However, measurement of К X-rays in coincidence 
with fission fragments from thermal neutron fission of 235ц( 233ц anlj 
239pu revealed only a weak proton pairing effect (9). 

The neutron pairing effect has been found in the mass-separated cesium 
and rubidium isotopes, the effect being greatest for the heavy isotopes and 
diminishing towards the peak of the isotopic yield distributions (17). 
Adopting the "pair breaking" argument one should expect a higher fission 
yield of fragments with a paired number of the same nucleon. This seems to 
be true for the proton pairing but does not seem as prominent for the 
neutrons. 

Some experiments based on mass and kinetic energy selection showed an 
effect of closed shells on the yield distribution (15) , but radiochemical 
experiments did not substantiate it 1(31,33). 

The purpose of this work is to elucidate the odd-even systematics by a 
rigorous treatment of the available experimental data and to establish 
quantitatively the magnitude of the pairing and shell effects in the overall 
distribution of nuclides in low-energy neutron fission of 235u. 

EVALUATION OF EXPERIMENTAL FISSION YIELDS 

The experimental independent yields of thermal-neutron-induced fission 
products of 23 5ц a r e given in Tables I and II. The data were taken from the 
literature (12, 18-40) and from recent experimental results from this labora
tory obtained by on-line isotope separations (13,25). Fractional independent 
and cumulative fission yields are given in the tables as they are quoted in 
the various sources and the "normal" fractional independent yields (hence, 
FIY) were those calculated by Wahl (12). The "corrected" fractional inde
pendent yields in the tables are based on the experimental data wherever 
such were available. When several different values were published, the 
"corrected" one was chosen considering the distribution of yields of the 
neighboring isobars in the chain and of isotopes of the same elements in 

Denschlag reports that by selecting longer-range recoils followed by radiochemical separation he was able to 
observe some enhancement of Sn. 
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view of the generally prevailing odd-even proton number systematics, dis
cussed below. In a few cases, "corrected" values derived by the above 
considerations have been substituted for the published values. Where 
fission yields have not yet been established experimentally, they were 
calculated from other FIY's in the isobaric chain, satisfying the require
ment that the sum of fractional independent yields should be unity. 

Table III summarizes the isotopic yields of some complementary light and 
heavy elements, which constitute about 75% of the fission products. The 
column, "experimental yield", was calculated by multiplying the "corrected" 
FIY's from Tables I and II by the corresponding chain yields. Since compari
son of the total element yield with the predicted "normal" value indicated 
a systematic enhancement of the yields of even-Z elements by approximately 
25% and the same decrease for the odd-Z yields, we adopted a multiplication 
factor of 1.25 x "normal" or 0.75 x "normal" according to proton pairing, 
in order to calculate a few missing "corrected" FIY's in Tables I and II 
which otherwise could not be calculated. 

SYSTEMATICS OF ELEMENT YIELDS 

Table III demonstrates clearly the proton pair ing effect of the isotopic 
chain y ie lds , which i s about + 25% re la t ive to the predicted Wahl's 
"normal" values. The l a t t e r seem to serve as an excellent average value 
for a l l the experimental y ie lds . The effect is apparent in Fig. 1 where 
the yields f i t well the curves obtained by multiplying the "normal" d i s t r i 
bution by a factor of 1.25 or 0.75 for even or odd proton number, respec
t ive ly . This finding i s in good agreement with Wahl's previous observation 
(12) and the experimental r e su l t s (13-16); the only exception being the 
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work based on К X-ray measurements (9). In that case an "inverse" effect 
due to the low К X-ray yields of even-Z fragments was observed, which af ter 
correction for the К X-ray yields rendered an elemental yield curve almost 
coinciding with the "normal" one. The applied correction was probably in
suff ic ient , and in a l a t e r discussion dealing with those experimental r e 
s u l t s , the same authors allow for a proton pairing effect as high as 
+ 20% (41) . 

SYSTEMATICS OF ISOTOPIC YIELDS 

The isotopic yields seem to fluctuate around an average distribution 
curve obtained by multiples of 1.25 (for even Z) or 0.75 (for odd Z) of 
Wahl's "normal" curve (Figs. 2,3). The neutron pairing effect which is 
expected to cause these fluctuations does not seem as prominent as the 
proton pairing in the element yields, although it seems to be consistent 
in many cases. Relating the neutron pairing effect to the multiplied 
"normal" distribution (hence, "corrected normal") the consistency is masked 
in many cases by the relatively large experimental errors (Д' values in 
Table III), with the exception of the closed shell of 82 neutrons where the 
effect is clearly observed for all the isotones(Fig. 3). 

Tracy et al. (17) reported a neutron pairing effect in the yields of 
rubidium and cesium isotopes in thermal neutron fission of 235U and in 
medium to high energy proton fission of 232Th, 2 3 8U, Та, V and Ir. They 
calculated the effect by a numerical differentiation of a hypothetical 
Gaussian passing through any four consecutive points (third differences) 
and found systematic odd-even fluctuations of 10%-15% for rubidium and 
cesium, both at the neutron-richest part of the isotopic distribution. The 
effect decreased gradually down to a few percent at the peak of the iso
topic distribution. The neutron pairing effects at the peaks of the iso
topic distribution of most elements given in Table III generally agree with 
the above findings, i.e., indicating an average systematic effect of a few 
percent. 

Maximum energy release considerations favor both even proton and neutron 
configurations to almost the same extent (8). Alternatively it can be 
stated that the same argument holds for breaking either proton pairs or 
neutron pairs (10) (both neutron and proton pairing energies are about 
2.5 MeV at the region of mass 130 (42)). Thus the neutron pairing effect 
should be as prominent as that of the protons (i.e., +_ 25%). The smallness 
of the neutron pairing effect can be attributed to the evaporation of neu
trons during the de-excitation of the fragments, a process which is respon
sible for washing out part of the original effect in the primary fragment 
formation in fission. 

Tracy et al. (17) attributed the higher value of the' neutron pairing 
effect resulting from their calculations to the primary effect, using a 
rough estimate based on a Poisson distribution of neutron emission 
probabilities (which implies a relatively high probability for no neutron 
emission). In that way the original structure is preserved at the heavy 
end of the isotopic distribution, where the yields drop steeply as the mass 
number increases. If this argument can be substantiated by more realistic 
calculations of the de-excitation of fission fragments, one may conclude 
that the neutron pairing in the primary (i.e., pre-neutron emission) frag
ments is of a magnitude close to that of protons. 
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even-Z. elements and by 0.75 for odd-Z elements. 
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even-Z elements and by 0.75 for odd-Z elements; closed nuclear shells of 82 neutrons and 50 protons are 
emphasized by dashed lines. 

SYSTßMATICS OF ISO BARIC DISTRIBUTIONS AND CHARGE DIVISION 

The isobaric distributions (Tables I, II; Figs. 4,5) display a distinct 
proton pairing effect which appears as a sawtooth structure superimposed 
on the "normal" distribution curve. The neutron pairing effect related to 
the "corrected normal" values is preserved in some mass chains like 90, 
91, 134, 135, 136 (Figs. 4,5), while not clearly detectable (within experi
mental errors) in other mass chains. As mentioned above, the only consis
tent neutron pairing effect appears in the closed shell of 82 neutrons 
(Fig. 5). This can be related to the high neutron binding energy and the 
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FIG. 6. Most probable charge distribution and the widths of isobaric dispersions in thermal-neutron- induced fission of 
^ U . Zp: Wahl's calculated Z_, O: experimental Zp, : odd number of protons or neutrons, 

: even number of protons or neutrons, : closed nuclear shell, • : even-even nuclei, 
A: odd-odd nuclei, • : odd A nuclei, ®: closed shell, : experimental width of isobaric dispersion, 
-<-•-: Wahl's standard isobaric dispersion, (92/236)A': unchanged charge dispersion (pre-neutron emission). 

resulting smaller neutron evaporation. Measuring mass distribution of 
energy-selected fragments, Thomas and Vandenbosch (8), Reisdorf et al. (9) 
and Andritsopoulos (45) revealed an increasing enhancement of even-even 
nuclei as excitation energy becomes lower. At lower energies the pairing 
effect is expected to prefer the more stable species and diminish the 
neutron evaporation effect. 
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132 The FIY of the doubly even nuclide 50
Sn82' w i t h closed proton and 

neutron shells, is not enhanced more than predicted by the proton and 
neutron pairing systematics (Fig. 5), although the experimental value 
(based on counting of beta-tracks of mass-and energy-separated fragments 
collected on a photographic plate) reported by Konecny et al. (21) is 
extremely high (̂ 50% of the isobaric chain yield). They found a dip in 
Wahl's Zp line at mass 132, as well as a high yield of 132In and a negli
gible yield of 132Te. This is in disagreement with radiochemical findings 
(Table II). The high enhancement of the formation of 132Sn can be explained 
by the experimental conditions where high kinetic energies (low excitation 
energy) were selected; this is consistent with previous findings (7-9). 
However, this is not substantiated for the average energy distribution in 
fission. In the case of 132sn the lower range of the experimental results 
was taken for the "corrected" value, since it is in good agreement with the 
published radiochemical yields of antimony and tellurium. Thus the influ
ence of the doubly magic configurations is well within the limits of the 
proton and neutron pairing effect. 

Ь Gaussian fit through the three highest points of the yield distribu
tions of individual chains resulted in Zp values which were found to 
fluctuate with a maximum amplitude of +_ 0.2 charge units around Wahl's Zp 
values (of a = 0.56 +_ 0.06) which were calculated assuming a constant devi
ation of 0.45 charge units from the unchanged charge distribution (UCD) in 
fission (12) (Fig. 6). The constant deviation of zp from the UCD distribu
tion was also measured by Armbruster et al. (43) and explained as a result 
of a polarization effect causing protons to move before scission (44). 
The widths, a, of the individual experimental Gaussians lie within the 
range of 0.45 to 0.8 charge units. The distribution is narrow when Zp is 
close to an even integer and increases for Zp passing close to an odd 
integer (Fig. 6, Table IV). The narrowest isobaric dispersion is found at 
A=134. The only disagreement is in the case of mass 140 where a large a 
value was obtained for Zp values corresponding to an even-Z nuclide at the 
peak of the isobaric dispersion. The neutron pairing does not influence 
the a values as could be expected, as a result of the neutron evaporation. 
The general insensitivity of the Zp values to nuclear structure considera
tions is well approximated by various theoretical calculations (2,44). 

FIG.7. Isotonic yields in thermal-neutcon-induced fission of U. 
mental points. 

: Wahl's normal curve, • : experi-
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SYSTEMATICS O F ISOTONIC YIELDS 

The average neutron pairing effect can be demonstrated clearly by summing 
the independent yields of the isotones (Table V and Fig. 7). From Fig. 7 
it is evident that the average effect relative to the "normal" yields in 
the light mass peak can hardly be resolved while in the heavy mass peak a 
sawtooth structure having an average amplitude of +_ 8% is observed. 

The neutron pairing in the closed shell of 82 neutrons is about 60% more 
than the average effect (+[l2.7 +_ 4.8]%) , but the normal value in. this 
particular case is strongly influenced by the high chain yield of mass 134, 
which is mainly represented by 134fpe 0f N=g2. A "smoothened" normal curve 
would reveal a 430% effect, viz. several times larger than the average 
neutron pairing effect. This is due to a shell effect which is also better 
preserved than in the higher isotones where neutron emission is more pro
minent. This latter argument is supported by the observation of a low 
neutron emission from tin, antimony and tellurium as reported by Reisdorf 
et al. (9) . 

CONCLUSIONS 
The above observations of the systematics of yield distributions of 

thermal neutron 
235ц f i s 

sion products leads to the following conclusions. 
a. The "normal" distribution as proposed by Wahl is a good average 

of all the actual cases and is a very convenient reference for the experi
mental results and for revealing the nuclear structure systematics of the 
yields. 

b. There is a consistent proton pairing effect with an average value 
of +25% relative to "normal" for even-Z nuclides and -25% for odd-Z 
nuclides. 

c. The neutron pairing effect, expected to be as high as that of 
protons, is mostly "washed out" by neutron evaporation and therefore the 
average residual effect in the heavy mass peak is only ^ +_ 8% and in the 
light mass peak it is not resolved beyond the experimental error. Without 
an accurate account of the neutron evaporation from individual fragments it 
is impossible to say what is the primary neutron pairing effect, especially 
as compared with the constant +_ 25% proton pairing effect. 

134 
d. The shell effect is pronounced only in the case of 5oTe82 w-^ere 

the Zp is 52.1. In other cases of N=82 where nuclides are on the lower 
parts of the isobaric dispersion slopes, this effect is not seen and the 
only observation is the one accounted for by the systematic neutron and 
proton pairing. 

e. The widths of the individual Gaussians drawn through the experi
mental FIY varies with respect to the value of Zp, being about 0.45 for 
Zp close to an even integer and 0.8 for Zp values close to an odd integer, 
which is another expression of the sawtooth structure of "̂ 30% superimposed 
on the "normal" Gaussian curve. These fluctuations can be related to 
scission when the nuclear structure effects take place. 

f. The nearly constant average deviation of the charge division 
between the fragments from that of the fissioning nucleus suggests that 
this is a result of a process which is already over at scission, and' can 
be ascribed either as a polarization effect during deformation (44) or 
preferably to a two-neutron transfer process (a nuclear Josephson effect) 
th.-.-ough the neck (10,46) . This seems more reasonable than referring to 
individual nuclear properties of the fragments. 
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We believe that the'above systematics may offer fairly accurate pre
dictions for yields which have not been established as yet experimentally, 
with an average error within the uncertainty in the residual neutron 
pairing effect, which is evaluated as + 10%. 
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TABLE IV. THE MOST PROBABLE ISOBARIC CHARGE, Z p , 
AND THE GAUSSIAN WIDTH, a, FOR EXPERIMENTAL 
INDEPENDENT YIELDS OF THERMAL-NEUTRON-INDUCED 
FISSION OF 2 3 5 U 

Mass 

88 

89 

9 0 

91 

92 

93 

94 

95 

96 

131 

132 

133 

134 

135 

136 

137 

138 

139 

140 

141 

142 

1 4 3 

1 4 4 

Zp 

35.32 
35.78 
36.02 
36.37 
36.79 
37.41 
37.79 
38.03 

L I G H T 

Even N, Even Z 1 

38.35 

mean 2a 

50.63 
51.33 
51.68 
S2.07 
52.48 
52.99 
53.54 
53.84 
54.12 
54.06 
55.07 
55.6 
5S.85 
56.17 

mean 2o 

1 . 0 

1.04 

1.01 

l,02+_0.02 

H E A V Y 

0.83 

0.94 

1.64 

1 . 

0.97 

0.91+0.07 
(without A»140) 

(see text) 

M A S S P E A K 
2 о(Charge Units) 

Central Nuclide« 
Odd N, Odd Z Even N, Odd Z 

1.41 

1.34 
1.37 

1.37+0.03 1.37 

M A S S P E A K 
1.55 

1.55 

1.59 
1.51 

1.46 
74** 

1.57+0.02 1.51+0.04 

Odd N, Even Z 

0.99 

1.13 

1.04 

1.05+0.07 

0.97 

0.97 

1.08 

1.19 

1.05+0.10 

* By central nuclide we mean the nuclide present at or near the peak of the 
charge distribution. 

**In this case the peak of the charge distribution falls between an odd-odd and 
an even-even nuclide. 
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TABLE V. NEUTRON PAIRING EFFECT IN ISOTONIC CHAINS 
FOR THERMAL-NEUTRON-INDUCED FISSION OF 2 3 5 U 

Neutron 
Number 

52 

53 

54 

55 

56 

57 

80 

81 

82 

8 3 

84 

85 

86 

87 

Isotonic Yield 

Experimental 

3.66+0.24 
7.18+0.35 
9.13+0.38 

10.22+0.34 
10.77+0.48 
10.73+0.66 

4.14+0.28 
8.92+0.53 

14.06+0.60 
10.17+0.52 
11.16+0.74 

9.87+0.95 
11.3S+0.89 

8.7 +0.6 

% 
"Normal" 

4.15 
6.71 

9.04 
10.02 
10.68 
10.70 

4.30 
9.48 

12.48 
11.27 
10.92 
10.69 
10.00 

9 . 4 

Relative Deviation 

Odd N 

+[7 .0+5.2] 

+[2 .0+3.4] 

+[0 .3+6.2] 

- [ 5 . 9 + 5 . 6 ] 

- [ 9 . 8 + 4 . 6 ] 

- [ 7 .7+8 .9 ] 

- [ 7 .4+6 .4 ] 

from "Normal" % 

Even N 

- [ n . 7 + 5 . 8 ] 

+ [ l . 0 + 4 . 2 ] 

+[0 .8+4.5] 

- [З .7+6 .5 ] 

+[12.7+4.8] 

+[2 .2+6.8] 

+[13.5+8.9] 

D I S C U S S I O N 

H. O. DENSCHLAG: You r e s t r i c t ed your analys is to the high-yield 
fission produc ts . Could you comment on the AZ values that would be 
obtained in the ve ry a s y m m e t r i c and the symmet r i c fission regions using 
your formal i sm? 

S. AMIEL: We account for ~ 75% of the fission produc ts . So far, owing 
to the s ca rc i t y and dispers ion of exper imenta l r e su l t s in the val ley and far 
wings, I would not dare to commit myself to any s ta tement . I hope we shall 
know m o r e about it shor t ly . 

H. O. DENSCHLAG: I think, in pr inciple , you should be able to obtain 
a value of AZ for any chain for which a t leas t one exper imenta l yield value is 
known. Am I r ight? 

S. AMIEL: I believe so . We shall know more when we extend the 
sys temat ics to all cases left out so far . 

M. ASGHAR: This odd-even effect of ~ 2 5 % on the m a s s yields is 
i m p r e s s i v e . Mr . Fong showed a slide of the m a s s distr ibution during the 
discussion on Unik's p a p e r 1 and his calculated values tie up with the measu red 
values of P(M). I wonder if he could s a y how much this effect would affect 
the yields in his theory? 

P . FONG: The s ta t i s t ica l theory previously developed cons iders the 
even-odd effect to be an aber ra t ion pecul ia r to the ground state which is 
washed out at excited s t a t e s . Therefore it p red ic t s no even-odd effect. 
However, this t rea tment of the even-odd effect is now antiquated. When 
replaced by an up- to-da te t rea tment , the s ta t i s t i ca l theory will p red ic t an 
even-odd difference in m a s s yield. An effect of 25% is not beyond expectation. 

UNIK, J .P . , e t a l . , Paper IAEA-SM-174/209, these Proceedings, Vol.2. 
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YIELDS OF SHORT-LIVED FISSION 
PRODUCTS Ш THE 50-NEUTRON-SHELL 
REGION Ш THERMAL-NEUTRON-INDUCED 
FISSION OF 235U 

J . -V. KRATZ*, G. HERRMANN, 
Institut für Kernchemie der Universität Mainz, 
Mainz, Federal Republic of Germany 

Abstract 

YIELDS OF SHORT-LIVED FISSION PRODUCTS IN THE 50-NEUTRON-SHELL REGION IN THERMAL-NEUTRON-
INDUCED FISSION OF M 5U. 

Radiochemical charge distribution measurements have shown a strong influence of the 50-proton shell 
on low-energy fission reactions. The possible influence of the 82-and 50-neutron shells on charge distribution 
is still subject to experimental work. Especially little data on charge distributions have been published in the 
50-neutron-shell region. This is mainly because the half-lives of fission products around N=50 are as short as 
a few seconds or less, and suitable fast chemical separations have not been developed until recently. The rapid 
volatilization of arsenic and selenium as hydrides from aqueous solutions has been used to identify new short
lived isotopes of germanium, arsenic and selenium with half-lives down to a few tenths of a second, e. g. 0.3-s 
87 As and 0.9-s w As. Half-lives were determined directly by following the decay of prominent y-ray peaks, by 
delayed neutron counting, or indirectly by milking of known daughter or granddaughter activities. These 
techniques were also applied to determine branching ratios (a) within a given ß"-decay chain (in the case of 
isomerism) and (b) from one chain to another (via delayed neutron emission) by measuring delayed neutron 
yields. Taking these data into account, fractional cumulative yields of arsenic and selenium isotopes were 
determined via their bromine daughter activities in the chains 83, 84, 85, 87 and 88. The isobaric yield distri
butions have the same width as the Gaussian distributions found far from closed shells. However, the distri
butions around mass number 84 are shifted if compared to the position expected by interpolation of adjacent 
distributions. This shift could indicate a preferential formation of closed-shell fragments in the fission process. 
It can be shown, however, that this effect can also be explained by a shell-dependent evaporation of prompt 
neutrons. 

1. INTRODUCTION 

Charge distribution in low-energy fission reactions has been investigated 
with similar overall results by radiochemical and physical methods [ 1 ] . 
Purely instrumental methods are (a) the determination of the kinetic energies 
of complementary fragments with solid state detectors and a simultaneous 
detection of their К X-rays [2] , (b) an on-line mass separation followed 
by the determination of the ß~-decay-chain length [3] and (c) the measurement 
of the intensity of prompt -у-гау transitions from the first 2+-level of the 
0+-ground state in even-even nuclei [4] . In principle, these methods are able 
to give complete information on the charge distribution over the whole mass 
range in one experiment. This is a very important advantage over the usually 
very time-consuming radiochemical investigations. However, owing to their 
limited resolution, the instrumental methods can only show an average trend 
of the most probable charge versus fragment mass. 

* Present address: Lawrence Berkeley Laboratory, Berkeley, Calif., United States of America. 
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Radiochemical methods separate single elements from the mixture of 
fission products, and this separation determines the nuclear charge Z; after
wards the mass number A of the fission product is determined, e. g. via 
decay characteristics of a daughter nuclide. Theoretically, the resolution 
of radiochemical yield determinations is unlimited. In practice, however, 
the determination of the fractional yields of two or three isotopes in a given 
mass chain requires specific chemical separations for just as many (i. e. two 
or three) different elements and these separations should be extremely fast 
as the nuclide under investigation should be eliminated out of its ß"-decay — 
chain before /3~-decay alters the yields markedly. If these requirements 
are fulfilled, radiochemical yield determinations are particularly reli
able and they should especially be applied to those mass regions where 
structures in the charge distribution function may occur which cannot be 
detected by physical methods. 

Among the mass regions where the formation of closed-shell nuclei 
might cause structures in the trend of the charge distribution function, the 
region of the closed 50-neutron shell is the one most poorly investigated. 
Besides several determinations of the independent yield of the shielded iso
tope Br [ 5 ] , the only yield measurements were performed on 83As and S4As 
by del Marmol [6] . In this work an unusually low yield for 84As (51 neutrons) 
was reported and interpreted as an effect of the closed 50-neutron shell on 
local charge distribution. 

We have found it worth while to re-investigate the charge distribution 
in that region by measuring arsenic and selenium fractional yields with 
mass numbers 83 й А ё 88. Nuclides in these mass chains are character
ized by half-lives as short as a few seconds or tenths of a second. It was 
therefore to be expected that even in a very fast chemical separation the need 
for decay- and growth-corrections could not be avoided. For such correc
tions one requires rather accurate half-life values. Also it is necessary 
to study branching ratios into and from isomeric states. Finally, delayed 
neutron emission had to be investigated as this decay mode results in branch
ing from one mass chain to another and thus affects yield measurements of very 
neutron-rich isotopes. Therefore, in this paper we will mention some of 
the aspects of the half-life determinations, branching ratio determinations 
and mass assignments before proceeding to the yield measurements and the 
conclusions that we would draw from it. 

2. CHEMICAL SEPARATIONS 

Our methods for rapid volatilization of selenium and arsenic hydrides 
from fission product solutions have already been described in detail [7-9] . 
The hydrides are formed by action of finely divided zinc powder on cone. 
HCl and are selectively absorbed in liquid or solid absorbents. The separa
tions are completed within 5. 0 and 2. 5 s after irradiation, respectively. The 
absorption traps serve directly as samples for measuring 7-ray spectra of 
arsenic and selenium isotopes and their decay products and for delayed 
neutron counting. The mid-time of the arsenic-selenium separation, which 
is important for the evaluation of milking experiments and yield determina
tions, is as early as 0. 8 ± 0. 3 s after irradiation [8, 9] . For the yield 
measurements, slight modifications of the published separation schemes were 
applied. 
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Charcoal traps 

Bromine separation 

FIG. 1. Apparatus for fast automatic separation of arsenic from fission products. Absorption of AsH3 on 
AgN03/fire-brick (I) in the counting position is used for direct y-ray spectroscopy and delayed neutron counting. 
Decomposition of AsH in HNO3/KC103 (II) followed by a standard bromine separation is used for yield measure
ments. 

Figure 1 shows the arsenic procedure. Short irradiations (typically 0. 1 s 
duration at about 1014 neutrons/cm2 • s maximum flux) of uranium solutions 
sealed in small glass capsules take place in a fast pneumatic tube system 
of the Mainz Triga reactor. After irradiation the capsule is transported 
to the separation apparatus and smashed inside the reaction vessel contain
ing 12M HCl. A surplus of zinc powder is added by turning a spoon (Fig. 1). 
The hydrogen burst sweeps the hydrides through a tube containing quartz 
wool impregnated with a saturated solution of KOH in ethanol. This trap 
absorbs efficiently the hydrides of antimony, tellurium and selenium, whereas 
arsenic hydride is absorbed in 8M HN03/KC103 solution. This solution is 
allowed to stand until total decay of the arsenic and selenium isotopes under 
investigation is ensured. Bromine is then separated from this fraction using 
a standard procedure [10] after adding a known amount of bromide carrier 
and holdback carrier for arsenic, selenium and iodine. Bromine is finally 
precipitated and mounted as AgBr and counted on a 3 x 3 in. Nal(Tl) scintilla
tion spectrometer or in a proportional counter. The chemical yield of 
bromine is later determined via neutron activation. The chemical yield of 
arsenic and selenium is determined by comparing the activity of 17. 7-d 
74As or 120-d 75Se recovered in the water phase of the first CC14-extraction 
with the activity added to the uranium solution prior to irradiation. Small 
changes in the amount of U in the samples were determined by -y-ray count
ing before irradiation. The integrated neutron fluxes were recorded with a 
fission chamber. The necessary corrections for changes in the neutron flux 
were in no case larger than± 3%. 
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For yield measurements the bromine activities recovered in the arsenic 
or selenium fraction were compared to the bromine activities obtained from 
so-called "unseparated samples". These samples were prepared and irra
diated under the same conditions as the other samples, but no chemical 
separation of arsenic or selenium was carried out. After decay of the iso
topes under investigation into their bromine daughters, bromine was separated 
from these samples using the above-mentioned procedure. For yield deter
minations in the mass chains 87 and 88 [8, 9 ] a chemical separation of 
bromine from separated and unseparated samples was not necessary. The 
bromine members of these chains are strong delayed neutron precursors [11J 
which can be determined selectively without chemical separation by delayed 
neutron counting. 

To improve our knowledge of the half-lives of neutron-rich germanium 
isotopes which had been detected indirectly via the growth of their arsenic 
daughters (see Section 3), a few experiments with a fast separation of ger
manium from fission product solutions were also performed. These separa
tions are based on the volatility of GeCl4 from 12M HCl when air is bubbled 
through the solution. Yields of 50% were achieved within 10 s. Volatilization 
of arsenic as AsClg under these conditions maybe inhibited'by adding a strong 
oxidizing agent, e. g. K^Og, to the solution. 

( a ) ( b ) 
T 1 1 1 1 n I 1 1 1 1 г 

233, 
- 1 0 * 

JU(rwf) 
Germanium fraction Arsenic fractions 

- „ 467.8 keV 

_J_ 
20 40 60 0 

• Time after irradiation [sec! 

JL _1_ _l_ _1_ 
20 40 60 

-Time of arsenic separation 
[sec after irradiation 1 

FIG.2(a) Decay-curve of the 336-keV peak of the germanium fraction, (b) Initial activities of the 467.8-keV 
peak of 81As growing in arsenic fractions separated after increasing delay times between irradiation and 
separation. 
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О 100 200 300 400 500 600 700 800 900 1000 
1 1 I 1 I 1 I 1 1 1 1 1 ~ 1 1 1 1 1 1 1 

— - • - Channel Number 

FIG. 3. Low-energy part of the y-ray spectrum of the arsenic fraction, 2. 5 to 4. 0 s after irradiation, obtained 
by summing the spectra of 117 single experiments. 

3. HALF-LIVES AND MASS ASSIGNMENTS 

At the beginning of this work, information on half-lives and the main 
decay characteristics of neutron-rich germanium, arsenic and selenium 
isotopes was rather limited. We have applied our fast separations to a total 
of 19 nuclides in the mass region 79 й As 88. Some of these isotopes were 
previously unknown, many others had not been observed directly before. 
Parallel studies in this field have been performed by del Marmol and co
workers [6,12,13] and TomlinsonandHurdus [14] . 

Wherever possible, we measured half-lives directly by following the 
decay of prominent Y-ray peaks or by delayed-neutron counting. In addition, 
indirect half-life determinations were carried out in a series of separations 
with increasing delay times between irradiation and separation. These 
"milking experiments" served also to show the genetic relationship of the 
observed activities with known daughter or granddaughter activities. A few 
examples are given for illustration. 



1 0 0 KRATZ and HERRMANN 

1 1 1 1 1 1 I I I I I I I 1 1 Г 

235 
U(n.,f) Arsenic fraction 

0 2 4 6 8 10 12 V, 16 18 20 22 24 26 28 30 32 34 

•- Time of arsenic separation [sec after irradiat ion] 

FIG. 4. Activities of 3.10-min MSe and 31.8-min M Br in delayed separations of the arsenic fraction. MSe has 
three parents: a previously unknown 0.65-s state of ^As, 5.5-s MAs and 2-s 85As, 

Figure 2a shows the decay curve of the 336-keV Y-ray peak of the ger
manium fraction. In Fig. 2b we have plotted the growth of the initial activi
ties at 467. 8 keV of 33-s 81As, observed in arsenic fractions separated 
after increasing delay times between irradiation and hydride volatilization. 
The growth of 81As from its parent results in a half-life of 9 ± 2 s which 
agrees with the directly observed half-life of 8. 8 s. Thus the Y-ray transi
tion at 336 keV and a half-life of 8. 8 ±1.1 s are assigned to 81Ge. Similar 
results have recently been reported by del Marmol and Fettweis [13] . 

Figure 3 shows the low-energy part of the Y-ray spectrum of the arsenic 
fraction obtained in 117 experiments shortly after the chemical separation. 
The spectrum includes strong Y-ray peaks of As, As, of the two states 
of 82As, of 83As, 84As and 86As. In the decay of 2. 05-s 85As, Y-ray transi
tions could not yet be detected. Of special interest for the following dis
cussion is the peak at 407. 4 keV. It belongs to 3.10-min 84Se and is the 
strongest peak in the late spectra of the arsenic fractions. 

Figure 4 illustrates the result of milking experiments in the mass chain 84. 
Arsenic was separated from the mixture of fission products after various 
delay times. One set of data was obtained by determining the initial activities 
of the above-mentioned 407.4-keV line of the daughter product 84Se growing 
in the arsenic fractions when the arsenic hydride was absorbed on AgN03/fire-
brick directly in the counting position. In a second series of delayed separa
tions the arsenic fraction was further purified by an extraction chromato
graphy step improving the decontamination from germanium and was again 
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rABLE I . HALF-LIVES AND PRINCIPAL DECAY CHARACTERISTICS OF ISOTOPES NEAR N=50 

*) +) 
Isotope H a l f - l i f e ' Nuclide Technique ' 

counted 

Production H a l f - l i f e [ l i t e r a t u r e ] 

mode 

79Ge 47 +2 sec 79Ge y(230.5, 542.2, 

80, 
Ge 

81, Ge 

82 
Ge 

83, Ge 

84, Ge 

80„ 28 +4 sec °"As Y(666.2) 

Ge Y(266) 
80, 

3.8 +1.1 sec 81As y(467.8) 

81Ge Y(336) 

82. 
5 +1 sec As Y ( 6 5 4 - 6 ) 

«1.6 sec 83As Y(734.5) 

82Se(n,<x) 50 +5 sec / a / 

2 3 3 U(n , f ) 40 +4 sec lb/ 

41.1 +4.3 sec / c / 

233, 

233, 

233, 

233, 

U(n, f ) 24.5 +1.0 sec / c / 

U(o, f ) 10.1 +0.8 sec / c / 

U(n, f ) 4.60+0.35sec / c / 

U(n,f) 1.9 +0.4 sec / c / 

1.2 +0.3 sec / c / 

80 
As 

81As 

82 a 
As 

82b 
As 

83 'As 

15.2 +0.2 sec 80As Y (666.2, 782.4, 

1207.2, 1448.8, 

34 +2 sec 81As Y ( 4 6 7 . 8 ) 

19.1 +0.5 sec 82aAs Y ( 6 5 4 . 6 , 1731.3, 

14.0 +0.5 sec 82bAs Y (343.5, 560.5, 

654.6 . . . ) 

13.3 +0.6 sec 8 3Br ß~ 

83m,gSe Y ( 3 5 6 . 5 ; 9 8 7 . 9 , 

1030.3 . . . ) 

•'As Y ( 7 3 4 . 5 , 1113.1, 

1331.1,1917.3, 

83л 

80Se(n,p) 15.3 +0.2 sec / d / 

2 3 3 U(n , f ) 16.5 +0.3 sec / e / 

233, U(n, f ) 33 sec / c / 

235 . U(n,f) 
82Se(n,p) 

235U(n,f) 
82Se{n,p) 

235,„„ ^ 

19.0 +1.5 sec /b/ 

22.6 +1.4 sec /c/ 

13.0 +0.6 sec /b/ 

U(n, f ) 14.1 +1.1 sec / f / 
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TABLE I . continued 

Isotope H a l f - l i f e ' Nuclide Technique*' Production H a l f - l i f e [ 1 i t e r a t u r e ] 

counted mode 

Vj) AsT 0.3 sec 

86 As Y (704 .1) > n 

87 
Br n 

ö4aAs 

84bAs 

85ftst) 

86Ast) 

5.3 +0.4 sec 

0.65 +0.15sec 

2.05 +0.05sec 

0.9 +0.2 sec 

°4Br 
84Se 

84aAs 

»Br 

84Se 

85Se 
85As 

84Se++) 

86Br 

Y(881.6) 

Y(407.4) 

Y(1455.1, 667.1, 

577.5, 1244.6,..) 

Y(881.6) 

Y(407.4) J 

Y(345.1) 

n 

Y(1455.1, . . . ) 

Y(1564.9) 

235. 

233, 

U(n, f ) 

;U(n,f) 

5.5 +0.6 sec /f/ 

235, 

233, 

U(n, f ) 

U(n, f ) 

235 
U(n, f ) 2.028+0.012 sec /g / 

2.15 +0.15 sec /h / 

235, U(n. f ) 

235 U(n,f) 

83mSe 

83g, 
'Se 

84, 
Se 

85, Se 

86 
Se 

BW) Se 

69 +2 sec 

22.4 +0.2 min 

3.10+O.lOmin 

33 +2 sec 

16.1 +0.6 sec 

83m, 'Se Y(356.5, 673.9, 

987,9, . . . ) 

83 a, 
'Se 

84, 

84 

85 
Se 

Br 

Se 

5.85+0.15sec 8 7Br 

87 
Se 

Y(365.5, . . . ) 

Y(881.6, . . . ) 

Y(407.4) 

Y ( 3 4 5 . 1 ) 

Y ( 1 5 6 4 . 9 , . . . ) 

Y(2441.5, . . . ) 

Y ( 1 4 1 9 . 9 ) 

n 

n 

8 2Se(n,Y) 70 +1 sec IM 

233,, U(n,f) 

235, U(n, f ) 

22.6 +0.2 min / i / 

3.1 +0.2 min / J 7 

235, 

235 

' l ) (n , f ) 39 +4 sec / k / 

'U(n.f) 

235 
U(n, f ) 16 +3 sec /k/ 

5.9 +0.2 sec / 1 / 

5.41+0.1 sec /m/ 
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TABLE I . c o n t i n u e d 

Isotope H a l f - l i f e ' Nuclide Technique*' Production H a l f - l i f e [ l i t e r a t u r e ] 

counted mode 

1.3+0.3 s e c / 1 / 

1.53+0.06 sec /m/ 

0.41+0.04 sec /m/ 

*) Some of these resul ts were obtained in cooperation with H. Franz and N. Kaffrell 

+) y; from i - ray spectra (y-ray t rans i t ions [keV] are given in parentheses); 

the . . . symbol means that there a re more у lines than the ones indicated 

ß :from ß -counting 

n: from neutron decay curves 

++) Excited levels in Se are fed in the delayed-neutron decay branch of As 

t) Data on these isotopes have previously been published by the authors in Refs. / 8 , 9 / 

/ a / Blachot e t a l . /15/ 

/ b / Van Klinken et a l . /16/ 

/ с / del Marmol and Fettweis /13 / 

/ d / Mathew et a l . /17 / 

/ e / McMillan and Pate /18 / 

/ f / del Marmol / 6 / 

/g/ Tomlinson and Hurdus /19 / 

/ h / del Marmol and Neve de Mevergnies/20/ 

/ i / Marlow and Waggoner / 2 1 / 

/ j / Rengan and G r i f f i n /22 / . 

/k/ Sattizahn et al. /23/ 

/ 1 / del Marmol and Perr icos/12/ 

/m/ Tomlinson and Hurdus /14/ 

88Se+) 1.4 +0.3 sec °Br n 
88c Se n 

235, U(n,f) 

89, Se 
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counted for the 407. 4-keV peak of 84Se. In a third series the granddaughter 
Br was extracted from the arsenic fractions and counted for its 881. 6-keV 

line. There is no systematic deviation to be seen between these three inde
pendent series (Fig.4). The result is a complex decay-curve consisting of 
three components: 

(1) 5. 5-s 84As, indicated by the solid line. Its decay has also been observed 
directly via a number of 7-ray transitions in Se, the strongest one being 
the (2*^0+) transition at 1455.1 keV with a half-life of 5. 3± 0.4 s. 

(2) A 2-s component, indicated by the lower dashed line. (For clarity, activi
ties are not plotted here.) It is assigned to that part of the known 2-s 
arsenic isotope of mass number 85 which decays into 84Se by emission 
of delayed neutrons after /3"-decay. The initial activity of this 2-s compo
nent corresponds exactly to what should be expected from the delayed 
neutron yield of As [9] and the fission yield of 5. 3-s As (see Section 5). 

(3 ) The sum of the 5. 5-s and the 2-s components (top dashed line inFig. 4) 
does not yet explain the very early activities. Further curve analysis 
gives evidence for a third activity of about 0. 65-s half-life. We assign 
this activity to a hitherto unknown fT-unstable second state in 84As. It 
should be emphasized that the extremely low fission yield of 8"As reported 
by del Marmol [6] did not include the yield of this state. 

83- «1.6s /83 . 1 -
Ge fc-l As) 13.3 

-л У' 0 ^ s . 86_ 16.1s . 8 6 „ 54s . 
As *• Se »- Br "-

e7As ° - 3 s » . 87Se ^ 5 - 8 5 s •• 67Br 5 5 л * »• 

'Л 1 

88_ ' ' 1.4s 8в_ 16.3s Se »- Br »-

FIG. 5. Isobaric chains near N = 50. Half-lives, branching ratios and delayed neutron emission probabilities 
shown are the results of the present work. -» = S~-decay; • = delayed neutron emission. Magic nuclei are 
encircled. 
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A summary of our results on half-lives, mass assignments and principal 
decay characteristics of germanium, arsenic and selenium isotopes is given 
in Table I together with the results of other authors. As far as they are 
relevant for the yield measurements, these data are collected again in Fig. 5, 
demonstrating more clearly the genetic relationships in the mass chains. 

4. DETERMINATION OF DECAY BRANCHES 

It is evident from Fig. 5 that besides precise half-life determinations two 
more features have an influence on the final evaluation of our yield data. 
These are the branching of the ß~-decay chains into two states in the mass 
chains 83 and 84 and the branching from one mass chain to another by delayed 
neutron emission. 

The isomeric ratio of the two states in 84As can directly be taken from 
Fig. 4 : the yield of the 0. 65-s 84As is 1. 6± 0. 3 times the yield of the 
5. 3-s 84As. 

The decay branch of 13. 3-s 83As into 69-s83mSe was determined indirectly 
using a value from the literature on the ratio of (n.-y) formation cross-
sections of the two states of 83Se [24] . We have measured the intensity of 
the 22. 4-min and 69-s components in the decay of the 356. 5-keV peak of 83mSe 
and 83§Se respectively, both in the 82Se (n, 7 ) reaction and in the ß~-decay of 
13. 3-s 83As. We can normalize our activity ratio observed in the (n,7) 
reaction to the reported ratio of (n, 7) formation cross-sections. Then, the 
activity ratio of the isomers observed after |3"-decay of As leads to a 
branching ratio of 76. 6± 8. 8% from 83As into83mSe. This value is not contra
dictory to the value 64± 8% reported earlier by del Marmol [6] . The higher 
value, however, is more consistent with our observation [25] that about 
half of the cumulative yield of 22. 4-min 83gSe stems from ß~-decay of 83As. 

Delayed neutron emission from short-lived selenium and arsenic isotopes 
(indicated by dashed arrows in Fig. 5) has also been investigated [8, 9] . In 
general, neutron emission probabilities in the interesting mass region turned 
out to be low and their branching to the next lower mass chain may thus be 
neglected. However, this does not hold for the 2-s As, where a delayed 
neutron yield of 0. 078± 0. 012 n/102 fissions of 235U was observed. Conse-

84 85 
quently, corrections to the fractional cumulative yields of As and Se had 
to be applied. 

5. FRACTIONAL CUMULATIVE YIELDS OF ARSENIC AND SELENIUM 
ISOTOPES 

By taking into consideration the decay and branching data that are shown 
in Fig. 5, fractional cumulative yields were determined for 83As, 83Se, 84As, 
84Se, 87As, 87Se, 88Se. Nuclides with the magic number of 50 neutrons are 
83As, 84Se and 85Br. As already mentioned, the bromine activities separated 
from arsenic or selenium fractions were compared to the bromine activities 
obtained directly from "unseparated samples" after complete decay of the early 
members of the chain. The bromine activities were corrected for the chemical 
yield of arsenic or selenium, for the chemical yield of bromine, for self- adsorp
tion in the ß~- counting (83Br), and for small changes in the neutron flux, and were 
then extrapolated back to irradiation time. The relations between these initial 
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TABLE I I . SUMMARY OF FRACTIONAL YIELD DATA 

I s o t o p e F r a c t i o n a l c u m u l a t i v e y i e l d [%] 

This work L i t e r a t u r e 

3 0 + 8 / a / 3As 
3m'SSe 
4aAs 
4a'bAs 
4Se 
5Se 
7A S

 + ) 

7Se + ) 

76. 
г 93 
15. 
39. 
96. 
81. 
1. 

40. 

.0 

,3 
.8 
.6 
,8 
.8 
.7 

+ 

+ 
+ 
+ 
+ 
+ 
+ 

6, 

1, 
5. 
2 , 
6, 
0, 
7, 

.3 

.2 

.5 

.1 

.6 

.9 

.1 

1 7 + 2 / a / 

45.6+_ 6 .3 / b / 

29 +_ 5 / c / 

25 +_ 5 / d / 
J 8 S e + ) 22 .2 +_ 5.6 13 +_ 2 / d / 
3 9Se 3 + 0 .5 / c / 

These v a l u e s have p r e v i o u s l y been p u b l i s h e d by t h e a u t h o r s 

i n R e f s . / 8 , 9 / 

/ a / d e l Marmol / 6 / 

/ b / Grimm / 2 6 / 

/ c / Tomlinson and Hurdus / 1 4 / 

/ d / d e l Marmol and P e r r i c o s / 1 2 / 

act ivi t ies and the fractional y ie lds were derived from the s tandard equa
t ions of radioact ive decay. In these calculations the fract ional cumulative 
y ie lds of 8 3Br and 8 4Br were f i rs t assumed to be equal to the chain y ie lds . 
Once the cumulative y ie lds of 83Se and 84Se had been calculated in th is way, the 
independent yie lds of 8 3Br and 8 4Br could be es t imated and inser ted into m o r e 
developed express ions . The final yield values were then obtained by i t e r a 
t ions . In the m a s s chains 87 and 88, es t imated fractional cumulative yields 
of 95± 4% and 80± 5% for 8 7 Br and 8 8Br [26 ] were used for normal iza t ion of 

oo 

our data. The re fe rence value for Br is slightly different from the one 
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used in Ref. [ 8 ] ; thus the yield for 88Se given in the p resen t paper differs 
somewhat from our previous publication. A summary of our r e s u l t s is given 
in Table II, which contains r e s u l t s from other authors too. Our values a r e 
in good agreement with the published data on 8SAs and 5. 3-s 84As [6] . F o r 
the yields of 87Se and 88Se some spread in the values occur s . The cumulative 
yield of 83Se could not be distinguished from the tota l chain yield. Thus the 
e r r o r in our determinat ion se t s a lower l imit at ё 93%. The cumulative 
yield of 85Se was not de te rmined experimental ly . In 1960, when Sattizahn 
and co -worke r s [ 23] identified 84Se and 85Se via the i r bromine daughters , 
they obtained the ra t io of the i r absolute cumulative fission yields from the 
j3~- act ivi t ies of 8 4Br and 8 5Br growing in the selenium samples . Since we 
have measu red the cumulative yield of 84Se, a calculation of the 85Se yield 
is now possible ; chain yields of 1. 31 ± 0. 03% and 1. 01 ± 0. 02% [27] were used 
in th is calculation and a cor rec t ion for the delayed neutron emiss ion of the 

85 
p r e c u r s o r As was applied. 

TABLE I I I . DETERMINATION OF THE CHARGE DISTRIBUTION PARAMETERS a 

AND a 

Mass chain Nuclide Fract ional a 1 ^UCQ ^ 
cumulative 

yield 

83 As 76.0+6.3 a) 33.10+0.16 32.69 +0.41+0.16 

Se s*93 

84 As 39.8+5.5 0.50+° '?^ 33.63+0.075 33.10 +0.53+0.08 -0.10 
Se 96.6+2.1 

85 Se 81.8+6.6 a) 33.99+0.20 33.51 +0.48+0.20 
,+0.10 
-0.11 87 As 1.8+0.9 0.53+5*}? 34.62+0.10 34.34 +0.28+0.11 

Se 40.7+7.1 
Br 95 +4+) 

Se 22.2+5.6 0 . 6 1 + ° - ^ 34.98+0.11 34.76 +0.22+0.11 

Br 80 +5' ;+) 
-0.12 

"""'Reference values /26 / 

a'Average value a = 0.56+0.06 / 5 / used for determination of Z 
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6. CHARGE DISTRIBUTION IN THE 50-NEUTRON-SHELL REGION 

Nuclear charge distr ibution in a fission product chain can be descr ibed 
by a Gaussian charge d ispers ion curve with a width p a r a m e t e r cr and by the 
deviation AZ of the maximum (Zp) of th i s curve from a fragment charge (ZUCD), 
calculated assuming unchanged charge density (UCD) of compound nucleus 
and f ragments [ 5, 28] . Table III shows the r e s u l t s of the analysis of our 
data with r e spec t to these two p a r a m e t e r s . The width p a r a m e t e r s a of the 
Gaussian charge d ispers ion curves fitted to our fract ional yield data agree 
within the e r r o r s with the average value a = 0, 56± 0. 06 given by Wahl [5] . 
Hence we conclude that the closed 50-neutron shell does not significantly 
influence this p a r a m e t e r . In Table HI, Z _ is calculated according to 

= (A + v ' Z F M F 

where Zp and Af a r e the nuclear charge a n d m a s s of the fissioning nucleus 2 3 6U, 
v is the average number of neutrons emit ted from the initial f ragments . A 
mean value for v was taken from Refs [5] and [29] . It should be empha
sized that the actual number of neutrons emitted from a single fragment is 
not known: All available neutron data a r e average numbers for groups of 
f ragments . The correc t ion for prompt neutron evaporation mus t the re fore 
be considered as a rough approximation. It may even be definitely wrong 
in the region of closed neutron shel ls . We shall come back to th is point. 

0.5 

^ -0.5 

-1.0 

-1.5 

110 
I i 

100 90 8 0 " — A| 
1 1 1 1 1 ' 1 1 ' ' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

• for fragments 
• for products 

| U - 2 3 5 ( n t h , f ) 

л light fragments 
° heavy fragments 

A'h (amu) 

FIG. 6. Deviation AZ of the most probable nuclear charge from Z versus fragment mass number. Data 
(open circles and triangles) from Ref. [30] . Results of the present work: black triangles. For further explanation 
of figure, see Ref. [30] . 



IAEA-SM-174/14 109 

The last column in Table III gives the deviation AZ of the most probable 
nuclear charge Zp from the prediction of the UCD-rule. These values indi
cate a slight enrichment of protons in the light fragments which is in agree
ment with the known trend of charge distribution in low-energy fission 
reactions. 

In Fig. 6 the deviation AZ is plotted versus fragment mass number for 
heavy and light fragments. In this plot negative values of AZ refer to an 
enrichment of neutrons in the heavy fragments and an enrichment of protons 
in the complementary light ones. AZ values of the present work are plotted 
as black triangles. The straight lines indicate what AZ values should be 
expected if magic fragments were generally formed with the highest fractio
nal yield possible within a Gaussian charge dispersion curve. We are fully 
aware of the problems inherent in this kind of plot (Fig. 6 ). However, the 
fact that the data do show a correlation rather than a wild scatter gives us 
confidence that one can learn something from it, e. g. that the 50-proton 
shell has a strong influence on charge distribution. A combination of mass 
and charge distribution data makes the influence of closed shells in thermal-
neutron-induced fission of 235U even clearer: the 50-proton and 82-neutron 
shells are conserved in more than 99% of all fission channels. All three 
shells are conserved in more than 90% of the fission events. This led to 
the assumption of a dumb-bell configuration of the fissioning nucleus [31 ] 
where closed-shell fragments are pre-formed before scission. From the 
rather well-established trend of the radiochemical AZ values between mass 
numbers 132 and 82 (Fig. 6) Denschlag and Qaim [31 ] concluded that the 
dumb-bell configuration includes the magic clusters 132Sn and 82Ge, connected 
by a neck of high charge density. The prediction of this picture for the iso
bars of mass chain 82 would be no deviation from the UCD rule, as Ge has 
the same charge density as U. The experimental AZ value for mass 82 
gives support to such considerations. Also our data for mass chains 87 and 
88 fit well into the ascending band of radiochemical data. 

As Fig. 6 shows, the experimental AZ values for the isobaric chains 83, 
84 and 85 deviate from the general trend. Considering this structure as 
significant, one could interpret it as a local tendency of the fissioning nucleus 
to form its light fragments around A= 84 with the magic number of 50 neutrons. 
However, the dashed line in Fig. 6, representing the closed 50-neutron shell 
after neutron evaporation, is in a better agreement with the experimental 
data than the pre-neutron emission line. 

This observation suggested that one could ask whether the observed 
structure in the AZ values around mass number 84 could be the result of a 
disturbance in the dispersion of prompt neutron evaporation caused by the 
jump in neutron binding energies at the shell, rather than the result of a 
primary local shell-effect in fission. 

Our considerations are outlined in Fig. 7. We have assumed that charge 
distribution of the fragments (before prompt neutron emission) follows the 
trend which is drawn on the left-hand side and have calculated the respective 
fragment yields Y. The width parameter of the fragment Gaussian charge 
dispersion curves was assumed to be cr = 0. 41, as measured in 252cf fission 
by Glendenin and co-workers [2] . For simplification, the average number 
of neutrons in assumed to be 1.0 for all mass chains investigated. This is 
correct only for mass number 87, but the error is less than 20% in the other 
isobaric chains. The equation in Fig. 7 shows how the different fission frag
ments contribute by neutron evaporation to the independent yield of 84As. P 
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Assumption Result 

Jl'O 
N 

»50*3 

50-2 

50*1 
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= r B M « S I T , и H M T j l 
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Po P, P? 
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0.3 

0 
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0.2 
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v « 1.0 
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er. 0.51 

FIG.7. Considerations on prompt neutron evaporation from fragments near the closed 50-neutron shell. Experi
mental data (right-hand side) are given as triangles: 1 this work, ^Denschlag [30] . The crossed circles ® are 
assumed (pre-neution emission) and calculated (post-neutron emission). 

is the probability that the fragment 84As evaporates no neutrons, E is the 
probability that As emits one neutron, and I | is the probability that the frag
ment 86As emits two neutrons, etc. Neutron emission probabilities for three 
and more neutrons are neglected. 

The neutron emission probabilities listed below the equation are chosen 
to obtain a preference of R at 52 neutrons, E at 51 neutrons and E at 50 
neutrons. Despite this preference, the average number of neutrons has been 
kept at 1. 0 in each chain. 

Simulating the prompt neutron evaporation this way leads to isobaric yield 
distributions whose width parameters and AZ values overlap in all cases with 
the error bars of the experimental points, as is shown on the right-hand side 
of Fig. 7. 

The assumptions on the neutron emission probabilities are certainly 
rather extreme, and they should, of course, be checked by more serious 
theoretical work. Nevertheless, they show clearly what qualitative conse
quences a shell-dependent disturbance of prompt neutron evaporation would 
have. 

Whether there is a primary shell effect or a secondary effect caused by 
neutron evaporation can only be detected by measuring fission yields of com
plementary products in the region of heavy cerium, praseodymium and 
neodymium isotopes. However, this would require the development of a rapid 
separation technique for lanthanide elements. 

It is interesting to note in this context that Gäggeler and von Gunten[32] 
have very recently performed a measurement of the fractional yield of the 
shielded isotope 150Pm (5. 4± 0. 3 x 10"4). Although this yield is rather low -
which results in a large uncertainty in the Z. value — the deviation AZ 
(about -0. 53) agrees closely with the value of the complementary light frag
ment. Certainly, more experimental data are needed to clarify the situation. 
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DISCUSSION 

H. Ö. DENSCHLAG: We did some experiments in order to find out 
whether prompt neutron emission can have an influence on charge distribu
tion, as has just been discussed by Mr. Kratz. 

We chose chain 132, which is especially interesting because it contains 
the doubly magic nucleus tin-132, and because in this chain we have a large 
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FIG. A. Dependence of the charge distribution, as measured by the observed ratio of 122Sn to 132Sb yields, as 
a function of absorber thickness (in the form of the recoil yield of 132Sn). 

discrepancy between radiochemical measurements1 and a physical measure
ment performed by Konecny and co-workers2. We wanted to check whether 
this discrepancy was related to a prompt neutron effect. 

In order to check whether the charge distribution is different before and 
after prompt neutron emission, we measuredthe ratio of 132Snto Sb in 
fission fragments that had penetrated increasing amounts of absorber foil. 

Thick absorber foils are penetrated only by fragments of high recoil 
energy which are known to emit practically no prompt neutrons. 

The results are shown in Fig. A, in which absorber thickness (in the 
form of the recoil yield of 132Sn) is plotted against the Sn/Sb yield ratio. 

As can be seen from the experimental points (dots — with typical error 
bars in two cases), there is indeed an increase in the ratio of Sn/Sb, from 
1 at about 40% recoil yield, to 3 to 4 at around 0,1%. 

We have compared the experimental results with a calculated curve. 
This curve, marked ДЕд = 0, assumes no effect of prompt neutron emission 
on charge distribution and, therefore, no difference in the recoil energy 
between Sn and S'b. 

1 NAEUMANN, R., FOGLER, H., DENSCHLAG, H. O., J. Inorg. Nucl. Chem. 34 (1972) 1785. 
2 KONECNY, E., et al. Z. Phys. 27_1 (1970) 59. 
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This curve deviates from a ratio of the recoil yields Sn/Sb = 1 only 
because the interaction of Sb (Z = 51) with the absorbers is stronger than 
that3 of Sn (Z = 50). 

We find that the experimental points, even though statistically inaccurate, 
lie on the right-hand side of this curve, signifying that the charge distribution 
is altered by prompt neutron emission. 

To make quantitative conclusions, we require more accurate data and 
these are being prepared. -However, it would already appear that the effect 
is too small to fully explain the discrepancy between the radiochemical and 
Konecny1 s measurements. 

M. ASGHAR: We have heard that neutron emission tends to demolish 
the structure due to pairing and shell effects. I feel that this could be avoided 
if one chooses those events where the fragment kinetic energy is so high that 
no neutrons could have been emitted. One would then have fragments with 
primary nuclear charge (Z) and neutron number (N). 

S. AMIEL: When carrying out experiments involving fragment kinetic 
energy selection, one should be careful about drawing conclusions concern
ing nucleon pairing effects. As we go to lower excitation energies (i. e. higher 
kinetic energies), two simultaneous changes take place — without1 our know
ing the rate of change and function of each: one being the drop in neutron 
evaporation, the other the enhancement of the primary even-odd effect 
associated with the decrease in the formation of odd-configurations. Unless 
we know more about the function of one of these with respect to the excitation 
energy, we should refrain from making any conclusive statements about the 
other. Of course this is a general statement; isolated cases may exist where 
it would not matter. 

H. O. DENSCHLAG: The measurements of pre-neutron-emission charge 
distribution carried out by Glendenin and co-workers4 show that the second 
effect you mention is pretty small. Therefore, what we see here is due 
mainly to prompt neutron evaporation. This is naturally only true within 
the limited accuracy of our and Glendenin1 s values. 

3 NORTHCLIFFE, L. L., SCHILLING, R.F., Nucl. Data Tables 17 (1970) 233. 

* RE1SDORF, W., UNIK, J. P., GRIFFIN, H.C. , GLENDENIN, L. E., Nucl. Phys. A 177 (1971) 337. 
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Abstract 

NEUTRON AND GAMMA EMISSION IN FISSION. 
Some of the characteristics of neutron and gamma emission in fission are reviewed. Recent measurements 

of the average number of neutrons as a function of fragment masses m and total kinetic energy E^ show distinctive 
differences from previous measurements. The reasons for these discrepancies are analysed and it is shown that, at 
present, the use of large neutron detectors gives more reliable results than those of small neutron detectors. The energy 
necessary for the emission of one additional neutron is discussed and shown to be of the order of 8 MeV, in the 
case of the a 2Cf spontaneous fission. This includes the effect of the observed correlation between neutron 
multiplicity and total у -ray energy. This correlation cannot be explained on the basis of neutron binding 
energy variations alone and is interpreted as an effect of the spins of the fragments. 

The gross features of у -ray emission by fission fragments (time, energy, angular distributions) are 
summarized. These features appear to be in agreement with a statistical de-excitation of the fragments 
provided angular momentum effects are suitably taken into account. 

The variances of the excitation energies of the fission fragments as a function of m and E^ are obtained 
from the observation of neutron number distributions. Here again it is shown that, at present, the use of large 
neutron detectors is the safer technique. Knowledge of these variances allows an improved estimation of the 
difference between the total energy release in fission and the minimum potential energy of the scission 
configuration. This difference is found to be at most of the order of 7 MeV in the 252Cf of spontaneous fission. 

One of the basic assumptions of the "fission band" model of Nörenberg is strongly supported by the 
observation of a 1.6-MeV difference in the total kinetic energy of fission which gives rise to odd Z-odd Z 
compared with fission which yields even Z-even Z pairs of fragments. This model also accounts for many of 
the aspects of the neutron and gamma emission in fission. 

INTRODUCTION 

Rather than being a general survey of all experimental evidence on 
neutron and gamma emission in the fission process, this paper will focus on 
some of the recent detailed measurements relative to this subject. In the 
first section we shall examine the average neutron number measured as 
a function of both mass and kinetic energy of the fission fragments. Although 
recent measurements do not show new qualitative features, they quantitatively 
differ from previous ones, especially with respect to the value of the energy 
carried away per neutron. The disagreement may be traced to different 
experimental approaches; one set of experiments makes use of low-efficiency 
plastic scintillators and the other uses high- efficiency loaded liquid scintillators. 

* Work performed under the auspices of the US Atomic Energy Commission. 
* * On leave from CEN Saclay. 
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We shall discuss the relative advantages and drawbacks of these two tech
niques. In the second section we shall examine some of the detailed measure
ments of 7-ray energy, 7-ray multiplicity and 7-ray angular anisotropy 
which have been carried out as a function of the energy, mass or charges of 
the fragments. Combining the neutron, gamma and fragments kinetic energy 
measurements, the measured energy release in fission can be compared with 
predictions of mass tables. We shall present evidence for even-odd effects 
in the dependence of neutron and gamma emission and fragment kinetic 
energies on the charges of the fragments. We conclude this section with a 
discussion of the angular momenta of the fragments. In the third section 
we shall discuss the detailed measurements of the variances of the neutron 
number distribution in view of the large discrepancies observed between the 
results obtained in experiments using low-efficiency and high-efficiency 
neutron detectors, respectively. We show how the variances of the neutron 
number can be transformed into variances of the excitation energies of the 
fragments. In the last section we shall discuss the significance of the even-
odd effects and the possible use of the variance measurements for testing 
different theories of fission. 

1. VARIATIONS OF THE AVERAGE NEUTRON NUMBER AS A FUNCTION 
OF MASS AND KINETIC ENERGY OF THE FISSION FRAGMENTS 

At the time of the Salzburg Symposium most of our knowledge of the 
average neutron number variations as a function of mass and kinetic energy 
of the fragments was obtained using low-efficiency neutron detectors [1-3], 
with the noticeable exception of the measurement made by Whetstone [4] on 
the spontaneous fission of californium. In an effort to resolve the existing 
discrepancies between some of those experiments in the case of the neutron 
induced fission of U, Maslin and co-workers [5] and Boldeman and co
workers [6] used a large gadolinium loaded scintillator as a high-efficiency 
neutron detector. On the other hand, we have obtained [7] the neutron 
number distributions in the spontaneous fission of 252Cf and, thereby, their 
first moments; our results are to be compared to those of Whetstone [4] 
and Bowman and co-workers [1]. Figure 1 shows the variations of the 
average neutron number v (m) as a function of the mass of the fragments as 
obtained in these experiments. Although the general trends of the represen
tative curves v"(m) are similar in all measurements, quantitative discre
pancies as high as 30% can be noticed on the figure. The situation is hardly 
better when one considers the variations of the average total neutron number 
i7T(Ek) as a function of total kinetic energies of the fragments, as can be seen 
on Fig. 2 where the results obtained by Bowman and co-workers [1], 
Whetstone [4], and ourselves are compared. This situation gives rise to a 
wide range of values of the energy carried away per neutron from the 
6.6 MeV/n advocated by Bowman and co-workers [1] to the 18.5 MeV/n 
claimed by Maslin [5]. The origin of these discrepancies seems to be 
mostly in the different methods used to take into account the following 
factors: 

(a) The assumed geometrical efficiency of the detector which depends, 
sometimes critically, on the assumptions made regarding the neutron 
energies and angular distributions. 
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FIG. 1. Variations of the average neutron number F(m) with the fragment mass as obtained in different 
experiments, (a) For the slow neutron induced fission of Z85U[6]. Д: Maslin, etal.[5], •:Boldeman, etal.[6], 
D : Milton and Fräser [2]. (b) For the spontaneous fission of ^Cf. A : Bowman, et al.Cl], 
• : Signarbieux, et al. [7]. 

(b) The efficiency of detection of neutrons penetrating the detector. 
(c) The energy and mass resolution and possible asymmetry of the fission 

fragments detection system. 
(d) For the large liquid scintillator, the dead-time corrections and the 

possible multiple firing of the phototubes. 
(e) The recoil correction which has to be used for the determination of the 

masses and kinetic energy of the fragments. This correction has 
recently been studied in detail by Gavron [8] and found to be most 
sensitive for small-efficiency detectors. 
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As shown by Terrell [9] the low-efficiency neutron detector experiments 
are much more sensitive to the first two factors. When a large liquid 
scintillator is used in а 4тг geometry to measure total number of neutrons, 
the efficiency problem is obviously minimized, being reduced to the question 
of neutron detection efficiency. Monte-Carlo simulations have shown that, 
as expected, the neutron detection efficiency is itself almost insensitive to 
centre-of-mass energy spectra provided the radius of the detector is greater 
than approximately 30 cm. It therefore appears that, provided the last two 
factors of possible systematic errors could be satisfactorily dealt with, the 
total number of neutron measurements carried out with large 4л- detectors 
should be used to check the more error-prone determinations of average 
number of neutrons emitted per fragment. 

Gavron has recently [8] shown that the very fact that a neutron is 
detected in a preferential direction requires that the masses and kinetic 
energies of the fragments be corrected for recoil effects. This recoil 
correction appears to be especially important when the kinetic energy 
dependence of neutron numbers is studied. The magnitude of this correction 
is shown in Fig. 3 and appears to be able to account for most of the differences 
observed between the high- and low-efficiency measurements. In Air neutron 
counting this correction does not exist and in the high-efficiency 2ir measure
ments it is drastically reduced. 

It is outside the scope of this paper to go into details about dead-time 
corrections and optimization of the large liquid scintillator operation. As 
pointed out by several authors [10,11] it is possible to confirm that the 
dead-time and background corrections have been made properly and that the 
detector worked correctly. Let v and o2(v) be the mean value and the 
variance of the neutron number distribution of the source. Let"q and o2(q) 
be the same quantities relative to the distribution obtained after correction 
of the experimental one for background and dead-time but before the effi
ciency correction. Let e be the efficiency of the detector. Then 

q = ev 

and 

a2(q) = e2 a2(v) + e(l - e) v (L1> 

Substituting for e 

<Лч) _ 1 = S ! M I (I. 2) 
- 2 — - 2 — 
q q v V 

From the form of Eq. (I. 2) one sees that the left-hand side must then be 
independent of the efficiency of the neutron detector. Figure 4 shows to 
what extent this condition can be realized in an actual system. It is fulfilled 
for efficiencies lower than 80%. For higher efficiencies the influence of 
afterpulses in the phototubes and of multiple-firing of the discriminators 
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starts to be felt. It is noteworthy that the observed invariance of expression (1.2) 
is an indication that delayed 7-rays from the fission fragments do not impair 
the measurements. In a more detailed check of the operational and correc
tion procedures in the total number of neutrons measurements we found that 
the results obtained for the values of both the means vT(m,Ek) and the 
variances c?{v : m Ek) of the neutron number distribution measured as a 
function of the mass and total kinetic energy of the fragments agreed within 
statistical accuracy for two experiments where the detector efficiency was 
80% and 55%, respectively. Finally, an independent check of the validity of 
the measurements of total number of neutrons with 4тг high-efficiency liquid 
scintillators is provided by the agreement between those measurements and 
those recently [12] carried out with 3He counters placed in a paraffin modera
tor. This rather lengthy justification of the use of large neutron detectors 
for measurements of total number of neutrons was felt useful in view of 
recent doubts [13] which have been raised in their behalf. In particular, it 
has been argued that these experiments gave unreasonably high values of the 
energy necessary to emit one additional neutron. The variation of the average 
total number of neutrons emitted by both fragments as a function of their total 
kinetic energy is very nearly linear. The inverse of the slope of this variation 
<dyT/dEk>_1 has been found to be 16.7 MeV/n by Boldeman and co-workers [6] 
in the thermal neutron induced fission of 236U and, by us, to be 13.0 MeV/n 
in the case of the spontaneous fission of 252Cf. However, these quantities 
should not be interpreted as the energy necessary for a given pair of frag
ments to emit one more neutron. This is mostly because different mass 
distributions are obtained for different total kinetic energies. The argument 
can be put on a more quantitative basis with the help of relations similar to 
those already used by Terrell [9]. First , the slope <dvT/dEk> can be 
expressed as a function of the variance cr2(Ek) of the total kinetic energy and 
of the со-variance of vT and Ek 

— 
^ 

T , c ( v V (1.3) 

°4> 
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Then, up to f irs t o rde r in the var ia t ions of E k and vT as a function of 
f ragments m a s s e s , the overa l l со-var iance C(^ T ,E k ) can be expressed as a 
function of the m a s s - a v e r a g e d value of the conditional со-var iances 
C(v T ,E k : m) of vT and Щ^ for a fixed m a s s by 

dv, ^ „2, л . ^7—^ г 0-4) c ( V V *<•£-><*?> G (m) + c (W m) 

Owing to the sma l l var ia t ion of i>T as a function of m , the f irs t t e r m of 
the r ight-hand side of equation (1.4) can be neglected so that 

C(vT,Ek) = C(vT,Ek:. m) 
(1.5) 

A re la t ion s imi l a r to Eq. (1.3) holds between quantit ies measu red at a 
fixed m a s s ra t io of the two f ragments , so that 

(1.6) 

Assuming a negligible cor re la t ion between the values of <^dvr/dE]i)'n 

and <?2(Ek : m) for different m a s s va lues , one can then wri te that 

А Г 1 A >_1 g2(Efe: m) a.?) 
^ ш - dEk ff2(Ek) 

In the case of 252Cf using r e so lu t ion -cor rec ted values of cr(Ek: m)= 9.2 MeV 
and a(Ek) = 11.33 MeV one obtains an approximate value of 

<^Ф - 1 

<—-i > = 8.6 MeV/neutron dE. m 

This figure can be considered to be a determinat ion of the energy n e c e s 
s a r y to emit one additional neutron and can be compared with e s t ima tes 
based on neutron binding ene rg ie s , kinetic energies and, as will be seen 
l a t e r , on gamma-neu t ron competition. We shal l make this compar ison in 
the next sect ion using the m o r e detailed values of <^dvT/dEk)>m computed for 
each m a s s of the heavy fragment. F igure 5 shows the resu l t of this compar ison . 

Compared with m e a s u r e m e n t s of the total number of neut rons , the study 
of neutron emiss ion by each individual fragment p r e sen t s the added difficulty 



124 NIFENECKER et al. 

С 
о 
£ 
0> 

1 

сЮд-
1
 1\£АЛ 8J. — « - -

2 

е 6 
Ф 
с ÜJ 

4 

-

р 

1 1 1 1 

4 & 
4* 

• ^ ^ 4 _ 

$£р^^ СЙЗг • 
^ ^ -•« 

1 1 1 1 

1 

• * * 
- Л - " 

1 

1 • 

-
-

-
-

| 
90 100 ПО 120 130 140 150 160 

Frogment masses (amu) 

FIG. 5. Experimental and calculated energies carried away per neutron. The experimental values were 

/ d l ,
T \ 1 

obtained from / ) . The calculated values were obtained from В+ r;+0.75, where В = mean binding 
\ d E k / 

energy of the neutron, r7 = centre-of-mass neutron kinetic energy. • : calculated values for each fragment 
mass, A : calculated values for a fragment pair, Д: experimental values for a fragment pair. 

of detector efficiency variations with the angular and energy distributions 
of the neutrons. We shall assume that the fission events are sorted out 
according to the mass m of the fragment flying towards the neutron detector 
and the total kinetic energy Ek of the two complementary fragments. The 
average number of detected neutrons for a given fission configuration is then 
equal to 

g:(m,Ek) = e(m,Ek) v (m. EL ) + r(M m,Ek) v(M m 'V (1.8) 

where v(m,Ek) and i7(M-m,Ek) are the average number of neutrons emitted 
by the fragments moving towards and away from the neutron detector, 
respectively. e(m,Ek) and r(M- m,Ek) are the probabilities of detection of 
these neutrons. A similar relation holds when the fragment of mass M - m 
moves towards the detector, namely 

q(M m 'V S[M ,E^) v(M - m,Ek) + r (m ,E k ) v (m ,E k ) (1.9) 

Provided the set of forward and backward efficiencies e(m,Ek) and 
r(m,Ek) are known, the average number of neutrons emitted per individual 
fragment v"(m,Ek) can be obtained. The sets of efficiencies can be computed 
by means of a Monte-Carlo simulation [14]. They depend on the fragment 
velocity and the centre-of-mass neutron energy spectrum. We have already 
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noticed that, in the case of large neutron detectors, the forward efficiencies 
were not sensitive to the assumption made for the centre-of-mass neutron 
energy distribution. However, in this case, the ratio of the backward to the 
forward efficiencies can be as high as 20% and the quantities r(m,Ek) cannot, 
by any means, be neglected. _ 

The values of the average neutron number per fragment, v (m,Ek), were 
found to vary by less than 2% over their entire range when two different 
assumptions were made on the neutron spectra: in one case we assumed a 
constant-temperature Maxwellian spectrum, and in the other we used the 
actual spectra as determined by Bowman and co-workers [1]. The sum 
v {m,Ek) + v{M - m,Ek) of the average neutron number emitted by two comple
mentary fragments should be equal to the average total neutron number 
vT(m,Ek) as determined in the 4w geometry experiments. This agreement 
was obtained by Whetstone [41, and by Maslin and co-workers [5]. In our experi
ment the agreement is better than 2% for the entire range of masses and kinetic 
energies. This seems to be a good check of the efficiency correction 
procedure. 

Up to now we have not considered the possible existence of an isotropic 
component in the neutron angular distribution. This component was 
first suggested by Skarsväg and co-workers [15], Fräser and co-workers [2], 
and Kapoor and co-workers [16]. It is shown in Appendix I that,in the case 
of a large detector subtending a 90° angle from the neutron source and 
assuming a constant detection efficiency for all neutrons entering the detector, 
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the neglect of the isotropic component is equivalent to the sharing of it 
equally between the two fragments. However, with a small neutron detector, 
the sharing will depend on the fragment and neutron velocities. This could 
give r ise to differences of up to 5% between the results of the large and 
small detectors. 

The variations of the average number of neutrons emitted by 
complementary fragments of selected masses as a function of their total 
kinetic energy E^ are shown in Fig. 6. It can be seen that, while the varia
tions of the total number of neutrons with Ek are very nearly linear, this 
is not so for the number of neutrons emitted by one of the fragments. 
Therefore, for a given mass split, the fraction of excitation energy taken up 
by one of the fragments cannot be assumed constant. 

2. 7-RAY EMISSION AND ENERGY BALANCE IN FISSION 

The emission of 7-rays by fission fragments is not as well known as 
their neutron emission. This is the consequence of several experimental 
difficulties: . 

(a) The need to discriminate between fission 7-rays and 7-rays produced 
following neutron capture or inelastic scattering. 

(b) The time distribution of fission 7-rays, which covers a wide range, 
from less than 10"11 s to several microseconds. This circumstance 
makes the comparison between experiments using different arrangements 
difficult. 

(c) The moderate amount of anisotropy in the angular distribution of the 
fission 7-rays, which makes it much more difficult to measure the 
relative contribution of each fragment to the 7-emission than to the 
neutron emission. The first difficulty is usually overcome by the 
conjunction of a time discrimination between the 7-rays originating from 
the fission fragments and those produced in neutron capture or inelastic 
reactions, and by a careful collimation of the 7-ray beam. For total 
7-ray energy measurements, large liquid scintillators of the type 
described in Section 1 can also be used with the advantage of a very high 
efficiency; in this case a satisfactory correction for neutron parasitic 
effects can be made, provided a simultaneous measurement of neutron 
multiplicity is made [17]. 

To deal with the two last difficulties a knowledge of both distribution 
in time and angular distribution of the fission 7-rays is needed. In the 
following we first summarize this knowledge. 

2. 1. Angular distribution of fission 7-rays 

There are two causes of anisotropy in the fission 7-ray angular distribu
tion. The first one is a Doppler effect similar to what is observed in the 
neutron case. This Doppler anisotropy obviously disappears when the two 
fragments are not distinguished by the experimental setup or when they are 
stopped before the 7-emission takes place. On the other hand, it can be used 
to determine the share taken by each of the two complementary fragments [18,19] 
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in the total 7-ray emission and to obtain information on the time dependence 
of that emission [20]. 

The other cause of anisotropy of the fission 7-rays is a consequence of 
a preferential orientation of the fragments' spins with respect to their 
direction of flight. Wilhelmy and co-workers [21] have measured the angular 
distribution of several 2+-<- 0 transitions in the ground state bands of several 
even-even fission isotopes. They found a preferential emission of the 
E2 radiations along the direction of the fragment with anisotropies ranging 
between 8. 3% and 33. 4%. Because of possible attenuation effects in the 
platinum catcher they used, these values are to be considered as lower 
limits for the actual anisotropies. These anisotropies can only be explained 
if the initial spins of the fragments are preferentially oriented perpendicular 
to the fragments' paths, in agreement with the results of the early analysis 
of the gross angular distribution of fission 7-rays by Hoffman [22]. In more 
recent experiments the anisotropy of the whole fission 7-ray spectrum has 
been studied as a function of fragment kinetic energies, mass ratios, masses 
and as a function of 7-ray energy. These experiments all dealt with the 
slow neutron induced fission of 235U. Figure 7 shows the results obtained by 
Ivanov and co-workers [23] in their study of fission 7-anisotropy as a 
function of total kinetic energy and mass ratio of the fragments. The figure 
shows a definite increase of anisotropy with the total kinetic energy of the 
fragments for all mass ratios studied. On the other hand, the anisotropy 
seems insensitive to the mass ratio of the two fragments. This last result 
has been confirmed by Armbruster and co-workers [20]. Using the colli
mator technique pioneered by Johansson [24] these authors have been able 
to study the anisotropy of the 7-rays emitted between 10 and 100 ps after 
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FIG. 7. Anisotropy of the y-ray yield versus fragment kinetic energy in the fission of Z35U (a) for different 
fragment mass ratios. D : ( m ^ . , ) = 1.1 - 1.25, Д: (mjAn2) = 1.25 - 1.35, • : (m/rry » 1.35 - 1.45. 
V : (mjAn2) = 1.45 - 1.65, <> : (mj/iry = 1.65 - 1.9. (b) for all realized mass ratios; the solid curve shows 
the fragment kinetic energy distribution. Figure taken from Ref.[23]. 
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FIG. 8. Anisotropy of the prompt gammas as a function of fragment mass, (a) anisotropy without collimator: 
the contributions of the two fragments are not separated; (b) anisotropy with collimator selecting gammas in 
the time region 10-100 ps after fission. Figure taken from Ref. [20] . 

fission as a function of the fragment's mass. Their results are shown in 
Fig. 8; they show some structure but no definite trend except for a tendency 
to higher anisotropies in the heavy fragment mass range, which averages 
around 20% as compared to 14% for the light fragment. When measured as 
a function of т-ray energy between 0. 1 and 1. 2 MeV, the anisotropies [20] 
do not show strong departure from an average value of 13%. This is only 
slightly less than the values obtained by Wilhelmy and co-workers [21] 
for pure E2 transitions. It therefore appears that measured anisotropies of 
fission 7-rays indicate that those 7-rays are mostly of the E2 type with a 
possible admixture of between 10% and 20% of dipole radiation. This con
clusion holds for 7-energies between 0. 1 and 1. 2 MeV as quoted above. 
As a concluding remark concerning the question of anisotropy of 7-ray 
emission by the fission fragments it is worthwhile noting that neglecting 
this effect in some of the measurements of 7-ray energy emitted in fission 
could lead to errors of about 5%; this holds not only for absolute values but 
also for relative ones, especially when the fragment's kinetic energy is 
retained as a parameter in the measurement. 

2.2. Time dependence of 7-ray emission by the fission fragments 

The gross time dependence of 7-emission by the fission fragments of 
235TJ has been most thoroughly investigated by Albinsson [25]. Using the 
collimator technique that author studied the rate of production of fission 
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у-rays between 10 and 200 ps. He found that the corresponding decay curve 
could be well represented by the sum of three exponentials corresponding to 
half-lives of 7. 5 ps, 18 ps, and 60 ps with intensities, relative to the total 
gamma radiation emitted within 1 ns after fission, of 35%, 25%, and 10%, 
respectively. Armbruster and co-workers [20], by a comparison of observed 
-у-ray anisotropy when both fragments were allowed to fly and when one of 
them was stopped in the fission source backing, concluded that in the latter 
case the average velocity of the stopped fragment had to be reduced to 27% 
of its original value to account for the observed residual Doppler anisotropy. 
They show that, assuming a single time constant T for the decay curve of the 
7-emission, the reduction factor f is equal to 

t 
1 T + t с 

where tc is the characteristic slowing-down time in the source backing. 
In their experiment Armbruster and co-workers [20] estimated this 
slowing-down time tobe approximately 1.7 ps. One then finds that if the 
fastest time components were those reported by Albinsson the reduction 
factor would amount to approximately 4%. To explain the observed reduction 
factor one is then led to assume the existence of a fast component with 
minimal relative intensity of 23% corresponding to an infinitely short half-
life. This component is most probably responsible for the attenuation of 
the 7-ray anisotropy for measurements carried out between 0 to 1 ns after 
fission with respect to those relative to the 10 ps-100 ps range. It is thus 
probably of the dipole type. Albinsson [26] has measured the gross features 
of the 7-ray energy spectra corresponding to the three decay constants 
reported earlier. The bulk of the 7-rays corresponding to the 7. 5-ps half-
life has an energy centered around 1 MeV. At this energy both the single 
particle lifetime estimates for El and Ml transitions and the collective 
estimates for E2 transitions are much shorter than 7. 5 ps. On the other 
hand, this value lies very close to the single particle estimate for E2 transi
tions. The same can be said about the energy spectra associated with the 
18-ps time component. The 60-ps component displays a strong peak around 
200 keV which very probably corresponds to E2 rotational transitions similar 
to those reported in the work of Cheifetz and co-workers [27] in the 
californium fission case. 

From the preceding and the average multiplicity of about four 7-rays 
per fragment, a qualitative picture can be drawn of the average cascade of 
7-rays emitted by the fragments. A first transition, mostly of the electric 
dipole type with an average energy greater than 1 MeV, is followed by two 
E2 transitions of a non-collective types; the cascade then terminates with 
an average of about one transition in the ground state rotational band, when 
this band exists. 

In some cases, after what can be considered as the prompt 7-emission, 
delayed 7-räys can be emitted. John and co-workers [28] estimated that 
approximately 20% of the total 7-ray number or 7% of the total 7-ray energy 
was emitted between approximately 100 ns and 2000 ns after fission of 252Cf. 

The picture for 7-ray emission by fission fragments presented above is 
certainly oversimplified; it should be modified, in particular, according to 
the measured photon-multiplicities and total 7-ray energies, which are now 
reviewed. 
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TABLE I. TOTAL AND AVERAGE 7-ENERGY 

Type of fission 

23SU + n 
23sPu + n 
ZS2Cf Spontaneous L.R.A. 
S2Cf Binary spontaneous 

E (total) 
(MeV) 

6.51 

6.82 

5.99 

6.84 

Average energy 
per photon 

(MeV) 

0.97 

0.94 

0.88 

0.88 

y-
multiplicity 

6.69 

7.25 

6.7 

7.75 

"T 

2.42 

2.83 

3.052 

3.756 

TABLE II. AVERAGE Y - M U L T I P L I C I T I E S AND TOTAL 7-ENERGIES 
AS A FUNCTION OF TIME AFTER THE SLOW NEUTRON 
INDUCED FISSION OF 235U 

у-energy 

(MeV) 

0.09-10 

0.03-10.4 

0.03-10.4 

Time interval 

(ns) 

~ 5 

~ 70 

275 

N y T 

(y/fission) 

6.51 

8.1 

8.6 

V 
(MeV/fission) 

6.43 ± 0.3 

7.0 ± 0.7 

7.4 i 0.7 

2. 3. Multiplici t ies and energies of the fission 7 - r ays 

A ve ry careful m e a s u r e m e n t of total 7-energy and average photon energy 
in the fission of 252Cf, 2 4 0Pu ) and 236U was repor ted at the Vienna Symposium 
by Verbinsky and co-workers [29] . Thei r r e su l t s a r e shown in Table I, 
together with the average neutron numbers . The values re la t ive to the long-
range par t ic le accompanied (L. R. A. ) fission in Table I a r e taken from the 
work of Mehta and co -worke r s [30] except for the average energy pe r 
fission which has beenassumed equal in b inary and t e r n a r y f ission. The m e a s u r e 
ments of Verbinsky and co -worke r s [29] r e fe r to a period extending up to 
approximate ly 10 ns after f ission and a 7 - e n e r g y range from 0.14 to 10 MeV. 
Pleasonton and co -worke r s [19] r epo r t m e a s u r e m e n t s of total 7 - r a y energies 
and mult ipl ic i t ies in t ime ranges of 5 ns , 70 ns , and 275 ns after the slow 
induced fission of 235U. Thei r values a r e shown in Table II and a r e in very 
good agreement with the 235U figures of Verbinsky. F r o m Table II it can be 
seen that the delayed-7 contribution in the case of the induced fission of 
235U would account for approximately 24% of the tota l number of 7 - r a y s and 
14% of the total 7 - r ay energy. The las t figure is m o r e than twice the 
corresponding one repor ted by John and co -worke r s [28] for the spontaneous 
fission of californium 252. In summary, we find that the total 7 - ray energy emit ted 
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FIG. 9. y-ray yield per fragment versus fragment mass in the z52Cf spontaneous fission. Figure taken from 
Ref. [24] . 
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FIG. 10. y-ray yield per fragment versus fragment mass in the slow neutron induced fission of 235U. • 
taken from Ref. [19], Д : data taken from Ref. [32] . 

data 

in fission lies around 7. 5 MeV with an absolute uncertainty of about 0. 5 MeV 
for most of the known cases. This value of 7. 5 MeV can be compared with 
that obtained in statistical computations such as the recent one by Nardi and 
co-workers [31] of approximately 6 MeV in the 252Cf spontaneous fission 
case. Although the difference between the expected value and the observed 
one is much less than some years ago it is still significant. Table I shows 
that positive correlation exists between the y- ray multiplicities and the total 
number of neutrons per fission. 

Such a correlation had been observed by Johansson [24] when he first 
determined the 7-multiplicity as a function of the mass of the emitting fission 
fragments of 252Cf. Johnand co-workers [28] added a delayed component to 
Johansson's results and obtained the curve shown in Fig. 9. Similar data have been 
obtained in the slow neutron induced fission case by Albinsson and co
workers [32] using the same collimator technique as Johansson and by 
Pleasonton and co-workers [19] using the Doppler anisotropy technique. The 
results obtained by both groups are shown on Fig. 10. Although the two 
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FIG. 11. Observed correlation between the values of gamma (Ё (m)) and neutron (ü(m)) multiplicities (a) for 
induced fission of в ц , (b) for spontaneous fission of z52Cf. 

experiments agree qualitatively and both show a pronounced sawtooth struc
ture, the rates of variation of the 7-multiplicities as a function of fragment 
mass are different. This difference cannot be attributed in its entirety to 
the different time range after fission studied in the two experiments, since, 
if it were so, the values obtained by Pleasonton should always be greater 
than those obtained by Albinsson. The correlation between 7-ray and neutron 
emission is best visualized by plotting the points corresponding to the various 
pairs of values of (E (m),P"(m)) on the (E,i7) plane. This is done in Fig. 11 for 
both the californium and 236U cases. In preparing Fig. 11 we have trans
formed the 7-multiplicities reported by Albinsson for 236U and by John for 
252Cf into total 7-ray energies. 
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FIG.12. Variations of total у-energy EyfEjj) as a function of total fragment kinetic energy (a) in the induced 
fission of ZS6U, (b) in the spontaneous fission of ffi2Cf. 

The variations of total 7-energy or yields as a function of the total 
kinetic energy of the fragments have been measured by Albinsson [33], 
Pleasonton and co-workers [19], and Val'skii and co-workers [34] 
in the slow neutron induced fission of 235U. Good agreement is observed 
between the results obtained by the three groups. We show in Fig. 12 the 
results obtained by Albinsson. Using a large liquid scintillator as a 
47Г 7-ray detector [35] we obtained the variations of total 7-ray energy as 
a function of total fragment kinetic energy for the spontaneous fission of 

Cf. These variations are also shown on Fig. 12. The correlation between 
the total 7-ray energy and the average total number of neutrons measured as 
a function of total fragment kinetic energy can be examined as done before 
for the fragment's mass. This is done in Fig. 13. This figure and Fig. 12 
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FIG. 13. Correlation between the total y-ray energy Ъ <£$ and the neutron multiplicity "(E^) (a) in the 
induced fission of 236U, (b) in the spontaneous fission of ffi2Cf. It should be noted that the constant term in the 
relation Ky = aü + b, obtained when the correlation with average total number of neutrons is considered, has 
twice the value of that obtained with average number of neutrons per fragment. 

strongly suggest that a linear relation exists between the total т-ray energy 
and the number of neutrons emitted in fission. The straight lines appearing 
in Figs 11 and 13 correspond in the 252Cf case to the assumption that 

E Ы,\) = [0.75 v(m,Ek) + 2] (MeV) (II. 1) 

and 

Ey(msEk) = [1.1 \>Ы,\) + 1.75] (MeV) (И. 2) 

in the 236U case. The extent to which such relations are accurate can be 
estimated from more detailed measurements where the 7-ray energies or 
multiplicities are studied as a function of both the masses and the kinetic 
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FIG. 14. Variations of the total у-ray energy as a function of the total kinetic energy of the fragments for 
different light fragment masses of 2S2Cf fission. • : direct measurement, О : results obtained from energy 
balance considerations. 

energies of the fragments. Using the large liquid scintillator we have 
measured [35] the total 7-energy emitted in fission as a function of total 
kinetic energy and mass ratio of the fragments. The results are shown in 
Fig. 14 where the variations of total 7-energy as a function of the fragment's 
total kinetic energy are displayed for a choice of mass ratios (M = mass of 
the light fragment). It can be seen from the figure that the variations are 
very nearly linear. In Fig. 15 we show the variations of the average total 
y-energy and of the slopes <(dEj,/dEk)> of the above-mentioned linear vari
ations as a function of mass ratio (or mass of the light fragment). It can be 
seen that the variations of those quantities are less than 10% except at 
symmetry. Since the variations in the slopes <(dMj./dEk> as a function of 
fragment mass as shown in Fig. 5 are themselves less than 10%, it follows 
that Eq. (II. 1) could be accurate within 20% for the whole mass and kinetic 
energy range. However, this conclusion might be an oversimplification 
and the results obtained by Pleasonton and co-workers [19] seem to indicate 
that this is the case. Figure 16 taken from the work of these authors shows 
the variations of the 7-energy emitted by one fragment as a function of the 
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obtained from energy balance considerations, (b) Total у-cay energy as a function of the light fragment 
mass (2S2Cf). 

total kinetic energy for var ious m a s s e s of the fragment. It can be seen on 
the figure that for some heavy fragments the emitted 7-energy tends to 
inc rease with kinetic energy and i s , thereby, an t icor re la ted with the number 
of neutrons emitted by this fragment. This tendency somet imes leads to 
values of 7 - r ay energy emitted by one fragment well under half the neutron 
binding energy for fission events where the fragment emi ts about two 
neut rons . Such behaviour is very difficult to unders tand. 
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2. 4. Energy balance in fission 

The observed variations of total 7-ray energy as a function of the total 
kinetic energy of the fragment have a bearing on the computation of energy 
balance in fission. For example, from Eq. (II. 1) one sees that the energy 
necessary to emit one supplementary neutron will be approximately 0.75 MeV 
higher than the sum of the neutron binding and centre-of-mass kinetic 
energies. A comparison between the computed and observed energies 
carried away per neutron is made on Fig. 5. The agreement is fair and the 
energy carried away per neutron ranges around 8. 5 MeV. It is seen, how
ever, that the experimental value lies consistently higher than the computed 
one especially for light fragment masses higher than 105. This will be 
explained in the following section in terms of a tailing of the kinetic energy 
resolution function which has not been accounted for. The detailed measure
ments of average neutron numbers v(m,Ek), of total y-ray energies E (m,Ek) 
and of the centre-of-mass neutron kinetic energies rj(m,Ek) as a function of 
mass and kinetic energies of the fragments allow equally detailed computa
tions of the total energy Q(m, Ek) released in fission: 

Q(m,Ek) = Ê  + V1(m,Ek)tB(m,Ek) + ПЫ,\)] 

+ u]_(M - m,Ek)[B(M - m,Ek) + n"(M - m.E^. ) ]* I ^ m ^ ) 

where v^m,^) is the average number of neutrons emitted by a fragment of 
mass m, rT(m,Ek) is the average centre-of-mass kinetic energy of these 
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neutrons, B(m,Ek) is the mean binding energy of these neutrons as obtained 
from a suitable averaging of tabulated values, Ey(m,Ek) is the total 7-ray-
energy emitted by the two complementary fragments, m is the mass of one 
of the fragments, M-m the mass of the complementary one. 

The values of Q(m,Ek) should be independent of the total kinetic energy E . 
The extent to which this condition is fulfilled provides a very useful check 
of the coherency of the experimental data. This check can be made in the 
case of the spontaneous fission of 252Cf with the help of Fig. 14. On this 
figure both the 7-ray energies obtained from direct measurement and those 
obtained with the assumption of energy balance are displayed for several 
masses. The condition that total energy release be independent of Ek is 
equivalent to the requirement that the variations of the above quantities be 
parallel. This appears to be the case, for most masses, within statistical 
accuracy. However, although the two quantities plotted on Fig. 14 display 
parallel variations, their absolute values differ. The experimentalvalues [35] 
are 1 to 2 MeV higher than the ones computed from the mass tables of 
Garvey and co-workers [36]. Recent evidence [37] seems to indicate that 
fragment total kinetic energies could indeed be overestimated by such an 
amount. 

2. 5. Even-odd effects on fission energetics 

The energy release in fission can be expressed from the masses of the 
fissile species and of the fragments. For example, in the case of the spon
taneous fission of 2S2Cf 

Q(H,Z) = м(15Ц98) - M(H,Z) - м(15^-и,98-г) 

expresses the total energy release for a fission giving rise to a fragment 
with Z protons and N neutrons. When the fissile nucleus has an even charge 
the fragments have both either an odd or an even charge. Because of the 
pairing energy of the protons it then follows that a fission giving rise to 
two even-charge fragments will be, on the average, 2.5 MeV more energetic 
than a fission giving rise to two odd-charge fragments. Studies of the 
variations of average total kinetic energies as well as neutron and gamma 
emission as a function of the fragment charges can therefore provide 
information on the partition of this even-odd energy difference; such 
information cannot be obtained from mass measurements. We have measured 
the average total 7-ray energy, total neutron number emitted in the fission 
of 252Cf as well as the fragment total kinetic energy as a function of the 
charges of the fragments. Since no detailed report of this work has been 
made earlier, we now briefly describe the experimental technique involved 
as well as some aspects of the data analysis. 

In the neutron multiplicity and total 7-ray energy measurements, a 
californium fission source was placed near a silicon/lithium drifted X-ray 
detector at the centre of a cylindrical hole through the centre of a large 
spherical gadolinium-loaded liquid scintillator. For each detected fission 
event the pulse height of the coincident pulse produced in the scintillator 
was analysed as well as the pulse height delivered by the X-ray detector; 
the number of neutrons detected by the scintillator was counted between 
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FIG. 17. (A) : Fission X-ray spectrum N(Xj), (B) average value of the у pulse height as a function of X-ray 
detector pulse height Ey(,X$ (ffi2Cf fission). 

1 ^s and 36 jus after fission. The three quantities were then stored on an 
event-by-event basis on a magnetic tape. The fission events were detected 
either by the requirement of a coincidence between an auxiliary fragment 
detector and the X-ray detector or by the requirement of a coincidence 
between the X-ray detector and the liquid scintillator. In the latter case it 
was also required that at least one neutron be counted in the 35-pis gate. 
We have been able to show that the two techniques for detecting fission 
events were equivalent. In the latter case, both fragments could be stopped 
in the source and the Doppler broadening of the X-rays emitted by the frag
ments was thereby minimized. In that case the resolution of the X-ray 
detector was 350 eV at 35 keV. 

The fission fragment X-ray spectrum obtained in this experiment is 
shown in Fig. 17. 

The kinetic energy determination made use of data obtained by Cheifetz 
and co-workers [27] in the course of their study of 7-rays emitted by 
fission fragments. In one of their experimental setups the 252Cf source 
was deposited on a solid state detector, which detected one of the fragments. 
The other fragment was detected in another solid state counter. Both 
fragment detectors were operated in coincidence with an X-ray detector 
positioned behind the source. The pulse heights delivered simultaneously 
by the three detectors were stored on event-by-event basis on a magnetic 
tape. When the data were processed, onlyjrventjjäfh£r_eJ±je_Ä 
emitted by the stopped tragm&ni.s^M^XuS^iSiU§.re^- F r o m the two pulse 

TieTgK5"pTovi3e'd"b"y the fragment detectors, the total kinetic energy of the 
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fission event was obtained using the cal ibrat ion scheme f i rs t proposed by 
Schmitt [38]. In this exper iment the resolut ion of the X- r ay detector was 
approximately equal to 1 keV. 

The data from the two exper iments were p rocessed in a s i m i l a r way. 
The number of counts corresponding to each X- r ay amplitude bin was 
de termined, as well as the corresponding average values of the in teres t ing 
quantit ies (7-ray energy, neutron mult ipl ici ty and total kinetic energy). 
Thus, if Xi is a pa r t i cu la r X- r ay bin, we obtained 

N(X.), Ёу(Х±), v (X i ) , E k ( x J 

In the following we shal l denote by A(Xj) the measu red average value 
of the quantity A corresponding to the X- r ay amplitude X;. Let y(Z, A) be 
the number of fissions producing a fragment of charge Z and a value A of the 
quantity under study. Let Y(Xj, A) be the number of fissions producing an 
X - r a y pulse in channel Xj and the same value A of the quantity under study. 
Fo r each fission producing a fragment of charge Z we a s sume that we count 
a pulse in the X- ray channel Xt with the probabili ty R(Z,Xi) which c o r r e s 
ponds to the e lementa l r e sponse of the de tec tor . Then the charge yields 
y(Z,A) can be obtained from the observed channel yie lds Y(Xj,A) by 
minimizing the sum of squares 

X2 = £ W. (Y(X.,A) - £ R(Z,X.) y(Z,A))£ 

=1 x T 

The solution of the l ea s t - squa re s equation then e x p r e s s e s the charge 
yields as l inear functions of the channel yields 

y(Z,A) = £ B(Z,X.) Y(X.,A) ( n - 3 ) 

The ma t r ix e lements B(Z,Xi) depend exclusively on the weights Wj and 
the response ma t r ix e lements R(Z, Х4); they do not depend on A. 

A relat ion s imi l a r to Eq. (II. 3) obviously holds for any l inear function 
of the yields 

L(y(Z,A)) = £ B(Z,X.) L(Y(X.,A)) 

In pa r t i cu la r if 

N(X.) = E Y(X. ,A) Y(Z) = £ y(Z,A) 
1 A A 

И(Х.) A(X.) = "£ AY(X. ,A) Y(Z)A(Z) = £ A y ( Z , A ) 
1 X A A 



IAEA-SM-174/207 141 

we can wri te that 

Y(Z) = Yi B(Z,Xi) N(Xt) 
(II. 4) 

Y(Z) A(Z) = XI B(Z,X ) N ( X J A(Xi) (II. 5) 

Equations (II. 4) and (II. 5) a r e identical to those which would resu l t from a 
l e a s t - s q u a r e s analys is of the quantities N(Xj) and N(X ;) A(XS), respect ively . 
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FIG. 18. Average total y-ray energy emitted as a function of the light fragment's charge (•) and of the heavy 
fragment* s charge (Д) (ffizCf fission). 

4.0 -$i 
laT 

3 .5 -

3.0 

~i г 1 Г 

i*i 
*' 

40 *" 1 50 _1_1 I i ' IlT \ 6£_ 
100 ПО 120 

m (amu) 

FIG. 19. Average neutron number as a function of the mass of the fragments (•) and of the charge of the 
fragments (AX^Cf fission). 



142 NIFENECKER et al. 

2 0 0 

Heavy fragment charge 
60 55 

Ы 
190 

I 80 

170 

160 
40 45 

Light fragment charge 

FIG. 20. Average kinetic energies as a function of the light fragment's charge (•) and of the heavy fragment's 
charge (Д). 

Thus, the charge yields y(Z) and average values A(Z) can be obtained from 
only two least-squares treatments operating on the channel yields N(X;) and 
on the products N(Xj) A(X;) of the channel yields by the channel average 
values. This analysis was applied to the experimental data in order to 
obtain the charge dependent yields Y(Z), average total 7-ray energies E (Z), 
neutron multiplicities v(Z) and average total kinetic energies E^Z). 

Since the К X-rays emitted by fission fragments are mostly produced by 
electron conversion processes, their yields are expected to depend strongly 
upon the nuclear characteristics of the fragments, and this has been con
firmed in numerous experiments. The question then arises as to the extent to 
which the values of average 7-energies, neutron multiplicities and total 
kinetic energies obtained in experiments such as those described above are 
not seriously biased. If such a bias exists, it is not probable that it acts 
identically on different fragments; therefore it is possible to check its 
existence by comparing the values of Ey(Z), FT(Z), and Ej((Z) obtained for a 
pair of complementary charges Z and 98-Z. This comparison can be made 
on Figs 18-20. Figure 18 shows the variation of the measured total 
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FIG. 21. Best average neutron number as a function of charge of the binary fission fragments (252Cf fission). 
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FIG. 22. Best average total kinetic energy as a function of charge of the fission fragments. The continuous 
line shows the value of average total kinetic energy as a function of mass of the fragments. The mass and 
charge scales reflect the charge-to-mass ratios of the fragments. 

Y-energy as a function of the charges of the fragments. It can be seen that 
the complementarity condition (non-existence of bias) is fulfilled within 
statistical accuracy for almost all charges. Also apparent on the figure is 
a clear even-odd effect on E (Z). As can be seen on Fig. 19, the complemen
tarity condition is not always fulfilled for the variations of total number of 
neutrons.IL(Z). We have superimposed on Fig. 19 the variations of the total 
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number of neutrons as a function of mass vT(m) as obtained in experiments 
such as those referred to in Section 1. The mass and charge scales of the 
figure reflect the charge-to-mass ratios of the fission fragments. It can be 
seen that, whenever the complementarity condition is fulfilled, the values of 
FT(Z) lie close to the corresponding values of vT(m). The complementarity 
condition is not fulfilled for the charge pairs 45-53, 44-54, 46-52 and several 
pairs with the light fragment's charge smaller than 39. It appears that in 
those pairs one of the values of ?T(Z) lies close to the corresponding value 
of vT(m) while the other is smaller. We have assumed that the value closer 
to vT(m) was not biased by the X-ray emission process. Figure 21 shows 
the values of vT(Z) obtained when keeping the highest of the two observed 
values of V-Y(Z) and vT(98-Z). No even-odd effect is apparent on the figure. 

The values of Ek(Z) show an even-odd effect for both heavy and light 
fragments. Values for complementary charges differ by 0. 5 to 1 MeV. This 
is mostly a consequence of the existence of a high background under the 
X-ray peaks, due to interactions of high-energy 7-rays with the detector. 
Figure 22 shows the values of Ek(Z) obtained when keeping the highest of the 
two observed values of Ek(Z) and Ek(98-Z). Also shown'for comparison are 
the values of Ek(m) obtained in a double fragment kinetic energy measurement. 
It is clear that the even-odd effect observed on the values of Ek(Z) reflects 
itself in the modulations appearing on the Ek(m) curve. 

In summary, while the calculated difference in energy release between 
fission events with two even-charge fragments and those with two odd-
charge fragments is 

Д Q = Qe(Z) - QQ(Z) = 2.7 MeV 

it is found experimentally that: (1) the difference AvT in the total number of 
neutrons is less than 0. 04, corresponding to a difference in excitation 
energy smaller than 0.3 MeV, (2) the difference in total 7-ray energy 
amounts to АЁу= 0. 66 ± 0. 05_MeV and (3) the difference in fragment total 
kinetic energy amounts to ДЁк= 1. 58 MeV ± 0 . 1 MeV. The sum AEr+AEk 
is then equal to 2. 24 ± 0.45 MeV. Within statistical accuracy it is in agree
ment with the computed value of 2. 7 MeV. 

2. 6. De-excitation mechanism of the fission fragments 

We should like, in the following, to summarize the experimental results 
on fragment de-excitation which have been presented above and discuss 
whether these results can be explained within a coherent theoretical frame
work. We shall mostly concentrate on the features of 7-ray emission by 
the fission fragments. However, we must bear in mind that the neutron 
energy spectra appear to be satisfactorily accounted for by a standard eva
poration theory, provided the level densities used in the calculation properly 
include shell effects. Such calculations have been performed, among others, 
by Nardi and co-workers [31] and Fig. 23 shows a comparison between the 
experimental and computed values of the average centre-of-mass kinetic 
energies of the neutrons. Those computations made use of the technique 
developed by Moretto [39] , where both shell effects and pairing are taken 
into account for the determination of level densities. 
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FIG. 23. Experimental and calculated values of the average centre-of-mass kinetic energy of the neutrons, 7f. 
Typical experimental errors are shown by full dots with error bars. The theoretical values were obtained 
including pairing in the level densities. Figure taken from Ref.[31]. 

In an attempt to explain the striking correlation between 7 and neutron 
emissions by the fission fragments, Johansson [24] made the hypothesis that 
the 7-rays corresponded mainly to vibrational transitions through which the 
fragments could lose the deformation they had at scission. The high pro
portion of E2 radiation in the fission 7 spectrum seemed to confirm this 
point of view. However, there are very strong objections to this hypothesis. 
It seems to be well-established experimentally that at least 70% of the total 
7-ray energy is emitted more than one picosecond after fission while the 
neutrons are emitted in a time shorter than 10"14s. We have shown earlier 
that the fastest 7-ray transitions were probably El in character since they 
tend to decrease the angular anisotropy. It thus appears that the collective 
7-ray transitions, if they exist, occur after neutron emission. The 7-ray 
emission should reflect the state of the system at this time and not at the 
time of scission. The hypothesis assumes that most of the initial excitation 
energy of the fragments is tied into deformation. After neutron emission 
most of this deformation energy has been dissipated and the remaining 
fraction, if it exists, has no reason to be proportional to the initial value. 
Furthermore, the success of the evaporation theory of neutron spectra 
points to an effective damping of the deformation energy of the fragments in 
times less than 10"18s. The last objection to Johansson's hypothesis is that 
the lifetimes of the possible vibrational transitions should be at least an 
order of magnitude shorter than the observed ones, which, as stated earlier, 
are close to E2 single particle estimates. 

The alternative to Johansson's hypothesis is to assume that the de-
excitation of fission fragments is governed by the statistical theory. Using 
the shell plus pairing model, Nardi and co-workers [31] were not able to 
reproduce the variations of the 7-ray energy as a function of fragment mass. 
Their model did not fully include the influence of the spin on the level density. 
Such models predict some correlation between the neutron and the 7-ray 
emissions by the fragments. This correlation reflects mostly the increase 



146 NIFENECKER et al . 

in the binding energy of the last emitted neutron when the number of neutrons 
emit ted by the fragment i nc r ea se s . F r o m the m a s s tables it is seen that , in 
the fission fragments region, an inc rease of one unit in the number of 
emit ted neutrons produces an inc rease of approximately 0. 3 MeV in the 
binding energy of the las t neutron, which should be reflected by an inc rease 
of 0. 15 MeV of the 7 - r ay energy. This effect is cer ta inly p resen t in the 
exper imenta l data, but it leaves unexplained, in the case of 25^Cf, an inc rease 
of 7 - ray energy of approximately 0. 6 MeV for each additional emitted neutron. 

Stat is t ical computations which t rea t the influence of pair ing in a 
phenomenological way by introducing the effective excitation energy have 
had some succes s in reproducing the t rend of the var ia t ion of the 7 - r a y 
energy emit ted as a function of the f ragment ' s m a s s . Such a calculation has 
a lso been performed by Nardi and co -worke r s [31]. However, the physical 
justification of such phenomenological models is not c lear and it is possible 
that the introduction of an effective excitation energy s imula tes the effect 
of the spins of the fission f ragments , which will be d iscussed la te r . F u r t h e r 
m o r e , these models cannot account for the observed inc rease in 7 - r ay 
energy with excitation energy for f ragments of given m a s s e s . 

That spin considerat ions should enter into s t a t i s t i ca l computation of 
7 - ray emiss ion by the fission fragments s t ems from the following 
considera t ions : 

(1) Most evaluations of the spins of the fragments before neutron 
emiss ion indicate that these spins a r e approximately 6ft to 8ft higher than the 
ground s ta te sp ins . Neutron emiss ion is not expected to d e c r e a s e that spin 
by m o r e than one unit of angular momentum. When the fragments a r e left 
with an energy only slightly higher than a neutron binding energy, they s t i l l 
have from 5 to 7ft units of angular momentum to d iss ipa te . Fu r the r neutron 
emiss ion which would leave the res idua l nucleus in the vicinity of i ts ground 
s ta te is thus expected to be s trongly inhibited except for odd-odd nuclei . 
To obtain a level with spin differing from that of the ground s ta te by m o r e 
than five units of angular momentum r e q u i r e s the coupling of at leas t two 
unpaired nucleons, and thus the breaking of a pa i r in both even-even and 
odd-A nuclei . The observed even-odd difference in total 7 - ray energy 
emit ted in fission is easi ly explained in that context. F r o m the exper imenta l 
value of 0. 66 MeV for this difference, we can derive the inc rease of 7 - r a y 
energy emitted in fission induced by angular momentum effects. If we 
a s s u m e that there is no inc rease for odd-odd fragments and that the i nc reases 
a r e equal in the other c a s e s , we find that angular momentum effects should 
add 1 MeV to the 7 - ray energy r e l e a s e in fission. The total 7 - r a y energy 
emitted in fission would then lie between 7.0 and 7. 5 MeV, in reasonable 
agreement with exper iment . 

(2) The dominant E2 c h a r a c t e r of the fission 7 - r a y s as well as their 
re la t ive ly high multiplici ty cannot be understood when compared with the 
features of neutron capture 7 - ray spec t ra without the assumption that 
7 -emiss ion by the fission fragment is strongly influenced by the absence of 
avai lable s ta tes for E l t rans i t ions . 

After neutron emiss ion has taken place the res idua l fragment is left 
with an average energy of approximately 4 MeV, and an average spin of 
approximately 6ft. Under these conditions e lec t r ic dipole emiss ion should not be 
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inhibited and we can assume it takes place with an average energy of approxi
mately 1. 5 to 2 MeV. This emission should not reduce the spin of the frag
ment significantly and thereby leaves it with an excitation energy of approxi
mately 2 to 2. 5 MeV and an average spin exceeding 5h, that is, in the region 
of the "yrast" line. However, the "yrast" line should not be considered as 
the ground state rotational band but rather as the "yrast" region of the 
intrinsic levels at which energy it becomes possible to treat the density of 
levels of given spin and parity statistically. In this "yrast" region E2 
transitions dominate, because of spin and parity limitations, until the ground 
state band is reached. In this picture the E2 transitions reduce the spin of 
the fragment by the maximum possible amount, that is, by two units of 
angular momentum. The average energy of the K2 transitions of approxi
mately 1 MeV thus represents the average energy which is necessary to 
reduce the spin of the fragment by 2 units along the path followed by the 
system in the (E,I) representation. 

This deexcitation should be similar for fission frogments and for the 
products of (charged particle, xn) reactions with comparable initial spins. 
That this is the case has been shown by Wilhelmy and co-workers [21]. 

The consequence of this oversimplified model of the y- deexcitation of 
fission fragments is that the increase of 7-ray energy with excitation energy 
which has been reported would be the consequence of an increase of the 
average spin of the fragments with their excitation energy. Using the 
experimentally determined increase of 0. 6 MeV in 7-energy for each addi
tional neutron, a value of 8 MeV for the energy necessary to emit one more 
neutron and a difference of 2 spin units for 1 MeV additional 7-energy, one 
finds that the average spin of the fission fragments should increase by one 
unit for an increase of excitation energy of approximately 7 MeV. Such a 
result does not contradict that of Wilhelmy and co-workers [21] who found 
that the increase in spin of the fragments was less than 2 for a decrease of 
the total kinetic energy of approximately 15 MeV. 

Armbruster and co-workers [20] have pointed out that such a behaviour 
of the spins of the fragments could be explained in the framework of the collective 
model of fission suggested by Nörenberg [40, 41]. This model also predicts 
the observed preferential orientation of the fragments' spins in the plane 
perpendicular to the fission direction. 

3. VARIANCES OF THE EXCITATION ENERGIES OF THE 
FISSION FRAGMENTS 

With the exception of the pioneering work of Whetstone [4] it is only 
recently that detailed measurements of the variances of the number of 
neutrons emitted in fission have been carried out. In the following we shall 
assume that the neutrons are all emitted by the fragments, after fission has 
taken place. One should, however, bear in mind the possible existence of an 
isotropic component in the fission neutrons which could seriously impair the 
results and interpretation of variances measurements. With that assumption 
we write the probability that Vj neutrons are emitted by one of the fragments 
and i>2 by the other as a bi-variate distribution P(v1,i/2). We have shown 
elsewhere [42] how it is possible, in principle, to derive this distribution 
from the probability Q(gi,g2) that gx and g2 neutrons are detected simulta
neously by two suitably arranged detectors. Such a program is not feasible, 
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however, because of the statistical er rors in the definition of the observed 
distribution Q(gj, g2) and because of our uncertain knowledge of the efficiencies 
of the neutron detectors. We must therefore content ourselves with the 
extraction of some significant features of the distribution P ^ , ! ^ ) from the 
experimental data. Such features are, for example, the five lowest moments 
of this distribution defined as follows: 

\ =ffVl P(VV2> dVl dV2 

ч> =./ /4 p ( v v dvidv2 

CT2(VI5 J J ( V l " ^ - ) 2 P ( V l ' ^ d V l dV2 

a2(v2) =ff (v2 - v 2 ) 2 P(v1, v2) dv1 dv2 

C ( V1' V =ff (V1 - V ( V 2 - V P ( V V2> dVl dV2-

We have dealt with the determination of the two first moments in 
Section 1. We have seen that, as soon as the masses of the fragments are 
measured, a single measurement with one neutron detector provided the 
values of the two average numbers of neutrons. Similarly only two independent 
measurements are necessary to determine the three second-moments. As 
in Section 1. two different techniques have been used for that purpose. The 
low-efficiency technique makes use of two small neutron detectors in con
junction with two fragment detectors [43]. When the two neutron detectors 
are on the same side of the fission source, the ratio of the rate of quadruple 
coincidences to the square of the rate of triple coincidences is equal to: 

< £ vx e(v1 - 1) > 

< (e vx) >2 

where it is assumed that both neutron detectors have the same efficiency e. 
It is further assumed that this efficiency does not depend on the neutron 
multiplicity, at least when the fragment mass and kinetic energies are 
specified. One then obtains: 

< v i ( v i - x ) > < v i 2 > i_ ! ! i V _ i , 
2 — 2 ~— — 2 " — 
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A similar relation holds when the complementary fragment flies in the 
direction of the neutron detector, allowing one to obtain o2(v2). 

When the two neutrons are situated on opposite sides of the source, one 
then obtains, in the same manner as above 

< ei Vl £2 V2 * < \ V2 > C ( v i V 
< e v > < e„ v„ > — — — — bl vl fc2 v2 vx v 2 v1 v2 

+ 1 

This technique assumes a complete separation of the neutrons emitted by the 
two fragments, owing to the fragments velocity. It is subject to the same 
causes of uncertainty that have been mentioned for the measurements of the 
average number of neutrons. The consequences of these uncertainties are, 
however, amplified here. We show that this is so for the со-variance 
measurement. Let M be the measured ratio of coincidence rates. Then 

C(vv v2) = v± v2 (M - 1) 

The relative error is thus approximately given by 

A C(v1, v2) Д vx Д v2 A M (Ш. 1) 
C ( V V " vx v2

 M " X 

The first two terms of the right-hand side of Eq. (III. 1) do not lead to 
unacceptable errors on the со-variance; they include effects such as errors 
in the efficiency determination or in the mass and kinetic energy resolution 
corrections. The last term includes principally two effects: the first effect 
is related to the fragment recoil correction, which was found by Gavron [8] 
to be very important in average neutron number measurements. Starting 
from Gavron's considerations we show in Appendix II that the dominant term 
in the error on the со-variance is 

A C(vr v2) ~ - о.5б + O.Ut (\ - \ ) 

where Ek is the total kinetic energy. This correction is of the same order of 
magnitude as the co-variances themselves. 

The second important cause of error in the со-variance measurements 
stems from the dependence of the efficiencies on the neutron multiplicities. 
It is also shown in the appendices that if one assumes a linear dependence 
of the efficiency on v-y 

e l = h + ( v l " ^l ) k l e l 

£2 = \ + (V2 " ^2 ) k2 E2 
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the со-variance is given by the modified equation 

C(vlS v2) 

V V 1 2 

where we have assumed 

Since 
M ~ 1 

we obtain 

A C(v1, v2) ~ к vT C(vlS v2) 

For higher multiplicities the average neutron energy decreases so that 
the efficiency decreases and к is negative. The magnitude of к depends on 
the experimental setup and is difficult to evaluate; however, a value of к of 
around 0.1 could be found and would lead to a 40% error on the со-variance. 
Since published results [43] on the variances of the neutron multiplicity 
distributions which made use of low-efficiency detectors do not account for 
the above two causes of error they appear strongly in doubt. However, if an 
accurate treatment of the experimental data became available, the small 
neutron detector technique would be the easiest and most elegant way of 
measuring the moments of the neutron number distributions. 

The measurements making use of large neutron detectors, although 
rather cumbersome, are essentially free from the errors mentioned in the 
case of small neutron detectors. They require a knowledge of both back
ward and forward neutron detection efficiencies. Two independent measure
ments are necessary to obtain the three second-moments of the neutron 
number distributions, but, in contrast with the low-efficiency case, the two 
measurements must be considered together; this is a consequence of the 
finite values of the backward efficiencies. 

The first measurement uses a 4ff geometry and provides the variance of 
the total number of neutrons for the different kinetic energy and mass ratios 
of the fragments. 

The second measurement uses a geometry such that the neutron detector 
subtends less than a 2r solid angle as viewed from the fission source. 

As a more detailed account of both the experimental technique involved 
and the results is given in another contribution to this Symposium [44], we 
shall now deal only with two specific questions, namely the comparison 
between total kinetic energy variances and total number of neutrons variances 
and the extraction of excitation energy variances from the neutron multipli
city measurements. 

+ к M v_ M - 1 
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3.1 . Variances of the distributions of the total number of neutrons 

The variances of the total number of neutrons have been measured as a 
function of both the mass of one of the fragments and the total kinetic 
energy. The values obtained are written a (vT: m Ek). For a given mass 
split we define the average value of these quantities as 

cr2(vT: m Ek) = HI CT2(vT: m E^ = f O2^: m Ê .) V(\) <* Efc 

^ \ 

The variance of the total number of neutrons measured for a given mass 
split and for all possible kinetic energies is given by [45] 

dv„ 
C2(VT: m ) = < ä 1 r > m * 2 ( \ : m) + 0"2(V m E )̂ ( I 1 L 2 ) 

the quantities a (vT: m) and аг(ут : m Ek) as obtained from the experiment 
are plotted on Fig. 24 for the case of the spontaneous fission of 252Cf. It is 
possible to use Eq. (III. 2) to compute the values of the kinetic energy 
variance cr2(Ek: m). If the values of <dvT/dEk >m obtained in the experiment 
and shown on Fig. 5 were used, one would then obviously obtain values of 
a2(Ek: m) equal to those that can be determined from the fission yield curves 
alone. This is because Eq. (III. 2) stands as an identity in such a case, 
provided only that the regression of v^ on Ek is linear. If, on the other hand, 
one uses the values of <(dvT/dEk>calc- which have been calculated from the 
neutron binding and kinetic energies and from the rate of change in 7-ray 
energy as a function of Ek one obtains another set of values for a (Ek: m). 
Both sets are shown on Fig. 25. It can be seen that the two sets diverge, 
especially for masses which range between the most probable mass and 
symmetry. This divergence reflects the one observed on Fig. 5 for the two 
corresponding sets of values of <(d^T/dEk^>m . Figure 25 suggests that 
kinetic energy resolution effects were not completely accounted for; inspection 
of the fragment yields shows that a low-energy tailing appears for the masses 
where the experimental and calculated values of <(di/T/dEk)>m diverge. It is 
probable that such a tailing has an experimental origin. If this is true, the 
values of <?2(Ek: m) computed from the values of cr2(vT: m) as indicated 
above would be better estimates of the true total kinetic energy variances 
than the values obtained directly from the fragment yields curves. It is 
interesting to see that the rise of <72(Ek: m) near symmetry does not occur 
for the calculated values, which stay remarkably constant. On the other 
hand, it is well known that tailing of the fragment energy resolution functions 
will result in a shift of the experimental masses towards symmetry and in an 
increase of the variance of the total kinetic energy for the more symmetrical 
fragments pairs. Since the neutron and y-ray results should not be very 
sensitive to this tailing, it is possible that, in the future, they will be used 
to correct the kinetic energy data. 



152 NIFENECKER et al. 

252Cf 
2.0r 

! } * i . . * . - « - * — - • • — - . . 
• . . . * 

i.oi-
f. 

o 0ooOo 0 0 0 0 o o 0 0oo' ) 0 0
ooooo 0 0 o o o 0 o o 0 o ol 

_L _L 

e 

о 
> 

9 0 100 110 120 
Light fragment moss (amu) 

PIG.24. • : Variations of the variance of the total number of neutrons ог(Up: m) as a function of mass of the 
light fragment. О : Average value over the total kinetic energy of the conditional variances 

o2(v~.: m Ek) as a function of the mass of the light fragment. 

90 100 110 120 
Light fragment mass (amu) 

FIG. 25. Variances of the total kinetic energy as obtained directly from the kinetic energies (•) and as 
obtained from the neutron variances (O). The full lines give an idea of the errors on the experimental values. 
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3. 2. Variances of the excitation energies of the fission fragments 

Experiment provides the values of the variances cr(v1: m Ek), a (i/2: in Ek) 
and the со-variances C{v1v2: m Ek) of the neutron distributions for selected 
values of one fragment mass and of the total kinetic energy. These quantities 
cannot be immediately transformed into fragment excitation energy variances 
because of the neutron evaporation process. Even if a fragment is produced 
with a given mass, charge and excitation energy, a finite variance of the 
number of neutrons will be observed owing to the statistical nature of this 
evaporation process. 

Since, as will be shown below, we are chiefly interested in the excitation 
energy variances for fixed masses and charges of the fragments and since 
the experimental quantities are measured as a function of masses or charges 
alone, it is also necessary to determine in what respect the experimental 
data are representative. 

We first examine this question. Assuming linear regressions [45] we 
can write that 

2 

*2<v m V =< !r \^ a2(Z: m V + ?я a 2 ( v m z V 
dv„ 2 

a2(v2: . V B < F ^ CT(Z! *V + < ? a ( V m Z V 

dv, dv2 2 

c(v lV - v ^ d T ^ ^ ^ CT(Z: "V 

+ M C(v1 V2: m Z E )̂ (Ш. 3) 

We shall assume that the isotopic widths a2(Z: m Ek) and the slopes 
•^di^/dZ)^ E and <(8v2/3Z)>m E do not depend sensitively on the total kinetic 
energies so that Eqs (III. 3) would also hold when the total kinetic energy 
variable is disregarded. 

Neutron emission is very sensitive to shell effects so that it has more 
physical basis to express the rates of variation of the average number of 
neutrons as a function of the charge and neutron number of a nucleus than as 
a function of its mass number. Let us then consider the slopes <(dVj/dZ)>N 
and <Cdv1/d'N)>z which express the rate of variation as a function of charge 
(or neutron number) of the average number of neutrons emitted by a fragment 
having a fixed number of neutrons (or of protons). Then, since m= N + Z 

d vl d vi d v i (III. 4) 
< — = • > = < — = • > - < — - > 

dZ m dZ N dH Z 
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and, for example 

v2 

° 2 ( v ^ - (< I r >N - < Sr >Z) <^Z: m>+ ft °2<v a z)
 (IIL 5) 

On the other hand, the slope of the represen ta t ive curves ^ (m) which have 
been presented in Section 1 can be wri t ten a s 

* 1 _ * 1 _dZ * i dN_ 
dm dZ H d m dN Z d m 

assuming that the charge density is the same in the fragments as in the 
f issi le nucleus , we obtain for 252Cf fission 

dv, dv dv., 
< -—• > = 0.39 < —L> + 0.61 < — i > 

dm dZ if dN Z 

Typical values of ^dvj/dm^ range around 0 . 1 . It appears reasonable to 
a s sume that for mos t of the cases ^d i / j / dZ^ and (dv^äS<?>z have the s a m e 
sign since the closed shel ls at 50 protons and 82 neutrons occur in the same 
m a s s region. Then the f irs t t e r m of the r ight-hand side of Eq. (III. 5) is 
maximum for 

and 

dv 
< —— > 

dN Z 

dv 

<Uz4 ~ °-25 

Taking a value of <J2(Z: m) - 0.25 [46] we obtain for 

/ av dv \ 2 

a maximum value of 0.015. This value is approximately 1% of the observed 
values of o-2(i/1: m) and less than 10% of the values of <x2 (i^: m Ek). We 
conclude that for most m a s s e s the existence of a charge distr ibution for the 
f ragments should not impai r the conclusions which could be drawn from the 
study of the va r i ances of neutron number measu red only as a function of total 
kinetic energy and m a s s e s . 

We now turn to the extract ion of the excitation energy va r i ances . 
Assuming, again, that l inear r e g r e s s i o n analysis appl ies , we can wri te 

2 

°Ч: m V =< Sr \,K a 4 : m V +<? a 2 ( v ш Е* V 
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0 <V mEk) = < d S ^ ^ 0 (E2: * V + $ a ( V mE
k

E2> 

dv dv 
C ^ : ш Е к ) = < — >т^ < ^ > m > E k C ( E l E 2 : ш,Ек) 

+ ГП C(VX V2: m Ek Ex Eg) <Ш- 6> 
E1E2 

The second t e r m s of the r ight-hand side of Eqs (III. 6) r ep resen t the 
contribution of the evaporation p r o c e s s to the neutron number va r i ances and 
co -va r i ances . In pa r t i cu la r , the t e r m C(v1v2: m E ^ E - ^ ) m e a s u r e s the 
cor re la t ion between the numbers of neutrons emitted by two complementary 
f ragments of fixed m a s s e s and excitation energ ies . Except for possible weak 
spin effects, the two evaporat ion p r o c e s s e s should not be cor re la ted and 
therefore 

C(V1 V m \ Ei V ~ ° 

The inve r ses of the slopes <(di/1/dE1)>m) Ek and ^ d i ^ / d E ^ m Ek a r e the 
ene rg ies n e c e s s a r y for the fragment to emit one additional neutron. These 
can be computed, as indicated previously, from the m a s s tables , average 
neutron numbers and kinetic ene rg i e s , and from the var ia t ions of the т - г а у 
energy with neutron number . 

The two excitation energies E j , E 2 and the total kinetic energy E^ a re 
obviously re la ted by the energy conservat ion requ i rement : 

Q(m) - H^ = E + E ( Ш - 7 ) 

The value of Q is not s t r i c t ly defined by knowledge of the m a s s e s of 
the f ragments because of the i r charge distr ibution. Using again l inear 
r e g r e s s i o n analysis [45] , one can wri te 

2 ^ i 2 

С (ЕХ! m,Ek) = < ^ > Ш , Е О2«»: *> + % °*i\: m Efc Q) 

dE„ 
a 2 ( E 2 : » E k ) = < ^ > a 2 ( Q : m) +Щ a 2 ^ : m ^ 

К «J 

dE dE 
C(E. E : m E, ) = < -т~=- > < •—• > О (Q: m) 

1 2 к dQ m»-^v °"» ' к 

+ 7П C(E1 E 2 : m E ^ Q ) (III. 8) 
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Because of Eq. (III. 7) we have 

We assume that 

dE dE 
< -— > + < —— > = l 

dQ dQ 

dQ 

dE, 

dQ 
2->-\ 

in order to es t imate the f irs t t e r m s of the r ight-hand s ides of Kqs (III. 8). 
This choice max imizes this cor rec t ion t e r m for the th i rd equation. Using 
the m a s s tables and the data re la t ive to the charge distr ibution of the fission 
fragments one can see that <J2(Q: m) fluctuates between 1 MeV2 and 
12 MeV2 [45] . Retaining this las t number one sees that the cor rec t ion t e r m s 
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FIG. 26. Variations of the excitation energy variances o 2 ^ : 
masses of the light fragment. 
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105 115 
Light fragment mass (amu) 

FIG 27. • : Variations of the excitation energy variances o2 (E1: m E )̂ averaged over Ej; as a function of 
light fragment mass. О : Variations of the maximum observed energy variance as a function of fragment mass. 
The full lines give an idea of the errors. 
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FIG. 28. • : Variations of the variances of the total number of neutrons о2 (и_: m) as a function of the light 
fragment mass. Д : Variations of the sum of the two neutron variances for complementary fragments 
o2(Vj: m) + o2(u2: m) as a function of the light fragment mass. O : Variation of the со-variance of the 
neutron distribution as a function of the light fragment mass. 

C(v1 vz: m) = | [o2 ( ^ : m) - o ^ : m) - o2(i^ : m)] 

The quantity shown on the figure is — ССц w2
: m ) f° r t n e sa^e °f convenience. 
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in the co-variance are at most equal to 3 MeV2. Expressed in terms of the neutron 
number these quantities are approximately equal to 0. 05 n2 which is of the 
order of 10% of the observed values. In the following we have neglected this 
effect, and have therefore assumed that for a given value of m and Ek the 
total excitation energy Ej+E 2 was determined. In that case one has evidently 

a2(E i : m Ek) = a2(E2: m Ê .) = - С(ЕХ E^ m Efc) 

and the system III. 8 can be solved. Figure 26 shows the variations of the 
variances ст2(Е];: m Ek) obtained as explained above with the total kinetic 
energy Ek for a choice of masses of the light fragment. The experimental 
data had been smoothed before the background and efficiency corrections 
were made. The estimated errors on the curves presented in Fig. 26 are 
of the order of 20%. The parabolic behaviour of the variances appear to be 
well established. Figure 27 shows the variations of the variances averaged 
over Ek as a function of m as well as the value of the maximum variance 
for each mass. Lastly, Fig. 28 which is taken from Eef. [47] shows the 
values of the variances and со-variances of the neutron number as a function 
of mass alone. These quantities are related to the previous ones by relations 
such as 

a v u.V. p 
c ( v i V m )=<diJ> <^> a ( V + f c ( v i V m V 

From Fig. 28 it can be seen that the со-variances C(vlv2: m) almost 
vanish except for masses between 95 and 105. 

4. SOME THEORETICAL CONSEQUENCES OF THE 
EXPERIMENTAL RESULTS 

We should like to conclude this review of neutron and gamma emission in 
fission by an evaluation of the information which the experimental results 
provide for a theory of nuclear fission. We shall first deal with the knowledge 
of the potential energy surface of the system undergoing fission, which can be 
obtained from the study of the de-excitation of the fragments. 

4 . 1 . Potential energy surface 

Studies of the properties of the fission fragments can only provide 
information on the potential energy near the scission stage of the fission 
process. It is convenient, at that stage, to split the potential energy of the 
system into three parts: 

Mutual Coulomb interaction energy С 
Deformation energies of the two nascent fragments Da and D2 
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Since the potential energy surface can be considered as the adiabatic 
ground state of the system for fixed values of a set of shape parameters, the 
potential energy does not absorb the whole available energy. The remaining 
energy can also be split into three parts 

Pre-scission kinetic energy e 
Intrinsic excitation energies of the fragments Xj and X2 

If one neglects the post-scission Coulomb effect, the experimentally 
measured quantities can be expressed as a function of the "scission" ones: 
the total fragment kinetic energy as 

and the fragment excitation energies as 

E l = D l + Xl 

\ = D2 + X 2 

(IV. 2) 

The comparisons [48-51] between potential energy computations and 
experiment have been based on the average values of kinetic and excitation 
energies of the fragment. Thus it was necessary to make assumptions on 
the magnitude of the pre-scission kinetic energy and intrinsic excitations of 
the fragments. Those assumptions were, in fact, related to a picture of the 
dynamics of the fission process. Knowledge of the variances of the fragment 
excitation energies avoids the necessity of such ambiguous assumptions. We 
can see from Fig. 26 that the representative curves of these variances can be 
extrapolated to zero. For each mass ratio there are two resulting points 
characterized by two values of the kinetic energies E^'fm) and E^2'(m). For 
those points the variance cr2(E1: m Ek) vanishes. From Eq. (IV. 2) we can 
write 

ст2(Е1) = a2(Dx) + 2C(D1,X1) + a2(Xx) 

Since 

|c(D1,X1)| <a(D1) a(X1) 

the variance a2(E1) can only vanish if both ff2(Dj) and a (Xj) vanish, or if the 
deformation and intrinsic energies Dx and Xj were totally anticorrelated. 
The last possibility is obviously unphysical. 

When the total intrinsic excitation energy of the system is non-vanishing, 
one expects that it will be shared in a random manner between the two frag
ments; this random sharing will produce a non-vanishing value of the 
variance cr (Xj). Thereby the vanishing value of cr2(X1) implies that both 
intrinsic excitation energies Xx and X2 vanish. 
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A s s u m i n g t h a t l i n e a r r e g r e s s i o n a n a l y s i s a p p l i e s , one c a n w r i t e t h a t 

S i n c e we h a v e s h o w n t h a t , f o r t he k i n e t i c e n e r g i e s E ^ ' t m ) a n d Е^Цт), 
a (Dj: E k m ) = 0, t h e two t e r m s of t h e r i g h t - h a n d s i d e of E q . (IV. 3) s h o u l d 
c a n c e l . T h e s l o p e 

dD 
< -r-=- > 

dD, 

de "m,E " dC m,EL 

has no reason to vanish, so that we obtain the result that 

a2(c: E ^ ' 2 )
m ) = 0 

An argument similar to that used for the intrinsic excitation energies 
shows that this condition can only be fulfilled if e = 0. 

An intuitive understanding of the preceding arguments can be obtained 
from consideration of Fig. 29. 

On the figure we have schematically drawn the minimum potential energy 
of the system along the scission line (curve A). This curve has been 
labelled according to the potential Coulomb interaction at each point. We 
also show the horizontal line corresponding to the total energy available to 
the system. The shaded area corresponds to the excess energy in the 
system which can be split more or less at random into pre-scission kinetic 

Coulomb energy С 

FIG. 29. Schematic representation of the minimum potential energy and "free energy" along the scission line. 
Abscissa: Coulomb interaction energy C. Curve A: minimum potential energy. Curve В: total energy of the 
fissioning system. Points 1 and 2: points where the minimum potential energy is equal to the total available 
energy. The shaded area shows the amount of free energy. 
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FIG. 30. (a) • : Values of the maximum Coulomb energy at scission E),' (m) as a function of light fragment 
mass. О : Values of the minimum Coulomb energy at scission E^(m) as a function of light fragment mass, 
(b) • : Values of the deformation energies of the fragments corresponding to the minimum Coulomb energy. 
The shaded area represents the range of possible values of the deformation energies for the maximum Coulomb 
energy configuration. The full lines give an idea of the errors. 
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energy, additional potential energy or intrinsic excitation energy. For all 
points between 1 and 2 the system can occupy a whole range of states and 
thereby the variances of the excitation energies of the fragments should not 
vanish. At points (1) and (2) all the available energy is necessary to provide 
the necessary potential energy, and the system has no additional freedom. 
At these points we can therefore write that 

C 2 - E £ 2 ) W 

The above treatment therefore provides, for eachmass ratio of the fragments, 
two points along the minimum potential energy scission line where the 
Coulomb interaction energy and the fragment's deformation energies are 
known. Figure 30 displays the values for these quantities as obtained from 
the experiment on the spontaneous fission of 252Cf. It would be interesting to 
study the behaviour of the variances of the excitation energy as a function of 
the excitation of the nucleus undergoing fission. Such studies could perhaps 
provide additional points on the potential energy surface. Some additional 
information can also be obtained using a slightly modified two-spheroid model. 
We assume that the potential energy P along the scission line has a minimum 
for a value Co of the Coulomb potential. We further assume that the potential 
energy can be satisfactorily approximated by a parabola so that 

The potential energy can therefore be written as 

P = С + D = P. + a ( C - C ) 2 

o o . 

which gives for the deformation energy 

D = P + a(C - С )2 - С о о 

If Q is the energy released in fission, we can also write 

Q = P + a(C - С )2 = P + a(C_ - С )2 = P + аДС2 

и J. о О d o о 
since the points (1) and (2) are such that the potential energy is equal to the 
energy release, as shown earlier. 

D ^ - B ^ U ) 

4 2 > = E ( 2 ) ( m ) 

D< l } = E ^ « 

i2) - 42)м 
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FIG. 31. Maximum "free energy" available at scission as a function of light fragment mass. 

We make the further assumption, as in the two-spheroid model , that 
t he r e ex is t s a value С where both 

D(C ) = 0 and 

These conditions a r e wri t ten: 

и«--° 
С - С = %-о 2а 

Ita2 AC2 - l*a(Q - С ) + 1 = О 

We make the further assumpt ion that C*>Q (this is equivalent to the a s s u m p 
tion that the f ragments a r e always elongated at sc iss ion) and obtain 

P = Q 
2 AC 

[(C - С ) 2 - AC2] / p ОТ 
+ _ o__^ x [Q - с - / ( Q - С ) 2 - AC2] 

The maximum energy of the sys tem which is not tied up in potential 
energy is obtained for С = CQ and amounts to 

P(C ) = | ( ( Q - С ) - / (Q - Co)2 - AC2) 
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The variations of this quantity as a function of the mass of the light 
fragment are shown in Fig. 31. It is an upper limit for both the pre-scission 
kinetic energy and total intrinsic excitation energy. 

It can be seen on Fig. 30, that the values of the maximum energy which 
is not tied up in potential energy are surprisingly small. They rise slightly 
from the most asymmetric splits to the most probable ones where it reaches 
a value of approximately 7 MeV. Although the error on that number is 
difficult to estimate, it should not exceed 50%. It appears doubtful that the 
statistical approach of Fong[52] could be justified with excitation energies 
of the fragments as low as 4 MeV. On the other hand, pre-scission kinetic 
energies of 40 MeV which have been obtained in some computations [53, 54] 
seem to be ruled out. In that respect it is worth recalling that the early 
ö-accompanied fission experiments [55] which seemed to confirm this high 
figure have been improved and yield much smaller values [56, 57]. The 
study of the even-odd effect reported in Section 2 provides an additional 
experimental approach to fission dynamics. 

4. 2. Even-odd effects and quasiparticle excitations in the fission process 

The production of two odd-charge fragments in the fission of an even-
charge nucleus requires the breaking of at least one proton-pair bond. For 
low excitation fission where the nucleus can be considered as cold at the 
saddle point as well as for spontaneous fission the corresponding two quasi
particle excitation must occur somewhere between saddle and scission. If 
the time difference between the instant when this excitation takes place and 
the instant of scission is longer than the characteristic time of a nucleon in 
the nucleus (approximately 2 X 10"22s) the two unpaired protons can be freely 
exchanged between the two nascent fragments before scission takes place. 
At scission the positions of the two protons can be considered to be uncorre
c ted . The probabilities to observe two odd-charge or two even-charge 
fragments will therefore be equal. If two even-charge fragments are observed 
one of them would have at least one two-quasiparticle excitation. While the 
excitation energies of the even-Z fragments will be higher by approximately 
2. 5 MeV than those of the odd-Z ones, the observed total kinetic energies 
should not differ for the two cases. The experimental results show that 
approximately two-thirds of the pairing energy appears as fragment's kinetic 
energy, in contradiction with the above prediction. We conclude that most 
of the even-Z fragments are produced in the absence of quasiparticle 
excitation. 

It is known that the yields of odd-Z fragments do not differ markedly 
from those of even-Z ones. The radiochemical measurements [58] appear 
to show a slight enhancement by approximately 30% of the even-charge 
elements. In the following we shall assume that this enhancement is 50%. 
If we again make the hypothesis that the two-quasiparticle excitation required 
to produce odd-Z fragments occurs at a relatively long time before scission, 
and that the energy of approximately 2. 5 MeV necessary to break the proton-
proton bond comes entirely from the kinetic energy of the fragments, an 
average difference of 1.25 MeV in kinetic energy should be observed between 
odd-Z and even-Z fragments. This is because half of the even-Z fragments 
should be formed with at least one two-quasiparticle excitation as explained 
above. Since the experimental figure is again higher than the predicted one, 
itself an upper limit, the hypothesis that the quasiparticle excitations occur a 
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long time before scission must be abandoned. It, therefore, appears that 
quasiparticle excitations occur only at the very late stage of the fission 
process with a probability close to 0. 5. 

These findings are contradictory to the basic assumptions of the statisti
cal model of Fong [52]. They agree well with the calculations of Nörenberg [41] 
who found that the probability of level-slippage at the crossing of two levels 
differing by their number of particle-hole excitations was close to unity. 
This means that the structure of the level is conserved and therefore that the 
probability for quasiparticle excitations from saddle to scission is small. 

An interesting check on the ideas just outlined would be to study the 
even-odd effect on fragment kinetic energies as a function of the excitation 
energy of the fissile nucleus. As soon as quasiparticle excitations would be 
possible at the saddle point, this even-odd effect should decrease markedly 
and eventually vanish. 

4. 3. Variances of the excitation energies 

We have noticed the remarkable experimental result that the со-variance 
of the excitation energies for a fixed mass ratio С(Ег, E2: m) was very close 
to zero. We now show that this can be expected on the basis of a very 
schematic two-spheroid model with the assumption of equipartition of the 
energy. 

Let a and ß be the deformation parameters of the two fragments. The 
deformation energies of these fragments are assumed to be 

Dl = h «2 

D2 = d2 ß2 

We further assume that around the minimum potential energy of the 
system the Coulomb energy is a linear function of a and ß 

С = V - к(а + 0) 

The potential energy is then equal to 

P = V - K(a + ß) + d1 a2 + d2 ß2 

and can be written around the minimum 

p " p
m m = 2 d i ( a " V 2 + 2 d2(ß - V 2 
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If we as sume the rma l equi l ibr ium, the probabil i ty to observe a deform
ation couple a , 3 is 

P(a,ß) - Р(ай ,В ) 
p(a ,ß) = exp т

 И М = р(а) p(ß) 

It follows that the two deformations behave independently and that 

C(a,ß) = 0 

and a lso that C(D1; D2), = 0. 

We had previously assumed [59] that the var iances of the deformation 
energ ies for a fixed value of the total kinetic energy 

could be neglected. The above resu l t shows that this cannot be the case 
s ince we have 

0 = C(D D : m ) = < ^ > < ^ > а 2 ( Е ^ ) +J% C(Dl5D2: m Efc) 
* • k \ . 

and 

ivn dD dD 
W C(D l ,D2 : M E k ) = - < ^ 1 > < _ 2 > а 2 ( ^ ) 
\ к к 

Therefore , con t ra ry to our original assumption [59] , we find that the 
va r i ances of the deformation energies a r e m o r e important than those of the 
in t r ins ic excitation energ ies . Assuming that 

C(E1,E2: m) = C ^ . D ^ m) = 0 

we obtain an average value of C(E 1 ,E 2 : m Ek) of approximately 

a2(Ek) „ . 
5 = -20 MeV = C(E1,E2: m Efc) = - 0 ^ : m ^ ) 

in good agreement with the exper imenta l values shown on Fig. 26. 
The above t rea tment implied that the fluctuations of the in t r ins ic excita

tion energies were smal l . This is to be expected if the sys tem behaves 
s ta t is t ical ly except when the fluctuations become c r i t i ca l . 
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While in the previous sub-section we have shown that almost no quasi-
particle excitations occurred in the descent from saddle to scission, we 
had not ruled out the possibility of a strong coupling of collective states 
within what Nörenberg [41] defines as a fission band. Nörenberg predicts 
that such a strong coupling should exist and that a statistical treatment of the 
system near scission should be adequate. We have shown above that such a 
treatment predicts, at least qualitatively, the values of the variances of the 
excitation energy. We have not shown, however, that other models would 
fail to predict these values. It appears, at this time, that the strongest 
argument in favour of the "fission band" model comes from another kind of 
experiment where the total kinetic energies obtained in induced and spon
taneous fission of the same nucleus are compared [60]; It appears that only 
a small fraction of the increase in excitation energy of the fissioning system 
appears as additional kinetic energy. This suggests a strong damping of the 
fission mode on the first part of the way from saddle to scission. 

CONCLUSION 

In conclusion, we should like to summarize the information which 
appears to us relevant to fission theory and which has been explained in 
detail previously. We also wish to suggest some possible future develop
ments as regards experiments. 

The 7-ray emission by fission fragments can be explained within the 
framework of the theory of statistical decay of excited nuclei provided 
angular momentum effects are included. The anisotropy of the fission 7-rays, 
as well as the correlation between total y-ray energies and excitation 
energies, can be explained in the framework of the "fission band" model of 
Nörenberg [41]. 

The experimentally determined variances of the excitation energies of 
the fragments yield values of the minimum potential energy of the system 
near scission which are surprisingly high, allowing for less than 10 MeV 
in pre-scission kinetic energy or internal excitation. 

The study of the even-odd fluctuations of the total kinetic energy of the 
fragments points to a very small probability for two-quasiparticle excitations 
in the descent from saddle to scission. On the other hand, the comparison 
between total kinetic energy in induced and spontaneous fission is easily 
explained in terms of a strong damping of the fission mode into other excita
tion modes. Those two features are reconciled in the "fission band" model 
which predicts the right order of magnitude for the variances of the excitation 
energies. 

As far as the experimental situation is concerned, we have seen that some 
some discrepancies remain with respect toa satisfactory account of the energy 
balance in fission. The main cause of uncertainty lies in the kinetic energy 
measurements; our knowledge of the energy resolution and tailing obtained 
with fragment detectors needs to be improved.' The availability of heavy-
ion beams or of separated beams of fission fragments should help to obtain 
this information. 

The better accuracy obtained in measurements of average neutron 
numbers has not been accompanied by similar progress in obtaining the 
average neutron kinetic energies; the time has perhaps come to improve on 
the measurements of Bowman and co-workers [1]. In particular, the 
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question of the isotropic component in neutron emiss ion r ema ins mostly-
open not only with r e spec t to i ts behaviour as a function of the m a s s e s and 
kinetic energies of the f ragments but a lso regarding i ts very exis tence . 
A bet ter knowledge of the neutron kinetic energy and angular dis t r ibut ions 
could in turn allow an improvement of the neutron var iance m e a s u r e m e n t s ; 
it could a lso help reso lve the present d i sc repanc ies between var iance 
m e a s u r e m e n t s using la rge and smal l de tec to rs , respect ive ly . It is important 
that this d iscrepancy be resolved so that the l e s s cumbersome s m a l l 
detector method could be used safely. 

The neutron var iance m e a s u r e m e n t s , if c a r r i ed out at varying excitat ion 
energies of the fissi le nucleus , could provide m o r e points on the potential 
energy surface and perhaps more sensi t ive tes t s of models for fission 
dynamics . 

Regarding the 7 - r a y m e a s u r e m e n t s , it has usually been assumed that 
the i r angular distr ibution was not significantly per turbed by the hyperfine 
interact ion. It appears [61] that such an assumption might not be justified 
since deorientat ion effects a r e very important for highly ionized r a r e - e a r t h 
nuclei . 

Finally, the study of even-odd effects on kinetic energy a s a function of 
excitation energy of the compound nucleus should be a useful tes t of the 
conclusions we have reached here and eventually provide information on the 
number of two-quas ipar t ic le excitations at the saddle point. 

APPENDIX 1 

E F F E C T OF AN ISOTROPIC COMPONENT ON THE 
DETERMINATION OF THE AVERAGE NUMBER OF NEUTRONS 

EMITTED BY FISSION FRAGMENTS 

We consider a fission event in which Vj neutrons a r e emitted by fragment 
1, v~ by fragment 2 and a s sume vä s c i s s ion neut rons . When fragment 1 flies 
towards the neutron detector the average number of detected neutrons will 
be 

gx = e vx + r v 2 + a v a 

where e is the efficiency for neutrons emit ted by fragments flying towards 
the detector , r the efficiency for neutrons emit ted by the complementary 
fragment and a the efficiency for detecting sc i s s ion neut rons . We assume 
that e and r a r e independent of the f ragment ' s c h a r a c t e r i s t i c s . Then, when 
fragment 2 flies towards the neutron detector we have 

g2 = e v2 + r vx + a v a 

and 

ix + S2 = (e + r ) ( v x + v2) + 2a v& 
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When we neglect the p r e - s c i s s i o n component we as sume that n j and n2 
neutrons a r e emitted by the two fragments so that 

51 = e'n-L + r ' n 2 

52 = e n
2

 + r n i 

The efficiencies e1 and r ' a r e a s sumed to be propor t ional to e and r 

e = o c e r ' = a r 

As explained in the text the proport ional i ty constant is determined by writing 

e l + s 2 = ' E ' + r ' ) ( n
a
 + n

2 ) = a ' e + г^п
г
 + n2^ 

with 

n2 + n£ = vx + v 2 и- vfl = vT 

so that 

a(e + r ) ( v x + v2 + v a) = (e + r ) ^ + v2) + 2a v& 

from which we obtain 

and 

We now consider two l imiting c a s e s . In the f i rs t one a l a rge neutron 
detector is seen from the sou rce through an angle of 90°. Then, if one 
a s s u m e s that a l l efficiencies a r e propor t ional to the re la ted solid angles , 
one can see that 
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-Щ— = 1 and a e + r 

so that 

n( l ,2) - V(l,2) + ~ 

We see that in this case, the assumption that all neutrons are emitted 
by the fragments is equivalent to an equal sharing of the pre-scission 
component between the two fragments. Furthermore, the condition n1+n2=wr 
is always fulfilled. In the second case we consider a low-efficiency detector. 
We therefore can neglect r and 

a = 1 + - ^ , . (АЛЛ) W->) 
Assuming a Maxwellian shape for the centre-of-mass fragment neutron 

spectrum we have 

(A. I. 2) 

where Ep is the energy per nucleon of the fission fragment, T is the neutron 
spectrum temperature and 

2E 

^ 

/ 
/2? / . e dt 

L_e. 1 T 

Typical values of Ep/T are around 0. 5. Then 

£ ~ U 
a 

and 

v 
» - 1 - 7 * 0 . 5 

T 

Prom Eq. (A. 1.1) it can be seen that the value of a which ensures that the 
condition п1 + щ= vT is fulfilled will depend on the fission event's charac
teristics with respect-to both the value of va/vT and that of a/e. Alternatively, 
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if one uses the value of a obtained for the average cha rac t e r i s t i c s of the 
f ission f ragments , one obtains 

where n^+n^ r e p r e s e n t s the average tota l number of neutrons as obtained 
with the assumpt ion that there a r e no p r e - s c i s s i o n neut rons , e and e1 a r e 
the efficiencies computed for the average and the specific fission events, 
respec t ive ly . In pa r t i cu la r , one obtains for the s lopes with r e spec t to E k 

d(n'| + n p dv va a de(R )/a 
< = — > =< i. > + о — < > 

^ « \ г2 ^ 

With typical values of the var ia t ions of E„ /T in Eq. (A. 1.2),one obtains a 
re la t ive inc rease of a few per cent in the s lopes of the var ia t ion of the 
ave rage total number of neutrons as a function of E k . The e r r o r on vT i tself 
is of the o rde r of 0 .1 neutron. 

APPENDIX II 

A STUDY OP TWO CAUSES OF SYSTEMATIC ERRORS IN THE 
MEASUREMENT OF NEUTRON NUMBER VARIANCES 

1. Recoil effect 

Gavron [8] has pointed out that the hypothesis of i sot ropic emiss ion of 
the neu t rons , usually made to obtain p re -neu t ron m a s s e s and kinetic energ ies 
from the pos t -neut ron energies of the fission f ragments , was no longer 
valid when the neutrons were detected with sma l l de tec to r s . We f i rs t p resen t 
the t r ea tment given by Gavron for the ca se of average neutron number 
m e a s u r e m e n t s . We then extend his t r ea tment to the m e a s u r e m e n t of co-
va r i ances of the neutron dis t r ibut ions . 

Using Gavron1 s notation, Vp is the velocity of the fragment before 
the detected neutron is emit ted, Vp i ts velocity after emiss ion of the neutron, 
V' and 6' a r e the veloci t ies and angle of emiss ion of the neutron in the f rag
ment f rame , V and 0 the corresponding quantities in the labora tory sys tem. 

The final energy of the fragment when a neutron is detected at the 
angle б will differ from that of the isot ropic case., when no neutron is 
detected, by 
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where e1F (9) is the final energy of the fragment when a neutron is detected 
at angle 0, ejj. (is) the same energy in the i so t ropic c a s e , ег and m^ the p r e -
neutron emiss ion kinetic energy and m a s s of fragment 1. 

The p re -neu t ron energy of the fragment is then equal to 

1 + v 1 ( m r e ) \ 2 e 1 F / V c o s e ^ 
6 6 

l IF V ml J nij V Vp 

When the r eco i l effect is not taken into account the p re -neu t ron energy is 
wri t ten 

/ v ( m e ) \ 

Щи*!, е) is the average number of neutrons emit ted by the fragment of m a s s 
mj and for a total kinetic energy e= e1 + e%. 

The average neutron number is given by the ra t io of two counting r a t e s . 
The numera to r Н с ( е , т х ) i s propor t ional to the number of t r ip le coincidences 
between the fragment and neutron de tec to r s , the denominator INLj^e.nij) to the 
number of double coincidences between the fragment de tec to r s . When the 
reco i l cor rec t ion is not included one obtains 

N (e,m ) 

when it is included one should write 

v ' le 

Gavron has shown that the e r r o r made in assuming that m = m1 was not grea t ; 
there fore , in the following we will not consider the m dependence. If we 
make a f i r s t - o r d e r expansion in e we obtain 

- . - 1 , , ч d N c ( e ) 1 , , , d W e ) 
"i*-"i -щЩ{е-е)-ЧГ~ - r y e 7 ( e - e ) - d e — 

dv, i dNT(e) 
= ( e , - e ) 4 f + N ^ r i < e , - e ) - ^ e -

We now a s s u m e that NT (e) is a Gaussian function of the total kinetic 
energy so that 
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fVfl (е-?) 

where e is the most probable value of e, and a is the variance of NT (e). 
The difference e' - e arises only from the difference between ег and e^. 

We then obtain 

-2m2e / v c o s ö , V d I ? i M e - e ) 
A v , = v J - u s , ' I J l ^ - l H — i _ - - - - 4 (A.II.l) 

1 1 1 m1(m1+m2) V VF / \ de a 2 / 

This expression also allows the study of the difference in slope between the 
corrected and uncorrected data. We neglect the second derivative d2i^/de2, 
so that: 

dv. 

d e 
i d V l _ -2*2 (dVl V е - e> V l e e(e - ё) d V l V v совб Л 

de m1(m1 + т Д а е " ff2 " ff2 " ff2 de Д Vp / 

(A.II. 2) 

the dominant term in the parenthesis is - йг e/<x2. In Eq. A. II. 2, setting 
cos 0 = 1, V/Vp =. 2 and writing the same equation for the complementary 
fragment, one obtains an estimate of the difference in the slopes of the 
variations of the total number of neutrons 

dvl dv 
—±_ —i-= - 0.07 
de de 

For example, if the true value (dwi/de)"1 is -8.3 MeV, the uncorrected 
value would yield -5.26 MeV. 

In the small neutron detector measurements of the со-variances the 
quantity 

M(e) Ve) 

Hj(e) H°(e) 

is provided by the experiment, the со-variance being given by 

C(vx v2) 
M - 1 

V 1 V 2 

Here the quantity N4(e) is proportional to the number of quadruple 
coincidences between two neutron detectors and two fragment detectors while 
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Nf(e) and N£(e) a r e proport ional to the number of t r ip le coincidences 
between one of the neutron detec tors and the two fragment de tec to r s . Using 
the definitions of м[ and \ we a lso can wri te that 

Ve) - - - - Ve) 

N*(e) N^e) x " x ' N^(e.) 

We define 

N , ( e ) 
P (e ) = 4 

1 2 

^ ( e ) 

The e r r o r s made in neglecting the recoi l effect will then be 

N ^ e ' ) - Hu(e) 
Д P = 

H^(e) 

and 

Д с = Л Р - x> Л v - v 2 A vx 

where Д£^ and Av2 have been computed above. 
We express AP as 

№2( 
Л P - -^77 ~de- ( e " e ) = ~2 Те ( e " e> 

1 дУе> , , , x d'P(e) 4(e) 
^ ( e ) да N£ 

= [^)„2P(e)^i][e; + e . _ e i . e 2 j 

The quantity P(e) is very near ly equal to v^v^ s ince Q{vx,v^) is a sma l l 
quantity so that: 

[_ dv _ dv — 

J [e i+ 4 - ei - e
2J 
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F r o m Eq. A, II. 1 we a lso have 

Д v. 

and 

[ dv (e - e)v 1 

fdv (e - 7)v "1 

We then obtain: 

e1 - e e' - e 

V e 2 V e i 

and inser t ing typical values of V, VF and a 2 we obtain 

AC ~ - 0 . 5 6 + ( e - e ) 0.14 

The cor rec t ion is of the same o r d e r of magnitude as the со -va r i ances 
t hemse lves . It usually has a tendency to yield posit ive co r re l a t ions . 

2. Var ia t ions of the efficiencies with neutron mult ipl ici ty 

We shal l cons ider , as an example , the obtaining of co-var iances with 
s m a l l neutron de tec to r s . The m e a s u r e d quantity M ( = M(e)) is equal to 

M E l V l £ 2 V 2 
M = 

E 1 V 1 £ 2 V 2 

and it is a s sumed that ex and e2 do not depend on i^ and v2. In that case 

M
 V 2 

M = 
V 1 V 2 

However, even for fixed m a s s e s and total kinetic energ ies of the f rag
ments it mus t be expected that the c e n t r e - o f - m a s s veloci t ies of the neutrons 
will depend on the i r mult ipl ici ty. Therefore , the efficiencies should them
se lves depend on the neutron mult ipl ici ty. To f irst o rde r we wri te 

e (v ) = e + k 1 e 1 (v 1 - v ) 
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and s imi la r ly 

e 2 (v 2 ) = s 2 + k 2 e 2 (v 2 - v 2 ) 

It is expected that the values of the efficiencies should dec rease with neutron 
numbers so that Iq and k2 should be negat ive. Fo r the sake of s impl ic i ty we 
a s sume that kj= k2. Then, to f i rs t o rder 

e 1 ( l + k (v 1 - v 1 ) )v 1 v 2 ( l + k(v2 - ^ 2 ) ) е 2 

e 1 ( l + k(v 1 - v 1 ) )v 1 e 2 ( l + к e 2 (v 2 - v 2 ) )v 2 

VIV2 + k [ v l V 2 ( v l " V + V 2 ( v 2 - v 2 ) ] 

\>x v2 + k[v 1 (v 1 - v x )v 2 + v 2 (v 2 - V g ) ] ^ 

We a s sume that, since the total kinetic energy and m a s s e s of the frag 
men t s a r e fixed, v1 + v2 = vT = yj +v2 and one has 

v l V 2 

and since i^ + v2
 = vT 

so that 

/ o 2 {v , ) o2(v_>' 

CT2(V1) = a 2 ( v 2 ) = - C ' ^ . V g ) 

M V 2 
M = T 

vx v2 1 - к 
C'(v1>v2)vT 

V V 1 2 

which leads to 

C'(v, v ) 
_ • ( 1 + к M V T ) = M - 1 

V 1 V 2 
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If the var ia t ions of the efficiency had not been taken into account we 
would have 

С (v ,v ) 
_ _ • = M - 1 
V 1 V 2 

The quantity M is close to 1 and vT to 4. Values of к of the o rde r of 
- 0 . 2 appear poss ible and in that case С = 5 С. 

This is again of the same o rde r of magnitude a s the observed quanti t ies . 
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DE NEUTRONS PROMPTS EMIS PAR LES 
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DANS LA FISSION SPONTANEE DE 252Cf 

C. SIGNARBIEUX, R. BABINET, H. NIFENECKER, J. POITOU 
CEA, Centre d'etudes nucleaires de Saclay, 
Gif-sur-Yvette, France 

Abstract-Resume 

EXPERIMENTAL STUDY OF THE CORRELATION BETWEEN THE NUMBERS OF PROMPT NEUTRONS 
EMITTED BY THE TWO COMPLEMENTARY FRAGMENTS IN SPONTANEOUS FISSION OF252Cf. 

The large liquid scintillator method was used to measure the mean values vx and v^ and the variances 
аг (i/j) and o2( uT) of the distributions of the number of neutrons emitted per fragment and per fission as a function of the 
mass A of one of the fragments and the total kinetic energy EK of both. The data on the mean values Dj(A, Ej.) 
agree well qualitatively with earlier measurements of Bowman and co-workers except for the mass region 
above A = 150. On the reasonable assumption that the de-excitation modes of the two complementary 
fragments are independant, the correlation between the excitation energies of these fragments can be deter
mined very simply from the variance data. For each mass ratio an anticorrelation is observed when the 
Ej- value is fixed; the magnitude of this anticorrelation is maximum around the most probable IL. value 
and tends towards zero at the limits of the distribution р(%). Moreover, the overall correlation of the 
excitation energy distribution (integrated over all the Ej. values) is practically zero for all mass ratios. These 
results show clearly that the degree of freedom associated with the elongation of the nucleus towards fission 
is strongly coupled with other degrees of freedom of the system, which means that the rate of evolution of 
the system could be slow enough to justify the hypothesis of a state of quasi-equilibrium at the scission point. 

ETUDE EXPERIMENTALE DE LA CORRELATION ENTRE LES NOMBRES DE NEUTRONS PROMPTS EMIS PAR 
LES DEUX FRAGMENTS COMPLEMENTAIRES DANS LA FISSION SPONTANEE DE »2Cf. 

La methodedugrosscintillateurliquideaete utilisee pour mesurer les valeuts moyennes üj et ü j et les 
variances ог(их) et o2(wT) des distributions du nombre de neutrons emis par fragment et par fission en fonctlon 
de la masse A de Tun des fragments et de l'energie cinetique totale EK des deux. Les donnees sur les 
valeurs moyennes ^(A,, E„) sont en bon accord qualitatif avec les anciennes mesures de Bowman et a l . , 
ä l'exception toutefois de la region des masses superieutes i A = 150. Si Ton fait l'hypoth&e raisonnable 
que les modes de desexcitation des deux fragments complementaires sont independents, les donnees sur 
les variances permettent de determiner tres simplement la correlation des energies d'excitation de ces deux 
fragments. Pour chaque rapport des masses, on observe une anticorrelation qui est maximale au voisinage 
de la valeur la plus probable de EV. et qui tend vers zero aux bomes de la distribution p(Ej.). Par ailleurs la 
correlation globale de la distribution des energies d'excitation (integree sur toutes les valeurs de IL.) est 
pratiquement nulle pour tous les rapports des masses. Ces resultats monttent clairement que le degre de 
liberte associe au mouvement d'elongatton du noyau vers la fission est fortement couple £ d'autres degres 
de liberte du Systeme, de telle sorte que la vitesse d'evolution du Systeme pourrait ёЪе assez basse pour 
justifier rhypothese d'un etat de quasi-equilibre au point de scission. 

INTRODUCTION 

Dans la fission des noyaux lourds pour lesquels les configurations de 
scission sont plus allongees que les configurations de point-selle, devolu
tion du Systeme entre le point-selle et la scission procede d'un mouvement 
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continu d'elongation du noyau. L'etude de cette «descente» vers la scission 
pose le probleme du couplage entre le degre de liberte associe а се mouve-
ment d'elongation et les autres degres de liberte du Systeme. Dans le 
cas d'un couplage faible, la difference d'energie potentielle entre le point-
selle et la scission se retrouvera principalement sous forme d'energie 
cinetique de translation des fragments et les energies d'excitation de ces 
fragments proviendront de la deformation acquise dans ce mouvement 
d'elongation; il est alors raisonnable de penser que les energies d'excitation 
de deux fragments de masses complementaires sont fortement correlees. 
Au contraire, un couplage fort entralnera un amort issement du mouvement 
d'elongation; l'energie dissipee dans les autres degres de liberte se 
retrouvera alors sous forme d'energie d'excitation des fragments et tendra 
a diminuer la correlation attendue dans le cas du couplage faible. 

Nous ne possedons jusqu'ä present que quelques donnees fragmentaires 
et plutöt contradictoires [1-3] sur la valeur de la correlation des energies 
d'excitation de deux fragments complementaires. Le but de la presente 
experience etait d'obtenir dans le cas de la fission spontanee de252Cf un 
ensemble complet de donnees sur les distributions d'energies d'excitation 
et la correlation de ces energies en fonction des masses des fragments. 
Des resultats preliminaires ont dejä fait l'objet d'une courte publication [4]. 

1. METHODE EXPERIMENTALE 

Nous allons montrer que si l'on fait des hypotheses raisonnables sur le 
mecanisme de desexcitation des fragments, la correlation entre les energies 
d'excitation Ex et EX2 de deux fragments de masses complementaires peut 
gtre deduite assez directement de la mesure de la correlation entre les 
nombres de neutrons prompts Vj et v2 emis respectivement par chacun des 
deux fragments. 

Pour une distribution de probabilite P(EXl, EXj, v\, v^), on peut ecrire 
en toute generalite une relation entre les covariances de la forme 

COVfyj, v2) =COV(5a(EXl, EX2L P2(EXl> EX2)) 

+ JJCOV^l' v2 • EX l < EX2) P(E X i , ЕХг) dEX] dEX2 (1) 

Si l'on fait l'hypothese que le mecanisme d'emission des neutrons 
prompts par un fragment est independant de l'etat quantique du fragment 
complementaire, la relation (1) s'ecrit alors 

COVd^, v2) =COV(ya(EXi), v2{^)) (2) 

Si l'on fait l'hypothese supplementaire que, pour tous les fragments 
de meme masse, il existe une regression lineaire de v sur Ex de la forme 

v =ХЕх + ц (3) 
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la relation (2) appliquee a un couple de fragments de masses complementaires 
Aj et A2 devient 

X1X2COV(EXi EXj :AV A2) = COVbj, щ : Av A2) (4) 

Pour chaque couple de masses, la valeur de COV(vi, v2) peut gtre 
obtenue a partir de la mesure des variances des distributions p(^i), p(^2) 
et pfi/j + v2) en utilisant la relation d'addition des variances: 

2 COVd/j, v2) = c^(v1 + v2) -ст2(г/1) - a2(v2) (5) 

Nous avons mesure ces distributions ä l'aide d'un scintillateur liquide 
de grand volume charge au gadolinium et constitue de deux enceintes 
hemispheriques de 250 litres chacune qui etaient utilisees, soit juxtaposees 
pour constituer un detecteur 4тг, soit separement comme detecteur 2-я. 

En geometrie 4тт (fig. 1) un tel detecteur de neutrons apparait comme 
ideal pour mesurer la multiplicite des neutrons emis par fission, puisque 
son efficacite e47r est ä la fois tres elevee et pratiquement independante 
de l'energie des neutrons. 

Pour mesurer la multiplicite des neutrons emis par fragment, nous 
avons utilise le fait que les neutrons prompts sont evapores isotropiquement 
par les fragments totalement acceleres (l'existence d'une petite contribution 
de neutrons de scission — environ 10% — reste toujours controversee [5] 
et nous n'en avons pas tenu compte dans l'analyse de nos donnees). 
rearrangement experimental le plus satisfaisant consiste a placer un scin
tillateur hemispherique en geometrie 2tt par rapport ä la direction de vol 
des fragments (fig. 1). Pour calculer les termes d'efficacite relatifs aux 
neutrons emis par chaque fragment, nous avons simule par la methode de 
Monte-Carlo le processus complet de detection des neutrons par le scin
tillateur en tenant compte des conditions geometriques exactes de l'experience. 
Nous avons d'abord calcule les efficacites moyennes de detection e(en, V) et 
ё(еп, V) pour un neutron evapore isotropiquement avec l'energie en par un 
fragment anime d'une vitesse V (notee V ou V selon que le fragment se dirige 
dans la direction du detecteur ou dans la direction opposee). Etant donne 

I> 

GEOMETRIE 4 ГГ GEOMETRIE 2 ГТ 

FIG. 1. Schema de l'arrangement experimental. 
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que le spec t re d 'emiss ion d'un fragment depend essent ie l lement du mode de 
sc iss ion ( ca rac te r i se p a r i e s v i t e sses V1 et V2 des deux fragments) , nous 
avons calcule en fonction du couple (Vj V2) l es t e r m e s d'efficacite e(Vx), 
e(Vi), e(V2) et e(V2) en ponderant les fonctions e(en ,V) pa r les spec t r e s 
d 'energie des neutrons prompts m e s u r e s p a r Bowman et al . [6] pour la 
f ission spontanee de 252Cf. Typiquement, les va leurs de ё(v) et e(V) a ins i 
ca lculees sont de 1' o rd re de 60% et 15% respec t ivement . 

Si nous faisons la supposition que les t e r m e s d'efficacite sont inde-
pendants de la mult ipl ici te des neutrons emis (cette supposition, excellente 
dans la geometr ie 4тг, n ' e s t qu'une approximation au p r e m i e r o rd re dans 
la geometr ie 2w), l e s re la t ions de cor rec t ions d'efficacite (demontrees 
dans la ref. [7]) s ' ec r ivent comme suit: 

qT = e4]r vT 

qi = efVi)?! + e(V2)52 

q2 = eCV^t/j + e(V2)v2 

a2(qT) - qT = eL (^(^т) " "г) ^6) 
ff2(4l) " Qi = e2(V1)[ff2(i/1) -i/1] + f2(V2)[a2(y2) -P2] + 2e(V1)e(V2)COV(y1, v%) 

CT2(q2) - q2 = l 2 (V 1 ) [a 2 (y 1 ) -y 1 ] + e2(V2)[a2(i/2)-^2] + 2e(V1)eC^)COV(v1 , v2) 

Les quantites notees q et v se referent respec t ivement aux dis tr ibut ions 
du nombre de neutrons detec tes et emi s . 

II es t ä noter que l ' accord dans tout le domaine de var ia t ion de (Vi V2) 
en t re l es va leurs de PT , obtenues independamment dans les exper iences 
2ir et 47Г, constitue une excellente verif ication de la validite des cor rec t ions 
d'efficacite. 

L1 installation e x p e r i m e n t a l etait la suivante: une source de 252Cf 
de 104 f i s s ions /minute , deposee sur un support de VYNS de 50 Mg/ cm2 , 
es t placee au centre geometrique du detecteur de neutrons . Les deux 
f ragments de fission sont detectes en coincidence par deux de tec teurs ä 
b a r r i e r e de surface de 3 cm2 , p laces de par t et d 'autre de la source . Dans 
l ' exper ience 27r, la distance de ces de tec teurs ä la source etai t 1 cm et 
4 cm respect ivement de fagon a or ienter la direct ion de vol des f ragments 
(ä l ' i n t e r i eu r de ±20°) dans l 'axe de revolution du scint i l la teur . 

Les detai ls de notre detecteur et de l 'e lectronique assoc iee ont ete 
publies an te r i eu rement [8]: pour c a r a c t e r i s e r la qualite de notre instal lat ion 
nous ne c i te rons que la valeur remarquablement faible du brui t de fond, 
qui etait de 0, 03 coup par por te de comptage de 35 цз pour une efficacite 
intr inseque de detection des neutrons de 82%, a ins i qu'une excellente stabil i te 
dans le temps de tous les p a r a m e t r e s m e s u r e s . 

2. ANALYSE DES DONNEES 

Pour les deux exper iences 2ir et 4л-, nous avons en reg i s t r e environ 
106 evenements t r id imens ionne ls , ä savoir les ampli tudes des reponses 
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des deux detecteurs ä semi-conducteur et le nombre de neutrons detectes 
dans le scintillateur. 

L'analyse des donnees a ete conduite selon les etapes suivantes: 
— Calcul du nombre moyen de neutrons emis par fragment en fonction 

des parametres /u et eK(valeurs provisoires des masses et de l'energie 
cinetique totale des fragments). Ces parametres etaient calcules ä partir 
des relations de calibration de Schmitt et al. [9]. 

— Calcul des valeurs moyennes et des variances des distributions de 
neutrons emis par fragment et par fission en fonction de A et EK (masses 
et energie cinetique totale des fragments primaires); les donnees neutroniques 
determinees dans l'etape precedente permettent de calculer, pour chaque 
evenement, les parametres primaires ä partir des parametres provisoires 
selon les relations 

A, = 
Mi -v1lßl3 e к' 

1 " 1 - PT (ßv e K ) / A 0 

(V) 

v - * fßl -L ^2(Mi, eK) Ек - ек U a + A2 

A etant la masse de 252Cf. 
—. Calcul de la fonction de dispersion des parametres A et EK selon 

les relations 

2 , . . 4 vT _ A1A2 _,_ 1 2 , , , Af + A| 
a ( A l ) = ЗЁ^ Л~А^+ 4 f f (нг) + — ^ ~ a {ev] 

(8) 

а2(Ек) =20 2 (e F ) + ( ^ - ^)(0+^2>(ff2 

ой п est l'energie des neutrons dans le centre de masse du fragment et 
a2(eF) est la variance de la fonction de resolution des detecteurs ä semi-
conducteur [9], qui a ete prise egale a 0,41 MeV2. 

— Correction des donnees neutroniques (obtenues dans la seconde 
etape) de la dispersion experimentale sur A et ER. Les donnees neutroniques 
etaient au prealable lissees par la methode des moindres carres. 

Dans chacune des deux premieres etapes, les donnees neutroniques 
experimentales etaient successivement corrigees du temps mort de 
l'appareillage, du bruit de fond et de l'efficacite du scintillateur et 
normalisees sur une valeur de vT de 252Cf egale a 3, 756. 

3. RESULTATS ET DISCUSSION 

L'ensemble des resultats sur les valeurs moyennes et les variances 
des distributions du nombre de neutrons prompts emis par fragment en 
fonction de leurs masses A et de leur energie cinetique totale EK est montre 
dans les figures 2a et 2b sous la forme de courbes de niveau. Nous avons 
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FIG. 2, Valeurs moyennes et variances des distributions du nombie de neutrons emis par fragment (donnees 
corrigees de la dispersion experimental sut les masses et les energies cinetiques des fragments). Dans la 
figure 2c les triangles correspondent aux valeurs de Bowman et al. [ 6]; dans la figure 2d les croix 
correspondent aux valeurs de Gavron et Fraenkel [ 3 ] . 

compare, dans les figures 2c et 2d, ces valeurs moyennes et variances 
en fonction de la masse — par integration sur les distributions p(ER : A) — 
aux valeurs obtenues respectivement par Bowman et al. [6] et par Gavron 
et Fraenkel [3] qui utilisaient la methode du petit scintillateur plastique 
pour mesurer la correlation, dans le laboratoire, entre l'energie et l'angle 
d'emission des neutrons par rapport ä la direction des fragments. 

En ce qui concerne les valeurs moyennes vA, le comportement en 
«dent de scie» est tout ä fait similaire pour les deux experiences; neanmoins, 
les resultats different legerement dans les regions de masses de faible 
probabilite et les differences sont beaucoup plus grandes en fonction de 
EK. Gavron [10] a etudie en detail les causes d'erreur systematique dans 
la methode du petit scintillateur; il a montre que les resultats de Bowman 
souffraient d'un manque de corrections necessitees par l'aspect selectif 
de la correlation neutron-fragment; il a calcule que de telles corrections 
pouvaient rendre compte des differences observees entre les deux types 
d'experience. 

En ce qui concerne les variances o2(vA), la figure 2d montre que nos 
mesures sont en grand desaccord avec Celles de Gavron et Fraenkel. On 
peut penser que les donnees obtenues par la methode du petit scintillateur 
pourraient comporter des erreurs systematiques non contrölees dans la 
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m e s u r e oü Gavron [10] a calcule, su r la base de se s r e su l t a t s , que la 
var iance cr2(i/T) de la distr ibution du nombre total de neutrons prompts 
emis dans la fission de 252Cf etait egale a 5, 337, valeur cons id emblemen t 
plus elevee que la valeur de 1, 56 de te rminee a 3% p r e s pa r de nombreux 
au teu r s (voir ref. [8]). La var ia t ion de o-2(yA) en fonction de A trouvee dans la 
p resen te experience niontre un comportement en dent de sc ie a s s e z 
s imi la i re ä la var ia t ion de vA: ce resu l t a t n 'es t pas surprenant , puisque 
la distr ibution p(vA) est le produit de la convolution de la distr ibution 
p(EXA ) p a r une fonction de d ispers ion g(v : E ) due ä la nature s tat is t ique 
du nombre de neutrons evapores , et que cette fonction est d 'autant plus 
d ispers ive que l ' energ ie d 'excitat ion E x . (et pa r consequent vA) es t plus elevee. 

Comme on peut voir dans les f igures 2b et 2d, il exis te , dans la region 
des m a s s e s vois ines de 100, un pic s ta t is t iquement significatif de la var iance 
a2 (VA); cette anomalie es t c la i rement co r r e l ee a un changement de la 
pente dJ/A/dA dans la mgme region de m a s s e s . Dans la m e s u r e ou ce 
comportement pa r t i cu l i e r n ' e s t pas observe dans la region des m a s s e s 
complementa i res , il semble legi t ime de l ' a t t r ibue r aux p rop r i e t e s l iees 
ä la desexci tat ion de ces f ragments . 

Dans la figure 3 sont m o n t r e e s , pour le couple de m a s s e s (108-144), 
l es var ia t ions de v et a2 (v) pour chaque fragment et de COVf^, v2) en 
fonction de l ' energ ie cinetique totale EK des deux f ragments . Les deux 
s e r i e s de r e su l t a t s p r e sen t ee s su r la figure correspondent ä deux analyses 
differentes de nos donnees; l e s ronds se re feren t aux donnees de Bowman 
et al . [6], qui n 'etaient pas c o r r i g e e s de la d ispers ion exper imenta le , l e s 
t r i ang les se referent ä ces m e m e s donnees, m a i s c o r r i g e e s pa r nous de 
la d ispers ion . On peut cons ta ter que l ' influence de cette cor rec t ion es t 
faible su r l es va l eu r s moyennes et importante sur les va leurs des va r i ances 
et de la со va r iance . 

Pour d iscu ter de la var ia t ion de СОЧ{у1г v2) en fonction de E K , il est 
ut i le de m o n t r e r que cette covar iance est proport ionnel le aux var iances 
des dis t r ibut ions des energ ies d 'excitat ion des deux f ragments . En effet, 
pour un rappor t de m a s s e s fixe, la valeur du Q de la reac t ion est egale ä 
la somme des ene rg ies d 'excitat ion EXl et EX2 et de l ' energie cinetique 
totale EK des deux f ragments , soit: 

Q = EXj + EX2 + EK (9) 

E n consequence, pour une va leur de EK fixee, Ex et Ex sont s t r i c tement 
a n t i c o r r e l e s , ce qui s ' expr ime par la re la t ion 

C O V t ^ , EX2 : A,E K ) = -a2(EX l : A,EK) = -а2(ЕХ г : А, Ек) (10) 

et on obtlent, ä p a r t i r de la re la t ion (4), 

COV(ii, v2:A,SK) = - X 1 X 2 C J 2 ( E X I : A , E K ) (11) 

En fait, l ' ex is tence de la dis t r ibut ion des cha rges des f ragments 
tend ä diminuer la valeur m e s u r e e de COVfVj, v% : A , E K ) , done ä s o u s - e s t i m e r 
l egerement la va leur de cr2(Ex : A , E K ) . 
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FIG. 3. Valeurs moyennes, variances et covariances de la distribution du nombre de neutrons emis par un 
couple de fragments complementaires (Al - 108, A2 = 144). Les donnees ont ete lissees et corrigees de la 
dispersion experimentale sur les masses et les energies cinetiques des ftagments. Les ronds et les triangles 
correspondent & deux analyses difförentes des donnees (voir texte). 

L1 interpretation de la courbe presentee sur la figure 3a en termes de 
variances des energies d'excitation est aisee: aux bornes de la distribution 
de p(EK), les variances tendent vers zero, ce qui signifie qu'aux valeurs 
maximale et minimale de EK correspondent deux configurations de scission 
completement «froides», ä savoir la moins allongee et la plus allongee. 
Au contraire, ä la valeur EK la plus probable correspond la distribution la 
plus large des configurations de scission. Un comportement similaire est 
observe quel que soit le rapport des masses des fragments. 

tin autre resultat assez surprenant concerne les differences conside
rables entre les valeurs des variances <y2(vA) des deux fragments complemen
taires, ainsi qu'on peut l'observer pour le couple de masses 108-144 sur la 
figure 3b: par exemple pour la valeur de EK la plus probable (oü les nombres 
moyens de neutrons emis par chaque fragment sont pratiquement egaux), 
la variance du fragment lourd est presque deux fois plus grande que celle 
du fragment leger; cet effet s'accentue encore pour les faibles valeurs de 
EK. II est clair que ces differences doivent gtre interpretees en termes 
de desexcitation des fragments puisque, pour des valeurs de A et de EK 
fixees, les distributions d'energie d'excitation des deux fragments sont 
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FIG. 4. Coefficient de correlation de la distribution des nombres de neutrons P(vl: v2) et des energies 
d'excitation PfEj; , Ex ) en fonction de la masse du fragment leger. 

approximat ivement l es m e m e s (relat ion (10)). Des differences dans la 
d i spers ion des energ ies de l ia ison des neutrons entre le fragment leger et 
le f ragment lourd pourra ien t expliquer par t ie l lement l'effet. Un au t re type 
d 'explication se ra i t que le phenomene de competi t ion gamma-neu t ron (mis 
en evidence globalement pour l e s deux f ragments [11]) affecterai t p r e fe ren -
t ie l lement l 'un des deux f ragments (le fragment lourd dans le cas du 
couple des m a s s e s 108-144). 

Sur la figure 4 sont m o n t r e e s l es va leu r s des coefficients de c o r r e 
lat ion des dis t r ibut ions P d ^ , v2) et P(EX , EXj) en fonction du rappor t des 
m a s s e s des f ragments . Rappelons que le coefficient de cor re la t ion de deux 
var iab les a l ea to i r e s x et у es t defini pa r 

p l X ' y ) a ( x ) - a ( y ) (12) 

ou ст2(х) et <72(y) sont l e s va r i ances des dis t r ibut ions marg ina le s de P(x, у) 
et COV(x, у) la covar iance de P(x, у). 

La covar iance COV(EXl, ЕХг : Аъ A2) es t deduite de la covariance 
COVfi/j, v2 'A-i> A2) p a r la re la t ion (4). Les va r iances a' (EXf : Ai) et 
er (ЕХг : A2) ont e te ca lcu lees pour chaque m a s s e en faisant rhypo these 
ra isonnable d'une r e g r e s s i o n l inea i re de Ex s u r Ею selon la re la t ion 
suivante: 

02(EV :Ai) = 1 S 3 A l
 CT2(EK'- A I - A«) " x k COV(Ex'' ̂  : Al' Аг) 

(13) 
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ou a (EK) est la variance de la distribution des energies cinetiques totale 
et (dyi/dEK)Ai est la pente de la regression lineaire de v sur Ек pour le 
fragment de masse Aj. Les parametres X; ont ete evalues ä partir de 
nos donnees experimentales; typiquement, pour le couple de masses 
(108-144), les valeurs de Xj et X2 etaient respectivement de 0,13 et 0, 10 
neutron/Me V. 

Comme on peut 1'observer sur la figure 4, la correlation des energies 
d'excitation des deux fragments de masses complementaires est pratique-
ment nulle quel que soit le rapport des masses. Ce resultat prouve qu'au 
moment de la scission une partie importante de l'energie gagnee par le 
Systeme aux depens de son energie potentielle est dissipee dans d'autres 
degres de liberte que la pure elongation et suggere que la vitesse d'evolution 
du Systeme pourrait etre suffisamment lente pour justifier l'hypothese 
d'un etat de quasi-equilibre au moment de la scission. 
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DISCUSSION 

on Papers IAEA-SM-174/207 and 41 

S. BJ0RNHOLM: Since pairing is a long-range correlation, why-
should the rapid necking-in of a paired system necessarily lead to two 
doubly even fragments? 

H. NIFENECKER: It is quite possible that pairs are broken in the 
necking-in process. The energy for breaking the pairs must then be 
obtained elsewhere. Very schematic calculations performed by M. Kleber 
show that this energy could indeed be obtained at the expense of the kinetic 
energy of the fragments. 

K. DIETRICH: Let me try to answer Mr. Bj^rnholm's question. The 
two nucleons in a Cooper pair are in magnetic substates of opposite sign, 
all other single particle quantum numbers being equal. Thus they differ 
in the direction of rotation around the axis of rotational symmetry but 
not in their localization in space. 

Consider now the case where two fragments of different size move 
slowly away from each other. Then, as the distance between the fragment 
centres increases, the single particle states tend to be localized either in 
the small or in the large fragment. Thus both nucleons of a Cooper pair 
are expected to end up in the same fragment. The dynamical effects that 
Nifenecker mentioned have to be added to this picture. 

P. ARMBRUSTER: Can you give an estimate of the pre-scission 
kinetic energy e? Is e smaller than the total free energy (Q - P = X+ e) 
available, which is already much smaller (7 MeV) than previous estimates 
of e (40 MeV). 

H. NIFENECKER: Both the pre-scission kinetic energy and the 
internal heat of the fragments should be less than 7 MeV. 

E. PIASECKI: Apart from extracting the second moments of the 
excitation energy distributions from your data, is it possible to deduce 
anything about the general shape of these distributions? 

H. NIFENECKER: It is not possible at present to go beyond the second 
moments of the neutron distributions. 

M. ASGHAR: It is thought that in alpha-particle ternary fission the 
alpha particle comes out from the region between the two fragments at 
or about the time of scission. By fitting the various distributions, such 
as the angular and energy distributions, with trajectory calculations, one 
can determine the pre-scission fragment kinetic energy. Over the years 
the accuracy of these distributions has been improved and we think that 
the pre-scission energy derived from the fits is around 7 to 10 MeV. This 
would tend to support Mr. Nifenecker1 s value. 

M. J. FLUSS: I would just like to support the statement that one should 
not take too seriously the uniqueness of initial kinetic energies deduced 
from long-range alpha-particle angular distributions! The initial conditions 
of these calculations are not well defined and therefore the results are not 
unique. 
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Abstract 

PROMPT NEUTRONS FROM THE SPONTANEOUS FISSION OF 257Fm. 
Prompt neutrons emitted following the spontaneous fission of 25?Fm were measured using a 75-cm-diam. 

Gd-loaded liquid scintillator (neutron detection efficiency = 66.5%). A chamber containing 267Fm and 262Cf 
sources, each facing a Si surface barrier detector, was placed in the centre of the tank. The average number 
of neutrons emitted for 257Fm spontaneous fission й т was found to be 3.77 ± 0.02 based on a value of 
г>Т=3.735± 0.014 for 2 sCf. The variance of the neutron multiplicity distribution is 2.49 ± 0.06 for 257Fm 
compared with 1.57 ± 0.02 for 2KCf. The variation of Ep as a function of single fragment kinetic energy was 
investigated. For 2 a Fm, F T is « 1 for the highest 14b of the single fragment kinetic energies, while for 252Cf 
the value is 3 . The high Mnetic energy fragments from the fission of 2S7Fm are principally from symmetric 
mass splits, while in 252Cf they are from asymmetric divisions. Low neutron emission from symmetric division 
in 7Fm is consistent with the prediction of spherically stabilized fragments near the scission point due to the 
proximity of the ' Sn doubly magic core. 

INTRODUCTION 

Previous studies of the kinetic energies of 257Fm spontaneous fission 
products indicated for the first time that a low energy fission process can 
have a high yield for symmetric mass division [1]. Subsequent studies of 
fragment kinetic energy measurements on 2SSFm(n,f) [2] 257Fm(SF) [3] and 
2S7Em(n,f) [3], as well as radiochemical mass yield determinations for 
25SFm(SF) [4] and 25SFm(n,f) [5] have substantiated that the low energy fis
sion of these heavier Fm isotopes results in a higher yield of symmetric fis
sion than has been observed in the low energy fission of other nuclei. These 
results have stimulated renewed interest in the problems associated with mass 
distributions in fission [6-8]. The accurate determination of the mass yields 
for symmetric division, however, requires knowing the number of neutrons evap
orated as a function of fragment mass. Figure 1 (from ref. [1]) emphasizes 
this by showing two mass yield distributions calculated from the observed 
fragment kinetic energies following the spontaneous fission of 257Fm; the 
first distribution is calculated with the assumption that the average number 
of neutrons emitted per fragment has a constant value of 2, while the second 
assumes the average number of neutrons emitted per fragment has a mass depen
dence the same as that observed in the spontaneous fission of 252Cf. It is 
clear that the yield calculated for symmetric fission is dependent on the 
assumptions concerning the neutron multiplicities. 

To elucidate this problem in the calculation of the symmetric fission 
yields we have measured the neutron multiplicities associated with the fission 
of 257Fm. 

S Work performed under the auspices of the US Atomic Energy Commission. 
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120 140 
MASS (amu) 

FIG. 1. Pie-neutron emission mass yield distributions for 257Fm(SF). The two sets of points correspond to 
different assumptions on the variation of 5(m) (from Ref. [1]) . 

E X P E R I M E N T A L 

The 257Em was produced by successive neutron capture in Cm targets irradi
ated in the high-flux isotope reactor (HFIR) and processed at the transuranium 
processing facility (TRU) at Oak Ridge National Laboratory. The 257Fm was 
further purified at Los Alamos by standard cation column procedures involving 
elution with ethanol-HCl and hot a-hydroxy-isobutyrate to separate the Em from 
other actinides. The principle contaminant before separation was « 1 0 6 dis/min 
of 253Es. A solution of the purified source was evaporated on a 5x 10"3-in. Pt 
disk. This source was positioned ss 3 mm from a 1-cm-diam. by 30-um-deep Si-
surface-barrier detector. A 252Cf source, prepared in a similar manner, was 
placed in the same position relative to a second surface barrier fission detec
tor. The two sources, back-to-back, and their detectors were placed in a 
vacuum container in the center of a 75-cm-diam. spherical Gd-loaded liquid 
scintillator tank having a lS-cm-diam. cylindrical hole through the center. 

The tank was divided optically into quadrants with each quadrant having 
two RCA-4522 photomultiplier tubes mounted on glass windows. The tank was 
filled with Nuclear Enterprise NE-323 liquid scintillator loaded with 0.5 wt.% 
gadolinium. The neutrons emitted in fission thermalized in the liquid and 
were captured by the gadolinium. The cascade gamma rays following neutron 
capture were detected by the photomultipliers after interaction with the scin
tillator liquid. The mean lifetime for the thermalization and capture of 
neutrons in the tank is about 10 ysec. 

Detection in the solid state detectors of a fission fragment from either 
252Cf or 2S7Em opened a gate for 40 usee following a 2 usee delay to avoid 
counting the prompt fission gamma rays and the proton recoils resulting from 
the thermalization of the neutrons. During the open-gate period the sums of 
the dynode signals from the four photomultipliers on each half of the tank 
were fed into a dual discriminator. The discriminator levels determined the 
efficiency of the tank, and their 150-nsec output pulse lengths determined the 
dead time. A pulser was used to open the 40-psec gate every 100 sec so that 
background counting rates of the system could be measured. 
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An on-line PDP-8/L computer recorded the outputs of fast scalers, which 
gave the neutron multiplicities, and of analog-to-digital converters (ADC) 
which measured the linearly amplified signals of the fission fragment solid 
state detectors. 

The apparatus was placed in a low background room having thick concrete 
walls. During the experiment the average background rate was 0.1243 ± 0.0010 
based on more than 125000 background gates. No more than three pulses were 
measured in any of the background gates and the frequency distribution of the 
various multiplicity events was consistent with a Poisson distribution. By 
having the 2 Cf source present in the tank it was possible to monitor contin
uously the efficiency of the system. The overall neutron detection efficiency 
was determined to be (66.49 ± 0.28)1, based on an average neutron multiplicity 
value of 3.735 + 0.014 for the fission of 252Cf [9]. 

R E S U L T S 

Experimental data were collected for more than five months. During that 
time 10532 2S7Rn and 98659 252Cf fission events were detected. The 257Em fis
sion detection rate varied from 5.5 SF/h at the start of the experiment to 
1.8 SF/h at the conclusion. From a least squares fit to the observed decay 
rate we obtained a value of 99.3 ± 1.6 d for the half-life of 257Fm, in good 
agreement with the recently published value of 100.5 ± 0.2 d [10]. Figure 2 
presents the probability distribution of the observed multiplicity of neutrons 
from the fission of 257Fm and 252Cf. The probability of observing n events is 

Pd<A> 

n 

T 
k=0 

^rnsa. 

Y, 
v=n-k (4 ( i 

.0v-n-k oo Pt(v) (1) 

where £ = efficiency for neutron detection 
P t(

v) = probability that v neutrons are < 
P. (k)= probability of measuring к background counts 
P t( v) = probability that v neutrons are emitted in a fission event, and 
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TABLE I. EXPERIMENTALLY DETERMINED NEUTRON PROBABILITY 
DISTRIBUTIONS FOR THE FISSION OF 2 5 7 Fm AND 252Cf 

n or v 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

n(v) 

a2 

257. Fm 

(105 32 fissions) 

observed 
Pd(n) 

0.070 + 

0.176 ± 

0.260 ± 

0.261 ± 

0.154 ± 

0.061 ± 

0.015 + 

0.003 ± 

0.0001± 

O.OOOli 

2.636 ± 

2.068 ± 

0.003 

0.004 

0,005 

0.005 

0.004 

0.003 

0.002 

0.001 

0.0002 

0.0001 

0.014 

0.027 

"Unfolded" 
PtCv) 

0,022 

0,078 

0.077 

0.259 

0.211 

0.259 

0.039 

0.058 

-0.005 

0.002 

3.769 

2.49 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0,004 

0.014 

0.032 

0.054 

0.068 

0.068 

0.058 

0.032 

0.015 

0.004 

0.021 

0.06 

252c £ 

(98571 fis 

Observed 
P d ^ 

0.041 

0.175 

0.308 

0,276 

0.146 

0.045 

0.008 

0.001 

0.0001 

0.00001 

2.607 

1.651 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0.001 

0.001 

0.002 

0.002 

0.001 

0.001 

0.0004 

0.0002 

0.00006 

0.00001 

0.004 

0.007 

sions) 

"unfolded" 
P t M 

0.003 

0.021 

0.140 

0.264 

0.307 

0.191 

0.061 

0.008 

0.005 

-0.0006 

(3.735 

1.57 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0.001 

0.005 

0.011 

0.017 

0.020 

0.018 

0.013 

0.007 

0.003 

0.0005 

0.014) 

0.02 

TABLE II. SUMMARY OF NEUTRON EVAPORATION DATA FOR 2 5 7 F m 
AND 252Cf 

Oieifetz e t a l . [1] 

This experiment 

257Rn 

No. of 
f iss ions 

1499 

10532 

252c£ 

VT 

3.97 ± 0.13 

3.77 + 0.02 

2.92 ± 1,40 

2.49 ± 0.06 

Ref. [11] [12] [13] [14] This exp. 

a-2 1.87 ± 0.08 1.55 + 0.04 1.46 ± 0.14 1.46 ± 0.14 1.57 ± 0.02 
VT 
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FIG.3. The "unfolded" frequency distribution, Ptiv), of neutrons associated with the spontaneous fission of 
Fm and cf. The solid curves represent Gaussian functions having the same first and second moments as 

the "unfolded" distributions. 

Through a matrix inversion of Eq. 1 it is possible to determine the quan
tity Pt(v), the multiplicity distribution of neutrons emitted in fission. Table I presents the observed and "unfolded" distributions for both 257Fm and 252Cf. The v value for 2S7Fm is found to be 3.769 ± 0.021 which is less than 
1% higher than the value of 3.73S ± 0.014 [9] for 252Cf. The 2.49 ± 0.06 
variance for 2S7Fm is much larger than the value of 1.57 ± 0.02 measured for 

Cf. In Table II we compare our current values of these quantities with 
those reported for 2S7Em by Cheifetz et al. [11] and with various reported re
sults on 2S2Cf [11-14]. 

A plot of our "unfolded" Pt(v) distributions is presented in Fig. 3. The 
Cf distribution is seen to be very nearly Gaussian Although the 2?7Fm re

sults show more scatter, they are also represented reasonably well by a 
Gaussian function. 

A notable feature in the fission of 2S7Fm compared to 252Cf is the higher 
probability of emission of 0 or 1 neutron. In fact, the whole neutron multi
plicity distribution is much flatter for 257Em than for 252Cf, as evidenced in 
their relative variances. This implies a broad distribution in excitation 
energies for 257Fm fission products. 

In this experiment only one fission fragment energy was recorded per fis
sion. We have analyzed the variation of vTand o^£ as a function of single 
fragment energy. Figure 4 presents a histogram of the values of Vrand ô -2 for 
bins containing и 101 increments of the single fragment kinetic energies.7 The 
variances for both 257Fm and 2S^Cf are seen to remain reasonably constant over 
the kinetic energy range. The Vjdata for 2S7Fm, however, show a dramatic de
crease as the highest kinetic energy bins are selected, while no such strong 
effect is observed in the 252Cf data. These results are presented in a cumu
lative manner in Fig. 5. We see that when all of the data are included (the 
100% point on the far right of the graph) the 2S7Fm and 252Cf have, within 1%, 

П I I 1 Г 
257 _ Fm 
(10532 fissions) 
ü = 3.769±0.02l 

252CF 
(98571 fissions) 
üT=3.735tO.OI4 

o-; = l.57±0.02 
*1 

Gaussian 
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the same value o£ Vj> but when only the higher kinetic energy intervals are 
selected,the 2S7Em Vrresults are substantially below the 2"Cf data. At the 
highest kinetic energy interval the 257Hn multiplicity has decreased to less 
than 1 neutron per fission, whereas the 252C£ data have asymtotically ap
proached about 3 neutrons per fission. The low value of Vyfor the high kinetic 
energy 257Fm fission implies a very low fragment excitation energy for these 
events. 

With only one fragment energy measured, definitive mass assignments are 
not possible. For 257Fm fission, however, some selection of the mass distri
bution can be made by selection of single fragment kinetic energies. Figure 
6 shows a mass distribution obtained by restricting one fragment to be within 
the top 5.3% of the kinetic energy range. These data, which were taken from 
the 2"Fm two-fragment kinetic-energy mass determination measurements of ref 
[1], show a preference for symmetric division when one fragment has a high 
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kinetic energy. Though not conclusive, the combination of the current neutron 
measurements with the previous mass determinations implies that the symmetric 
fission of 257Rn results in fragments having very little internal excitation 
energy. 

DISCUSSION AND CONCLUSIONS 

We have repeated the 257Fm neutron multiplicity measurements done by 
Cheifetz et al. [11] using a more efficient detection system (66.5% vs 51.51). 
Our results, with smaller statistical uncertainties, are consistent with their 
values (± 2a). With our higher efficiency we have been able to "unfold" the 
observed multiplicity distribution and obtain the true neutron distribution. 
Perhaps the most interesting observation is the strong decrease in v with in
creasing single fragment kinetic energy. These events are correlated with 
symmetric fission of 2S7Rn. If we relate the neutron multiplicity to the 
post-scission fragment excitation energy, we have an estimate for the excita
tion energy for symmetric division. We present these data in Fig. 7, a graph 
containing the predictions of Schmitt and Nbsel [7] for fragment excitation 
energy for symmetric [Zf.. = Zf, = Z/2, A/2] and asymmetric [Zf, = 50, Af-, = 132; 
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Z f = Z-50, Ac = A-132] division. Since the v value for any specific division 
is unknown, we can use only the measured \T values for given mass or charge. 
For the fission of 252Cf the neutron multiplicities have been determined both 
as a function of fragment mass [15] and charge [16] and both results are pre
sented in Fig. 7. For asymmetric fission the mass determination method (i.e. 
Afj = 132, Af2 = 120) gives a substantially higher v than does the charge de
termination (i.e. Z f = 48, Z f = 50) method [7]. For the symmetric fission the twc 
252Cf methods give essentially the same value. For 257Fm the symmetric mass 
division (as estimated from Fig. 5 for the highest kinetic energy events) has 
a v of » 1, These results are in at least qualitative agreement with the 
Schmitt and Mosel predictions. The 257Fm symmetric fission is expected to re
sult in two fragments which are spherically stabilized by the proximity of the 
132Sn doubly magic core. Such fragments should be stiff against distortion and 
have nearly spherical scission configurations. These circumstances should re
sult in high kinetic energy release (due to large coulomb energy from the 
compact spherical fragments) and low internal fragment excitation energy. 

№>re definitive experiments in which neutron multiplicities are measured 
in coincidence with both fragment kinetic energies would improve our under
standing of the energy division in the spontaneous fission of 257Fm. We are 
currently attempting such an experiment with a slightly stronger source 
(«4 SF/min). 
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D I S C U S S I O N 

H. NIFENECKER: I should just l ike to point out that the maximum heat 
of l e s s than one neutron repor ted by Mr. Wilhelmy in the case of fe rmium 
is of the o r d e r of the 7 MeV which I repor ted for spontaneous fission of 252Cf 
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Abstract-Resume 

MEASUREMENT OF THE MEAN NUMBER OF PROMPT NEUTRONS AND THE MEAN ENERGY OF PROMPT 
GAMMA RAYS EMITTED DURING RESONANCE NEUTRON INDUCED FISSION IN ж и AND mPa. 

Using the 60- MeV linear accelerator at the Saclay Nuclear Research Centre as a pulsed neutron source, 
the authors measured the variations from resonance to resonance in the mean number i7 of prompt neutrons and 
the mean energy Ey of line prompt gamma radiation emitted during ind uced by s-wave neutrons fission of ^ u and ö9Pu. 
Contrary to other published results, no clear-cut variation in v for ^ U was found. However, anticorrelated 
fluctuations of v and Ey were observed in the case of ^Pu . These fluctuations, which are independent of 
resonance spin, may be regarded as a contribution of the (n, )tf) reaction. 

MESURE DU NOMBRE MOYEN DE NEUTRONS PROMPTS ET DE L'ENERGIE MOYENNE DES RAYONS GAMMA 
PROMPTS EMIS LORS DE LA FISSION INDUITE PAR NEUTRONS DE RESONANCE DANS * U ET и9Ри. 

Les variations de resonance a resonance du nombre moyen v de neutrons prompts et de l'energie moyenne 
l y du rayonnement gamma prompt ont ete mesurees pour la fission de 235U et ^ P u induite par neutrons s, en 
utilisant 1'accelerateur lineaire d'electrons de 60 MeV du Centre d'etudes nucleaires de Saclay comme source 
pulsee de neutrons. Contrairement aux autres xesultats publies, les auteurs n'ont trouve aucune variation nette 
de v pour "^U. Us ont observe des fluctuations anticorrelees de V et Ey pour le a9Pu. Ces fluctuations, 
independantes du spin des resonances, peuvent etre interpretees comme une contribution de la reaction (n, yf). 

I - INTRODUCTION 

La theorie des etats de transition de A. Bohr [ij permet de prevoir des 
correlations entre le spin J11 du noyau fissionant et differents parametres 
de la fission. Experimentalement, pour la fission induite par neutrons "s" 
dans 239pU) <je telles correlations ont dejä ete observees pour les largeurs 
de fission Ff [2] , ainsi que pour le rapport vallee-pic de la distribution 
en masse des fragments p J . Cette correlation pourrait egalement exister 
pour v , le notnbre moyen de neutrons prompts, puisque v depend, entre 
autres.de la distribution en masse des fragments de fission. 

Cependant les differentes mesures M , J_3.J ,£бД ,LZj , Ы effectuees jusqu' 
alors etaient contradictoires et ne permettaient pas de conclure sur ce 
point. 
C'est pourquoi nous avons recemment mesure v, ainsi que E„, l'energie 
moyenne du rayonnement у prompt, pour la fission de 239pu f/gj et U 
induite par des neutrons "s", en utilisant 1'accelerateur lineaire 
de 60 MeV de Saclay comme source pulsee de neutrons. 
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II - METHODE DE MESURE 

Nous avons utilise la technique de la chambre ä fission rapide (temps de 
montee 6 ns) placee au centre d'un gros scintillateur liquide charge au ga
dolinium 0^1 (fig- la). La fission etait identifiee par une coincidence 
entre une impulsion de la chambre ä fission (detection d'un fragment de 
fission) et une impulsion du scintillateur liquide (detection des rayons у 
prompts de fission). Les neutrons de fission, apres thermalisation dans le 
liquide et capture par le gadolinium, etaient comptes pendant 30 us apres 
chaque fission. 
Le bruit de fond enregistre en meme temps que les neutrons de fission a ete 
determine de fagon precise en simulant un signal de fission decale d'un 
Intervalle de temps correspondant ä une periode de l'accelerateur (fig. lb). 
De cette facon, le bruit de fond est determine dans des conditions prati-
quement identiques ä celles de la mesure proprement dite. 

i шиш i chambre ö Fission 

pulsation d e _ ! 
Гасс41ега(еиг"|Г" 

Fission 

portes 
neutron et "" 
bruit de fond 

2 ms 

1 - Г 
i i |<—И 

In 30 ps 
comptage 

des neutrons 

—4«—и 
tn 30 MS 

(simule) comptage du 
bruit de fond 

FIG.l. Schema de principe de la mesure. 

L'energie des neutrons incidents a ete determinee par la methode du temps 
de vol, en pla;ant le detecteur ä 30 m de la source de neutrons pulsee ä la 
frequence de 500 Hz. Chaque chambre ä fission contenait environ 100 mg de 
materiau fissile repartis sur 8 sorties independantes (epaisseur des de
pots л, 1 mg/cm2) et un depot de 252gf p0ur la normalisation des valeurs 
de v obtenues. 
Les fluctuations de resonance ä resonance de E„ ont ete obtenues en ana-
lysant la surface du signal prompt du scintillateur liquide. La calibra
tion en energie de ces fluctuations a ete realisee en mesurant la reponse 
du scintillateur pour le rayonnement у obtenu par reaction (n,y) sur 
'9?Au, 165но, l&7Er, 182y), 183ЦЭ et pour le rayonnementy de sources de 
60Co et 22Na. 
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Pour chaque fission, les donnees experitnentales (v, bruit de fond, E„, 
temps de vol, № de sortie de la chambre ä fission) ont ete enregistrees 
aur bände magnetique puis traitees sur ordinateur CDC 6600. 

Ill - RESULTATS EXPERIMENTAL 

ont ete normalisees ä v = 3,782 pour la fission 

III-l Generalites 

Toutes les valeurs de 
spontanee du " 2 cf. 

Les valeurs de Ey sont presentees en unites arbitraires et ne sont pas cor-
rigees de l'energie apportee par les protons de recul produits lors du ra-
lentissement des neutrons de fission dans le scintillateur. La mesure de 

cette correction, proportionnelle ä v, n'est necessaire 
varie de resonance ä resonance. 

EY etant relative 
que si 

III-2 R|sultats_Eour_235y 

Les valeurs de v et de EY pour les resonances comprises entre 2 et 50 eV 
sont portees sur la figure 2. 

Les largeurs de fission (j i} et les spins des resonances [j2J ont ete por-
tes au dessus des points experimentaux lorsqu'ils sont connus. 
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FIG.2. Valeurs de v et l y pout les tesonances de 2asU. 
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Contrairement aux autres resu l ta t s publies МЫ , nous n'observons aucune 
variat ion net te de v. Les fluctuations de E semblent egalement e t re 
d 'or igine s t a t i s t i q u e . 

I I I - 3 Resultats_£our_239pu 

Nous avons analyse toutes les resonances de spin J connu jusqu'ä une Ener
gie de neutrons incidents de 250 eV et quelques resonances isolees entre 
250 et 404 eV. Des resu l ta t s preliminaires ont dejä ete publies Q3[ fH^} . 

Les valeurs de v pour chaque e t a t de spin sont portees sur la par t ie infe-
rieure des figures 3 (J" = 1+) et 4 (Ju = 0 + ) . Elles sont en bon accord 
avec Celles de Weston [_6j U3J • 

LARGEURS DE FISSION . meV 
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FIG. 3 . Valeuis de v et l y pour les resonances J" = 1 + de ^Pu . 
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Sur la partie superieure de ces 2 figures, nous avons porte les valeurs de 

Les fluctuations de v et EY pour les resonances 1 (fig. 3) sont 
anticorrelees. Les valeurs de v sont d'autant plus basses, et les 

fortement 
2S valeurs 

de Ё plus hautes, que les largeurs de fission ff des resonances sont 
petites. Les valeurs de Tf de Blons et al jb] ont ete portees au-dessus 
des points experimentaux. 

La correction de_Ey pour l'effet des protons de recul |J6] entralnee par 
la variation de 
observee. 

v (§ III-I) augmenterait legerement l'anticorrelation 

En ce qui concerne les resonances 0 , les fluctuations de v semblent d'ori-
gine statistique. Les valeurs de Ё~ semblent plus elevees pour les resonan
ces dont la largeur de fission est inferieure ä 200 meV. 

tf> <N ("•* о* г» о •=; tri ui d ^ * » * * " J O S S ^ № 

ENERGIE DES RESONANCES,eV 

FIG.4. Valeuis de v et fy pour les resonances J" = 0 + de ^'Pu. 

IV - INTERPRETATION DES RESULTATS 

J. Trochon a propose une interpretation des resultats obtenus pour le 
2^9pu ä partir de la reaction (n,yf) (77^ \\S] , dans laquelle des rayons 
Y sont ends par le noyau compose avant fission. 

L'energie des rayons у de prefission s'ajoute alors_ä l'energie du rayonne-
ment у prompt de fission, d'ou une augmentation de E„ . 
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L'emission de rayons у avant fission diminue l'energie d'excitation du 
noyau compose, ce qui entratne une reduction de l'energie d'excitation des 
fragments de fission, done une diminution du nombre de neutrons emis. 
Experimentaletnent, on observe un melange de reactions (n,yf) et de reac
tions directes (n,fd> L'influence de la reaction (n,yf) est d'autant plus 
importante qu'il у a moins de fissions directes, c'est-ä-dire quand la 
largeur totale de fission Tf devient comparable a la largeur ryf pour le 
processus (n,yf) (des valeurs de ryj de ̂  8 meV pour les resonances 0+ et 
de -v 3 meV pour les I* ont ete calculees £l9] [20] ). 

L'effet de la reaction (n,Yf),tres net pour les resonances 1+ du 239pU( 
n'est pas observe pour les resonances 0* car la plupart de celles-ci ont 
une grande largeur de fission et le phenomene, alors tres faible, est 
masque par les erreurs experimentales. 

Les petites fluctuations de v et EL observees pour 235U montrent que l'in
fluence de la reaction (n,yf) est faible, ce qui tend a confinner la va-
leur Ty£ ^ t meV calculee pour ce noyau [2CfJ . 

L'interpretation de nos resultats ä partir de la reaction (n,yf) implique 
l'invariance d'une resonance ä l'autre du produit Г^.ДЕ de la largeur de 
fission rf par 1'accroissement en energie ДЕ de Ё . Cet accroissement ЛЕ 
se traduit par une diminution correspondante de ljenergie d'excitation du 
noyau compose, e'est-a-dire une diminution Д\> de v. [18 J 

0100 0500 0.300 
1/TF meV"1 

FIG.5. Lois v = f (1/Tf) et Ey = f (1/Ff) pour les resonances 1+ de asPu. Les droites en traits pleins representent 
des ajustements obtenus par la methode des moindres carres ä partir des valeurs expetimentales. 
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Cette invariance est verifiee experimentalement : 
Sur la figure 5, nous avons porte les valeurs de v et de E„ obtenues pour 
les resonances 1* du 239pu e n fonction de 1/Г£-
Les lois v « f (1/Tj) et Ё„ > £ O/Tf) sont des droites dont la pente per-
met de deduire la valeur du produit Tf.ДЕ. 
Nous avons obtenu : 
- ä partir de v « f (l/rf) , Г£.ДЕ - (4715 + 450) eV2 , 
en admettant que 0,13 neutrons sont emis en moyenne par MeV d'energie 
d'excitation. 
- ä partir de Zy - f (i/Tf) , Ff.AE - (4807 + 400) eV

2 , 

en utilisant la calibration directe en energie de l'echelle E„ (0,168 ± 
0,010 MeV/canal) et en effectuant la correctionpour l'effet des protons 
de recul p <Tj . 

Les deux valeurs obtenues sont en bon accord, ce qui confirme 1'interpre
tation des fluctuations de v et Ey ä partir de la reaction (n,yf)• 

V - CORRELATION ENTRE v, Üy ET LE SPIN PES RESONANCES DU
 239рц 

L'extrapolation des droites v » f (1/Г£) et Ey » f (1/Г£) pour 1/Tf - 0 
de l'effet de la reacti 
comparer aux valeurs moyen-

permet d'obtenir les valeurs de v et EY~corrigees de l'effet de la reaction 
(n.yf) pour les resonances 1+ du 2^°Pu et de les с 
nes mesurees pour les resonances 0 . On obtient 

Resonances 0* Resonances 1 * Difference 

Zy : 102,60 ± 0,07 102,45 ± 0,10 0,15 + 0,12 
(canaux) 
v : 2,882 ± 0,005 2,868 ± 0,005 0,014 ± 0,07 

Les differences correspondent ä 19± 20 keV pour E„ (apres correction pour 
l'effet des protons de recul) et a 110 ± 55 keV pour v. Elles sont ä peine 
significatives : contrairement ä Weinstein p>] et ä Ryabov [4], nous n'ob-
servons pas de correlation nette entre v ou Ё„ et le spin des resonances 
pour 239pu. 

VI - CONCLUSION 
La mesure simultanee de v et Ey pour U et ̂ ^ u semble avoir re-
solu les contradictions qui existaient entre les differentes mesures pu-
bliees. 
Les fluctuations de v et Ey que nous avons obtenues pour '-"Pu peuvent etre 
interpreters comme une mise en evidence experimental de la reaction 
(n.yf). 
Dans la limite de la precision statistique, nous n'observons aucune varia
tion anticorrelee de v et E„ pour "->U, Ce qui confirme les faibles va
leurs de V с obtenues par le calcul. 
Nous n'observons pas de correlation superieure a 0,5 % entre v ou E et le 
spin des resonances pour "'Pu et "->U. 
La difference de 110 ± 55 keV entre les valeurs de v pour les resonances 1 
et les resonances 0 du J'Pu semble correspondre ä un effet de spin, eile 
est dans le sens prevu ä partir de la theorie de Bohr. 
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D I S C U S S I O N 

J . TROCHON: An independent measu remen t of the multiplici ty of 
prompt gamma rays from 2 3 9 p u + n and 2 3 5U + n fission was made at the 
Saclay l inear acce le ra to r ; the resu l t s show the same var ia t ions from 
resonance to resonance as did the m e a s u r e m e n t s of Ey. 

This resu l t can be explained ve ry well in the case of T u a s an effect 
of the (n, Yf) p r o c e s s . The average number of prompt gamma rays va r i e s 
only ve ry lit t le with the excitation energy of the fissioning nucleus, and 
consequently the total number of gamma r a y s emitted is inc reased by one 
unit, if the nucleus emi t s a p re - f i s s ion gamma ray . 

In addition, we calculated 1 the width r^f and the mean energy <Ey> of 
the prompt gamma rays for the 1+ r esonances of 239Pu from the exper imenta l 
value f o r 2 3 9 P u derived from measu remen t s of V 

ryi • <Ey> = (4715 ± 400) eV2 

The calculation was performed with a s imple b a r r i e r and on the assumpt ion 
that only the gamma rays corresponding to the E l t rans i t ions were emit ted 
by the compound nucleus . The re su l t we obtained was Г ^ 1 + = 5. 4 ± 1. 2 meV, 

1 These Proceedings, Abstract IAEA-SM-174/39, Vol.2. 
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which is comparable with the calculations2 of J. E. Lynn, who obtained 
r^f ~ 3 meV. It is also in agreement with the limit Tyfu (4±1) meV obtained 
from an analysis of the effective (n, f) fission cross-sections. However, the 
value of <Ey> = (850 ± 100) keV which we find seems too high, for it corres
ponds to a height of the 1" fission barrier much lower than that generally 
assumed. This could be due to the presence in the second well of the double-
humped barrier of vibration states observed at around 1. 2 MeV below the 
neutron binding energy in the effective cross-section of the (d, pf) reaction. 

G. DE SAUSSURE: You said that you had performed measurements of 
v for 241Pu. Do you have any results available? 

J. FREHAUT: No, they are still being analysed. 
T. GOZANI: Is your scale for E^in absolute or relative units? 
J. FREHAUT: It is in relative units. _ 
T. GOZANI: Do you have an absolute calibration for Ey and Еуй so that 

one can compare them with independent data? 
J. FREHAUT: The calibration for Ey is also relative and we do not 

obtain absolute values, neither for Ey nor for Ey0, the prompt gamma energy 
for (n, f) fission. 

R. E. HOWE: At Livermore we also measured v for 235U. We did not 
use the method of the Saclay group, nor that of the Rensselaer Polytechnic 
Institute group, but used instead two fast liquid scintillators with a near-
critical spherical shell of 235U surrounding our fission chamber. By using 
pulse-shape discrimination on the scintillators, we were able to separate 
secondary neutrons from the 235U shell and miscellaneous gamma rays. 
Since the shell converts prompt fission neutrons, we eliminate any possible 
bias due to shifts in the spectrum of prompt neutrons.3 

In brief, our results agree with those of the Saclay group, and fairly 
well with those of RPI, although our energy range is from 0. 5 to about 
300 eV. Using the spin assignments given by Keyworth4, we 
definitely did not observe any spin dependence of v. In 
particular, the 8. 8 and 19. 3 eV resonances differ in V values by almost 
0. 8%. The errors in these two points are slightly larger than 0.1%. Both 
of these resonances in 235u have spin 4. 

However, we did find some definite trends in v with energy. These are 
as follows: from 0. 5 to 9 eV, V is high by about 0. 4%; from 10 eV to 16 eV 
vdescends smoothly to 0.5% below the mean; it remains 0. 5% below the mean 
through 23 eV; from 24 eV to 55 eV, v remains flat within statistics; there 
is a brief decrease between 56 and 61 eV; finally v stays approximately flat 
at the mean value from 71 to 125 eV. Average data points are about 1. 5 to 
2.0 standard deviations from the mean. The spread in V values is roughly 
four times the width expected from the statistics of the data. 

M. ASGHAR: I should like to ask Mr. Frehaut two questions: firstly, 
what is the average multiplicity that you get from your data? Secondly, 
your data show no correlation between the Vt and the spin of the resonances. 
What is the situation when you add up the Ey to V> 

J. FREHAUT: The multiplicity of the prompt gamma rays was measured 
by Trochon who will be able to answer that question. The fluctuations of V 
and Ey, expressed in energy, have the same amplitude but are of different 

2 LYNN, J.E., Phys. Lett, 18(1965) 31. 
3 See Abstract IAEA-SM-174/65, these Proceedings, Vol.2. 
4 KEYWORTH, G.A., et a l . , Paper IAEA-SM-174/65, these Proceedings, Vol.1. 
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sign. The sum v + Ey is therefore constant for the 1+ resonances and 
independent of Tf. Our results show that Ey is 19 ± 20 keV greater and V is 
110 ±55 keV greater for the 0+ resonances than for the 1+ resonances, after 
correcting for the effect of the (n, yi) reaction. The sum v + Ey is therefore 
129 keV greater for the 0+ resonances, which may correspond to a spin effect. 

J. TROCHON: The measurement we performed was a relative one and 
we have not normalized the results. 

T. GOZANI: My remark pertains to all the papers which have dealt with 
Ey, vy and related quantities. It seems to me that sometimes, when reference 
is made to prompt gamma rays from fission, there is an implicit assumption 
that the gamma ray multiplicity is independent of the energy spectra of the 
photons. While I do not presume that the possible invalidity of such an 
assumption would be at all detrimental to any of the quantities measured, I 
do feel that this question is a relevant one. Some years ago I conducted an 
experiment to see whether the multiplicity-energy function Уу(Е) is separable, 
using a small 252Cf source, large plastic scintillators for multiplicity deter
mination, a fission detector and an Nal(Tl) spectrometer. The results 
indicated a small energy-multiplicity correlation for 252Cf. More details can 
be found in the Abstract IAEA-SM-174/88 in these Proceedings. 

H. NIFENJSCKER: One has to distinguish over-all measurements of the 
correlation between average photon energy and multiplicity with fixed total 
gamma-ray energy and those where the total gamma-ray energy varies. In 
my paper I assumed that the average energy of the photons did not vary 
strongly as a function of the total kinetic energy of the fragments (for 
example). This has been shown to be almost the case by F . Pleasonton 
and co-workers. 
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MEASUREMENT OF PROMPT GAMMA-RAY 
LIFETIMES OF FISSION FRAGMENTS 
OF 252Cf§ 

R.C. JARED, H. NIFENECKER, S.G. THOMPSON 
Lawrence Berkeley Laboratory, 
University of California, 
Berkeley, Calif., 
United States of America 

Abstract 

MEASUREMENT OF PROMPT GAMMA-RAY LIFETIMES OF FISSION FRAGMENTS OF 252Cf. 
The emission times of prompt gamma rays from the fission fragments of 252Cf have been measured 

over a time range from approximately 1.0 x 10~10 to 2.0 x 10"9 seconds using the velocity and flight path 
of the fission fragment to determine the time. The zsCf source was deposited on a thin foil attached to a 
micrometer screw and located between two fission fragment detectors. The distance from the source to one 
of the fragment detectors was varied over a range from approximately 0.01 to 2.0 cm. A gamma-ray detector 
was located close to the reference fragment detector and operated in coincidence with the fission events. 
The gamma rays associated with the stopped fragments were distinguished from those of the moving fragments 
on the basis of the known Doppler shift. Measurements were taken at various distances between the source and 
the detector. The measured fission fragment kinetic energies were used to calculate the masses of the stopped 
fragments. Thus the gamma-ray spectra associated with the different fragment masses were obtained. The 
measured spectra were then used to obtain the intensities of the gamma lines at each distance. From these 
data it has been possible to obtain the energies and lifetimes of the electromagnetic radiation emitted by the 
fragments promptly after formation. Such data provide valuable information indicating values of the deformation 
parameters of the even-even isotopes; in particular the quadrupole moments calculated ön this basis were found 
to agree with the theoretical values. 

INTRODUCTION 

In the recent past, interest in the neutron-rich isotopes near A = 100 
has Ъееп generated by the observation of rotational-like energy levels which 
suggested a new region of deformation. The fission of 252Cf produces isotopes 
in this region and thus is a convenient source for use in their study. 

• In this paper we report the results of a new series of experiments where 
the lifetimes of the high-yield gamma lines in the spontaneous fission of 2 Cf 
are measured by using their known velocities and defined flight paths. The 
length of the flight path is adjusted to six different positions. Each position 
corresponds to a well-defined average flight-path from fission until the frag
ments are stopped and thus to a known flight time of the fission fragments. Due 
to the high velocity of the fission fragments, the gamma rays emitted during 
flight are Doppler shifted and easily separated from those of the stopped frag
ments. At each position approximately 107 events were collected and mass sorted 
to obtain gamma-ray spectra as a function of the fragment mass. The intensities 
of the unshifted gamma lines are used along with the flight path length to ob
tain the lifetimes of the transitions. From the lifetimes and energies of the 
transitions, information on the deformation parameters of the even-even isotopes 
is obtained. 

Work performed under the auspices of the US Atomic Energy Commission. 
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EXPERIMENTAL ARRANGEMENT 

The experimental arrangement shown in Fig. 1 consists of five detectors. 
The fragment detector 1 is fixed in position and is parallel to the 2 5 2Cf source 
and to the fission fragment detector 2(F2). The position of the 2 5 2Cf source 
in respect of fragment (Fl) detector can Ъе varied by means of a micrometer 
screw in order to obtain different flight distances for the fission fragments. 
Since the velocity of the fragments is known, each distance corresponds to a 
particular time between fission and the instant when the fragment is stopped in 
the detector. The pulses produced Ъу the gamma detector located behind the F2 
detector are analyzed when they occur between 0 and 50 ns after a fission event 
is detected. The gamma rays emitted while the fragments are moving are Doppler 
shifted upwards by approximately k%. This shift allows for an easy isolation 
of the gamma rays emitted after the fragment has stopped. Only the unshifted 
gamma rays from the stopped fragments are used to obtain the lifetimes. The 
gamma detector (3 cm3 intrinsic germanium) is used to measure the intensities of 
the gamma lines from the stopped fragments. Fragment detector 2 is adjusted so 
that the variation in flight path over the finite acceptance angle is less than 
10$. The alpha and Nal detectors operated in coincidence with the gamma 
detectors are used to provide gamma lines for digital gain stabilization and 
zero intercept corrections. 

ELECTRONICS 

A simplified diagram of the electronics is shown in Fig. 2. The signals 
from the fission and gamma detectors are transmitted to both the linear and 
logic sections. The linear section is composed of variable gain amplifiers, 
linear amplifiers, linear gates and units controlling the zero intercept. The 
variable gain amplifier and zero intercept units are controlled by the computer. 
The output from the linear circuitry feeds dimensions 1 to к of the analogue 
multiplexer and are defined as: dimension 1 fragment detector 1, dimension 2 
fragment detector 2, dimension 3 low-energy gamma rays (< ^00 keV) and dimension 

MNQ,"°A<j,eoCo 

N a l 
detector 

241. 243-
Am, Cm 

У 
detector 

i iFi««:inn detector 
( F l ) 

Cf on 5x10"8-in. Ni 

Micrometer 
screw 

FIG. 1. The arrangement of the detectors. 
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к high-energy gamma rays (< 1.2 MeV). The remaining two inputs to the analogue 
multiplexer are derived from the timing and logic sections. Dimension 5 is a 
marker which tells the computer what kind of event is being processed. Three 
different types of events can be processed: double coincidences between frag
ment detectors 1 and 2, triple coincidences between the two fragments and the 
gamma-ray detectors, and gamma stabilization events. One out of every twenty 
double coincidence events is used for digital gain stabilization and zero inter
cept correction of the fission fragment pulse height distribution. 

The timing and logic circuitry that provides dimension 5 and the coinci
dence signal to the analogue multiplexer is fed by all 5 detectors and performs 
the normal coincidence (2т = 100 ns) and logic functions. The sum of the 
fission stabilization events is used to give the number of fissions recorded 
during the data acquisition process and is used to determine the yields of the 
gamma lines per fission. The event-by-event data obtained from the analogue-to-
digital converter are accepted by the computer and recorded on magnetic tape to 
be used for additional off-line sorting of the data, if necessary. In addition, 
the computer makes an on-line mass sort to obtain gamma-ray distributions as a 
function of mass. There are 32 such distributions, k096 channels long, cor
responding to adjacent mass windows of 2 amu. The gamma distributions are 
analyzed in a larger 'computer at the end of the experiment to obtain the gamma-
ray intensities. 

The mass calculation is performed by means of a table look-up procedure. 
An array containing masses indexed by the two fragments pulse height Fl, F2 is 
precalculated and used as the table. The mass calculation is similar to that 
described by Watson et al. [1]. We differ in that we are using the neutron 
data from Hifenecker et al. [2]. Possible grid effects were removed by recording 
fission fragments pulse heights with U096 channels. 

DATA REDUCTION 

The gamma-ray spectrum associated with each mass window is analyzed with 
the photopeak analysis code developed by Routti and Prussin [3] to obtain the 
gamma line intensities. Since the mass resolution (a = 2-k amu) is much broader 
than our mass windows (2 amu) it is necessary to fit the intensities of a 
particular gamma line as a function of mass assuming the shape of a gaussian in 
order {Fig. 3) to obtain the total yield at each position. 

As mentioned above, six positions with respect to distance were used in 
the experiment: 0.008, 0.1250, 0.2500, 0.5000, 1.000, and 2.000 cm. Figure 3 
shows an example of the intensities obtained for the 2 -»- 0 transition in 10^Zr. 
From these distances, the acceptance angle of the fission detectors and the 
velocities of the fission fragments, the lifetimes of the gamma lines 
were calculated. The average velocity of the fragments that produced a 
specific isotope after neutron emission was determined by first taking 
the Z of that isotope and using the experimental data of Heisdorf 
et al. [к] that gives the average preneutron mass (A ) for the production of each 
charge. The mass of the isotope produced (Ap) is then subtracted from this mass 
to obtain the average number of neutrons emitted (v = A* - Ajr). The number of 
neutrons emitted is then used along with the preneutron mass as indexes in the 
experimental data that gives the relationship of the total kinetic energy (Eg) of 
the fission fragments to v" and A* of Nifenecker et al. [2] to determine Eg. This 
value of Eg and A* are then used in Eq.. (l) to define the average value of the 
velocity 
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102 Zr 

о о 

100 104 108 108 96 
Mass 

FIG.3. A composite plot of the intensity of 1<BZr 2+-> 0+ transition as a function of mass for each position. The 
counts are in arbitrary units and are not normalized to the number of fissions. 

The lengths (&) listed earlier for the distances from the source to the 
Fl detector are converted by Eq. (2) before calculating the lifetimes 

. /tolcos 9 | \ 
\ l - cos в / (2) 

The angle 9 is the acceptance angle of the fission fragment detectors. This 
correction was needed to define the length of the average flight path of the 
fragments. Using these distances and velocities of individual isotopes each 
position of the source is converted to a time between fission and the instant 
when a particular fragment of measured mass is stopped. This time is then used 
along with the gamma line yield at each position to determine the lifetime of 
each gamma transition. 

The lifetimes of the gamma lines were then used to determine the reduced 
electric-quadrupole transition widths (B(B2)ex)> intrinsic electric quadrupole 
moments (Qo) and 32> These parameters which appear in Table I were obtained 
following the procedure of Stelson and Grodzins [5]. The isotopic assignments 
in Table I are taken from previous work of this group [6]. These isotopic 
assignments have since been confirmed by Khan et al.[7]partially. Figure h shows 
an example of the gamma-ray spectra for different distances, in this case 
centered around mass lU8. The 1Ц8Се line position is marked in the upper left 
in Fig. k. This line shows no significant Doppler-shifted component at short 
times but at longer times the Doppler-shifted component becomes equivalent to the 
unshifted one. A small amount of 1Ц6Ва can also be seen in this figure. Figure 
5 shows the results determining the total yield of these lines over the 
appropriate masses at each position. The figure shows one of the two examples 
of a 2-component decay curve observed in this experiment. The two cases of 
multiple decay curves are 
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FIG.7. A comparison of the experimental and the calculated results of Ragnarsson [ 7 ] . 
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No attempt has been made to correct the data for the hyperfine inter
action (HFI) which couples the nuclear and the electronic spins of the fission 
fragments. This effect is expected to he strong for highly ionized fission 
fragments. This correction is such as to decrease the lifetimes as reported in 
this experiment. The magnitude of the correction could be as large as 20$ if 
the destruction of the fission fragment alignment Ъу the HFI occurred in a time 
comparable to the half-life of тЛе gamma transition. It is expected, however, 
that the characteristic time for the spin deorientation should be much shorter 
than the half-lives reported here and, therefore, that such effects are probably 
negligible. 

The results of this experiment do not agree well with the previous 
results of our group [6] using a two-point decay curve. Figure 6 shows the 
values of ßg and B(E2)/B(E2)sp obtained from both experiments. It is seen that 
the half-lives measured in this experiment are approximately 50% longer than 
those reported earlier. The results of this experiment are also compared with 
the calculations of Ragnarsson et al. [8]. In Fig. 7 it can be seen that the 
agreement between calculated values for prolate shapes and the experimental ones 
is remarkably good. This of course does not prove that the system is prolate 
because we can not determine the sign of QQ. 

It should be noted that the previously reported large deformation 
($2 'V 0.6) of zirconium 102 is disproved in this experiment. 
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Abstract 

FISSION FRAGMENT ISOMERS FROM SPONTANEOUS FISSION OF 2SZ Cf. 
Isomeric levels, populated before beta decay during the de-excitation of 2S2Cf fission fragments, have been 

studied by observing the К X-rays and gamma rays from the isomeric decay. A six-parameter experiment with 
high-resolution Sl(Li) and Ge(Li) detectors measured photon energies from 10-1500 keV and emission times 
from 1-3000 nsec after the detection of complementary fission fragment pairs by Si-Au surface barrier detectors. 
The photon intensity was studied as a function of fragment mass (computed from the complementary fragment 
kinetic energies), photon energy and emission time. Half-life and fragment mass assignments were made for 
all isomeric gamma rays. A four-parameter experiment, using two Ge(Li) detectors, observed coincidences 
between isomeric gamma rays, and the coincidence information was combined with the assignments and 
observed К X-ray intensities of the six-parameter experiment and with other work to assign 130 of the transitions 
to specific nuclei. Previously reported concentrations of the isomeric gamma-ray intensity around masses 98, 
108 and 134 are discussed, along with feeding from isomeric levels into ground state rotational bands in the 
deformed rare-earth region. 

1. INTRODUCTION 
The neutron-rich, intermediate-mass nuclei far from stabil

ity have been for many years tempting, yet elusive, targets of 
nuclear spectroscopists, tempting because of their abundant 
availability as fission products, elusive because of the diffi
culty involved in studying the desired nucleus among the host 
of others produced in fission. Beta decay studies of fission 
products have been greatly facilitated by the advent of rapid 
chemical separation techniques and magnetic isotope separators 
operated on-line to reactors. However, progress in obtaining 
detailed spectroscopic information on fission fragment de-
excitation before beta decay has been slow and difficult in 
spite of significant developments in the technology of semi
conductor detectors and the advent of sophisticated multipara
meter data acquisition systems. 

Work performed under the auspices of the US Atomic Energy Commission. 
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The most significant studies of fission fragment spectro
scopy are those reported by Watson et al. £1] in which fragment 
masses, atomic numbers, half-lives, roultipolarities and ener
gies of transitions were determined for gamma-ray and conver
sion-electron decay and those by Cheifetz et al. [2] and 
Wilhemy et al. 13] in which the systematics of the ground-state 
bands in even-even fragments are presented. The participants 
of the previous Fission Symposium at Vienna1 were given prelim
inary reports of studies underway by John and collaborators at 
Livermore [4] and also by Armbruster and collaborators at 
Jülich [5] on isomeric states populated during fission fragment 
de-excitation. We wish to report here the results of two 
experiments dealing with fission fragment isomers carried out 
at Argonne National Laboratory. 

2. EXPERIMENTAL PROCEDURE 

The first of the two experiments was the six-parameter 
experiment illustrated in Fig. 1. A 2 S 2Cf source (2 x 105 
fissions/minute) was placed between two Si-Au surface barrier 
(SB) detectors of 4-cm2 active area which detected the comple
mentary fragment pairs from fission events. The SB detectors 
were cooled to -15°C during the experiment, and their mass 
calibration and resolution were checked by monitoring the mass 
spectra associated with prominent gamma rays from known masses. 
A planar Si(Li) detector of active volume 3 mm x 1.1 cm2 and 
energy resolution of 560 eV full-width at half maximum (FWHM) 
at 26 keV was used to observe photons in the 10-100 keV range 
emitted by fragments after the first few millimeters of flight 
path. The prompt x-ray shield (1.7-mm-thick Cu) prevented 
detection of low-energy photons emitted by fragments pear the 
source and of the Cm x-rays following alpha decay of 2 5 2Cf. A 
planar Ge(Li) detector of active dimensions 1.0 cm x 2.0 cm 
x 2.7 cm and energy resolution varying from 2.0 keV (FWHM) at 
122 keV to 2.9 keV (FWHM) at 1332 keV was placed on the oppo
site side of the source from the Si(Li) detector. By use of 
a Cu-lined Pb shield the Ge(Li) detector was permitted to view 
only those photons emitted by fragments near or stopped in 
Fragment Detector 1. The energy-dependent absolute detection 
efficiencies and linearities of the Si(Li) and Ge(Li) detector 
systems were determined by placing standardized sources on the 
face of a SB detector located in the same experimental geometry. 

Fig. 2 illustrates the electronic signal processing used 
in the first experiment. The six ADC's were coincidence gated 
(OR GATE output) by one or both of two logic conditions: 1) 
there must have been a fast (2т = 300 nsec) coincidence (FAST 
C0INC) between the two SB detectors (Fl, F2), undistorted by 
accidental pile-up with an alpha particle; and 2) this FAST 
C0INC output must have been in slow coincidence (SLOW C0INC) 
with both a time-to-amplitude converter (TAC) output and a 
photon-detector pulse-shape discriminator (PSD) output. The 
latter two outputs must have been associated with either the 
Si(Li) detector, Ge(Li) detector, or both. The PSD circuits 

1 INTERNATIONAL ATOMIC ENERGY AGENCY, Physics and Chemistry of Fission, (Proc. Symp. Vienna, 
1969), IAEA, Vienna(1969). 
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FIG 1. Schematic representation of the experimental geometry of the first fission fragment isomer experiment. 
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FIG.2. Block diagram of the electronics for the first experiment: F1.F2: fission-fragment detectors; X: Si(Lt) 
detector; y. Ge(Li) detector; PG: pulse generator; TPO: time pick-off; PA; preamplifier; AMP: linear 
shaping amplifer; PUR: pile-up rejector; TAC: time-to-amplitude converter; PSD: pulse shape discriminator; 
LG: linear gate; SCA: single-channel analyser; FAST COINC: fast-coincidence circuit; SLOW COINC: slow-
coincidence circuit; ADC: analogue-to-digital converter. 
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were used to suppress photon detector pulses with anomalously 
slow rise times which cause spurious lifetime components in the 
TAC spectra [6]. A dual pulse generator (PG) was used at a low 
repetition rate to monitor instabilities in the electronic gains 
and baselines, and these pulser "events" were tagged by a 
special bit on the magnetic tapes. Changes in the gains and 
baselines were then corrected during subsequent data analysis 
by following the first moments of the pulser "event" peaks. 

The electronic logic used here produced three types of 
real events on the data tapes: 1) F-F-G, a coincidence between 
a fission fragment pair and a photon in the Ge(Li) detector; 
2) F-F-S, in which the photon detector is the Si(Li); and, 
3) F-F-G-S, in which coincident photons are detected by both 
the Ge(Li) and Si(Li). Each F-F-G and F-F-S event had four 
parameters (Fl, F2 and the pulse height and TAC output associa
ted with its photon detector), while the F-F-G-S events had six 
parameters (Fl, F2 and the pulse heights and TAC outputs of 
both photon detectors). In this experiment 8 x 10*> F-F-G events, 
5.5 x 106 F-F-S events and 8 x 1 0^ F-F-G-S events were accumu
lated. 

The objective of the data analysis was the determination of 
the energy of each gamma ray, the mass and charge number of the 
emitting nuclide, and the half-life and intensity of the activ
ity, plus estimates of the associated errors. To obtain the 
mass, half-life, intensity and gamma-ray energy, the F-F-G and 
F-F-S events were treated in the following manner. The multi
parameter data tapes were read, and the mass (after prompt neu
tron emission) of the fragment striking Fragment Detector 1 was 
computed from the two complementary fragment pulse heights using 
the previously established energy calibration method of Schmitt 
et al. [7] and correcting for prompt neutron emission [8]. The 
photon energy and TAC were corrected for electronic instability 
and the TAC parameter corrected for pulse-height-dependent 
timing walk. The data were then accumulated into photon energy 
spectra, sorted into time-after-fission intervals and 2-amu-wide 
mass intervals. For the Ge(Li) spectra, eight time regions were 
chosen with boundaries at 5, 9, 15, 29, 49, 99, 299, 999 and 
3000 nsecs. Ten time regions were chosen for the Si(Li) spectra 
with boundaries at 7, 11, 15, 19, 27, 47, 99, 199, 299, 999 and 
3000 nsec. 

Each mass-time sorted photon energy spectrum was computer-
analyzed by the Iowa State University PEAKFIND code [9] which 
located peaks using a method similar to that reported by 
Mariscotti [10]. After the peaks were located in a spectrum, 
PEAKFIND then fitted each peak intensity with a skewed Gaussian 
function (plus background) to obtain the photopeak centroid and 
intensity. The resulting ensemble of photopeak energies and 
intensities for all spectra was searched for peaks of the same 
energy appearing in adjacent mass and time regions, and those 
peaks were selected for the following analysis. The intensity 
distribution vs time and mass bin (from the previous step) was 
least-squares fitted with an appropriate functional form to 
determine the mass centroid, half-life and net intensity of the 
distribution for a particular gamma ray. The function used had 
a Gaussian shape in the mass direction and, in the time direc
tion, was the integral between time boundaries of the convolu-
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FIG.3. Resulting computer fit to PEAKFIND values of gamma-ray intensity versus (mass, time) regions for a 
two-time-component gamma ray. Solid circles with error bars are PEAKFIND intensities and histograms are 
least-squares-fit results. Ij and I2 are the total gamma-ray intensities of components 1 and 2 respectively 
of the two-time-component gamma ray. Tj and T2 are the half-lives of components 1 and 2 respectively 
of the two-time-component gamma ray. 

ted exponential decay. The system prompt-time response func
tions used for the convolution lifetime analysis were experi
mentally determined beforehand. Fig. 3 shows the result of 
one such computer fit to a gamma ray with two lifetime compo
nents. 
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The F-F-G-S events were sorted into a two-dimensional array 
of intensity vs Si(Li) energy and Ge(Li) energy, summed over the 
whole time range. The resulting array was then searched for 
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coincidences between gamma rays and К x-rays. Due to the exper
imental geometry, a gamma ray could be detected in coincidence 
with а К x-ray from either the same fragment (due to internal 
conversion of cascading transitions) or the complementary frag
ment. 

The final elemental identifications were made on the basis 
of the (gamma ray)-(K x-ray) coincidences, similar mass and 
half-life assignments for a gamma ray and К x-ray activity, and 
previous work on prompt gamma rays [1, 2, 3, 12], conversion 
electrons [1, 13] and (gamma ray)-(K x-ray) coincidence studies 
of fission product decays [14, 15]. Once the elemental identi
fications had been made, the mass number assignments were made 
based on local adjustments to the mass centroids of known 
ground-state band transitions in even-even fission fragments 
observed here and systematic deviations of the computed mass 
from the true mass scale [2, 3 ] . 

The second experiment, illustrated in Fig. 5, measured 
(gamma-ray)-(gamma ray) coincidences from de-excitation of the 
isomers. Ge(Li) Detector 1 was the same detector used in the 
first experiment. Ge(Li) Detector 2 was a coaxially drifted 
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detector with an active volume of 17 cm3 whose resolution 
varied from 2.7 keV FWHM at 122 keV to 3.8 keV FWHM at 1332 keV. 
A block diagram of the electronics is shown in Fig. 6. Pulse 
shape discrimination was used on both Ge(Li) signals. The 
fission fragment detector (FF) was used to ensure that the two 
coincident gamma rays were themselves coincident with a fission 
event, and a pile-up rejection circuit was used to reject sig
nals when two fission events occurred within 10 ysec. Four 
parameters were recorded for each event: 1) the photon energy 
from Ge(Li)-l, EYi; 2) the photon energy from Ge(Li)-2, £•*?'•> 
3) the time difference between Ge(Li)-l and Ge(Li)-2 signals, 
Tyy; and the time difference between the fission event and 
detection of a photon in Ge(Li)-l, Tfy~ A single-channel analy
zer window was set on the prompt region of Tfy>and its output was 
used to veto coincidences between prompt gamma rays. 

The 2.5 x 10 events collected from the second experiment 
were computer sorted into six correlation matrices of intensity 
vs (Eyl, Ey2)- The six matrices represented six different TfY 
regions with boundaries at 12, 28, 47, 97, 298, 999 and 3000 
nsec. In order to facilitate the search of the correlation 
matrices for coincidences, a "similarity table" was constructed 
based on the results of the first experiment. The similarity 
table listed, for each isomeric gamma ray, those other isomeric 
gamma rays with similar half-life and mass centroid, and pre
dicted the coincidence intensity for an assumed branching ratio 
of 1 with no internal conversion. For gamma rays emitted less 
than 50 nsec (the range of Tyy parameter) after fission, the 
similarity table also displayed for each gating transition a 
list of gamma rays of the complementary masses which could 
appear to be coincident due to accidental detection of non-
cascading gamma rays of short half-life, one from each fragment. 
The complementary mass list was used to negate otherwise appar
ent coincidences of similar gamma-ray energy. 

3. RESULTS AND DISCUSSION 

Table I presents those isomeric gamma rays which could be 
assigned to specific nuclei. Also listed are the coincidence 
data obtained from the second experiment, which were used in 
some cases to make the nuclear assignments. Those isomeric 
gamma rays for which a mass centroid could be determined, but 
no elemental assignment made, are listed in Table II. The 
initial mass centroids determined for F-F-S events were ambi
guous with respect to the light vs heavy fragment assignment 
because of the Si(Li) detection geometry. In most cases the 
ambiguity was resolved by observing the same gamma ray in the 
F-F-G events or by mass and half-life similarity to а К x-ray 
activity. An assignment could be made to the heavy mass if 
the gamma-ray energy was below the К binding energy of the 
heavy fragment and the light fragment К x-rays showed no mass 
and half-life similarity, even though the К x-ray intensity 
was predicted to be observable in the most unfavorable case 
(i.e., El multipolarity). Figs. 7 and 8 show the regions of 
the chart of the nuclides in which the fission fragment nuclei 
occur. The solid curve in each region represents the line of 
most probable yield [16]. The nuclei determined in the 
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LIGHT FISSION FRAGMENT REGION 

(Ag)47 
(Pd)46 
(Rh)45 
(Ru)44 
ПсМЗ 
(Mo№ 
(Nb)4l 

Z (ZrMO 
(Y}39 
(Sr)38 
(Rb)37 
( № 6 

FIG. 7. Chart of the nuclides in the region of the light fission fragments. 

HEAVY FISSION FRAGMENT REGION 

(Eu)63 
(Sm)62 
(Pm)6l 
(Nd)60 
(Pr)59 
(Ce)58 
(La)57 
(ВД56 
(Cs)55 
(Xe)54 
(1)53 
(Te)52 
(Sb)5l 

FIG. 8. Chart of the nuclides in the region of the heavy fission fragments. 
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Almost a hundred previously unknown isomeric gamma rays are 
reported here, most of which have energies below 100 keV. The 
addition of these new gamma rays do not significantly alter the 
general systematic features of the isomers as outlined in pre
vious work [17, 19], namely the concentration of the isomeric 
intensity in certain mass regions and the range of multipolari-
ties (El, Ml, E2) implied by the span of observed energy/half-
life values. The gamma rays which could be assigned to specific 
nuclei represent 77% of the isomeric gamma-ray intensity. Fig
ure 9 shows the data of Table I sorted according to the type 
of nucleus (even-odd, etc.) assuming that gamma rays from the 
same nucleus with the same half-life originate from one isomer. 
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FIG. 10. Fragment proton-number dependence of isomeric (T1 a 10 nsec) gamma-ray intensity. Data is taken 
from Table 1. 
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The data for half-lives of >_ 10 nsec show the greatest prefer
ence for odd-odd nuclei while even-even nuclei are seen to be 
least preferred. The proton- and neutron- number dependence of 
the isomers is shown in Figures 10 and 11. The neutron depen
dence shows the most striking features and well illustrates the 
regions yielding more detailed information about the observed 
fission fragment isomers. 

Figure 11 shows a peak at N = 55 which is due exclusively 
to IfRbss. A strong 142.2-keV gamma ray (T^ = 57 nsec) was 
observed in the first experiment in coincidence with Rb К x-rays 
and was initially assumed to be the transition from the first 
excited state to the ground state of IfRbss reported by Olson 
[9]. However, the second experiment revealed a strong coinci
dence between two gamma rays, each with energy 142 keV and half-
life of 57 nsecs. We are unable to reconcile the 142-142 coin
cidence with the level scheme of Ref. 9 unless there exists an 
isomeric level at 284 keV or higher in IfRbss which is not popu
lated in the ß decay of !|Кг56. 
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shape isomerism. It is suggested experimentally [22, 24] that 
N = 59 is the transition between spherical and deformed ground 
states, analogous to N = 89 in the rare earth region. Future 
experiments are planned to clarify further the nature of the 
observed N = 59 isomerism. 

The next large peak in Fig. 11 is located at N = 65 and is 
attributed to isotopes of Mo, Tc and Ru. The presence of weak 
unassigned gamma rays and the complexity of the К x-ray activi
ties in this mass region prevented as detailed an analysis as 

6*-

4*-

2*-
0*-

6 + -

2 * . 
0 + -

Isomer 

ie 

«-' 4879 

240.6 

152 
60Nd92 

75.9 
OkeV 

Isomer 

-*- 518 

62S m94 

250 

76 
OkeV 

483.9 

2 f -
0 * -

-X. 2352 <ч 
A - f - 728 
— * — OkeV 

l 54Nd 
60,,U94 

6*-

2 + . 
0 * -

4985 
Isomer 

-*- 24U3 
Й 

I58„ 
бй^Эб 

72.8 
OkeV 

FIG. 14. Isomer de-excitation in the deformed, even-even rare-earth nuclei. 

was possible for the N = 59 region. Nevertheless, these isomers 
may be caused by К forbiddenness since the N = 65 fission frag
ments are located well within a deformed region [2]. 
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6+ -»- 4 transitions, and the experimental ct|<; values are consis
tent with E2 multipolarities for the isomeric transitions. In 
addition, there is evidence in the decay curves of the present 
work for an 8-nsec isomer feeding both the 6+ and 4 + levels of 1l2Te S 2, although gamma rays depopulating the 8-nsec isomer were not found. 

The last detailed feature of the data concerns isomeric 
feeding into members of ground-state rotational bands in even-
even, deformed rare-earth nuclei. In the earlier work, John 
et al. [17] searched their data for evidence of rotational band 
structure but could find none. The subsequent work of Wilhemy 
et al. [3] on ground-state bands in even-even fission fragments 
showed that several of the gamma rays observed as isomers in 
the earlier work E17J were assigned in the later work [3] to be 
4+ •+• 2 + or 6+ -»• 4 + transitions in Nd and Sm isotopes. One of 
the objectives of the present work was to determine whether the 
observed isomerism [17] in these even-even nuclei was real or 
merely the result of no pulse shape discrimination in the photon 
detector timing circuitry. The present work confirms the exis
tence of the ground-state rotational-band cascade members in 
the isomeric gamma rays as illustrated in Fig. 14. 

It is apparent from the present results and the results of 
John et al . [17] that the ground-state rotational bands in 1|gNd9il and uflSm96 are populated at the I* = 4 + levels since 
the 6+ •+ 4 + transitions are not observed, whereas the 4 + •* 2 + 
transitions are. The 6+ •+ 4 + transitions in 1loNd92 and l||Sm9i» are observed among the isomeric gamma rays, but the isomers may 
be populating I"" = 8 + levels or higher since the 8 + •*• 6+ or 
higher-lying (high-energy) transitions would not be detectable 
because of Ge(Li) detector efficiency considerations. 

In a- and heavy ion-induced reaction studies of rare earth 
deformed nuclei [26, 27] the ground-state band is found to be 
populated in characteristic times of a few picoseconds due to 
"coherent" gamma-ray cascading along the yrast line. In fission 
fragment de-excitation the measured lifetimes of the 2 + -»• 0 + 
transitions imply that the bulk of the gamma-ray decay occurs 
within a few nanoseconds. The lifetimes of the isomers obser
ved here are in the range of 70 to 2000 nsecs and their inten
sities imply that about 10% of the de-excitation proceeds 
through the isomers. At the opposite end of the deformed rare-
earth region, a J1', К = 8", 8 isomer is observed [28] in fiye 
N = 106, even-Z nuclei. This isomer decays into the 8 + member 
of the ground-state band by a highly hindered El transition 
and accounts for 20-30% of the total population of tho ground-state 
band 8 + level. Thus, such behavior in the analogous fission 
fragment de-excitation process should not be completely unex
pected, and we interpret the isomers to be low-lying 2QP states 
whose decay into the ground state band is К forbidden. From the 
available Nilsson single-particle levels near the Fermi level 
in this region [29] it is possible to construct 2QP levels 
with K17 values of 4 +, 4, 5", any of which could be the isomer 
decaying to the 4+ level in a|!Sm96-or aI<iNd91(. № - 7 +, 7", 
2QP levels are also possible and could be the isomers in 1|QNd92 and MlSmat. 
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TABLE I. ISOMERIC GAMMA RAYS ASSIGNED TO SPECIFIC NUCLEI 

Nucleus (keV) 

Ti (% error) 

(nsec) 

Yield b 

Fission Fragment Remarks c 

S 9 lfr Зб^зэ 

pRb66 

95 Sr57 

3sSr6s 

110.8 
158.9 

28.6 e 

142.2 \ 
142.2 J 

204.0 

352.0 

141.1 

144.9 

167.1 

51.2 е 

100.6 

110.6 

114.5 

119.7 

130 

157.9 

170.7 

186.2 

204.1 

2600(26) 
4100 d -

22(6) 

57(2) 

24(5) 

22(5) 

12(20) 
24(30) 

21(6) 

374(6) 

605(6) 

467(11) 

380(30) 

< 4 -
f < 4 -
[340(6) 

509(12) 

f 176(50) 
\ l097(33) 

758(16) 

270(50) 

1370(26) 

142(11) 

123(30) 
74(30) 

107(7) 

42(8) 

10(21) 
48(12) 

45(12) 

23(22) 

126(16) 

596(14) 

1053(7) 

300(39) 
1004(22) 

47(8) 

190(7) 

8(33) 
41(8) 

0.108 
0.216 

0.091 

1.016 

0.937 

0.723 

0.317 

> 0.275 
>0.165 

0.239 

0.030 

0.008 
0.034 

0.033 

0.017 

0.091 

> 3000 d 200(30) 

0.033 

0.137 

0.007 
0.030 

> 0.144 

C(158.9 
C(110.8 t}{ 

Z[ mt, 12], 
ДА=±1 

Z[mt],ÄA=±l 

ГС(142.2), 
LZ[Xy,mt,9] 

ГС(352.0), 
Lz[Xy,mt ,2] 
rC(204.0) , 
Lz[Xy,mt ,2] 

ГС(167,1), Z [mt ] , 
Lz=37[12] 

С(167.1 J), Z[yy] 
C ( 1 4 4 . 9 ? ) ] f Z [ m t ] , 
C(141.1) ] " [ г=37[12] 

[ С(110.6г, 114.5, 
119.7, 170.7?), 
Z[Xy,mt ,yy] 
C(114.5?), Z[mt, 12] 

| -C(110,6, 119.7 (?), 
130, 157.9?, 186.2?, 
204,1?), Z[mt, 12] 
C(51.2?, 100.6, 
119.7), 130, 157.9?, 
186.2?), Z[mt,yy,12] 

r C ( 5 1 . 2 , 100.6?), 
Lz[yy] 
rC(51 .2 , 110.6?, 
L204.1), Z[mt, yy,12] 
ГС(100.6, 110.6, 

114.5?, 157.9?), 
Z[ yy, 12], not resolved in 

. F-F-G spectra. 
ГС(100.6?, 110.6?), 
L z [ m t , y y , i 2 ] 
rC(51 .2? , 204.1?), 
Lz[mt,yy,12] 

Z[mt] 
ГС(100.6?, 110.6?), 
LZ[mt,yy,12] 
rC(119.7?, 170.7?), 
I Z[ mt, yy, 12] 
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TABLE I (cont.) 

9 9 7 r 

-

100 7 r 

101 7 p 40 " 6 1 

1 0 2 7> 

1 0 3 7 r 40^*63 

'Янь« 
l%M°a 

' Й М о а 

XSMOM 

' SMOK 

105 T 

107 ~ л 43ТСМ 

53.3 e 

68.6 
121.8 

130.2 

143.1 
614.3 

212.4 

91.6 

98.4 

106.1 

133.8 

151.8 

180.4 

34.3 e 

102.8 

144.0 
251.1 

192.2 

94.9 
171.6 

65.4 е 

71.2 e 
85.2 e 

45.5 е 

81.8 

103.9 

15(6) 
11(50) 

427(27) 

Г < 4 -
| 370(3) 

< 3 -
21(8) 

< 3 -

' < 4 -

. 18(7) 

f < 4 -
16(26) 

20(37) 

18(60) 

< 4 -

86(10) 

343(17) 

< 4 -

< 4 -
3(50) 

< 3 -

< 4 -
< 2 -

238(3) 

22(15) 
23(10) 

6(38) 

^194(18) 
< 8 -

10(38) 

134(10) 
106(20) 
409(6) 

90(50) 
305(6) 

352(30) 
400(8) 

224(20) 

40(30) 

180(6) 

122(30) 
64(31) 

65(15) 

39(60) 

560(30) 

72(8) 

36(9) 

600(50) 

360(30) 
552(30) 

810(50) 

320(50) 
1260(50) 

895(6) 

360(6) 
618(8) 

316(7) 

56(7) 
350(50) 

370(20) 

0.112 
0.089 
0.342 

> 0.075 
0.255 

> 0.294 
0.334 

> 0.128 

> 0.022 

0.099 

>0.067 ] 
0.035 У i 

J 
0.036 

0.021 

> 0.422 

0.105 

0.016 

> 0.386 

> 0.232 
> 0.355 

C(143.1?), Z[14] 
C(614.3), Zlyy} 

-C(130.2), 
.Z[_Xy,yy,n.W\ 

Z[14] 
-C(121.8), 
,Z[mt , )7 ,12 ,14] 

C(53.3?), Z[14] 
C(68.6) , Z[15] 

-C(91.6>, 106.1!), 
Z[l ,2(2+-*0' t) ,15] 

_M=100.81±0.19 

•C(98.4, 106.1}, 
.212.4?) 
•Z[yy],Z=41[14] 
-ДА=+0,-1 
'C(91 .6 , 106.1) 

Z[ 1,14, 30], ДА=+0, 

-C(91.6?, 98.4, 
212.4!), ZCyy] 

.ДА=+0,-1 
Z[14] , ДА=+0,-1 

• Z ( l , 2 ( 2 + - 0 + ) , 1 4 ] 
.M=102.06±0.48 

Z[15] 

Z[mt] 

г С (144. 0,251.1), 
.ziyy.u.m 

C(102.8), Z[yy, 14] 
C(102.8), Z[ 77,14] 

> 0.288 r Z [ l , 2 ( 2 + - » 0 + ) , 1 5 , 32] 

I 
> 0.099 
>0.390 

. M=105.12±0.15 

C(171.6!), Z[ l ,14 ,32] 
-C(94.9!) , Z[l ,2(2+-»0+), 
L l 4 ] , M=106.23±0.18 

0.435 

0.280 
0.480 

0 .093 ] Г 

0.016 J [ 
>0.103 I 

0.109 r 

Z[14],ÄA=-0,+l 

Z[14] 
Z[14] 

C(81.8?, 103.9), 
AA=+0,-1 
Z=42 or 43 [14] 
C(45.5?, 103.9), 
Z[14] 
C(45.5, 81.8) , 
Z[14] 
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TABLE I (cont. ; 

Nucleus 

108 T . 

l°9Rn 4 4 K U 6 5 

1 1 0 Rll 44 K U 66 

4 4 K U 6 7 

" ' R h 45 й 1 « 

' " R h 45 N"66 

Ea 

(keV) 

30.3 
58.0 е 

69.9 е 

86.5 

90.0 

106.1 

116.0 

119.8 

153.9 

176.3 

249.4 

60.2 
96.1 
98.2 

132.0 

240.8 

58.4 е 

62.7 e 

103.9 

150.3 

166.7 

357.6 

53.3 e 

60.3 

T£ № error) 

> 

{ 
{ 
l 
{ 
{ 
l 
{ 

{ 

(nsec) 

5000 d -
95(40) 

12(50) 
235(22) 

10(33) 

177(32) 
12(27) 

117(7) 
34(31) 

128(9) 
14(10) 

7(12) 
126(12) 
108(25) 

8(10) 
114(4) 

11(8) 

192(42) 
544(2) 
< 5 -
< 3 -

< 2 -

21(40) 

11(21) 

< 4 -

< 3 -

2.4(20) 

5(30) 

40(3) 

45(6) 

Yield 

Fission 

55(35) 
176(8) 

109(10) 
101(8) 
80(60) 

235(10) 
35(15) 

392(6) 
44(15) 

112(7) 
109(14) 
106(16) 
58(12) 

725(6) 

65(16) 
278(6) 
160(8) 

84(15) 
1155(5) 

575(50) 
340(30) 

390(30) 

265(8) 

328(8) 

900(30) 

890(30) 

275(14) 

95(19) 

255(15) 

798(8) 

b 

Fragment 

> 0.017 
0.053 

0.033 1 
0.031 J 
0.024 1 

0.071 J 
0.010 1 
0.119 J 
0.013 1 

0.034 J 
0.033 

Remarks c 

Z[ mt] , ДА=± 1 
-C(86.5! ,90 .0 , 
106.1?, 153.9?, 

.176.3) , Z[Xy, yy, 14] 
'C(106.1 ,153.9) , 
Z[Xy, yy, 1,14,32] 
C(58.0) ,90 .0 , 
153.9,249.4?), 
Z[Xy,yy,14] 
C(58.0,86.5, 
153.9), Z[Xy,yy,14] 
C(58.0?,69.9, 
153.9,249.4?) 

. Z[yy,14] 
C(119.8?),Z[yy, 14] 

0.032 \ ГС(116.0?). 
0.018 J 
0.220 

.Z[Xy . l4 ] 
-C(58.0 ,69.9 , 86.5, 
90.0, 106.1, 176.3), 

-Z[Xy,yy,14] 
0.020 1 Г C(58.0,153.9, 
0.084 J 
0.049 

0.028 
0.386 

>0.191 
>0.113 

> 0.125 

0.117 

0.165 

>0.396 

>0.392 

0.121 

0.042 

0.319 

0.335 

249.4?),Z[Xy, yy, 14] 
"C(86.5?,106.1?, 
.176.3?),Z[yy, 14] 

C(96.2?),Z[mt,yy] 
C(60.2?),Z[Xy,mt,14] 
C(132.0?),Z[30] 
C(98.2?),Z[yy] 

• г [ 1 , 2 ( 2 + - 0 + ) , 1 4 , 3 2 ] 
.M=108.88±0.77 

•C(103. 9,150.3?), 
_Z[yy,14] ,Z=44or45[14] 
•C(103.9,150.3?), 
.Z[mt ,14 ,17] 
-C(58 .4 ,62 .7 , 
.150.3) Z[yy, 1,14,30] 
-C(58.4? ,62 .7? , 

103.9,166.7?), 
.Z[yy,14,30] 
-C(150.3?) ,Z[yy, 
.14 ,30] 

Z[30],A=1H(J) 

Z[ 14], ДА=-0, +1 

Z[ mt, 14] 
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TABLE I (cont.) 

51 b D S l 

51 !>D»s 

134—, 
52^*82 

135 т _ 
52 i e s 3 

134, 
5 3 4 1 

136. 
б З ^ З 

137T 
б З 1 ^ 

5 4 л е 8 2 

5 4 л е 8 3 

1 3 9 Г < . 

55 C S 8 5 

55t -%6 

1 4 1 R a 56 B a 3 5 

5 6 B a 8 7 

91.1 
96.2 

163.0 

125.2 

115.2 

297.0 

1279.6 

50.0 e 

324.8 
1181.1 

59.9 е 

182.4 

260.6 
288.3 

117.7 
154.7 

197.3 

381.5 
1313.0 

314.1 
400.0 

1221.0 

68.8 е 

13.9 е 

50.7 e 

84.4 е 

103.0 

68.8 е 

76.5 е 

89.9 
96.1 

105.8 

48.5 

117.3 

104(5) 
1794(34) 

100(4) 

107(4) 

163(2) 

Г 8(20) 

L 167(3) 
154(13) 

300(19) 
451(6) 
582(17) 

98(24) 

16(12) 

3.4(17) 
2.8(20) 

< 4 -
< 4 -

2775(6) 

> 3000 d 

3350(14) 

8.1(4) 
7.8(15) 
5.1(11) 

186(18) 

521(2) 
8(8) 

< 8(25) 
11(11) 

22(25) 
10(6) 
12(10) 
12(22) 
14(7) 

20(36) 

6(30) 

172(6) 
32(10) 

176(6) 

173(6) 

596(5) 

76(27) 

1016(5) 
1010(16) 

25(15) 
268(7) 
286(11) 

115(10) 

106(8) 

209(7) 
548(6) 

167(30) 
280(30) 

300(5) 

449 
490(9) 

344(6) 
464(10) 
530(12) 

96(14) 

32(6) 
243(10) 
250(50) 

93(13) 

114(22) 
496(10) 
184(8) 
426(14) 
127(8) 

103(20) 

1340(30) 

0.143 C(163.0),Z[mt, 14] 
0.030 Z[mt] 
0.168 C(91.1) ,Z[mt , l4] 

0.380 Z[14] 

0.323 

0.041 ' 

0.551 . 
. -1 

0.548 

"C(297.0,1279.6), 
Z[Xy,mt ,yy,3(6 + -*4 + ) , 

.12,17],M=134.08±0.03 
'C(115.2,1279.6) , 

Z[Xy.mi. )7,3(4+->2+), 
. 12,17] 
-C(115.2,297.0), 

Z[mt,yy,3(2+->'0+) , 
.12 ,17(2+^ 0+)] 

0.017 C(324 .8! ) ,Z[mt , )7 ] 
0.179 C(50.0?),Z[X)', mt, 15] 
0.191 Z[mt] 

0.105 r C ( 1 8 2 . 4 ) , Z [ l , 1 4 ] 
|_ДА=+0,-1 

0.097 г С ^ Э . Э Э . г С п . М ] 
LAA=+0,-1 

0.083 Z[15] 
0.217 Z[15] 

> 0.073 Z[14] 
> 0.111 Z[14] 

0.279 rC(381.5,1313.0?) 
L Z[ mt, 12, 33] , M=136. 86± 0. 06 

> 0.417 C(197.3),Z[mt,12,33] 
0.455 C(197.3?),Z[mt, 12,33] 

0.159 С(400. 0),Z[15,34] 
0.215 C(314.1),Z[15,34] 
0.245 Z[34] 

0.051 Z[14],AA=-0,+1 

0.011 Z[35] 
0.079 C(84.4f),Z[X); 14,35] 

>0.082 C(50.7?),Z[)7,14,35] 
0.031 Z[14,35] 

0.033 Z[14,36] 
0.142 Z [ l , 14],ДА=±1 
0.053 Z[14,36] 
0.123 Z[14],UA=±1 
0.036 Z[14,36],AA=-0,+l 

0.072 Z[14,36] 

0.377 Z[mt, 14],ДА=±1 
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TABLE I (cont.) 

Nucleus 

1 4 4 to 
56 t » ^ 

5бВаэо 

57ba8g 

1 4 ] , . 
57La30 

1 4 7 ,~„ 5sCe 8 9 

E a 

(keV) 

1 9 9 . 2 

1 8 0 . 8 

4 6 . 6 e 

6 6 . 0 е 

8 1 . 9 е 

1 3 0 . 5 

1 5 8 . 7 

2 6 . 9 е 

5 6 . 0 е 

1 6 7 . 5 

117 .4 
2 8 3 . 4 

Т £ (% error) 

(nsec ) 

< 2 -

< 2 -

1 1 ( 1 0 ) 

< 8 -

10 (13 ) 

1 5 ( 6 ) 

1 4 ( 7 ) 

6 0 ( 2 1 ) 

5 8 ( 3 ) 

11 (10 ) 

8 ( 2 5 ) 

6 . 0 ( 4 ) 

Yield 

Fission 

346 (30 ) 

188 (30 ) 

150(17) 

1 8 2 ( 5 0 ) 

2 9 6 ( 1 0 ) 

2 7 6 ( 6 ) 

1 4 1 ( 6 ) 

2 2 ( 1 0 ) 

3 0 5 ( 7 ) 

6 8 9 ( 6 ) 

231 (30 ) 

6 8 2 ( 6 ) 

b 

Fragment 

> 0 . 1 0 4 

> 0 . 1 8 5 

0 .057 

> 0 .070 

0 . 1 1 3 

0 .106 

0 . 0 5 4 

0 . 0 1 2 

0 . 1 6 5 

0 . 3 7 4 

0 .142 

0 . 4 2 0 

Remarks c 

r Z [ l , 3 ( 2 + - » 0 + ) , 1 4 , 1 5 , 3 2 ] 

L M = 1 4 3 . 9 4 ± 0 . 2 7 

r Z [ l , 3 ( 2 + - 0 + ) ] 

| _ M = 1 4 5 . 6 3 ± 0 . 3 2 

Z [ 1 4 ] 

r C ( 1 5 8 . 7 ? ) , Z [ l , 1 4 ] , 

L ДА=± 1 
r C ( 1 3 0 . 5 , 1 5 8 . 7 ? ) , 
Lz[14,32] 
Г С ( 8 1 . 9 , 1 5 8 . 7 ? ) , 
Lz[l,14] 
r C ( 6 6 . 0 ? , 8 l . 9 ? , 
L 1 3 0 . 5 ? ) , Z [ 1 4 , 3 2 ] 

Z [ m t ] 
Z [ mt , 14] 
Z [ 1 4 ] 

C ( 2 8 3 . 4 ) , Z [ 1 4 ] 
C ( U 7 ) , Z [ 1 5 ] 

58Ье 9о 158.7 < 3 - 399(30) >0.214 'Z[ l , .3 (2 + -*0 + ) ,14 ,32] 
. M=147.33±0.43 

1 4 9 l - o 58 0 е я 

1 4 9 D , 59 И 90 

59 ft 91 

151 D r 
59 « 9 2 

1 Я К М 
6oNd9 4 

156 o „ 
6zSm 9 4 

153 c _ 62 SDlji 

135 .6 
1 4 2 . 2 

54 .7 e 

5 8 . 0 e 

2 7 . 7 e 

1 0 3 . 0 
130 .7 

9 6 . 8 

162 .6 

174 .0 

167 .7 

3 . 5 ( 5 ) 
3 . 9 ( 5 ) 

5 . 8 ( 1 1 ) 
2 2 . 9 ( 8 ) 

205 (8 ) 
165 (5 ) 
165(27) 

20 (40 ) 

1300(41 ) 

160(25) 

164(15) 

2 9 3 ( 6 ) 
3 0 3 ( 6 ) 

1 8 3 ( 1 5 ) 
4 2 1 ( 7 ) 

2 0 ( 9 ) 
9 9 ( 6 ) 
5 9 ( 9 ) 

1 7 7 ( 6 ) 

3 1 ( 1 4 ) 

3 3 ( 9 ) 

1 8 ( 9 ) 

0 . 1 9 4 
0 . 2 0 0 

0 . 2 0 3 
0 .467 

0 . 0 1 8 
0 . 0 8 9 
0 . 0 5 3 

0 . 1 8 3 

0 .067 

0 . 1 4 3 

0 . 0 8 3 

Z [ H J , A A = ± 1 
Z [ 1 4 ] , Z = 5 9 

Z [ 1 4 ] 
Z [ 1 4 ] , 6 -nsec precursor 

Z [ m t ] 
Z[ m t , 14] 
Z [ m t , 14] 

Z [ X y ] 

r Z [ m t > 3 ( 4 + - > - 2 + ) , 1 5 ] 
L M = 1 5 4 . 1 8 ± 0 . 7 8 

Z [ m t , 3 ( 4 + - * 2 + ) , 1 5 ] 

[ " Z [ m t , 3 ( 4 + ^ 2 + ) ] 
[ M = 1 5 7 . 7 4 ± 0 . 2 7 
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Footnotes to Table I 

Energy uncertainty = 0.2 keV unless indicated by footnote e. 
Fission yield expressed as photons per 105 fissions with per cent uncertainty in parentheses. Fragment 
yield expressed as photons per fragment where the independent yield is computed from elemental yields 
and charge dispersion data of Reisdorf et al. [ 16]. 
C(Ey , Ey , . . . ) indicates gamma rays seen in coincidence, with less certain coincidences indicated by 
question marks. Mass number uncertainties, if not zero, are indicated by ДА values. The methods of 
elemental identification are shown as Z[Xy,mt,j7 i ] , where Xу = (K X-ray)-(gamma ray) coin
cidence from the present work, mt = mass and half-life similarity between gamma-ray and К X-ray 
activity in the present work, yy = (gamma ray) - (gamma ray) coincidence in the present work with a 
previously assigned gamma ray, and i = reference number of assignment from other work. Mass centroids 
(M) of transitions in even-even nuclei are given for reference. 
Half-life too long to be determined from computer fit. Value presented was obtained from relative 
intensities of last two time regions. 
Energy uncertainty =0.1 keV. 

TABLE II. UNASSIGNED ISOMERIC GAMMA RAYS 

Mass(amu) 

87 

8 6 . 8 7 + 0 . 1 8 

93_ 

9 3 . 0 0 4 0 . 9 4 
9 3 . 4 0 4 0 . 3 0 

9 3 . 4 6 ± 0 . 2 8 

9 3 . 2 0 4 0 . 9 5 

95 
9 5 . 0 3 4 0 . 9 8 
9 5 . 2 3 + 0 . 8 9 

21 
9 7 . 2 3 4 0 . 5 5 

21 
9 8 . 9 7 4 0 . 1 0 

9 8 . 5 9 4 0 . 3 5 

100 
9 9 . 7 4 4 0 . 7 0 d 

1 0 0 . 2 2 4 0 . 9 1 
1 0 0 . 0 4 4 0 . 9 7 
1 0 0 . 1 3 4 1 . 0 2 

101 

1 0 0 . 6 5 + 0 . 7 3 
1 0 1 . 3 0 + 0 . 9 0 
1 0 1 . 0 3 4 0 . 8 7 

Ey (keV) 

( 4 0 . 2 keV) 

9 2 . 1 

108 .7 
1 1 1 . 0 

2 1 7 . 1 

2 7 6 . 5 

129 .2 
1 9 1 . 4 

5 0 . 0 C 

1 6 1 . 5 

2 2 8 . 6 

1 0 . 8 C 

8 4 . 6 
4 2 6 . 8 
596 .0 

1 1 . 2 C 

6 8 . 6 
1 7 9 . 6 

Half-life ( n sec ) 

V a l u e 

< 4 a 

16 
69 

Г < 3 a 

^ 37 
18 

1 0 . 1 
113 

815 

r 20 
«•109 

7 . 1 

680 
17 
16 

4 

11 
11 
17 

Sigma(%) 

-

(40) 
(20) 

(28) 
(40) 

(11) 
(21) 

(28) 

(33) 
(6) 
(8) 

(6) 
(33) 
(24) 
(25) 

(20) 
(50) 
(10) 

P h o t o n s / 1 0 D f i s s i o n s 

V a l u e 

36 

88 
36 
56 
63 
58 

30 
29 

21 

14 
92 
92 

6 .7 
580 
120 
230 

20 
106 

50 

Sigma(%) 

(50) 

(10) 
(19) 
(50) 
(19) 
(20) 

(12) 
(9) 

(20) 

(31) 
(6) 
(9) 

(8) 
(10) 
(17) 
(25) 

(23) 
(20) 
(15) 
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Mass(amu) 

102 
1 0 2 . 3 4 ± 0 . 3 0 d 

103 
1 0 2 . 5 7 + 0 . 6 4 d 

1 0 2 . 6 3 + 0 . 6 5 d 

1 0 3 . 2 8 + 0 . 0 7 
1 0 3 . 1 7 + 0 . 9 1 

104 
1 0 3 . 8 0 + 0 . 0 7 d 

1 0 3 . 6 4 ± 0 . 0 7 d 

1 0 4 . 2 3 + 0 . 4 9 

105 
1 0 5 . 1 4 + 0 . 7 1 d 

1 0 5 d , e 
1 0 5 е 

106 
1 0 5 . 7 9 + 0 . 4 7 
1 0 6 . 0 4 ± 0 . 8 9 , 
1 0 5 . 6 3 ± 0 . 2 1 d 

107 
1 0 7 . 0 0 ± 0 . 1 2 
1 0 7 . 1 5 + 0 . 1 8 
1 0 7 . 0 3 + 1 . 5 1 

108 
1 0 8 . 2 8 ± 0 . 4 5 d 

109 
1 0 8 . 9 4 ± 0 . 9 6 d 

1 0 8 . 6 3 ± 0 . 3 4 

110 
1 0 9 . 9 5 + 0 . 2 6 d 

1 1 0 . 4 3 ± 0 . 1 5 

111 
1 1 1 . 1 0 ± 0 . 8 7 
I I I е 

112 
1 1 1 . 8 0 + 0 . 9 1 
1 1 2 . 0 1 ± 0 . 9 6 

E y (keV) 
( ± 0 . 2 keV) 

1 3 . 5 C 

3 9 . 2 C 

6 1 . 8 
163 .9 
2 3 7 . 8 

1 6 . 2 C 

2 8 . 9 C 

141 .2 

6 2 . 6 C 

6 5 . 5 
2 0 4 . 6 

4 2 . 7 C 

7 2 . 1 
7 4 . 8 C 

2 5 . 4 C 

3 5 . 4 C 

1 9 6 . 8 

2 6 . 3 C 

4 2 . 8 C 

2 2 5 . 9 

2 9 . 4 C 

2 2 2 . 0 

2 3 8 . 9 
3 0 3 . 7 

7 4 . 2 
1 8 9 . 2 

Half-life ( n s e c ) 
V a l u e 

271 

4 
12 

4 . 8 
4 

> 3 0 0 0 b 

75 
109 

4 
9 

15 .0 

318 
< 8 a 

10 

1 0 . 5 
166 
200 

7 

17 
890 

16 
7 . 2 

9 
/ 4 . 1 
^ 6 7 

7 8 0 b 

5 .7 

Sigma(%) 

(10) 

(25) 
(10) 
(50) 
(25) 

-
(13) 
(21) 

(40) 
(22) 

(8) 

(16) 

(22) 

(10) 
(14) 
(33) 

(20) 

(20) 
(26) 

(20) 
(5) 

(10) 
(20) 
(32) 

(19) 

P h o t o n s / 1 0 f i s s i o n s 
V a l u e 

1 0 . 9 

200 
131 
409 
145 

>73 
3 6 . 8 

160 

140 
393 

71 

23 
860 
403 

84 
21 
30 

69 

32 
68 

77 
234 

98 
405 

39 

16 
99 

Sigma (7o) 

(10) 

(38} 
(12) 
(30) 
(25) 

_ 
(9) 
(7) 

(30) 
(12) 

(9) 

(15) 
(50} 

(8) 

(10) 
(12) 
(24) 

(15) 

(30} 
(9) 

(12) 
(7) 

(10) 

№ 

IBS 
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E (keV) Half-life (nsec) Photons/10 5 f i s s i o n s 
Mass(amu) (+0.2 keV) Value Sigmaffl Value Sigmaffl 

113 
113.42+0.60d 17.2 55 (11) 22 (21) 
113.45±0.24 85.0C 72 (25) 134 (20) 
114 
114е 373.8 2.5b - 170 (19) 

115 
115d,e 34.8е 65 (50) 
114.88+0.12 38.7е 14 (3) 
114.75+0.26 44.0е 136 (11) 
115.08±0.92 48.6е 10 (17) 
114.97±0.88 52.7е 10 (30" 
114.89±0.79 126.0 30 (15 
116 
115.84±0.96 128.3 <4 a 

117 
116.97±0.92 155.5 7 (20) 

118 
118.20±0.98 174.1 10 (40) 

119 
118.70+0.89 73.5 <7 a 

129 
129.22Ю.91 89.0 60 (9) 
129.21±0.97 120.8 12 (24) 
129.20+0.94 137.8 42 (13) 

131 
131.21+0.92 173.4 560b 

132 
131.96+0.27 85.1 11.4 (13) 
133 
133d'e 34.8 64 (50) 
132.94+0.19 103.2 7*g (19) 
133.39+0.34 1151.1 79 (15) 
134 
134.30±0.18 387.1 90 (28) 84 (12) 

8 
165 
39 
173 
72 
37 

127 

34 

33 

90 

31 
22 
20 

18 

94 

8 
45 
32 
344 

(50) 
(6) 
(9) 
(6) 
(15) 
(10) 

(30) 

(10) 

(20) 

(50) 

(8) 
(10) 
(10) 

(30) 

(8) 

(50) 

(9) 



246 CLARK et al. 

E (keV) Half-life (nsec) Photons/10 5 f i s s i o n s 
Mass(amu) (+0.2 keV) Value Sigma(%) Value Sigmaffl 

135 
134.86±0.60d 17.2 55 (11) 22 (21) 

137 
137.12±0.32 67.9 997 (30) 40 (9) 

138 
138.33+0.26d 29.4d 16 (20) 
138.41H.15 70.2 <9a 

139 
139.34+0.96d 42.8C 17 (20) 
139.15±0.92 218.8 <2 a 

140 
140.0+0.45d 26.3C 7 (20) 
141 
141.28±0.12d 25.4C 10.5 (10) 
143 
143s14±0.71d 62.6C 4 (40) 
143a>e . 65.5 9 (22' 
142.65±0.21d 74.8 10 (22 
145 
144.48±0.07d 16.2° >3000b 

144.64+0.28d 28.9C 75 (13) 
144.97+0.89 48.2 84 (10) 
144.85±0.87 155.0 <2 a 

145.13+0.95 250.4 5.0 (10) 
145.50±0.16 288.0 13.5 (6) 
145е 340.8 7.9 (3) 
144.88 364.2 11.9 (11) 
146 
145.94±0.30d 13.5C 271 (10) 
145.71±0.64d 39.2C 4 (25) 
145.65±0.65a 61.8 12 (10) 
147 
146.64+0.69 26.9 60 (21) 
146.92±0.63 105.2 8 (16) 
148 
148.38±0.08 103.0 <4 a - 328 (6) 

i 

77 
110 

32 
190 

69 

84 

140 
393 
403 

>73 
36.8 
324 
135 
114 
187 
87 
156 

10.9 
200 
131 

21.5 
150 

(12) 
(30) 

(30) 
(30) 

(15) 

(10) 

(30) 
(12) 
(8) 

(9) 
(10) 
(30) 
(8) 
(9) 
(8) 

(10) 
(38) 
(12) 

(10) 
(8) 
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Mass(amu) 

149 
1 4 8 . 8 1 ± 0 . 9 0 
1 4 8 . 9 5 + 0 . 7 6 

150 
1 5 0 . 2 6 ± 0 . 1 2 
1 5 0 . 2 4 + 0 . 2 8 

151 
1 5 0 . 8 5 ± 0 . 9 1 

152 
1 5 2 . 0 7 + 0 . 1 5 

154 
1 5 3 . 6 5 + 0 . 1 2 
1 5 3 . 6 5 + 0 . 6 6 
1 5 4 . 0 5 ± 0 . 9 7 
1 5 4 . 3 2 + 0 . 2 1 
1 5 3 . 9 0 ± 0 . 9 2 

161 
1 6 1 е 

E (keV) 
( ± 0 , 2 keV) 

8 5 . 0 
9 2 . 5 

109 .9 
141 .6 

8 7 . 1 

1 9 1 . 7 

2 2 . 3 
2 9 . 6 
7 1 . 5 C 

1 4 1 . 9 
1 6 9 . 9 

1 6 7 . 8 

Half-
V a l u e 

< 8 a 

12 

5 9 . 2 
594 

< 8 a 

1293 

930 
1470 

788 
1507 
1003 

1500 b 

•life ( n sec ) 
Sigma(%) 

(20) 

(3) 
(18) 

-

(10) 

(6) 
(12) 
(16) 
(23) 
(37) 

-

P h o t o n s / 1 0 f i s s i o n s 
V a l u e 

113 
50 

36 
35 

64 

133 

2 3 . 4 
4 1 . 4 
4 1 
42 
30 

16 

Sigma(%) 

(20) 
(14) 

(9) 
(10) 

(50) 

(9) 

(7) 
(6) 

(10) 
( I D 

(9) 

(20) 

Experimental time resolution prevents accurate half-life de
termination. Lower limit is ~0.1 nsec due to Pb shield. 
Determined from relative intensities in adjacent time bins; 
not varied in computer fit. 
Energy uncertainty = ±0.1 keV from analysis of Si(Li) spectra. 
Tfass ambiguity due to Si(Li) geometry; also listed under the 
complementary mass. 

eComputer fit would not converge properly due to interference 
by gamma-ray in neighboring energy, mass and lifetime region. 

D I S C U S S I O N 

K. SISTEMICH: Many of the /us- isomers we found among the fission 
products of 235U have N = 58, 59. Did you observe a s im i l a r concentrat ion 
of i s o m e r i c s ta tes in this neutron region? 

R. G. CLARK: Yes, ve ry definitely. This feature i s especial ly evident 
in F ig . 11, which shows the f ragment-neutron number dependence of the 
i s o m e r s . 
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H. J. SPECHT: I did not quite understand the interpretation of the 1 = 6 
isomeric states in the even-even nuclei which you have discussed. 

R. G. CLARK: The calculation by Heyde and co-workers (Ref. [25] of 
the paper) was a normal quasiparticle calculation with Gaussian two-body 
interaction and the energy levels were derived using a two-quasiparticle 
basis set. The successful reproduction of the observed transition probability 
for the 6 + -* 4+transition in Xe was obtained by demanding the occupation 
probability of the (lg7/2) proton state to be 0. 5, in agreement with a pure 
shell-model picture. 

M. ASGHAR: The various microscopic calculations seem to show that 
the nuclei around mass number 100 may be "soft" as regards their shape and 
one may expect to find gamma-ray shape isomers (different from the spin 
isomers). You say that your data show some indication of this type of 
isomerism. How sure are you that the retardation of gamma-ray transitions 
is not caused by some factors other than the change of shape? 

R. G. CLARK: The shape isomer hypothesis is only offered as a possible 
explanation. There are other possibilities as well, such as " i " forbiddenness 
causing retardation of Ml transition rates. 

J. B. WILHELMY: Just because nuclei are deformed, they need not be 
soft. We think the 100Zr region is probably a region of rigid deformation. 

In the de-excitation of the prompt products we see all (>90%) of the yield 
of the products going through what we interpret to be the ground state band. 
If there were shape isomers, we would expect some fragmentation of the 
prompt de-excitation between the two bands in the separate wells. 
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Abstract 

MEASUREMENT OF PERTURBED ANGULAR DISTRIBUTION OF GAMMA RAYS FROM THE SPONTANEOUS 
FISSION OF 2s!Cf. 

The angular and energy distributions of the gamma rays emitted by fission fragments from the 
spontaneous fission of Cf were measured using platinum or iron source backing and Nal(Tl) or Ge(Li) detectors. 
The average anisotropy of the gamma rays relative to the direction of fragment flight, expressed as 
A = [1(180°) - I (90°)]/I (90°) is 11 ± 1% in the gamma energy interval 120 keV - 1.5 MeV, and 18-22<7,>at 
energies from 350 to 850 keV if the platinum backing and Nal(Tl) detector are used. For iron backing the ani
sotropy value decreases under the same conditions to 5.2 ± 0.1% at energies from 120 keV to 1.5 MeV and 
to 5.1 ± 0.2% if a magnetic field is applied in the direction normal to the plane of fission in which the fragments 
and gamma rays are being counted. 

Assuming a set of most plausible values for the lifetime of fission gamma rays and for the internal magnetic 
field at the iron site involved, average g-factors for the fission fragments were evaluated from the measured 
attenuation. 

The measurements with the Ge(Li) detector show anisotropies which can be determined for about 30 gamma 
peaks and also the g-factors for specific gamma transitions seem to be evaluable. This work is still in progress. 

INTRODUCTION 

The angular distribution of the gamma rays emitted by fragments from 

spontaneous and thermal-neutron-induced fission has been investigated by several 

groups [l-12] . 

The average angular momentum of the fragments in the direction per

pendicular to that of their flight was evaluated as 'Wn from the anisotropy of 

the angular distribution of the gamma rays relative to the fragment flight. 

The angular anisotropy of the gamma rays can vary with the type of the emitter 

fragments and with the gamma energies p.2] . Consequently the average value of 

the anisotropy and the average angular momentum of the fragments calculated 

from the former by use of various assumptions yield information only on the 

general tendency of these values. 

The perturbed angular correlation measurements show that an attenua

tion effect can arise in the angular distribution measurements due to extra-

nuclear perturbations occurring in the source backing [13]. 

249 
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In fact, for the evaluation of the angular momentum and the magnetic 
moment in specific states of a given fragment nucleus, the energies and angular 
distributions, the lifetimes, spin values and g-factors of the gamma transi
tions between the nuclear levels have to be known. These data, however, are 
only partly available for the fission products. 

In the experiments reported in this paper the effects are studied 
which are produced by an applied magnetic field and by the extranuclear 
perturbations in the source backing on the angular correlation between the 
fission gamma rays and the direction of flight. 

EXPERIMENTAL 

The angular and energy distribution measurements on the gamma rays 
252 from the spontaneous fission of Cf were performed in the first set of 

experiments by using Si semiconductor detectors for the fission fragments 
and a 4x4-inch Nal/Tl/ detector for the gamma rays /see Fig. 1/. The Cf 

PREAMPL. AND FAST DISCR. 

С Ё * 
Si-FISSION 
DETECTORS 

252cf 
Pt or Fe 
BACKING 
y-RAY 
DETECTOR 

FAST DISCR. 

cfh-CT 

H 0 

source was mounted on 
0.2-mm-thick platinum or 
iron backing. One of the 
fission fragments was 
counted by the Si de
tector at 180° or 90° 
relative to the direc
tion of the detected 
gamma-rays, while the 
other fission fragment 
was absorbed by the 
backing and stopped in 
less than 10"^-^ sec. 

The electronic 
equipment is a 3-channel 
fast-slow coincidence 

FIG 1. Schematic diagram 
of the experimental 
arrangement. 

system with a controller dividing the analyser into 4 parts, each comprising 
256 channels which cover the gamma energies from 120 keV to 1.5 MeV at the 
two angular positions and in accordance with the changes in the direction of 

252 the applied magnetic field. The Cf source is located at 5 cm from the 
fragment and at 80 cm from the gamma detector. This spacing, and the ±10-nsec 
time interval set for the prompt peak by the differential discriminator 
coupled to the time-to-pulse height converter, permitted suppressing the fast 
fission neutron and delayed gamma-ray counts. 
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In the same measuring arrangement with the Ge/Li/ detector,the gamma 

-ray analyser was divided into 4x1024 channels covering the fission gamma 

rays with energies from 120 keV to 850 keV. 

The direction of the applied magnetic field in the case of iron 

backing was normal to the fission plane in which the fragments and gamma rays 

were being counted. 

RESULTS 

The angular and energy distributions of the fission gamma rays 

measured with Nal/Tl/ crystal simultaneously at 90° and 180° relative to the 

direction of the outflying fragments showed, for platinum backing, the anisotropy 

value A = 11±1% as averaged over the energy interval of 130 keV - 1.5 MeV. 

The value of A reached 18-22% in the interval 350 to 850 keV, as apparent from 

the anisotropy versus gamma energy curve /Fig. 2/. In the case of iron backing/ 
the anisotropy was found to be lower, i.e. 5.2±0.1% or 10-15% in the energy 

interval from 350 to 850 keV /Fig. 3/. This decrease in anisotropy can be 

attributed to the substantial extranuclear perturbations caused by iron. When 

an external magnetic field was applied to the source with iron backing, the 

anisotropy was estimated as 5.1±0.2% /Fig. 4/. The measured anisotropy versus 

gamma energy curves are shown in Fig. 5. 

The value of the attenuation due to iron backing permits the average 

g-factor of the fragments to be evaluated by making use of the following 

relationships. 
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FIG.2. Anisottopy versus gamma energy from the measurements with Pt backing. 
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FIG.3. Anisotropy versus gamma energy from the measurements with Fe backing and turned-off external 
magnetic field. 
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i 
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i 
2 0 0 5 0 0 1000 1500 
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FIG.4. Anisotropy versus gamma energy from the measurements with Fe backing and turned-on external 
magnetic field. 

The unperturbed angular distributions of the gamma rays can be 
approximated by a function of the form 

W(T>) ̂  1 + b2 cos2& 

while the angular distribution function perturbed by an applied magnetic field 
/this is the case of the iron backing aligned by an external field/is given by 

w(i>V±B) "v 1 + — j — ш- cos(2#±arctan (2шт)) 
Л+(2шт) 
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FIG.5. Measured anisottopy versus gamma energy. 

If the different fragments are exposed to a magnetic field the direction of 
which is assumed to be randomly distributed /this is the case of the iron 
backing with the external magnetic field turned off/, the distribution func
tion can be described as 

W(*,B) ъ 1 + 2шт 
2шт cos2i> 

where * is the angle between the directions of the fragments and the gamma 
-rays and шт is the angle of rotation which is related to the parameters 
/g-factor, lifetime т and internal magnetic field B/ as 

n Вт 

Thus, for the evaluation of the g-factor, the lifetimes of the gamma transitions 
for fission fragments and the value of the internal magnetic field at the iron 
site at which the fragment has been stopped have to be known. 
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Choosing a set of most plausible values inferred from reported data 
[14, 15] for the lifetime and the internal magnetic field involved, the average 
g-factor of the fragments «as calculated. The results of these calculations 
are presented below. 

T Csec) 

IG"9 
SxlcT10 
10-9 

5xl0~10 
10-Ю 

B(G) 

5xl05 
5xl05 

106 

106 
106 

g 

0.15 
0.3 
0.07 
0.15 
0.77 

The angular and energy distributions were measured also at the angles 
of 45° and 135° relative to the direction of fragment flight and the intensity 
and energy distributions of the gamma rays were observed while the direction 
of the applied magnetic field was varied up and down. The agreement between 
the counts and the energy spectra was considered to be an adequate test of 
the experimental equipment. In our case,there is a complete symmetry relative 
to the plane normal to the direction of the fragment flight, thus, direction of 
angular rotation of the angular momenta and the magnetic moments could not be 
determined. 

In the experiments with Ge/Li/ detector the measurements show very 
complex Y-spectra. Moreover some of the gamma lines appear above a large con
tinuous background which makes the evaluation difficult. Preliminary estima
tions were made and the anisotropy values were determined for about 30 lines 
obtained with platinum backing. The variations in the intensities of these 
lines with the magnetic field applied up and down were measured at 45° and 
135° in the case of iron backing. 

The estimations of the g-factors of the gamma transitions in the 
specific fragments are in progress. 

Strong magnetic fields due to non-compensated electron spins can be 
induced at the fragment nuclei flying in vacuum and thus unable to pick up 
electrons. For this reason measurements are made to study the effect of strong 
Ionisation on the angular momentum alignment of the fission fragments. The 
fission gamma angular distribution is measured by letting the detected fragments 
fly through a gas at different low pressures or through VYNS foils of different 
thicknesses. In this way the counted fragments can pick up electrons and the 
perturbation of the magnetic field of non-compensated electron spins can be 
suppressed. 
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DISCUSSION 

H. NIFENECKER: First of all a comment. The study of extranuclear 
effects on the fragments in a vacuum would be very relevant to studies such 
as that of Armbruster and co-workers on the angular anisotropies of gamma 
rays. However, those effects are expected to be small, since experiments 
with stopped fragments and flying fragments give similar values of the ani
sotropies. 

Now a couple of questions. I find it difficult to understand the trend 
shown in your last figure. It appears that the anisotropies are proportionately 
more reduced for high-energy gamma rays than for ~400-keV gamma rays. 
This is contrary to what one would expect. Can you please comment? Also 
I think that the lifetimes you use in computing g-factors are longer than those 
measured by H. Albinsson. Is there a reason for this? 

Gy. KLUGE: The last figure shows preliminary experimental results 
and at the moment we are not able to explain the trend of these curves. 

As far as the gamma lifetimes are concerned, we used a number of 
possible lifetimes for evaluating the average g-factor values. Since the 
internal magnetic field is not very precisely known, these g-factor values 
have been computed only for the purposes of orientation. 
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P. ARMBRUSTER: I have two comments to make. First , the anisotropy 
of gamma emission for fragments stopped in a carbon or platinum backing 
does not differ significantly from the anisotropy measured for fragments 
flying in vacuum. This means the anisotropy is not destroyed by the internal 
fields of the solid backings used or by the internal intrinsic fields of the 
fission fragments. 

Second, the g-factors depend on В and t and neither of these quantities 
is accurately known. Consequently, the values you obtained for g may be 
wrong by a very large factor. 

J. B. WILHELMY: The anisotropy of gamma rays at different energies 
may be affected by.changes in the multipolarity of the predominant radiation 
in the spectrum (being E2 at lower energy and going towards El at higher). 
Such multipolarities will yield different anisotropies. 

It would be good to have data on the anisotropies of transitions from 
fragments stopped in Pb or Cu, which are materials that should maintain the 
initial alignment. 

S.S. KAPOOR: Have you corrected your data for the Doppler effect on 
the gamma anisotropies, to allow for the fact that one of the fragments is in 
motion. 

Gy. KLUGE: No, these data are purely experimental results without any 
corrections. 

H. NIFENECKER: This correction would go the other way, so I do not 
think it could explain those curves. 
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Abstract 

A STUDY OF THE PROMPT ELECTRONS EMITTED FROM INDIVIDUAL FRAGMENTS IN NEUTRON INDUCED 
FISSION. 

A three-parameter experiment has been performed in which the energies of coincident fragment 
pairs and internal conversion electrons emitted within 1.8 ns after the thermal-neutron-induced fission of ж О 
were recorded event by event. The fragment kinetic energies were used for mass identification. The self-
consistency of the values of the electron energy, gamma-ray energy as determined in previous experiments 
and fragment charge, and the agreement with X-ray data, were used to identify the atomic numbers of the 
fragments. Analysis of the spectra has resulted in the assignment of many transitions to new isotopes as 
well as improvement in or confirmation of many assignments from the ^Cf spontaneous fission data. Limited 
information on the multipolarities of the transitions in even nuclei is presented. The relative yield of 
elections per fragment indicates softness to deformation in the mass region 100-110. An examination of the 
2+ to 0+ level systematics of neighbouring even nuclei suggests a transition from vibrational to rotational 
behaviour in the light fragments between neutron numbers 58 and 60. 

1. INTRODUCTION 

There is an increasing interest in the study of nuclei away from the line 
of stability. Such studies help to explore the new regions of nuclear deforma
tions and to extend nuclear theory to regions which were previously inac
cessible. Primary fission fragments, with their large excess of neutrons, 
form a special class of such nuclei. Moreover they cover two very significant 
regions of nuclear deformation. The study of their nuclear properties is 
therefore of considerable interest. 

Experimental studies of the de-excitation of the primary fission fragments 
are somewhat complicated by the fact that there is no way to study any one 
isotope without interfering radiation from numerous others formed in fission. 
However it is possible, using present-day techniques, to measure simultane
ously the energy of the fission fragments as well as the energy of any radiation 
emitted by the fragments for individual fission events. Considerations of 
momentum and mass conservation then enable one to obtain the mass of the 
fragment giving rise to the radiation. Experiments of this type have been 
performed to study the gamma rays [1, 2] and conversion electrons [3 ] from 
the fragments of 252Cf (sf). It was thought desirable to extend these measure
ments to thermal-neutron-induced fission firstly to investigate nuclei whose 

257 
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yield in the spontaneous fission of 252Cf is low and secondly to obtain more 
information on the mass region accessible to both 252Cf (sf) and 235U (n, f) 
and compare the results of the two fissioning systems. The first experiments 
were concerned with the spectra of gamma rays from the fragments produced 
in 235U (n, f) [4,5] . In the present experiment we have investigated the 
spectra of internal conversion electrons associated with intervals of fragment 
mass . These investigations are complementary to the gamma-ray measure
ments and, moreover, provide information on the important low-energy transi
tions in the regions of nuclear deformation. An attempt has been made to 
obtain the spectra with high enough resolution to obtain K/L ratios of the 
strongest transitions and thus assign multipolarities to them. By comparing 
the electron line energies with the energies of the corresponding gamma rays, 
assignment of the charge of the fragment was in many cases possible. The 
complete experimental procedures as well as the detailed results of the 
gamma-ray and conversion electron experiments are given elsewhere [ 5] . 
The present paper is concerned with some of the main features of these 
results and their bearing on current theories. 

FRAGMENT DETECTOR 2% 

U2 3 5 TARGET. 

FRAGMENT DETECTOR 1. 

NEUTRON BEAMV 

POLE PIECE-

ELECTRON 
TRAJECTORY 

,COLD FINGER 

• LEAD SHIELD 

^CALIBRATION 
SOURCE 

ELECTRON 
DETECTOR 

FIG.l . Schematic diagram of the experimental arrangement. 
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2. EXPERIMENTAL PROCEDURE 

The experimental arrangement is shown in Fig. 1. A well-collimated 
beam from the FR-2 reactor impinged on a 100-Mg/cm2 target of 235U. The 
energies of the fission fragments were measured by two silicon surface 
barr ier detectors. The internal conversion electrons emitted by one of the 
fragments during the first 1. 8 cm of its flight were focused onto a 
200 mm2 X 2 mm-thick ion implanted detector by means of a magnetic field. 
The magnetic field steered the electrons around the lead shielding which 
protected the electron detector from the high fission correlated background. 
The electron detector, which was operated at liquid nitrogen temperatures, 
had a resolution of 3 keV in the region of interest. The angles of emission 
of the electrons with respect to the fragment flight path were restricted to 
around 90°. The serious losses of energy resolution due to Doppler 
broadening by the moving fragments were thus mitigated at the expense 
of a much lower count rate. Since only those electrons within a certain energy 
window were focused on the detector for a particular value of the magnetic 
field, the field was made to sweep back and forth continuously throughout the 
experiment. As the measurements were made over several months, digital 
stabilization was used on all three detectors. At the end of every 24 hours of 
measurement, calibration checks were made for stability and a two-parameter 
experiment was performed to obtain the correlated energies of the two fission 
fragments. This enabled one to obtain the calibration constants of the fission 
detectors as well as the mass yield for the neutron induced fission of 235U. 
The data were processed by procedures described elsewhere f 5 ] and electron 
spectra associated with fragment masses in 2-amu mass intervals were 
obtained. Figures 2 and 3 show two of the mass-sorted electron spectra. 

3. RESULTS 

Some general features of the results may be seen in Fig. 4 which shows 
the relative yield of electrons per fragment. The gross features of the yield 
as a function of mass may be understood in terms of the nuclear deformations 
beyond mass 144, the postulated deformations [б] of neutron-rich nuclei near 
mass 107, and the closed shell properties of nuclei near mass 132. In the 
regions of deformation, with low level spacing in the ground state rotational 
band, one would expect low-energy transitions which are highly converted and 
therefore high electron yields as seen in the yield curve. There also appears 
to be evidence of softness to deformation around mass 100. This is of 
interest in view of the calculations of Arseniev and co-workers [7 ] which 
predict deformation in this region, 

A total of 131 lines have been analysed in the mass-sorted electron spectra 
out of which 63 belong to the light and 68 to the heavy fragments. The details 
of their energy, mass and charge assignments are given elsewhere [5] . The 
electron energies in the present experiment are estimated to have an error 
of ± 1 keV. The masses of the fragments were determined from the centroid 
of a plot of electron peak intensities as a function of mass [3] , 

Two complementary procedures were adopted to determine the charge 
of the fragments: (1) The results of the present experiment were compared 
with the work of Hopkins and co-workers [8, 9 ] . In their two-parameter 
experiment they have studied gamma rays in coincidence with X-rays from 
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FIG.4. The relative yield of internal conversion electrons as a function of fragment mass. 

the stopped fission fragments of 252Cf. The energies of a large number of 
low-energy gamma rays are obtained and the coincident X-ray is used to 
restr ict the charge of the fragment to a pair of complementary elements. In 
the present work, conversion electrons from only one fragment are observed 
and the spectra are sorted according to fragment mass. The procedure then 
was to calculate the K-electron energies from the gamma-ray energies of 
Hopkins and co-workers using the binding energies of both the proposed 
elements. By comparing the calculated К-line energies with the observed 
electron lines it was possible to ascertain the charge of the fragment as 
well as to assign a mass number to it. (2) As a further check on the above 
procedure and for those electron lines whose corresponding gamma rays were 
not observed in the work of Hopkins and co-workers, the binding energies of the 
elements arouhd the most probable charge were used to calculate the corres
ponding gamma-ray energies forthe electron lines observed. The results were 
compared with the energies of gamma rays measured in previous three-para
meter gamma-ray experiments [5], and the element with the binding energy 
which gave the best fit was assigned. 

Although a large number of lines have been assigned to the non-even 
nuclei [5] , the present paper is concerned with transitions in the even nuclei 
and their bearing on current theory. Figures 5 and 6 show the mass and charge 
assignments for a number of lines which appear to be from the ground state 
rotational bands of even nuclei. Apart from the indications from their mass 
and charge assignments, several other features confirm their assignment 
to even fragments. For example, the relative intensities of the lines assigned 
as 2+ -» 0+, after corrections for internal conversion, were found proportio
nal to the independent yields of the assigned isotopes. This is to be expected 
since nearly all the de-excitation in the even fragments is channelled through 
the 2+ -*• 0+ transitions. Confirmation for the assignments is also provided 
by the K/L ratios observed, which are consistent with E2 transitions. In the 
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l ight fragment group, where the K/L r a t io s a r e l e s s unambiguous, the s t rong 
e lec t ron conversion of the l ines fur ther indicates E2 t rans i t ions since the 
conversion coefficients for E2 t rans i t ions a r e approximately five t imes higher 
in this region as compared with Ml and E l . Many of these t rans i t ions have been 
observed in the 252Cf (sf) exper iments of Cheifetz and co -worke r s [ 1 , 2 ] . The 
p resen t 235U (n, f) m e a s u r e m e n t s support the i r proposed ass ignments and the 
observed K / L r a t i o s provide additional confirmation. 

4 . DISCUSSION OF RESULTS 

An in te res t ing aspect of the p resen t r e s u l t s is the i r re la t ionship to the 
deformed region in the light fragment group. Of pa r t i cu la r in te res t i s the 
region of t rans i t ion from spher ica l to deformed nuclei . The f i rs t 2+ l eve l s 
of the even nuclei around the region of postulated deformation a r e shown in 
F i g . 7, which is based on p resen t r e s u l t s and previous determinat ions [10 ] . 
Also plotted a r e the values of (E2+) c t i t - (= 13fr2 / j? r i g i d ) . This quantity 
is proposed as an approximate c r i t e r ion for deformation by Adler and 
co -worke r s [11] . According to this c r i t e r ion , nuclei having E2+ > (E2+ )crit_ 
a r e to be a s sumed spher ica l and those with E2+ < (E2+ )cri t_ deformed. 
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If strong charges in the energy of the first 2 + levels may be regarded as 
indicative of transitions from vibrational to rotational modes and of a strong 
change in nuclear softness, then it appears that this transition occurs between 
neutron numbers 58 to 60 for the light fragments. This conclusion is also 
supported by the (E2+)crit. criterion. Furthermore, although the transition 
in nuclear behaviour is analogous to that observed in the heavy fragment region 
between neutron numbers 88 and 90 [2 ] , in the light fragments it is far more 
drastic. The most striking case is that of the zirconium isotopes (Z = 40) 
first observed by Cheifetz and co-workers [1 ] . The energy of the first 
2+ level changes from 1223 keV for 98Zr to 213 keV for 100Zr. In the neigh
bouring Mo (Z = 42) and Sr (Z = 38) isotopes, the changes in the first 2+ level 
energies between N = 58 and 60 are much less abrupt and in Ru ( Z = 44) the 
transition to rotational behaviour is relatively smooth and gradual. Sheline 
and co-workers [12] have recently suggested that the drastic changes in nuclear 
characteristics in the Zr and Mo isotopes may be due to a highly deformed 
secondary minimum (associated with the deformed shell structure at Z = 40) 
which moves down in energy with increasing N and becomes the ground state 
minimum at N = 60. Present results suggest that the behaviour of the Sr 
isotopes in the transition region may be similarly interpreted. 

One transition of particular interest is the 2+ -> 0+ transition in 98Sr. 
The yield of this Sr isotope is very low in 252Cf (sf) but in 235U (n, f) it is 
produced in more significant quantities. The transition is of importance firstly 
because the change from 96Sr to 98Sr is across the transition region 
(N = 58 to 60) and secondly because the calculations of Arseniev and co
workers [ 7 ] predict that the strongest deformations should be in the heavier 
isotopes of strontium and it is of interest to compare the results with their 
predictions. 

In the present experiment an electron line of energy 177 keV has been 
assigned to mass 98 ± 1 amu. The line appears to be the 2+ -> 0+ transition 
in 98Sr, firstly because a corresponding gamma-ray line at 193 keV and mass 
98± 1 has also been observed in the complementary gamma-ray experiment 
[5] whose energy is in agreement with the assignment of the electron line to 
Sr and secondly because the relative intensity of the line was found compatible 
with its being the 2+ - 0+ line in 98Sr. 

At present the only information about the structure of 98Sr is the energy 
of the first 2+ level, if the proposed assignment is valid. Nevertheless, 
considerable understanding of the behaviour of a nucleus may be obtained by 
means of a number of indicators based on the energy of the first 2+ level. 
It is therefore of interest to compare such indicators for neighbouring 
transition nuclei ( i . e . nuclei with N = 60) in the light fragments. Three such 
indicators have been used. The first indicator is the deformation parameter 
X[ = (79.51/E2+) X (158/А)5/з] which gives an approximate mass-independent 
comparison of the energies of the first 2+ states using the deformed nucleus 
158Gd as a comparison. The second indicator used is a relative value 
of the deformation ß' extracted from the centrifugal stretching model 
of Diamond and co-workers [13 ] in which the moment of inertia У 
is assumed to be equal to 3B J32 . The final indicator is the energy 
difference between E2+ and (E2+) crit< mentioned above. The values of these 
indicators for the four neighbouring transition nuclei and 158Gd are given in 
Table I. Also given are the theoretical values of the deformation 8 from 
the calculations of Arseniev and co-workers [7 ] , where the negative 
sign implies oblate deformations. 
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An examination of Table I shows that the values of the deformation indi
cators for the nuclei in the postulated region of deformation in the light frag
ments are quite comparable with the values for158Gd, which is known to be 
a good example of a deformed nucleus in the rare earth region. Further
more, all three indicators suggest that of the four transition nuclei 98Sr has 
the strongest tendency towards deformation, the tendency decreasing monoto-
nically as one moves towards 104Ru. This is in good agreement with the 
predictions of Arseniev and co-workers and, in particular, the values of ß' 
derived from the centrifugal stretching model are very similar in magnitude 
and variation to the values for ß predicted by Arseniev and co-workers. How
ever, the actual values of ß, for those nuclei whose B(E2) values are avail
able 11, 14 ] , are somewhat higher in magnitude. 

5. CONCLUSION 

The internal conversion spectra have made it possible to investigate the 
highly converted low-energy transitions and thus study the behaviour of nuclei 
in the regions of deformation. 

Moreover the experiments have demonstrated the possiblity of the study 
of the structure of fission fragments using neutron induced fission. By using 
233U (n, f), mass regions which partly overlap those reached in (t, p) reactions 
could be investigated. Thus a large and continuous region on the neutron-
rich side of the stability line is open to investigation. 
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Abstract 

CALCULATIONS OF THE CRITICAL ANGULAR MOMENTUM IN THE ENTRANCE REACTION CHANNEL. 
A dynamic model, based on the force equilibrium concept, is proposed to estimate the critical angular 

momentum in the entrance channel for reactions between complex nuclei. The ion-ion force is derived from 
simple surface-energy considerations. Good agreement with the experimental data on complete-fusion 
cross-sections is obtained. 

It is shown that, with the exception of heavy target nuclei, the equilibrium properties of the compound 
nucleus do not limit the cross-sections for complete fusion. A much stronger limitation, corresponding to lower 
angular momenta, arises in the entrance reaction channel before the compound nucleus can be formed. 

For a particular compound system the critical angular momentum depends on the combination of target 
and projectile used for the production of this compound system. The calculated critical angular momenta are in 
good agreement with results of the experiment reported by Zebelman and Miller who measured the complete-
fusion cross-sections in three different reactions leading to the formation of the same compound nucleus with the 
same excitation energy. 

The critical angular momenta, acting in the entrance reaction channel, are calculated for all possible 
combinations of the target and projectile. It is shown that the cross-sections for complete fusion are drastically 
limited in the entrance reaction channel, especially for heavy colliding systems. Heavy compound nuclei in 
the region of the proposed "island of stability" around Z = 114, N = 184 can be produced only with very asymmetric 
combinations of target and projectile. It is suggested that the use of ^Ca as a projectile and neutron-rich targets 
like ^'Crn or ffi2Cf may be the most promising choice (among the conventional fusion reactions) to reach at 
least the neutron-deficient side of the "island". 

The complete text of this paper has been published as: 
WILCZYNSKI, J . , Nucl.Phys.A216 (1974)386. 

DISCUSSION 

F. PLASIL: I agree with Mr. Wilczynski that in many cases the 
probability for the formation of the compound nucleus is governed by entrance 
channel considerations. In Pig. A (Pig. 4 of the paper) however, a curve for the 
zero fission barr ier (Bf = 0) taken from calculations done by Cohen, Swiatecki 
and myself was shown, and the implication was that the curve does not 
compare well with experimental data. The Bf = 0 curve is not expected to 
compare with experimental measurements of compound nuclei that survive 
de-excitation (evaporation residues), because fission is expected to compete 
with particle emission when Bf is small, well before Bf = 0. Calculations 
that consider the competition between fission and particle emission for all 

* On leave from the Institute of Nuclear Physics, Cracow, Poland. 
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values of Bf were done by Blann and myself. When our calculations are 
compared with experimental results for evaporation residue cross-sections, 
the picture is much more favourable than shown in Fig. A. 

J. WILCZYNSKI: I should explain that when we talk about the cross-
section for complete fusion we take into account both contributions — the 
evaporation residue cross-section and the fission cross-section. If you 
assume that the fusion cross-section is limited by the equilibrium properties 
of the compound system, then the sum of the two components a (evaporation) + 
a(fission) should correspond to the angular momentum limit for Bf = 0. In fact, 
experimental data show that the limit is much lower. The experimental data which 
have been taken for the comparison contain both parts of the fusion cross-
section. The a(fission) component was either measured independently or 
calculated. In many cases (especially at low energies and for light colliding 
systems) the contribution of cr(fission) is estimated to be very small. 

J. R. NIX: I feel that your approach needs refining in three areas. 
First of all, the introduction of the finite range of the nuclear force would 
lead to a shift in the distance between the nuclear surfaces at which the 
maximum in the interaction barrier occurs. As shown by Krappe, this 
distance decreases for heavier systems because of the larger Coulomb 
repulsion relative to nuclear attraction. Secondly, as Sierk shows1, when 
additional shape coordinates are introduced, heavy nuclei frequently undergo 
fission even after the system has passed over the maximum in the interaction 
barr ier . Thirdly, the transition in the moment of inertia of the system from 
its two-point-mass value before interaction to a larger value, after the 
nuclei have fused, should be included. This last point is being studied by 
Tsang and Swiatecki at Berkeley. 

SIERK, A.J. , NIX, J.R., Paper IAEA-SM-174/74, these Proceedings, Vol.2. 
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H. NIFENECKER: This is a very naive question, I am afraid, after 
such an illuminating talk. I understand that in your model you assume the 
radial velocity to be zero, when the two nuclei are touching. Is this the 
case and, if so, what is the justification for this assumption? 

J. WILCZYNSKI: This is a very important point. If £CIit is significantly 
smaller than the angular momentum for peripheral collision, the radial 
component of relative velocity (at the touching point) will differ from zero 
in a wide range of the i-values. However, we can assume that the motion in 
radial direction is very quickly damped due to the compression of nuclear 
matter in the area of overlap. Now the problem arises as to how the ion-ion 
force depends on the radial component of the relative velocity. In the model 
presented here it is assumed that the ion-ion force is energy-independent. 
Of course, this is a very rough assumption. We know from the heavy-ion 
scattering experiments (I mean from the measurements of excitation func
tions) that the real part of the optical potential increases slightly with 
energy. This implies that the critical angular momentum should also increase 
with energy. In fact, such an effect was observed experimentally by Natowitz. 

J. B. NATOWITZ г With regard to Plasil 's comment concerning the 
validity of comparisons between the Wilczynski calculations and the reported 
fusion cross-sections for the light elements, I would agree that the com
parison should be made with complete-fusion cross-sections, which include 
all fusion processes regardless of the subsequent decay modes. We should 
note, however, that Blann and Plasil 's model predicts very large fission 
cross-sections for the light elements, even when corrected for non-fusion 
reactions. But the experimental evidence is that the fission cross-sections 
are in fact much lower than calculated and therefore the available cross-
sections based upon evaporated residue detection should be very close to the 
actual fusion cross-sections. 

F. PLASIL: Apart from uncertainties in the parameters that could be 
considered adjustable, such as the level density parameters af and an , it 
should be stressed that we calculate primarily the cross-section for evapor
ation residues, that is to say compound nuclei that survive de-excitation 
by particle emission. Values for the actual fission cross-sections from our 
calculation can be believed only if the compound nucleus cross-section is 
known. If a large fraction of the total reaction cross-section does not involve 
compound nucleus formation, then the calculated fission cross-section 
will be small. This point is made in our paper on neon-induced fission of 
silver2. 

2 PLASIL, F. . FERGUSON, R.L., PLEASONTON, F . , Paper IAEA-SM-174/71, these Proceedings, Vol.2. 
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Abstract 

DYNAMICS OF FISSION AND FUSION WITH APPLICATIONS TO THE FORMATION OF SUPERHEAVY NUCLEI. 
Within the framework of the liquid drop model various aspects of the dynamical evolution of nuclei 

are studied: the effects of viscosity on the separation of fission fragments, the fission of very large nuclei, 
and the fusion of two heavy ions. The effect of viscosity on the post-scission motion of fission fragments 
is calculated by assuming an irrotational flow pattern in spheroidal fragments. As the viscosity increases from 
0 t o » , the fission fragments remain prolate for a longer time, which increases the post-scission fragment 
kinetic energy. This increase is about 13 MeV for the symmetric fission of 236U. 

The dynamical path is calculated from an initially spherical configuration to scission for nuclei with 
fissility parameter x between 1.0 and 1. 6 by use of the three-quadratic-surface shape parametrization. 
The inertias are calculated by means of the Werner-Wheeler approximation for irrotational flow. The motion 
is assumed nondissipative. As the Coulomb energy increases, the scission configuration becomes more and 
more elongated. As a specific example, the evolution of an initially spherical416184 nucleus, formed from 
two 238U nuclei, is calculated. It has been suggested that this system might form a superheavy nucleus by 
asymmetric fission. At scission the calculated length of this nucleus is about 14 times the diameter of the 
initial sphere. This result indicates that the nucleus would probably fission into three or more fragments if 
this were allowed by the shape parametrization. To complement this calculation, the static potential 
energy of two tangent spheroidal fragments of the 476184 nucleus corresponding to 3 M116 and l76Er is computed. 
Configurations stable against fission of the 30l)116 nucleus have an energy over 100 MeV higher than the 
minimum energy of two tangent spheroids and the energy of the scission point in the dynamical calculation. 
Single particle effects lead to a small local minimum in the potential energy near the spherical heavy 
fragment with a barrier of about 4 MeV against prolate distortions. It is concluded from these results that 
the fusion-fission reaction of very heavy ions is not likely to produce superheavy nuclei. 

The fusion reactions of two initially spherical tangent nuclei at various incident energies above the 
interaction-barrier height are studied. These calculations also do not contain viscosity and use the same 
shape parametrization as the fission study. This parametrization is deficient in that for most cases one is 
unable to follow the evolution to the point where the nuclei refission. The amount of incident energy 
necessary for symmetric systems to fuse to a configuration more compact than the liquid-drop-model saddle-
point shape is calculated as a function of the fissility parameter x. As specific examples, the symmetric 
reactions u0Pd + "°Pd and 238U + 238U are considered. 

1. INTRODUCTION 

We have already seen in this symposium that dynamics plays an important 
role in many phenomena in fission and heavy-ion reactions. These include 
the division of the total energy released in fission into fission-fragment 
kinetic energy and internal excitation energy, and the amount of incident 
kinetic energy needed to cause fusion in a heavy-ion reaction. 

This work was performed under the auspices of the US Atomic Energy Commission. 
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The most fundamental way to study nuclear dynamics is of course to use 
a microscopic approach, as discussed earlier by Pauli [1] and others. How
ever, because of the large amount of computing that is required, it is not 
yet feasible with such approaches to solve the equations of motion for the 
time evolution of the system. We therefore use a much simpler macroscopic 
approach, where the dynamics is treated in terms of classical hydrodynamical 
flow. Previous studies of this type [2-4] have been limited primarily to 
nonviscous irrotational flow and have been applied only to the fission of 
nuclei with fissility parameter x less than 1.0. (The fissility parameter 
is defined as the ratio of the Coulomb energy of a spherical sharp-surface 
drop to twice the spherical surface energy.) Natural extensions of this 
earlier work include the introduction of nuclear viscosity, the fission of 
heavier nuclei, and the study of fusion reactions. Certain aspects of these 
three extensions are considered in Sees. 2, 3, and 4, respectively. 

In calculating the potential energy of the system, we include only the 
surface and Coulomb energies of the liquid-drop model. Although single-
particle corrections to the potential energy are important in many specific 
phenomena, they have a small influence on the average trends of dynamical 
effects over the broad region of nuclei that we are considering. The equa
tions of motion are solved classically because the DeBroglie wavelength of 
the motion is usually much smaller than distances over which the potential 
energy changes by an appreciable amount. Furthermore, we do not yet know 
how to incorporate dissipative effects into a quantum-mechanical equation of 
motion. 

For small deformations, corresponding to the ground state and the re
gion of the fission barrier, we know that the true nuclear inertia is sev
eral times the value corresponding to classical hydrodynamical flow, and in 
this region the treatment of nuclear dynamics in terms of classical hydro
dynamical flow is seriously deficient. However, for larger distortions, 
such as those in the later stages of fission or near the point of first 
touching in heavy-ion reactions, experimental values for inertias are poorly 
known, and values calculated by use of the cranking model are close to the 
irrotational-flow values. This suggests that a classical hydrodynamical 
treatment may be sufficiently accurate for these larger distortions. 

There are two general methods for computing hydrodynamical flow. One 
method is to solve the complete Navier-Stokes equations for a viscous fluid 
by means of finite-difference numerical techniques. A faster but more lim
ited approach is to describe a nuclear shape by a small number of coordi
nates and to follow the time evolution of these coordinates. There have 
been some attempts in nuclear physics to use the first method but no re
sults have appeared yet. We choose the second method because of its rela
tive simplicity. 

Because we are interested in both fission and fusion reactions, we 
choose a shape parametrization that describes shapes occurring in both pro
cesses. The shapes are restricted to axial symmetry and are formed by con
necting smoothly two end spheroids with a central quadratic surface, which 
may be either a spheroid or a hyperboloid of revolution. This parametriza
tion contains three symmetric and two asymmetric degrees of freedom, but is 
limited by not being able to describe either multi-fragment fission or many 
shapes encountered in heavy-ion fusion. However, even with these restric
tions, we are able to learn several interesting properties of fission and 
fusion reactions. 
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2. EFFECTS OF VISCOSITY ON THE SEPARATION OF FISSION FRAGMENTS 

One of our primary objectives is to study the effect of viscosity on 
nuclear dynamics. We introduce viscosity by means of the Rayleigh dissipa
tion function 

where q. is the time derivative of the shape coordinate q. and where Л.. 
is an element of the viscosity tensor. The viscosity tensor, which is a 
function of the nuclear shape, is calculated by equating 3s to one-half the 
rate of energy dissipation from collective modes to internal energy. The 
equations of motion become the generalized Lagrange equations 

33 d_ (b£ \ = 9 £ _ _ЭЗ> dt \bij 4t " 3q 
where the Lagrangian £ = T - V is also a function of q^ and q^ . The ki
netic energy is T, and V is the potential energy. The introduction of vis
cosity adds to the equations of motion terms linear in the first time deriv
atives of q. Most of the inertial effects are included in terms containing 
second time derivatives of q, while the generalized forces are described 
primarily by terms involving the zeroth time derivative of q. 

Eventually we plan to solve the equations of motion with viscosity in
cluded for the descent from the saddle point to scission. Then by comparing 
the calculated most probable fission-fragment kinetic energies with experi-. 
mental values, we should be able to deduce an average value for the coeffi
cient of nuclear viscosity appropriate to large distortions, which is poorly 
known at present [5]. 

We have not yet computed <? for our full parametrization but have stud
ied instead the separation of two viscous fission fragments constrained to 
spheroidal shapes. Although we are able to treat a more general case (un
equal fragments rotating in a plane formed by their symmetry axes), we pre
sent here results corresponding to the separation of equal collinear frag
ments. In this case the coordinates of interest are the center-of-mass 
separation r and the semi-symmetry axis с of the spheroids. The frag
ments are taken to be initially at rest in the configuration of tangent sphe
roids of minimum potential energy. The inertia and viscosity tensors are 
calculated by assuming incompressible, irrotational hydrodynamical flow. 
This approximation is discussed in the appendix. 

The equations of motion for the symmetric spheroids are 

P. 
_ _ 3V 

г Эг 
and 

3 V ^ c 2 d M c W 0 3 № c 

Э с 2М 2 d c M c 2 

с с 
where the two conjugate momenta are p = M f and p = M с and where 
the two elements of the diagonal inertia tensor are 

and 
M = - M-г Д 0 

M c = iv i + i ( V c ) 3 ] 
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The quantity M_ is the mass of the original spherical nucleus, Rn is its 
radius, and u is the coefficient of nuclear viscosity. 

We show in Fig. 1 the center-of-mass separation r and the fragment 
elongation a of two symmetric fragments resulting from the fission of a 
nucleus with fissility parameter x = 0.7. The points are given at equal 
time intervals for varying values of viscosity. The coordinates r and a 
[6] are generalizations of r and с which are useful for the more complex 
shapes that we consider later. If we bisect a reflection-symmetric shape at 
its center and define < f > as the average value of the function f ove^ 
one-half the mass distribution, then r = 2 <z > and a = (<z2> - <z > 2 ) 2 . 
For two separated spheroids, a is exactly c/v5 . 

[2,3] 
In Figs. 1 and 2 the viscosity is given in terms of the natural unit 

^0 =[M0 
ДО) 

When the second set of liquid-drop-model constants of Myers and Swiatecki 
[7] is used for a nucleus with fissility parameter x = 0.7 along Green's 
approximation to the line of beta stability [8], the resulting value is 
P0 = 6.73 x 1017 MeV sec cm-3 = 1.08 x 1 0 n gm cm"1 sec-1 (poise). It is 
worth noting that a direct comparison of the magnitude of nuclear viscosity 
with that of familiar macroscopic systems is misleading because of scaling 
effects. 
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FIG.l . Calculated fragment elongation о and centre-of-mass separation r for spheroidal fission fragments 
for a nucleus with fissility parameter x = 0.7. The coordinate о is c/vT, where с is the semi-symmetry 
axis of the spheroidal fragments. The paths are plotted at equal time intervals of 0.4 T0 « 1.8 x 10"22 sec 
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FIG. 2. Calculated change in fragment kinetic energy due to viscosity as a function of the fissility parameter x 
for spheroidal fission fragments. The energy change is plotted as [E(ji) - E(0)]/Ep where Щ> is the surface 
energy of the original spherical nucleus. The natural unit of viscosity is (j0 = [M0 E^] 4 Rjz. 

The effect of viscosity on this system, as shown in Fig. 1, is qualita
tively similar to that on a one-dimensional harmonic oscillator. For small 
values of viscosity, the shape oscillations continue with damped amplitude. 
As the viscosity increases to a critical value, the fragments approach 
spherical shape nearly exponentially. For very large values of viscosity 
the fragments approach the spherical shape much more slowly. 

We show in Fig. 2 the change in post-scission kinetic energy relative 
to nondissipative motion for fragments with different amounts of viscosity. 
Because two prolate spheroids have a higher Coulomb interaction energy than 
two spheres with the same center-of-mass separation, the kinetic energy for 
very viscous fragments is larger than that for no dissipation. For small 
values of viscosity, the fragment energy is less than that for no viscosity 
because of the increased time the system spends with a significant oblate 
deformation relative to the time with a prolate shape. 

3. FISSION OF VERY LARGE NUCLEI 

Heavy-ion reactions that might produce superheavy nuclei lead to sys
tems with fissility parameter x greater than 1. It is therefore important 
to know the fission properties of such systems, which are already being pro
duced in heavy-ion reactions. 

We calculate the dynamical evolution of nuclei with x greater than 
1.0 by use of the three-quadratic-surface shape parametrization. The ef
fective masses for irrotational flow are calculated by means of the Werner-
Wheeler method, where the flow is approximated by circular layers of fluid 
which move along the symmetry axis and change their radii but do not lose 
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Fissility Parameter x 

FIG.3. Calculated division of the energy in fission for idealized nonviscous nuclei as a function of the 
fissility parameter x. The total energy available is the sum of the energy release Eie[ and the fission-
barrier height Bf. This energy is divided into pre-scission translational kinetic energy, post-scission translational 
energy, and fragment vibrational (excitation) energy at infinite separation. The results for x < 1 are taken 
from Ref. [3]. 

their disk-like shape [2,3]. Viscosity is not included. The initial condi
tions correspond to starting at a spherical shape with zero kinetic energy 
(at t = - °°). In Fig. 3 we show the division of the energy released in fis
sion as a function of x. The energy is divided into translational kinetic 
energy (acquired before and after scission) and deformation energy of the 
fragments at infinite separation. The Coulomb forces cause an increase in 
deformation energy at scission for large values of x, with more than half 
of the energy release going into deformation energy for x greater than 
1.42. However, this large deformation energy is partly a result of our 
method of parametrizing the nuclear shape. Since we restrict the system to 
binary fission, it cannot reduce its large deformation energy by fissioning 
into three or more fragments. 

As a specific example, we consider the 1,76184 system, which can be 
formed from the fusion of two 238U nuclei. We investigate this problem from 
two complementary points of view: the dynamical evolution of an initially 
spherical *7$184 nucleus, and the static potential energy as a function of 
fragment deformation for two tangent spheroidal fission fragments from the 
same nucleus. 

In Fig. 4 we present the sequence of shapes followed by an initially 
spherical 184 nucleus with 1 MeV of energy in the fission degree of free
dom at time intervals of 10~21 sec. The Coulomb forces cause a very large 
fragment elongation, to a maximum length of more than 14 times the initial 
diameter of the sphere. This fact suggests that multi-body fission would 
occur in a less restricted shape parametrization. The fission of a 6U 
nucleus, started from the liquid-drop-model saddle point with 1 MeV of 
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FIG. 4. Calculated sequence of shapes at time intervals of 10"21 sec for the symmetric fission of 416184 
and 236U. The 476184 nucleus is initially spherical and the aeU nucleus is initially at the liquid-drop-model 
saddle point. Both nuclei initially have 1 MeV of kinetic energy in the fission direction. The viscosity is 
zero. The shapes are constrained to binary fission in the three-quadratic-surface shape parametrization. 
The scission configurations are shown dashed. 

kinetic energy in the fission direction is also shown in Fig. 4 for compari
son with the result for 't76184. The inclusion of viscosity in these cal
culations could cause the results to change significantly. In particular, 
large viscosity might cause the fragments to be much less elongated at 
scission. 

In Fig. 5 we show a potential-energy map for two tangent spheroids, 
where the coordinates are the ratios c/a of the semi-symmetry to the semi-
transverse axes for the two fragments. The energies are calculated by use 
of the droplet model [9], which contains primarily surface and Coulomb ener
gies, but also includes higher-order corrections in A-a 3 and [(N-Z)/A]2 

than are retained in the liquid-drop model; the constants are taken from the 
January 1973 analysis of Myers and Swiatecki [10]. The two fragments are 
taken to be 300116 and 176Er, a division which approximately conserves the 
charge density of the If76184 parent system. The minimum energy of the sys
tem with the heavy nucleus spherical corresponds to a light-fragment semi-
axis ratio c/a = 12.6 and is 126 MeV higher than the absolute minimum-
energy configuration. This latter configuration corresponds to a light-
fragment semi-axis ratio c/a = 2.1 and a heavy-fragment semi-axis ratio 
c/a = 11.9. Both of these minima are artifacts of the spheroidal shapes 
chosen, as the fragments would undergo fission if allowed to form a neck. 

In Fig. 6 we show the potential energy of the tangent spheroids as a 
function of deformation of the superheavy fragment with the light fragment 
held fixed at the semi-axis ratio c/a =12.6. To the droplet energy we add 
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Ratio of Semi-Axes (c/a) for ||6 

FIG. 5. Static potential energy of tangent spheroidal fragments calculated in the droplet model as a function 
of the ratios c/a of theirsemi-symmetry to semi-transverse axes. The fragments are 300116 and "6Er formed 
from a 238U + 238U -» 4 ,6184 parent system. The black dot labelled -512 corresponds to an absolute minimum 
of the potential energy. That labelled -386 corresponds to the minimum energy configuration with the 
heavy fragment spherical. 

the single-particle corrections calculated for the 300116 nucleus isolated 
from external interactions [11], which gives an estimate of the maximum ef
fect of shell and pairing corrections. The single-particle effects lead to 
a local minimum in the potential energy, but the energy at this minimum is 
still more than 100 MeV higher than the energy of the configuration with the 
very elongated superheavy fragment and the energy of the scission configura
tion for the dynamical fission calculation described above. Because of this 
large energy difference, the probability for the large fragment to be formed 
with a semi-axis ratio less than the saddle-point value of 1.2 is extremely 
small. 

In private discussions Vandenbosch has suggested that the presence of 
the Coulomb forces from the second fragment could possibly prevent the heavy 
fragment from undergoing fission by driving it toward a spherical shape. We 
estimate the importance of this effect by calculating the maximum elongation 
of the superheavy nucleus which could be driven to a spherical shape by a 
spherical light fragment initially in contact. This maximum elongation oc
curs at a semi-axis ratio for the 300116 fragment of c/a = 2.0. This value 
represents an upper limit because in this estimate the positions of the cen
ters of mass of the fragments are held constant instead of being allowed to 
separate, and the light fragment is spherical instead of a more probable 
prolate spheroid. 

We have shown that the production of superheavy nuclei from the asym
metric fission of nuclei with mass number A « 500 is highly improbable. 
This conclusion has been reached only for nonviscous motion; the result 
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FIG. 6. Calculated potential energy of tangent spheroidal fragments as a function of the semi-axis ratio 
c/a of the 3M116 fragment. The elongation of the m Er fragment is held constant at c/a = 12.6. The 
macroscopic contribution to the energy, which is calculated in the droplet model, is given by the dashed 
line. The total energy, which is obtained by adding shell and pairing corrections for a noninteracting 
S00116 nucleus, is given by the solid curve. 

would be modified if very viscous flow resulted in fragment elongation at 
scission with a semi-axis ratio c/a significantly less than 2.0. For vis
cous flow the value would need to be less than 2.0 because the large frag
ment would not be able to respond quickly to the Coulomb restoring force of 
the lighter fragment before the two nuclei separate. 

FUSION OF HEAVY IONS 

We use the shape parametrization described in Sec. 3 and the dynamical 
equations in Ref. [3] to study the fusion of two initially spherical nuclei 
with zero relative angular momentum. In Fig. 7 we show the evolution of 
two 110Pd nuclei interacting to form 220U at various energies above the 
liquid-drop interaction barrier. (All energies are in the center-rof-mass 
system.) Two 238U nuclei are shown in Fig. 8 interacting at various ener
gies to form а *76184 system. These two examples are qualitatively differ
ent: The 220U system has a fission barrier with a liquid-drop-model saddle-
point energy of about 5 MeV and would thus form a compound system for a 
significant range of collision energies (for nonzero viscosity), whereas the 
ц 184 nucleus is unstable with respect to small spheroidal distortions and 
therefore has no fission barrier. In comparing Figs. 7 and 8 with Fig, 4 we 
see that the time scale for fusion reactions is much shorter than for fis-



282 S1ERK and NIX 

0 

ec
) 

'O 
Z2 о 

ni
ts

 
~ 3 

Ti
m

 

4 

5 

6 

0 

[ OO oo 
- oo 

oo 
- со 

CO 
- CO 

со 
- со 
• со 
- со 

CO 
V ' 

10 oo 
CO 
CO 
CO 
CO 
CO 
со 
CO 
,Q> 

Pd+ Pc 
30 

OO 
CO 
CO 
CO 
a 
en 
a 
a 
V / 

75 

OO 
CO 
CO a • • a 
/ "\ 

150 MeV oo -
CO • 
CO -
a • И -

-
-

' 

FIG. 7. Calculated sequence of shapes at time intervals of 5 x 10"2ssec for the fusion of n°Pd + 110Pd. 
The energies given are the incident kinetic energy (in the centre-of-mass system) of the ions above the 
liquid-drop-model interaction barrier. The nuclei are tangent spheres at t = 0. 

0 

> "s
ec

 

ъ 
> 
1 

Ti
m

e 

10 

2 3 W 3 8 U 
0 10 50 - oo oo oo 

OO CO CO 
CO CO CO 
oo о а со со со 

- со со со 
CO CO CO со со со 
CO £3j3; 
CO ~ " 

- C O 

200 

oo 
CO 
CO • 
a о 

400 MeV oo -
C O • 
p 
1 i 

-

• 

FIG. 8. Calculated sequence of shapes at time intervals of 10"22 sec for the fusion of m U + 23 U. The 
energies given are the incident kinetic energy (in the centre-of-mass system) of the ions above the liquid-
drop-model interaction barrier. The nuclei are tangent spheres at t = 0. 



IAEA-SM-174/74 283 

These figures show the limitations of our shape parametrizetion for 
describing fusion reactions. For low energies, after the spheres touch the 
surface energy causes a rapid filling-in of the neck, which results in'a 
shape with flattened ends and a high surface energy. This surface energy 
and the Coulomb forces cause the end bodies to rapidly become prolate and to 
intersect in a manner that forms a cusp at the middle of the shape. The in
clusion of viscosity may slow down the motion to a point where this phenom
enon does not occur. The situation would also be improved by including the 
effects of the finite range of the nuclear force on the macroscopic energy 
(instead of representing the energy in terms of surface tension), as dis
cussed in this symposium by Krappe 112]. This improvement would greatly 
reduce the rapidity with which the neck grows after first contact. For 
higher energies the fusion continues until the system approaches a pure 
spheroidal form. Shapes close to a spheroid are not handled adequately by 
our parametrization, and the integration terminates when this condition oc
curs. For even higher energies, the end-flattening of the system, which is 
apparent at lower energies, proceeds to the point where the ends attempt to 
become concave, a type of shape that is not describable in any parametriza
tion of the form p = p(z). This end-flattening is a result of the rapid 
growth of the neck; the assumption of incompressible and nearly irrotational 
fluid flow requires that the material filling the neck comes primarily from 
the ends of the body. We conclude that a complete investigation of fusion 
reactions requires an unconstrained shape description. 

Even within these limitations imposed by our coordinates, we learn a 
significant amount from these calculations. In a two-dimensional space 
described by the coordinates defined in Sec. 2 for reflection symmetric 
shapes (center-of-mass separation and the second central moment of the frag
ment shape), we present in Fig. 9 the paths followed by two colliding Nd 
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FIG. 9. Calculated dynamical paths in the space of centre-of-mass separation r and fragment elongation o-
(defined in Section 2) for two colliding 150Nd nuclei. The nuclei are initially tangent spheres. The energies 
ДЕ labelling the paths give the initial kinetic energy (in the centre-of-mass system) above the liquid-drop-
model interaction barrier. The terminations of the paths are caused by deficiencies of the shape parametrization. 
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nuclei, which is a possible choice for producing the superheavy nucleus 
120 by a symmetric collision. We see that more than 100 MeV of energy 

over the interaction barrier (which is approximately 400 MeV high) is needed 
to drive the system to a nearly spherical shape, an indication of a lower 
limit to the additional energy required to produce a superheavy nucleus from 
such a collision, if such production is possible. Of course, for viscous 
flow even more energy would be required. 

A recent paper by Lefort et al. [13] reports a very small probability 
for complete fusion when Bi nuclei are bombarded with 8ЦКг ions of 
500-MeV energy, which is (35±9) MeV over the calculated interaction barrier 
in the center-of-mass system [12]. We have not yet calculated fusion reac
tions for such asymmetric systems, but some qualitative comparisons may be 
made. The 119 system resulting from the above reaction is similar to the 

120 system considered in our symmetric dynamical calculation. For this 
calculation, more than 100 MeV of energy over the interaction barrier is re
quired to bring the nuclei close enough for a long enough time to allow a 
significant mass transfer between the interacting nuclei. We expect the 
energy required for fusion to be somewhat less for an asymmetric system than 
for a symmetric one, but still of the same order of magnitude. The observed 
lack of fusion at the 35-MeV energy may be due either to the tendency of the 
nuclei to quickly re-fission because of the large Coulomb forces and the 
distribution of energy into degrees of freedom other than center-of-mass 
motion, as indicated in Fig. 9, or because large nuclear viscosity prevents 
mass transfer between the nuclei, or to a combination of these effects. The 
disruptive effect of angular momentum appears to be too small to account for 
the very small cross-sections observed [13]. 

By use of plots similar to the one in Fig. 9 for different nuclei we 
find the minimum-energy collision whose trajectory passes inside the liquid-
drop-model saddle point. This gives an estimate of the lower limit to the 
energy needed to cause a complete fusion. In Fig. 10 we show this critical 
energy as a function of the fissility parameter. For values of x less 
than 0.72 no energy over the interaction barrier is needed. Above this val
ue, the critical energy rises steeply to about 0.15 Eg^', which is needed 
to reach the saddle-point shape for x = 0.9. For a nucleus along the line 
of beta stability, this energy is about 110 MeV above the interaction bar
rier. For larger values of x, we are not able to determine the critical 
energy because the calculated paths terminate before reaching the saddle 
point. This criterion of passing inside the liquid-drop-model saddle point 
is necessary but not sufficient to form a compound system. This is because 
a nonviscous system will ultimately re-fission since its total energy is 
higher than its saddle-point energy. Some dissipation must be present in 
order to form compound nuclei from heavy-ion reactions. 

5. SUMMARY AND CONCLUSION 

We have investigated several aspects of nuclear dynamics on the basis 
of the liquid-drop model, including the effect of viscosity on the separa
tion of fission fragments, the fission of very large nuclei, and symmetric 
fusion reactions involving systems of different masses and interaction ener
gies. We find that for small viscosities the often-suggested fusion-fission 
reaction method is highly unlikely to lead to the formation of superheavy 
nuclei. Although our nuclear shape parametrization has deficiencies for 
fusion reactions and the fission of large systems, it still provides some 
worthwhile information. 
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FIG. 10. Calculated incident kinetic energy (in the centre-of-mass system) above the liquid-drop-model 
interaction barrier necessary for complete fusion as a function of the fissility parameter x. The criterion 
adopted as necessary (but not sufficient) for complete fusion is that the trajectories of the fusing nuclei in 
the two-dimensional space defined by r and о pass inside the liquid-drop-model saddle point. The centre-
of-mass coordinate i and the fragment elongation coordinate о are defined in Section 2. 

A major objective of this type of study is to calculate cross-sections 
for fusion reactions. Ideally, one would like to do this by solving the 
full Navier-Stokes equations for unconstrained shapes, but even within our 
restricted shape parametrization there are three extensions to be made: the 
consideration of viscosity, the inclusion of angular momentum, and the cal
culation of the macroscopic energy by including the finite range of the 
nuclear force instead of by using surface tension. We are now in the proc
ess of calculating most-probable fission-fragment kinetic energies for vis
cous flow. By comparing these calculations with experimental results we 
hope to deduce an average value for the coefficient of nuclear viscosity 
that is appropriate to large distortions. Once the coefficient of viscosity 
is known, it should be possible to estimate fusion cross-sections for heavy 
systems by performing similar dynamical calculations with the inclusion of 
viscosity, angular momentum, and the finite range of the nuclear force in 
the macroscopic energy. 

APPENDIX. EFFECT OF VISCOSITY ON THE INERTIA AND VISCOSITY TENSORS FOR 
THE SMALL OSCILLATIONS OF A CLASSICAL LIQUID DROP 

The effect of viscosity on the inertia and viscosity tensors is com
puted from the exact solution to the Navier-Stokes equations for small mo
tions about a spherical shape. For small values of viscosity the flow re-
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mains nearly irrotational, so irrotational flow gives a very good approxima
tion to the correct inertia and viscosity tensors. The normal modes for 
nearly-spherical shapes for all values of viscosity are the quantities ai( 
where the surface of the axially symmetric drop is given hy 

R„ 
1 + Л a.(t) P. (cos 9) 

i=2 
R(6) = ^ 

The diagonal elements riü of the viscosity tensor are monotonlcally in
creasing functions of the coefficient of viscosity y; the ratio Г)ц/Р de
creases from the irrotational flow value at У = 0 to a fraction of this 
number as у "*" °° • For the i = 2, 3, and 4 modes, respectively, the ratios 
гцд/у at infinite viscosity are 75%, 69%, and 63% of the values at у = 0. 
The elements of the inertia tensor are also monotonically increasing func
tions of y; the i = 2, 3, and 4 elements reach 105%, 111%, and 117% of 
their nonviscous values as у "* м . We see that the irrotational-flow 
values provide a good estimate for the inertia and viscosity tensors for the 
small oscillations of classical liquid drops. The fragment distortions con
sidered in Sec. 2 are somewhat larger than the small oscillations studied 
here, but the inaccuracies introduced by the larger distortions are no larg
er than those caused by viscosity. We re-emphasize that we are considering 
the effect of classical viscosity on the inertia and viscosity tensors, and 
not the potentially large changes caused by single-particle effects. 
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DISCUSSION 

R.W. HASSE: As we have learnt, for example from Krappe, 
the effect of the finite range of the nuclear forces is strongest at the scission 
or fusion point, because the usual definition of the surface energy breaks 
down at this point. Since you start your dynamical calculations just there, 
the motion of your fusioning system may proceed in an entirely different 
way, giving rise to very different results. Can you estimate the influence 
of this effect and do you plan to incorporate a more realistic surface energy 
at scission in your model? 
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A.J. SIERK: We are starting to modify the macroscopic surface energy 
calculation by including the finite range of nuclear forces, as discussed in 
this symposium by Krappe. We cannot estimate at the moment how much 
the reaction trajectories will be affected by this improvement. 

C. Y. WONG: I would like to point out that for a nucleus with large 
fissility parameter, especially forx> 1.0, there is the possibility of 
fissioning through other topologies like tori and bubbles. There are many 
compelling reasons why they should be considered. Firstly, in the case of 
one water drop colliding with another in a nearly head-on collision, for 
some relative velocities, a torus is the very first shape the compound system 
assumes. This is an experimental fact. Secondly, for x g 1.1, while the 
spherical configuration is unstable, there is an equilibrium minimum for 
a toroidal shape lying at a lower energy which is stable against expansion 
and contraction degrees of freedom. Thirdly, for a highly charged compound 
system, the excessive charge has a tendency to exert a pressure to push 
the density outwards. The trajectory leading to the break-up of the nucleus 
might go through this channel. Finally, the question whether Wheeler's 
toroidal and bubble nuclei are stable because of nuclear shell effects is a 
fascinating subject which unfortunately cannot be discussed at this Symposium. 

S. BJ£>RNHOLM: Your colliding spherical liquid drops fuse very 
quickly as you shoot them against each other. Real spherical nuclei seem 
to have much increased inertia compared to liquid drops and thus they will 
fuse on a slower time scale. This gives added significance to Wilczynski's 
considerations of the forces between colliding spheres. Unless the spheres 
start gravitating around their common centre-of-mass, there may not be 
sufficient time for the partial or complete fusion process to develop. 

A. J. SIERK: It is certainly true that we do not claim our liquid drop 
inertias correspond to real nuclei. But one can likewise not readily maintain 
that the inertias of tangent spherical nuclei will be as large as those observed 
for individual spherical nuclei, and we feel that inertias for large defor
mations are closer to liquid drop values than to those seen in isolated 
spherical nuclei. 

U. MOSEL: In your figures showing the evolution of nuclear shapes 
I see that quadratic nuclei appear soon after contact occurs. Is this a 
breakdown of the three-quadratic-surface shape parametrization and does 
that imply that your calculations become unrealistic soon after the point 
of contact? 

A. J. SIERK: The three-quadratic-surface shape parametrization 
breaks down at the last shapes shown in the figures. However, we feel 
that the results previous to these terminations are realistic in so far as 
we claim to consider liquid drops and not real nuclei. 
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FISSION DE NOYAUX DE MASSE 
MOYENNE ET LOURDE INDUITE 
PAR IONS LOURDS Ar E T Kr 

F. HANAPPE*. С. NGO, J. PETER, B. TAMAIN** 
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Orsay, France 

Abstract-Resumd 

FISSION OF NUCLFJ WITH MEDIUM AND HEAVY MASSES INDUCED BY HEAVY IONS (ARGON AND KRYPTON). 
A series of targets with atomic numbers ranging from 42 to 92 were irradiated by an argon-ion and/or 

krypton-ion beam, of 150-300 MeV energy in the former case and 450-500 MeV in the latter. The fission 
fragments created by one and the same event are detected by two surface-barrier detectors. Knowledge of the 
relevant energies, emission angles relative to the direction of the beam, and the difference in the time-of-flight 
of the two fragments (used to check the validity of the analysed events) gives the fission cross-sections and the 
kinetic-energy and mass distributions of the fission products. The authors derived the excitation function for 
fission of the compound nucleus in the case of a Sb + Ar system. The function reveals a difference of about 
10 MeV between the reaction and fission thresholds. This effect is interpreted in terms of the decrease in the 
fission barrier due to the high angular momentum of the compound nucleus. In the case of fission induced by 
200-300 MeV argon ions in heavy holmium and uranium targets, the authors' results indicate that the fission 
cross-section of the compound nucleus represents 60% of the total reaction cross-section. On the other hand, 
in the case of 500-MeV krypton-ion-induced fission the proportion is as low as b"lo. This effect can be inter
preted either in terms of a fusion barrier greater than the interaction barrier or by assuming the existence of 
quasimolecular states for very heavy ion interactions. The variation of the mean total kinetic energy with 
respect to the mass of the compound nucleus at fission fragment symmetry is compared first with Nix's 
predictions, and then with the calculations of Schmitt and Mosel. The results reveal a monotonic variation 
compatible with Nix's data; the strong layer effect predicted by Schmitt and Mosel near Z = 106 was not 
observed, probably because of the high excitation energy involved in the present experiments. The characteristics 
of the mass and kinetic-energy distributions are compared with Nix's predictions for the following systems: 
(Mo + Ar), (Sb + Ar), (Pr + Ar), (Ho + Ar), (Au + Ar), (Bi + Ar), (Th + Ar) and (U + Ar). The observed mass 
distribution widths are generally higher than those envisaged by Nix. This effect is greater for high angular 
momenta. 

FISSION DE NOYAUX DE MASSE MOYENNE ET LOURDE INDUITE PAR IONS LOURDS Ar ET Kr. 
Une Serie de cibles de numfiro atomique compris entre 42 et 92 ont ete irradiees ä l'aide d'un faisceau 

d'ions argon et (ou) d'ions krypton d'energies comprises entre 150 et 300 MeV pour l'argon et 450 et 500 MeV 
pour le krypton. Les fragments de fission nfis d'un meme evenement sont detectes dans deux detecteurs ä 
barriere de surface. La connaissance des energies correspondantes, des angles d'emission par rapport ä la 
direction du faisceau et de la difference des temps de vol des deux fragments (utilisee pour controler la veracite 
des evenements analyses) permet d' atteindre les sections efficaces de fission et les distributions en energie 
cinetique et en masse des produits de fission. La fonction d'excitation pour la fission du noyau compose a ete 
obtenue pour le Systeme Sb + Ar. Elle fait apparattre une difference d'une dizaine de MeV entre les seuils de 
reaction et de fission. Get effet est interprets a partir de l'abaissement de la barriere de fission du au moment 
angulaire eleve du noyau compose. Dans le cas de la fission induite par des ions argon de 200 ä 300 MeV 
sur des cibles lourdes d'holmium et d'uranium, les resultats font apparaitre que la section efficace de fission 
du noyau compose represente 60°/o de la section efficace totale de reaction. Par contre, dans le cas de la 
fission induite par des ions krypton de 500 MeV ce pourcentage tombe a 5%. On peut interpreter ce resultat 
soit en terme de barriere de fusion superieure a la barriere d'interaction, soit en admettant 1'existence d'etats 
quasi moleculaires pour les sytemes ion lourd - ion lourd. La variation avec la masse du noyau compose de 
Г energie cinfitique totale moyenne ä la symetrie des fragments de fission est comparee d'une part aux 

* Chercheur IISN, detache de l'Universite libre de Bruxelles, Belgique. 
•• Detache de l'Universite de Clermont-Ferrand, France. 
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previsions de Nix, d'autie part aux calculs de Schmitt et Mosel. Les resultats obtenus par les auteurs du 
memoire font apparattre une variation monotone compatible avec les donnees de Nix; le fort effet de couche 
prevu par Schmitt et Mosel au voisinage de Z = 106 n'est pas observe, probablement ä cause de l'energie 
d'excitation importante mise en jeu dans les presentes experiences. Les caracteristiques des distributions 
en masse et en energie cinetique sont comparees aux previsions de Nix pour les systemes (Mo + Ar), (Sb + Ar), 
(Pr + Ar), (Ho + Ar), (Au + Ar), (Bi + Ar), (Th + Ar), (U + Ar). Les largeurs des distributions de masses 
observers sont d'une facon generale tres superieures ä celles prevues par Nix. L'effet obtenu est d'autant plus 
grand que le mouvement angulaire apporte est eleve. 

INTRODUCTION 

L' utilisation d1 ions lourds pour induire la fission ä energie d1 excitation 
moyenne presente plusieurs interets. 

Le premier est de permettre 1' etude de la fission de noyaux tres lourds 
(Z> 100), formes soit par fusion complete entre une cible lourde et le 
projectile, soit par fusion partielle (transfert ä la cible d' une partie 
importante du projectile). Ceci permettrait evidemment d' etendre la zone 
de noyaux pour lesquels on a actuellement des donnees experimentales sur 
la fission (Z de ~ 75 ä 100), et de verifier si les theories concernant la 
fission etablies ä. partir des donnees de cette zone sont applicables aux 
noyaux plus lourds. Par fusion complete entre 40Ar et 238U, on pourrait 
atteindre ™Х, et 84Kr + 238U donnerait f | | x . Inversement, l1 observation 
de la desexcitation par fission de ces noyaux est le moyen le plus simple de 
mettre en evidence qu' i ls ont ete effectivement formes. 

Un second interet reside dans 1' apport de moments angulaires tres 
importants. Les theories actuelles de la fission ne prevoient pas l1 effet du 
moment angulaire sur les distributions en masse et energie des fragments, 
et des informations experimentales peuvent determiner quel peut etre cet 
effet. 

Nous avons done entrepris deux series d1 experiences: la premiere a 
ete menee ä l1 aide d' ions argon, la seconde a 1' aide d'ions krypton. Dans 
les deux cas, nous avons obtenu les sections efficaces de fission du noyau 
compose sur une serie de noyaux cibles. Pour les reactions induites par 
argon, des mesures ont pu etre faites ä plusieurs energies de bombardement, 
et 1' effet du moment angulaire sur la hauteur des barr ieres de fission a 
ete etudie. Dans le cas du krypton, il est t res difficile de former un noyau 
de fusion avec une cible lourde, et un nouveau type de reaction est apparu: 
fusion partielle entre le projectile et la cible, puis desintegration en deux 
fragments de masses voisines de celles du projectile et de la cible. Une 
etude de 1' effet de la masse du noyau cible sur ce phenomene a ete effectuee. 

Enfin, dans le cas des reactions induites par argon, nous avons etabli 
les spectres en masse et en energie cinetique des fragments issus de la 
fission du noyau compose. Les valeurs des energies cinetiques totales 
moyennes et des largeurs des distributions en masse et en energie cinetique 
totale ont ete comparees aux previsions des differents modeles. 

1. EXPERIENCES 

La methode experimental utilisee a ete la meme pour toutes les 
mesures discutees ici. Nous en donnons seulement une description 
sommaire; des details peuvent etre trouves ailleurs [ 1 , 2 ] . 
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1.1. Dispositif experimental 

Trois detecteurs ä barriere de surface, X, Yx et Y2 sont places aux 
angles 0X, 0yl et 0^ par rapport ä la direction du faisceau. lis detectent 
en coincidence (XYj ou XY2) les fragments de fission ou autres produits de 
reaction (diffusion elastique, transfert) issus d1 un meme evenement dans 
la cible. On enregistre sur bände magnetique la hauteur des impulsions 
lineaires correspondant a Ex, E г ou E ^ , ainsi que la difference de temps 
de vol entre les deux fragments (ATVa ou ATV2). Cette difference de temps 
de vol est utilisee pour determiner la contribution des evenements fortuits 
[ 1] . Le bruit de fond des detecteurs est reduit au minimum: chacun est 
protege par un champ magnetique et une feuille de nickel de 80 /ug/cm2 qui 
eliminent respectivement les electrons et rayons X mous dus au passage du 
faisceau dans la cible. 

Le detecteur X est maintenu ä un angle fixe et son ouverture angulaire 
Д0Х dans le plan de la reaction est faible. Les detecteurs Y couvrent un 
domaine angulaire Д0у de 10° chacun et sont places a 20° 1' un de 1' autre de 
maniere ä permettre 1' exploration d' une large zone de correlation 
angulaire en peu de mesures. Dans quelques cas Д0у a ete reduit ä 3°. 

1 ' 1 Г 

' " ~ L 1 1 Li I 1 1 
40 50 100 150 165 

Masse (u.m.a.) 

FIG. 1. *Ai de 226 MeV (182 MeV centre de masse) sur cible 165Ho. Tableau energie cinetique totale dans 
le centre de masse — masse du produit recu par le detecteur X place ä 59°. En plus des fragments de fission 
binaire, une zone d" argons diffuses et produits de transfert apparait autour de 182 MeV — 40 uma, car Г angle 
maximal de diffusion elastique Rutherford pour le projectile est environ 60°. On a egalement Ho diffuse et 
des produits de transfert autour de 226 MeV — 165 uma, car Г angle minimal de diffusion Rutherford pour 
le noyau-cible est environ 54°. 
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Les correlations angulaires ont ete estimees prealablement en appliquant au 
noyau de fusion la quantite de mouvement initiale et en donnant aux fragments 
I1 energie cinetique prevue par la theorie de la goutte liquide [ 3 ] . Cette 
correlation depend du rapport des masses. Nous avons explore une zone 
angulaire encadrant t res largement la zone prevue. 

L1 evaporation de neutrons par les fragments a pour effet d' ecarter du 
plan de la reaction les fragments issus d' un mime evenement. Afin de 
les recueillir, l 'ouverture angulaire du detecteur X dans le sens perpendi-
culaire au plan de reaction (£фх, fig.l) etait egale a ±7,5°, celle des 
detecteurs Y etant seulement de 2°. Le calcul des ecarts angulaires 
possibles entre les fragments evaporant le plus grand nombre de neutrons 
indique que cette ouverture Афх est süffisante pour ne pas perdre de 
fragments; ceci a ete confirme par des mesures de la correlation dans la 
direction perpendiculaire au plan de reaction, mesures effectuees a 1' aide 
d1 un detecteur ä localisation. 

1.2. Traitement des donnees 

On fait 1'hypothese que I1 evenement detecte ne comporte que deux 
produits finaux, dont la somme des masses est egale a celle des masses de 
la voie d1 entree (projectile + cible). La desexcitation par evaporation de 
neutrons ou particules chargees legeres de ces deux produits de reaction 
peut modifier legerement leurs masse, energie et direction, mais il n1 у а 
pas de troisieme produit de masse importante cree au cours de la reaction. 
Le Systeme forme de 1' ensemble des nucleons du projectile et du noyau-
cible qui donne naissance (par quelque processus que ce soit) aux deux 
produits finaux a done la quantite de mouvement du projectile. De ce fait, 
les deux produits finaux doivent former, dans le laboratoire, un angle 6xy 
t res different de 180° (chaque produit etant ramene vers 1'avant). вху 
variera, suivant les cas, de 140 a 60°. Les angles observes entre les 
produits de reaction ont bien des valeurs voisines de ces estimations. Par 
contre, 1' ecart dans la direction perpendiculaire au plan de reaction {ф) est 
faible; si une troisieme particule de quantite de mouvement importante 
etait creee, les deux produits detectes ne seraient qu' exceptionnellement 
coplanaires avec la direction initiale du projectile. On peut done conclure 
que 1' hypothese faite est correcte. 

A partir de cette hypothese et des energies et angles mesures, nous 
pouvons calculer les masses des deux produits, leurs energies et angles 
d'emission dans le Systeme du centre de masse. Nous ne rappellerons 
pas les relations cinematiques utilisees [ 2 ] . 

Un premier probleme de la methode reside dans la reponse des 
detecteurs ä barriere de surface aux ions lourds et energiques. On sait en 
effet que cette reponse depend de la masse des noyaux detectes. Les masses 
n' etant pas connues au depart, on est oblige de faire une serie d1 iterations 
pour aboutir ä la determination correcte a la fois des masses et des energies 
cinetiques a partir des deux hauteurs d' impulsion mesurees. Ceci ne 
represente pas une source dr er reurs . Par contre, le fait que les energies 
des produits detectes soient grandes (en raison en particulier de la quantite 
de mouvement importante de 1' ensemble) peut entrainer une erreur 
systematique. En effet, les methodes de calibration actuellement connues 
(Schmitt et al. [4] , Wilkins et al . [5]) sont fondees sur la reponse des 
detecteurs ä des ions dr energies plus faibles que celles que nous avions a 
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me surer . Les noyaux diffuses elastiquement (cible ou projectile ou les deux, 
suivant le cas), dont les masse et energie sont connues, fournissaient un 
test aise. Nous avons done compare les resultats obtenus pour la diffusion 
elastique avec les deux methodes de calibration. De plus, nous avons 
etudie en detail le defaut d' ionisation des detecteurs utilises pour des ions 
de masse et energie elevees [ 6] . 

Dans le traitement des donnees, nous avons pris soin de tenir compte 
pour chaque produit detecte de ses pertes d' energie dans la cible, 
eventuellement le support de cible, et la feuille de nickel qui protege le 
detecteur. Ceci a ete realise й. chaque etape du traitement iteratif, a 
partir des pouvoirs d" arret de la table de Northcliffe et Schilling [ V], dont 
la validite a ete testee dans quelques cas [ 6 J. 

La connaissance des angles ву est loin d" etre precise puisque les 
ouvertures angulaires sont de 10°. Une correction par approximations 
successives a ete lä aussi necessaire pour determiner la veritable valeur 
de 9y. Ceci a ete realise en imposant aux deux produits d' etre emis a 180° 
1' un de 1" autre dans le centre de masse. 

Un dernier point concerne non pas les caracteristiques d' un evenement 
detecte, mais les proportions respectives des divers evenements. En 
effet, un produit de masse M et vitesse Vx definies recueilli a 1' angle 9X 
correspond a un angle ~$x et ä une vitesse vx dans le centre de masse. Les 
produits detectes ä 0X proviennent de differents 6"x (selon vx). Si la distri
bution angulaire dans le Systeme du centre de masse n 'est pas isotrope 
(par exemple en 1/sine pour la fission d1 un noyau compose ayant un fort 
moment angulaire), certaines categories d1 evenements se trouvent favorisees 
dans le laboratoire par rapport ä leur contribution reelle dans le centre 
de masse. Pour limiter cette deformation, les mesures ont ete faites а~в 
voisin de 90°, angle pour lequel la section efficace differentielle da/df2ne 
depend pratiquement pas de 7). D' autre part, le nombre de fragments 
recueillis dans 1* angle solide dQ est fonction du facteur de transformation 
centre de masse-labo dans lequel 7)x et vx interviennent. On a done calcule 
ce facteur pour chaque evenement detecte. De cette facon sont obtenus les 
spectres de masse et energie corrects dans le centre de masse, aux defauts 
de resolution en angles et energies pres. 

Les resultats ainsi obtenus ne tiennent pas compte de l1 evaporation de 
neutrons, soit avant, soit apres la fission. Nous avons calcule que dans 
tous les cas la possibilite d' evaporation de neutrons avant fission est tres 
faible. Par contre, un grand nombre Vj. de neutrons peuvent etre emis par 
les fragments. Ce nombre a ete evalue a partir de 1' energie d' excitation 
disponible pour les fragments, et 1' energie cinetique totale moyenne de 
fission a pu etre corrigee. Mais, faute de connaltre la variation de v avec 
la masse des fragments, les distributions de masse n1 ont pu 1' etre. 

2. CARACTERISTIQUES DES FRAGMENTS DE FISSION 

II est commode de presenter les resultats sous la forme d1 un tableau 
{energie cinetique totale dans le centre de masse — masse d' un des deux 
produits detectes). De tels tableaux sont presentes, en courbes de niveau, 
sur les figures 1, 2 et 8, ou la masse est celle du produit recu par le 
detecteur fixe X. Les fragments de fission, repartis autour de la masse 
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223 

200 

150 

•ф 100 

g 50 
40 50 

n a fSb+ 4°Ar 296 MeV (223 MeVc.m.) 
51 18 

e x =32° 

100 122 
masse d'un produif de reaction (u.m.a) 

200 

1 5 0 -

I7Q 4 0 aAu • Ar 300 MeV(249 MeV cm.) 
79 18 

40 50 
masse d'un fragment (um.a) 

FIG.2. En haut: Ar de 296 MeV (223 MeV centre de masse) sur cible natsb. Tableau energie cinetique 
totale dans le centre de masse - masse du prodult recu par le detecteur X place ä 32°. En plus des fragments 
de fission binaire, Ar diffuse et produits de transfert apparaissent autout de 223 MeV - 40 uma, car 1' angle 
maximal de diffusion elastique Rutherford pour le projectile est environ 30°. I ln 'ya pas d' evenements 
autour de 223 MeV - 122 uma, car Tangle minimal de diffusion Rutherford pourle noyau-cible est environ 70°. 

En bas: ""Ar de 300 MeV (249 MeV centre de masse) sur cible 191Au. Le detecteur X place a 60° rec,oit 
seulement des fragments de fission, car les angles limites pour la diffusion elastique Rutherford sont respective-
ment 44° pour le projectile et 65° pour la cible. 
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moitie de celle du noyau de fusion, forment plus ou moins nettement les 
triangles ä coins arrondis connus [8, 9 ] . 

De plus, il apparatt parfois des evenements de diffusion elastique, 
inelastique ou transfert. Ces differents cas de figures apparaissent selon 
que 1' angle de detection вх appartient aux ou est voisin des zones angulaires 
(0°, öpr0j) et (0cibie, 90°) dans lesquelles respectivement le projectile et la 
cible sont diffuses elastiquement avec une section efficace differentielle 
importante voisine de сеДе de Rutherford. Dans ces zones, le parametre 
d'impact est tel que la distance minimale d'approche est superieure ou 
egale ä la somme des rayons effectifs d' interaction du projectile et de la 
cible. Pour les parametres d'impact plus petits se produisent des reactions 
de transfert, dont les produits se trouvent au voisinage de 0prOj et 6cibie• 

Les figures 1 et 2 presentent trois cas differents. La distinction entre 
fragments de fission et diffusion elastique est aisee, mais ce n1 est pas 
toujours le cas pour les produits de transfert ou de diffusion inelastique. 
Ainsi, pour le Systeme Ar + Mo, les masses du projectile et de la cible 
sont assez proches pour que les evenements de diffusion ou transfert 
perturbent les bords de la distribution de masse des fragments. Pour les 
cibles plus lourdes (Pr, Ho), ce probleme ne se pose pratiquement plus. 
Pour les systemes t res lourds (Th ou U + Ar) a 250 MeV, les energies 
cinetiques de fission sont voisines de Celles de diffusion et les distributions 
en masse ont une largeur telle qu'elles sont perturbees par les transferts. 
Enfin, il n' est pas exclu que pour de tels systemes il existe quelques 
evenements du type de ceux observes pour le Systeme Kr + Bi (fig. 8). 

1000 

500 

1 

" / 

Au + Ar 

250 MeV 

A 
Th + Ar 

250 MeV 

40 60 80 

FIG.3. Correlations angulaires entre les fragments de fission des noyaux 237Bk et г?г108 (cibles Au et Th 
bombardees par Ar de 250 MeV). La fleche verticale indique la correlation attendue pour la fission 
symetrique d'apres l'energie cinetique totale prevue par Nix [3]. 
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2 . 1 . Correlations angulaires 

Sur la figure 3 sorrt presentees quelques correlations angulaires 
observees. Les angles les plus faibles correspondent aux rapports de 
masse eleves, car 1' energie cinetique totale est alors inferieure ä celle 
qui correspond a la fission en deux fragments egaux. Ceux-ci sont les 
plus nombreux et forment les maximums des correlations, a un angle plus 
grand. On a indique la correlation prevue ä partir de 1' energie cinetique 
moyenne pour la fission en deux fragments egaux, calculee selon Nix [ 3 ] . 
L' angle prevu est plus petit que 1' angle observe, done 1' energie cinetique 
prevue est inferieure a la valeur reelle. 

2.2. Distributions en masse et en energie cinetique 

Sur le tableau I sont portes les resultats relatifs aux valeurs moyennes 
des energies cinetiques totales et aux largeurs a mi-hauteur des distri
butions en masse et en energie cinetique totale. Quelques exemples de 
distributions en masse et en energie cinetique sont donnes sur la figure 4. 
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2 . 2 . 1 . Energies cinetiques totales moyennes 

Sur la figure 5, nos valeurs d1 energies cinetiques totales moyennes sont 
comparees a un ensemble de resultats obtenus par d* autres auteurs et aux 
previsions theoriques de Nix d'une part [3] , Schmitt et Mosel d1 autre part 
[ 10]. Les energies sont relatives ä la fission en deux fragments egaux. 

La theorie de Nix utilise le modele de la goutte liquide et fait abstraction 
des effets de couche. Par contre, Schmitt et Mosel prevoient justement que 
ces effets sont t res importants et se traduisent par une grande valeur de 
1' energie cinetique quand les deux fragments obtenus sont presque magiques. 
Nos resultats experimentaux se rapprochent beaucoup plus de ceux de Nix 
que de ceux de Schmitt et Mosel. On ne peut en conclure que le modele 
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Schmitt et Mosel est inexact; plus probablement, aux grandes energies 
d' excitation mises en jeu dans nos experiences (tableau I) les effets de 
couche deviennent negligeables. Ce resultat nr est pas surprenant si l1 on 
note que, par exemple dans le cas de l1 uranium excite a 40 MeV, la fission 
est dejä. essentiellement de type symetrique; en particulier, 1' energie 
cinetique totale a des valeurs et une variation avec le rapport de masse des 
fragments differentes de celles obtenues pour la fission a basse energie 
[ 9 , U ] . 

L' effet prevu par Schmitt et Mosel etant t res important, on esperait 
cependant qu'i l en subsisterait une partie aux energies d'excitation 
obtenues (tableau I). 
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En се qui concerne les previsions de Nix, on note que comme pour les 
noyaux de Z inferieur a 95 les energies calculees sont sous-estimees. De 
plus, les courbes experimentale et theorique representant la variation 
avec x (parametre de fissilite) de 1' energie cinetique totale moyenne ont des 
pentes differentes, la courbe theorique croissant plus vite que la courbe 
experimentale. 

2 .2 .2 . Largeurs des distributions en masse et en energie cinetique 

Puisque les effets de couche semblent etre negligeables pour les 
reactions qui nous Interessent, il est bon de voir dans quelle mesure la 
theorie de la goutte liquide permet de rendre compte d'autres caracteristiques 
de la fission comme les largeurs Гм et ГЕ des distributions en masse et en 
energie cinetique. On sait que la theorie de Nix [3] n' a de sens que pour 
des valeurs du parametre de fissilite inferieures a 0, 8. Dans le tableau I 
et sur la figure 6, on peut comparer les valeurs experimentales et 
theoriques de ces largeurs quand cette condition est verifiee. 

Sauf dans le cas du molybdene, les largeurs calculees sont trop faibles, 
et cela d' autant plus que 1' energie d' excitation ou la masse du noyau 
compose est grande. De plus, la courbe calculee representant la variation 
de Гм avec le parametre de fissilite ä temperature nucleaire constante 
decroit alors que la courbe experimentale crott. La divergence entre des 
courbes equivalentes pour ГЕ est nette bien que moins importante. Dans 
tous les cas les temperatures nucleaires ont ete calculees en ne deduisant 
de 1' energie d' excitation que la valeur de la barriere de fission augmentee 
de 1' energie minimale de rotation dont doit disposer le noyau pour fissionner 
(cf. paragr. 3). On a aussi considere qu' aucun neutron n1 etait evapore 
avant fission. Ces temperatures sont done surestimees; un calcul plus 
correct ne ferait qu' augmenter la divergence theorie-experiences, 
particulierement pour les grandes valeurs du parametre de fissilite. 

3 . SECTIONS EFFICACES ET FUNCTIONS D' EXCITATION DE FISSION 
INDUITE PAR ARGON 

Les sections efficaces de fission dont il est question ici concernent 
uniquement la fission apres transfert de moment complet, c 'es t -ä-dire 
apres fusion du projectile et de la cible. On a de plus admis que ce noyau 
de fusion atteignait 1' etat d' equilibre thermodynamique du noyau compose 
avant de fissionner. On a done calcule les sections efficaces de fission en 
considerant que la distribution angulaire des fragments est proportionnelle 
ä l /sin0 en raison du moment angulaire important du noyau fissionnant [8, 9 ] . 
1/sinF est une limite superieure, car au voisinage de 0° (ou 180°) la section 
efficace differentielle reste finie, mais meme avec les moments angulaires 
moins importants apportes par des particules alpha de 150 MeV, la suresti-
mation est inferieure a 5% [ 10]. 

Dans le tableau II sont regroupes nos resultats pour les differents 
couples cible + projectile a differentes energies: parametre de fissilite x, 
barr iere d' interaction entre le projectile et la cible, energie d' excitation 
du noyau compose, barr iere de fission, section efficace de fission mesuree, 
section efficace de reaction calculee et, enfin, moment angulaire maximal 
possible pour le noyau compose et moment angulaire maximal atteint 
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reellement (critique). Les parametres de fissilite sont calcules par la 
relation x = Z2/50,13 A. Les barrieres d'interaction V ont ete calculees 
en prenant un rayon d1 interaction effectif re [11, 12] de 1,45 fm. Les 
energies d' excitation sont obtenues ä partir des defauts de masse de la 
table de Myers et Swiatecki [ 13], de laquelle sont egalement extraites les 
valeurs des barrieres de fission du noyau compose. Les sections efficaces 
de reaction sont calculees par la relation 

a R =*(R 1 + R 2 ) 2 ( l -D 

ой Й х et R2 sont les rayons des deux noyaux de la voie d' entree, et E est 
1' energie cinetique disponible dans le centre de masse. 

Les erreurs indiquees sur les valeurs des sections efficaces de fission 
ont plusieurs sources: epaisseur des cibles, angles solides, mais surtout, 
dans certains cas, difficulte ä distinguer les fragments provenant de fissions 
tres asymetriques des produits de transfert (fig. 1 et 2). 

Nous pouvons diviser ce tableau en deux parties. Pour les noyaux 
composes de masse inferieure a 200, la fission n' est pas le processus de 
desexcitation choisi par tous les noyaux. Par contre, pour les noyaux plus 
lourds, la quasi-totalite des noyaux resultant de la fusion du projectile et 
de la cible fissionnent a une etape de la chaine de desexcitation. 

3.1. Noyaux composes de masse inferieure a 200 

Dans ces cas, la barriere de fission est grande (c1 est-a-dire tres 
superieure a 1' energie de liaison du dernier neutron), ce qui implique que 
la fission n' est plus le processus dominant de desexcitation. En fait, il 
est meme a priori surprenant d' observer des sections efficaces de fission 
aussi grandes quand les barrieres correspondantes depassent 20 MeV (cf. le 
cas de l1 antimoine par exemple). II s1 agit lä d1 un effet du moment 
angulaire puisqu' on sait que celui-ci abaisse les barrieres effectives de. 
fission: 

ABf = ERO " ERS 

ER0 et ERS sont les energies de rotation des noyaux spheriques et au point-
selle. 

D' apres Halpern et Strutinski [14] 

ou I est le moment angulaire du noyau fusionnant 
Jo et J± sont les moments d'inertie des noyaux spheriques, et au point-

selle dans la direction perpendiculaire a I1 axe de deformation 
T est la temperature nucleaire. 

Les valeurs de J^/JQ ont ete obtenues a partir des travaux de Cohen et 
Swiatecki [ 15]. 

Sur la figure 7, on a porte pour 1' antimoine la variation avec 1' energie 
incidente de la section efficace experimentale de fission, la section efficace 
totale de reaction et la section efficace de reaction correspondant aux ondes 
partielles de moment angulaire superieur a JB s . JB . s est la valeur de 
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FIG.7. Fonction d' excitation pour la fission du noyau de fusion forme par Ar sur une cible na tSb. Les 
courbes calculees correspondent ä differentes hypotheses sur la valeur du moment angulaire ä partir duquel les 
noyaux fissiorment (voir texte) et supposent qu' il n' у a pas de moment angulaire critique pour la formation du 
noyau de fusion. 

moment angulaire pour laquelle 1* abaissement de barr iere est tel que la 
barr iere effective de fission est egale a 1' energie de liaison du dernier 
neutron. On peut dire que les contributions a la section efficace de fission 
de moments angulaires inferieurs a J sont nulles et que reciproquement 
tout noyau ayant acquis un moment angulaire superieur a J 8 = s se desexcite 
ä coup sur en fissionnant. Ceci est evidemment t res schematique et on a 
aussi porte sur la figure 7 (courbes en pointilles) les sections efficaces de 
reaction eorrespondant aux ondes partielles de moment angulaire superieur 
a l .о e t JBf D _„s . S'il n1 existait pas de moment angulaire critique (comme 
c' est le cas pour les reactions induites par des ions plus legers) la courbe 
de la section efficace de fission se trouverait entre les deux courbes en 
pointilles de la figure 7 (avec toutefois la possibility de depasser la limite 
superieure). On constate d'abord que la section efficace experimental de 
fission demarre bien dans cette zone. Ce resultat confirme la validite des 
calculs que nous avons effectues. Par contre, pour des valeurs plus 
grandes de 1' energie incidente, la section efficace de fission est inferieure 
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a la valeur attendue. Ce resultat est interprete en terme de moment 
angulaire critique et est developpe ailleurs [16] . Rappelons que le moment 
angulaire critique est la valeur du moment angulaire au-delä de laquelle il 
ne serait plus possible de former un noyau de fusion. 

Pour terminer nous ferons la remarque suivante: au fur et ä. me sure 
que la masse d' un noyau compose decroit, le moment angulaire critique 
decroit; par contre, le moment angulaire a partir duquel la probabilite de 
fission n' est plus negligeable crott (au moins jusqu' au molybdene) [ 17]. 
II existe done une masse de noyau compose au-dessous de laquelle la 
section efficace de fission est tres faible (ä energie d' excitation moyenne). 
On peut situer cette masse au voisinage de 110 uma, c' est-ä-dire une cible 
au voisinage du cuivre pour les reactions induites par argon. 

3.2. Noyaux composes de masse superieure a 200 

Dans ce cas, la quasi-totalite des noyaux resultant de la fusion du 
projectile et de la cible fissionnent, soit immediatement, soit apres evapo
ration d1 un neutron ou d' une particule chargee, ceci parce que la barriere 
de fission effective (compte tenu du moment angulaire) est inferieure a ou 
voisine de l1 energie de separation du dernier neutron. 
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La mesure de la section efficace de fission apres transfert de moment 
complet est done une mesure de la section efficace de formation de noyau 
compose, ou plus generalement de la section efficace de formation de noyau 
de fusion complete entre le projectile e t l a cible. 

On remarque que pour tous les cas cette section efficace est inferieure 
ä crR. On en a deduit dans chaque cas la valeur du moment angulaire 
critique i c r au-delä de laquelle il n1 у aurait plus fusion complete. Cette 
valeur augmente avec la masse du noyau de fusion et avec 1' energie 
d' excitation. La comparaison avec d1 autres resultats a montre que i c r 
augmente egalement avec la masse du projectile, du moins jusqu1 ä 1'argon 
[ 16]. Notons que ces resultats sont aussi en accord avec les resultats 
obtenus par Sikkeland pour la reaction Ar + U [ 18]. 

4. FISSION ET FUSION PARTIELLE INDUITES PAR KRYPTON 

v 84 
Nous voyons sur la figure 8 correspondant a l1 interaction de Kr de 

500 MeV sur une cible de 209Bi que t res peu d1 evenements sont attribuables 
a la fission du noyau compose 2fgX. En effet, en prenant les quelques 
evenements voisins du rapport de masse 1 et en supposant une distribution 
de masse des fragments de fission large de 100 uma, on obtient seulement 
environ 40 mb de fission suivant fusion complete entre Kr et Bi, soit moins 
de 5% de CTR . Un resultat semblable concernant le noyau de fusion 128X 
(obtenu par Kr + 238U) indiquait une section efficace de fusion binaire 
inferieure a 10 mb [ 19] (tableau Ш). La valeur de i c r correspondante 
serait t res petite. 

Nous avons effectue les memes mesures avec des cibles Ho et W. 
И apparait que les sections efficaces de fission apres fusion complete et la 
proportion de la section efficace de reaction sont plus importantes lorsque 
la masse de la cible est plus faible. Remarquons que dans nos experiences 
cela correspond egalement ä des energies plus elevees par rapport ä la 
barr iere d' interaction. II est done possible que le facteur decisif soit 
V energie necessaire pour franchir une barr iere de fusion eventuellement 
superieure a la barr iere d1 interaction. 

Ce resultat pourrait en fait signifier que la fission des noyaux 
composes excites super-lourds formes est essentiellement ternaire, et de 
ce fait inaccessible ä nos mesures. Cette hypothese n' apparait pas 
injustifiee si 1' on extrapole les resultats deja connus pour des noyaux plus 
legers [20], mais trois faits la contredisent. D' une part, des noyaux de 
fusion complete de meme Z et de A voisins (цоХ et JXOX) on^ ^te formes 
respectivement par les reactions 40Ar + 238U et 84Kr + 186W; aux deux 
reactions correspondent des valeurs tres differentes du rapport aF/crR. 
D1 autre part, pour les noyaux de fusion plus legers que 110X et formes par 
Ar la proportion de fission ternaire n' est pas tres importante [16]; or, 
ni 1' energie d1 excitation, ni les moments angulaires apportes par les ions 
Kr ne sont superieurs a ceux dus aux ions Ar de la ref. [ 19]. Enfin, il 
apparait sur la figure 8 des evenements autres que la fission ou des 
transferts. 

La section efficace differentielle de ces evenements est importante. 
Dans le cas de Kr + Bi, leur section efficace totale calculee en supposant 
une distribution angulaire isotrope dans le centre de masse serait egale a 
<rR. С est evidemment exagere puisqu' il у a d' autres reactions (transferts) 
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en nombre important et ceci suggere que leur distribution angulaire presente 
un maximum. 

En examinant la distribution en masse et energie cinetique totale de 
ces evenements, on est frappe par le fait que leurs masses sont essentielle-
ment voisines de Celles de Kr et de la cible. D1 autre part, leur energie 
cinetique totale est de 1' ordre de celle que I1 on attend pour une fission t res 
asymetrique. lis pourraient resulter de la formation d' un etat quasi 
moleculaire, entre la barr iere d' interaction et la barriere de fusion, ä 
courte duree de vie. La disintegration d1 un tel etat conduirait ä des 
fragments de masses voisines de celles de la voie d1 entree puisque aucune 
configuration d1 equilibre n1 est atteinte. 
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DISCUSSION 

F . PLASIL: With regard to the high critical angular momenta (> 100-fi) 
mentioned by you for the higher energy Ar bombardments of Sb, I should 
like to point out that the calculations of Cohen, Swiatecki and myself predict 
that the fission barr ier reaches zero at about 100*. Thus it is possible 
that some of the fission you observe may in fact be from a process that does 
not involve the formation of a compound nucleus, namely a faster "direct" 
form of fission, which involves mass exchange but not full equilibrium. In 
such a case, full momentum would be transferred from the projectile to the 
composite system of target and projectile, and the observed fission fragments 
may not differ from those of compound nucleus fission in any way that could 
have been observed in your measurements. 

I should also like to comment on the high fragment total kinetic energies 
predicted by Schmitt and Mosel for fissioning nuclei with mass near 264 amu. 
We have also attempted to check the Schmitt-Mosel prediction by means of the 
two systems 232Th + 180-> [250Cf*J -fission and 246Cm + 1 8 0 - [264104* ] - fission. 
The average total fragment kinetic energies for the two systems are pre
dicted to differ by more than 6 0 MeV. Like you, we did not find such a 
dramatic difference in fragment kinetic energy and we also attribute this to 
the disappearance of the shell effects at such a high excitation energy. A 
paper on this work by R. L. Ferguson, F . Plasil, H. Freiesleben, 
C.E. Bernis and H.W. Schmitt will appear in Phys. Rev., С shortly. 

B. TAMAIN: With regard to your first point, it is true that we can 
only say that we have measured cross-sections for fission following full 
momentum transfer. The only possible way to establish whether our events 
correspond to fission following compound nucleus formation would be to 
measure the angular distribution of fission events, and we aim to do this. 



IAEA-SM-174/59 

FISSION AND COMPLETE-FUSION 
MEASUREMENTS IN 
4 0Ar BOMBARDMENTS OF 58Ni AND ^9Ag% 

H.H. GUTBROD 
G.S.I . Darmstadt, Federal Republic of Germany 

F. PLASIL 
Oak Ridge National Laboratory, Oak Ridge, Tenn. 

H.C. BRITT, B.H. ERKKILA, R.H. STOKES 
Los Alamos Scientific Laboratory, Los Alamos, N. Мех. 

M. BLANN 
University of Rochester, Rochester, N . Y . , 
United States of America 

Abstract 

FISSION AND COMPLETE-FUSION MEASUREMENTS IN 10Ar BOMBARDMENTS OF s8Ni AND 10sAg. 
Thin targets of s8Ni and 109Ag have been bombarded with 197- and 288-MeV 40Ar ions from the Berkeley 

Super-FJILAC. A particle telescope consisting of a gas proportional ДЕ counter and a silicon surface barrier 
E detector was used to measure all reaction products ranging from elastically scattered argon ions to compound 
nucleus evaporation products. Fission fragments and transfer products were also detected. A good separation 
between fission fragments and other reaction products was possible in the case of the I09Ag + 40Ar reaction. 
Angular distributions were obtained from 4° to 40° in the laboratory system. Elastic scattering and a 252Cf 
source were used to obtain energy and angular calibrations. 

The fission fragment angular distribution is characterized by a l/sinS function, and the integrated 
fission cross-section was found to be 300 and 600 mb for Ar + Ag at 197 and 288 MeV. 

Results have been interpreted in terms of a model in which fission competes with other modes of 
de-excitation of the compound nucleus, and in which the effects of angular momentum of the fission barrier 
are taken into account. The implications of this conclusion are discussed. Comparisons are also made with 
models for the complete-fusion cross-section which are based on the contact configuration for the interacting 
two-body systems. 

1. INTRODUCTION 
The work to be discussed is part of a broad program 

to measure as many of the main reaction channels as possible 
for heavy-ion-induced reactions. It is planned ultimately 
to do this for a number of target and projectile combinations, 
in the hope that these results will help provide the proving 
grounds for various macroscopic models of heavy-ion reactions. 

The systems to be discussed are "^Ar-induced reactions 
on targets of 58Ni and *°9Ag at incident energies of 19 7 
and 288 MeV. Beams were obtained from the Berkeley Super-
HILAC. We will describe the experimental method used, the 
method of analyzing the data, and the results which consist 

s Work supported in part by the US Atomic Energy Commission and the Gesellschaft für 
Schwerionenforschung mbH. 
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of cross-sections for compound nucleus evaporation products 
(evaporation residues), fission cross-sections and angular 
distributions, a fission mass-yield distribution, and fission 
fragment kinetic energy distributions. Results will then 
be compared with several models which predict angular 
momentum limits for either the compound nucleus formation 
cross-section or for the evaporation residue cross-section. 

2. EXPERIMENTAL METHOD 
The results to be reported were obtained from angular 

distributions of reaction products measured with a gas/solid 
state ДЕХЕ counter telescope tl] with a AE thickness of 
^250yg/cm2. Targets were <200yg/cm2. Line targets on carbon 
backing were used for all measurements except the 19 7-MeV 
results in 109Ag and the angular correlation result at 288 MeV. 
A self-supporting target was used for the latter. A contour 
plot of two spectra is shown as an example in fig. 1 (see 
caption). Energy resolution was ^0.5% in the E plane and "v6% 
in ЛЕ. The features to be noted in fig. 1 are the elastic 
scattering peak, the evaporation residue distribution, a 
fission-like distribution, and in some spectra a distribution 
which has been attributed to carbon backings or carbon target 
buildup. The latter is not evident in the examples of fig. 1. 
Low Z yields may also be seen in the contour from the 58Ni 
target. Elastic scattering and use of 252Cf sources were used 
in the calibration of the ДЕ and E scales. 

FIG. 1. Contour plots of counter-telescope data from 40Ar (197 MeV) on58Ni and 109Ag targets. The 
laboratory angles were 10° and 12° respectively. The ordinate is the logarithm of the number of counts. 
The high peaks at low ДЕ and high E are the elastic 40Ar peaks. A ridge due to inelastic events and slit-
scattered 40Ar may be seen at energies below the elastic peak. The peaks at high ДЕ and relatively low E are 
the evaporation residues, and the group at medium E with a broad distribution in ДЕ is the fission-like group. 
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Evaporation residue cross-sections have been obtained by 
integration over angle of the cross-sections from distributions 
such as shown in this example; fission angular distributions 
were obtained by integration of the fission-like products. 
The mass yield to be shown was deduced from the Z distribution 
of the fission-like fragments from a long run at 40° Lab; the 
kinetic energy distribution also was obtained from this run. 
Range energy results (dE/dX) due to Northcliffe and Schilling 
were used in identifying product atomic numbers[2]. Fission 
cross-sections were obtained from the angular distributions 
of the fission-like group. At 288-MeV ""Ar + 109Ag, a 
cross-section was also obtained from a measurement of the 
angular correlation of the two fragments. 

3. RESULTS 

Angular distributions for the evaporation residues are 
shown in fig. 2. These results were integrated to get total 
cross-sections. The largest source of error is thought to be 
the extrapolation of the measured distributions to 0°; total 
errors from all sources are believed to be £15%. Uncertainties 
in the extrapolation are reduced by the sine factor which enters 
into the integration of the distributions of fig. 2. Results 
for fusion and fission cross-sections are summarized in Table I. 
Angular distributions of fission-like products are shown in 
fig. 3. Transformation to CM was made assuming symmetric 
binary fission. A l/sin8 curve was fitted to the experimental 
results, and is shown as the solid line on this figure. Fission 
cross-sections were based on integration of the l/sin8 distri
bution, corrected for the fraction of the mass yield estimated 
to be missing from the integration of each spectrum. This 
results in a very large uncertainty for the *°Ar + 58Ni system 
since the carbon backing made it undesirable to integrate 
below Z=22. The experimental results at 288 MeV on l09Ag show 
some evidence of being more forward peaked than the l/sin6 
distribution. It is not clear if this is a statistically 
significant deviation. If it is, it could imply a contribution 
to the fission cross-section from a non-equilibrium system. 

The charge yield deduced from the AE identification for 
the system 1°sAg + *°Ar at 288 MeV is shown in fig. 4. The 
distribution is centered at ̂ Z=30, which is consistent with 
the expectation for symmetric fission followed by particle 
evaporation. The mass yield implied by these results has FWHM 
of ̂ 40 amu. Spectra were not integrated below Z=22 when fig. 4 
was prepared. Preliminary results indicate a distribution 
which is somewhat skewed to lower masses. Kinetic energy 
distributions for the light, medium and heavy fragments are 
shown in fig. 5. The shift to higher energies for lower mass 
in a manner consistent with binary fission may be seen. A 
fission correlation experiment was also performed during the 
run on which these data are based. The E counter used in the 
correlation subtended an angle of ±7.5°, which was estimated 
to record 47% of binary coincidence events. With the telescope 
at +40°, the E counter was placed at -57.5° giving a correlation 
angle of 97.5°. This may be compared with a predicted value 
of 101° for symmetric binary fission. The cross-section 
obtained in this measurement also agreed well with estimates 
from the singles measurements. 
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FIG.2. Angular distributions of evaporation residues following''"Ar bombardment of 58Ni, 92Mo, and 105Ag 
targets. The ordinate is broken to allow a double display. The solid line was drawn visually through the 
points before integration over angle. The dotted lines represent one set of extrapolations to 0°. Squares, 
triangles, and circles represent the experimental measurements. 

Table I: Summary of cross-sections from 't0Ar bombardment 

Target i+O Ar Energy (MeV-Lab) 

Cross-sections (mb) 

Fission 
Evaporation 
Residue 

3Ni 

109 Ag 

288 
197 

288 
197 

900±120 
880±120 

670+100 
620+90 

(400±150)' 

600+90 
300+45 

a Rough estimate based on integration of less than half 
the mass-yield distribution. 
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FIG. 3. Angular distributions of fission-like products. Points represent experimental measurements converted 
to CM assuming symmetric binary fission. Solid lines are best fit results of a 1/sin© curve. For 40Ar + 5sNi 
the evaporation residue angular distribution is shown for comparison as a dashed curve. 
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FIG.4. Charge distribution curve deduced from ДЕ of fission-like products measured at 40° (lab). The open 
points represent the experimental results converted to CM and integrated assuming a l/sin6 angular distribution. 
The solid curve was arbitrarily drawn, and has been shown as a dashed curve below Z = 24 where it is 
extrapolated. 
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FIG. 5. Kinetic energy distribution of fragments measured at 40°. The ordinate is number of counts, the 
abscissa is kinetic energy in the laboratory system. Counts from several Z were combined for statistical 
purposes. The peaks at low energy are thought to result from heavy transfer products which give a dE/dX 
similar to low-energy fission fragments. Those events were not included in the integrations of Fig. 4. 

4. DISCUSSION 
Experimental results of this work are compared with 

predicted angular momentum limits in fig. 6. The experimental 
evaporation residue cross-sections are shown and, for the 
1° 9Ag targets, the sum of evaporation residue plus fission 
cross-sections are also indicated. The results show that at 
the higher energy in the Ar + Ag case, the sum of evaporation 
residue and fission cross-sections are still considerably less 
than the expected total reaction cross-section. 

The lower solid curve is the predicted limit to the 
evaporation residue cross-sections due to application of the 
rotating liquid drop modelC 3]. The fission barriers and 
ground state rotational energies have been computed as a 
function of angular momentum by Cohen et alJ 33. These values 
were used in a Bohr-Wheeler[4]-type fission-evaporation 
competition calculation for each impact parameter for Ц 0Аг + 
1 0 9Ag. Multiple particle emission and multiple chance fission 
were included in the calculation[5], This calculation should 
predict the cross-section of the evaporation residue if the 
compound nucleus is actually formed with partial waves higher 
than those which give highly fissionable nuclei. The 
comparison between calculated and experimental results in 
fig. 6 is quite satisfactory. 

Models have been formulated to predict the angular momentum 
limits for the formation of a compound nucleus based on the 
potential energy surface for the initial contact configura
tion, or for related shapes. 1^-9] These treatments are similar 
to one another in that they consider the surface attractive 
and Coulomb plus centrifugal repulsive terms in computing 
the potential energy. 

The first such treatment to our knowledge was due to 
Kalinkin and Petkov^6', who considered ellipsoidal contact 
shapes. More recently Wilczyfiski has calculated the result 

Z=29+30 
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FIG. 6. Cross-sections versus "Ar bombarding energy. The heavy solid curve represent a calculated total 
reaction cross-section. Open points represent the experimentally measured evaporation residue cross-sections. 
Solid points represent the sum of measured fission plus evaporation residue cross-sections. The thin solid 
curves are calculated evaporation residue yields based on fission competition with a rotating liquid drop. 
The lower dotted curve represents predicted complete-fusion yields due to Wilczynski's formulation based 
on the contact configuration. The upper dotted curve represents the authors' interpretation of the limit due 
to a formulation of Tsang and Swiatecki, and also of Bass. 

for a configuration of spherical target and projectile systems 
undergoing a grazing-like collision.I'' The predicted limit 
to the compound nucleus formation cross-section due to 
Wilczynski's formulation is shown by the lower dotted curve 
of fig. 6. If the experimentally observed fission yield 
results from fission of a compound nucleus, then the calcula
tion with Wilczynski's model should be compared with the sum 
of fission plus evaporation residue cross-sections. In this 
case, Wilczynski's result seriously underestimates the fusion 
cross-section at 288-MeV "ar + 10^Ag. 

Tsang and Swiatecki are considering the problem of 
compound nucleus formation in a dynamic model with frictional 
effects, based also on a contact configuration for two 
spheres.^1 Their limits to the compound nucleus formation 
cross-section when the nuclear viscosity is high are shown 
as the upper dotted curve of fig. 6. A similar result follows 
from a related and in some ways similar treatment due to 
R. Bass.!9! The agreement between the limits of the Tsang-
Swiatecki treatment and the experimental fission plus evapora
tion residue cross-section may be a preliminary indication of 
high nuclear viscosity for heavy-ion reactions in the energy 
range of these results. 

5. CONCLUSIONS 
The data discussed indicate that far less than the full 

reaction cross-sections are found in the evaporation residues. 
The evaporation residue cross-sections are in reasonably good 
agreement with values predicted by the rotating liquid drop 
model with fission competition, but the actual fission cross-
sections can be much less than the difference between calculated 
evaporation residue and total reaction cross-sections. 
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Presumably the difference is to be found in direct reaction 
products, and evidence has been found for high transfer cross-
sections at 288 MeV in y-ray activation studies of "*0Аг + 
109Ag.[10] For the case Ag + Ar, the cross-section for the 
evaporation residue and fission is consistent with the 
predictions of a model based on the contact configuration 
with high friction as formulated by Tsang and Swiatecki. 
The fission product angular distributions are generally 
consistent with a l/sin6 function, consistent with at least 
a major portion of the fission cross-section being due to 
equilibrium fission. 
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D I S C U S S I O N 

J. MILLER: The calculation of the curve labelled aER i s one that 
a s sumes all the r e s t of the react ion c ro s s - s ec t i on is f ission. This , of 
course , is cont ra ry to the data that you have just p resen ted . Thus the 
physical meaning of the theory behind o R̂ is obscure . There i s , of course , 
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a considerable transfer-reaction cross-section. It would be remarkable 
if an equilibrium, fission calculation also described a transfer reaction. 

H.H. GUTBROD: The calculation for aER is not based on the fact that 
all the rest of the reaction cross-section is fission. aER is calculated for 
each partial wave, starting at SL = 0. For low partial waves there might 
be no contribution to fission. At some higher value of SL the fission contri
bution becomes larger and finally no cross-section is left for the evaporation 
process. One has then obtained the aER and can stop the calculations there. 
The angular momentum limit for the contact configuration, as pointed out 
by Tsang and Swiatecki and also by Bass, is the crucial gauge as to whether 
a composite system is formed or not, and whether therefore the Blann-
Plasil-Swiatecki model can be applied or not. 

S. BJ0RNHOLM: It would perhaps be useful to distinguish between 
complete-fusion reactions leading to a spherical compound nucleus and 
complete-momentum-sharing reactions, where the two ions gravitate 
around each other, exchanging particles, energy etc. , without necessarily 
fusing into a sphere. Both reactions can lead to fission, but they may differ 
in the angular distributions of the fragments. Would your measurements 
allow such a distinction to be made? 

H.H. GUTBROD: I speculated on precisely this point in regard to the 
angular distribution of the fission-like events of 40Ar + 109Ag at 288 MeV. 
The deviation from a l/sin0 distribution at small angles might be an 
indication of a non-equilibrium fission process, as we like to call a 
reaction with full momentum transfer, and the nuclear matter exchange 
you mentioned. 
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Abstract 

NEON-INDUCED FISSION OF SILVER. 
Thin targets of 107Ag were bombarded at the Oak Ridge Isochronous Cyclotron with 2°Ne ions ranging 

in energy from 110.4 to 165.6 MeV. Silicon surface barrier detectors were used to detect coincident pairs 
of fission fragments and to measure fragment kinetic energies. The fission excitation function, relative 
to Rutherford scattering, was obtained. A fragment angular correlation measurement was made at 165.6 MeV, 
and, within the limits of our statistical uncertainties, the correlation was found to be symmetric with a full-
width-at-half-maximum (FWHM) of 11°. 

The fission cross-section, o^, was found to range from 1.06 mb at 110.4 MeV to 73.3 mb at 165.6 MeV. 
Calculations of oy have been made on the basis of a model in which fission competes with other modes of 
de-excitation of the compound nucleus, and in which the variation of the fission barrier B, with angular 
momentum is taken into account. The barrier height and the ratio of the level density parameter for fission 
to the level density parameter for particle emission, a*/an, were treated as adjustable variables. It was 
not possible to obtain a fit to our measured excitation function on the assumption that the compound nucleus 
formation cross-section, oc„, is equal to the total reaction cross-section c^. For о ™ < o R , however, it 
was possible to fit our data with a wide range of Br and a f /a combinations. 

At a bombarding energy of 165.6 MeV, fragment mass and total kinetic energy distributions were 
obtained from the data by means of an iterative centre-of-mass transformation. The mass distribution was 
found to be symmetric, and the average total kinetic energy to be 87 MeV. Measured widths of the mass 
and total kinetic energy distributions were compared with the liquid drop model, which predicts the mass 
distribution to be broad (38 amu FWHM), and the total kinetic energy distribution to be narrow (14 MeV 
FWHM). The measured width of the mass distribution (36 amu FWHM) was found to be in good agreement 
with the liquid drop prediction, but the width of the kinetic energy distribution (22 MeV FWHM), is somewhat 
greater than that predicted by the liquid drop theory. 

I. INTRODUCTION 
In undertaking a study of the fission of such relatively light nuclei 

as those in the region of silver, we have been motivated by several recent 
developments. First, there appears to be a widespread increase of interest 
in heavy-ion reactions in general, and in the way in which they can be used 
to form superheavy elements in particular. There is both experimental [1,2] 
and theoretical [3] evidence that high angular momenta encountered in heavy-
ion reactions can lower the fission barrier drastically, and that this effect 
can influence both the formation and the decay of compound nuclei [4]. In 
the region of silver, where the fission barriers are very high (of the order 
of 40-50 MeV at zero angular momentum), it is possible to study fission only 
when angular momentum is used to lower the barrier to the point where the 
fission cross-section is in the millibarn region, and the fission counting 
rate is acceptable. By studying a system in which the angular-momentum-
dependent lowering of the fission barrier is an essential ingredient, we hope 
to gain information that will also apply to other mass regions. 

Research sponsored by the US Atomic Energy Commission under contract with the Union Carbide 
Corporation. 
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A second motivation is the desire to understand the 20Ne + 107Ag re
action in general. Natowitz [5] has found that at a bombarding energy of 
173 MeV the cross-section for evaporation residue products (i.e., compound 
nuclei that have de-excited by particle emission) is only about four-tenths 
of the estimated total reaction cross-section aR. Since the cross-section 
for transfer reactions is expected to account for only a small portion of 
the remaining six-tenths of aR, several hundred millibarns remain to be 
accounted for. Blann and Plasil [4] have shown that theoretical calculations 
are consistent with Natowitz's experimental result and have suggested that 
part of the "missing cross-section" can be accounted for by fission. In 
this work we have investigated the extent of the fission contribution. 

Finally, the fragment mass and total kinetic energy distributions in 
this mass region are also of interest. For increasingly lighter fissioning 
systems, the so-called Businaro-Gallone [6,7] point is reached near rhodium. 
For elements lighter than rhodium, the saddle-point shapes are unstable 
against asymmetric distortions, with the result that at the Businaro-Gallone 
point Nix [7] predicts the fragment mass distribution to be infinitely broad. 
For fissioning systems such as ours, which are close to, but above, the 
Businaro-Gallone point, Nix predicts the mass distributions to be relatively 
broad, and the fragment total kinetic energy distributions to be relatively 
narrow. One of the purposes of this work is to check these liquid drop 
model predictions. 

Earlier work in which heavy-ion-induced fission of silver was studied 
includes the glass-plate track detector experiment of Obukhov et al. [8] and 
the fragment energy and velocity measurements of Cabot [9]. Obukhov et al. 
have measured fission cross-sections from 20Ne bombardments of silver at 168, 
183 and 198 MeV. Unfortunately, their fragment detection technique was such 
that fragments with kinetic energies below an undefined limit did not register 
in the glass plates, and the cross-sections of reference [8] must, therefore, 
be regarded as lower limits. Cabot [9] has studied the fission of silver in
duced by 126 MeV 1'*N ions. In this case, the angular momentum effects are 
relatively small, resulting in a low fission probability; consequently Cabot 
measured only about 400 fission events. She was, however, able to deduce 
crude mass and total kinetic energy distributions from her data. 

Heavy-ion-induced fission of nuclei heavier than silver but lighter 
than gold has been studied by a number of authors [1,2,10,11]. Sikkeland 
and co-workers [2,11] have measured a large number of fission excitation 
functions for targets in the rare earth region and for projectiles ranging 
from 1:B to 22Ne. The lightest system studied by Sikkeland was Cs + l50 [2]. 
Plasil, Burnett, Britt and Thompson [10] have measured fragment mass and 
total kinetic energy distributions for systems as light as 170Er + 1 60. 
Thus our investigation of fission from the 107Ag + Ne reaction extends both 
fission cross-section and mass distribution measurements to a region of nuclei 
that are considerably lighter than those studied previously. Our results con
sist of a fragment angular correlation measurement at 165.6 MeV bombarding 
energy, the fission excitation function from 110.4 MeV to 165.6 MeV, and a 
mass-total-kinetic-energy distribution at 165.6 MeV. 

II. ANGULAR CORRELATION 

The first part of our study consists of a measurement of the fragment 
angular correlation. Such measurements have been discussed fully by 
Sikkeland, Hanies and Viola, [12] and by Viola et al. [13]. The measurement 
makes use of two silicon surface-barrier detectors with small geometry. One 
detector (detector 1) is kept at a fixed laboratory angle relative to the 
beam axis, while the angle of the other detector (detector 2) is varied. The 
coincidence counting rate between fragments in the two detectors is measured 
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relative to the number of incident beam particles. In our experiment, we 
have followed the lead of Viola et al. [13] and have used a position-sensitive 
detector for detector 2. Thus it was not necessary to change the angle of 
detector 2, and the in-plane angular correlation was obtained in a single 
measurement. 

The angular correlation data provides information on the forward 
linear momentum transfer from the projectile to the composite nucleus of 
target and projectile. Thus, for a given mass split and for given fragment 
kinetic energies in the center of mass system, it is possible to calculate 
the relationship between the two fragment angles in the laboratory system 
[14], based on the assumption of full momentum transfer. If the predicted 
angular correlation is observed, then it can be taken as evidence that 
fission was preceded by full momentum transfer. Should there be a component 
of fission following incomplete momentum transfer present, it would cause a 
tail in the angular correlation towards higher angles of detector 2 [12,13]. 

A. Experimental Details 
A beam of 165.6 MeV 2 0Ne 5 + ions from the Oak Ridge Isochronous Cyclo

tron (ORIC) was incident on a self-supported 107Ag target of about 200 ugm 
cm"2 thickness, oriented at 90° to the beam axis and located at the center 
of a scattering chamber. The beam collimation arrangement was such that the 
width of the beam incident on the target was approximately 2 mm. This was 
confirmed by examining a very faint burn pattern on the upstream side of the 
target at the termination of the experiment. Beam levels were held at about 
30 nA, as measured with a Faraday cup at the exit of the chamber. Detector 1 
was a silicon surface-barrier detector of the heavy-ion type (ORTEC). It was 
collimated by an aperture of 4 mm located at 7.64 cm from the center of the 
target. Detector 2 was a position-sensitive detector (ORTEC). It was lo
cated at 8 cm from the target and was collimated by a plate with 5 slits. 
Each slit was 0.14 cm wide and about 0.4 cm high. The spacing of the slits 
was 0.7 cm, on centers. Thus each slit subtended 1.0° at the center of the 
target, and detector 1 subtended 2.9°. Detector 1 was placed at an angle 
ф, = 60° to the beam axis, and the slits of detector 2 were located at 
angles 1̂2 ranging from 55° to 75°. 

Four correlated parameters were recorded for each coincidence event. 
These were the energies of the two fragments, the position in detector 2 and 
the time difference between the two fragments. The data were sorted on a 
computer to yield, for each slit in detector 2, an array whose coordinates 
were the pulse heights in detectors 1 and 2. This array is related to an 
energy of fragment 1 vs. energy of fragment 2 array, and it was used to sep
arate true fission events from other events and from accidental coincidences. 
The separation between the different types of events was found to be good. 

B. Results and Discussion 
The in-plane angular correlation obtained is shown in Fig. 1. About 

1000 events were measured. The vertical error bars are due to statistical 
errors. The horizontal error bars take into account not only the finite 
apertures of the detectors, but also the finite effective target size. It 
was found that the data could easily be fitted with a symmetric Gaussian dis
tribution of 10.9° FWHM. The position of the correlation peak at ф~ = 62° 
(for a fixed angle of detector 1, ф. = 60°) is consistent with full momentum 
transfer from the projectile to the fissioning system, for a symmetric mass 
split and for a center-of-mass total fragment kinetic energy E„ of 90 MeV. 
It will be shown in section IV that the mass distribution is indeed peaked at 
symmetric mass divisions, and that <EK> is close to 90 MeV. 
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FIG. 1. Fission fragment angular correlation with angle of detector 1, ft, fixed at 60° relative to the beam 
axis, fe is the angle of the various slits in the position-sensitive detector 2. 

From the symmetric nature of the angular correlation, we conclude 
that there is not a large contribution present from fission following incom
plete momentum transfer. This result is expected if all fission observed 
follows compound nucleus formation, as is likely to be the case. The width 
of the angular correlation, the position of its peak, the clean separation 
of fission events from other events, all seem to indicate that 20Ne-induced 
fission of 107Ag is a well-behaved process with few surprises, and that the 
observed fragments are due to the binary fission of the 127La compound 
nucleus. 

III. FISSION EXCITATION FUNCTION 
The usual purpose in measuring a fission excitation function is to 

extract from the results a value for the fission barrier Bf of the fissioning 
nucleus [2,11]. This was also our goal, but as it turned out, it was not 
possible to obtain an unambiguous value of B^ for 127La from our data. 
Furthermore, as a result of our analysis, we seriously question the validity 
of previous attempts [2,ll] to extract B£ values from heavy-ion fission data. 

Early analyses of heavy-ion fission excitation functions [2] involved 
the fitting at various bombarding energies of theoretical Г£/Гп ratios to 
aJar}, ratios, where Г„ and Г are the fission and neutron widths, ov is the 
measured fission cross-section, and OQJ is the calculated compound nucleus 
cross-section. This fitting was accomplished by means of adjusting various 
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parameters in the Г£/Гп expression, such as Bf and the level density parameters 
for fission and neutron emission, a.f and an. In reference 2 the Г£/Гп fits 
were made only for an average value of angular momentum. In a later paper [ll] 
Sikkeland et al. have made fits of average values of Tf/T , where Tf/Г was 
evaluated separately for each partial wave, and then averaged over the 
angular momentum distribution. Both in reference 2 and in reference 11, the 
angular momentum effects on the fission barrier were treated only approximately, 
by subtracting estimated rotational energies in the Tf and Г expressions. 
These rotational energies were obtained from the moments of inertia of non-
rotating (undeformed) ground and saddle-point shapes. Furthermore, in these 
analyses, the calculated compound nucleus cross-section c w was obtained by 
assuming that it was some fraction of a calculated total reaction cross-sec
tion crR, and that the ratio ÖQJ/ÖR was a function only of the projectile, 
and was independent of the target and of the bombarding energy. This as
sumption, which is inconsistent with recent measurements [5,15], can lead to 
particularly serious errors in the determination of Bf values, as we shall 
show. 

In our analysis we have calculated Of values by the method of Blann 
and Plasil [4,16]. This method makes use of the variation of the fission 
barrier with angular momentum as given by the rotating liquid drop model [3] 
and allows for multiple-chance fission (i.e., fission following particle 
evaporation) and for competition from neutron, proton, and alpha particle 
emission. The fission cross-section is evaluated for each partial wave (i.e., 
for each integral value of the angular momentum J) and a final fission cross-
section is obtained by summing over all J values. We will not describe these 
ov calculations here. A brief description can be found in reference 4, and 
a more detailed description will be available in the future [16]. 

A. Experimental Method 
A 2 0Ne 6 + beam from ORIC was incident on a thin deposit (about 200 ug 

cm-2) of 107Ag on a 30 ng cm"2 carbon backing. The deposit was a 1 mm by 
3 mm rectangle, and the target was oriented perpendicular to the beam axis. 
Two silicon surface-barrier detectors were used to detect coincident fission 
fragments. At a bombarding energy E. = 165.6 MeV, both detectors were placed 
at 61.5° relative to the beam axis. For other bombarding energies, the de
tector angles were calculated as indicated in reference 14. For the lowest 
energy studied, EL = 110.4 MeV, ф, = ф2

 = 66.2°. Detector 1 was collimated 
with a 1.8 cm diameter aperture at 7.65 cm from target center and detector 2 
was also collimated with a 1.8 cm diameter collimator, but was placed at 
3.15 cm from the target. From our angular correlation (Section II) we esti
mate that, with this geometric arrangement, essentially all partners of frag
ments detected in detector 1 registered in detector 2. 

The number of beam particles incident on the 107Ag target was monitored 
by detecting elastically scattered 20Ne particles in a monitor detector located 
at an angle of about 12.5° with respect to the beam. The effective aperture 
of the monitor detector was 0.2 cm by 0.04 cm, and it was located at a distance 
of 18.1 cm from the target center. The monitor detector's counting rate at 
each bombarding energy was corrected for the change of the Rutherford scatter
ing cross-section with Er. For the purpose of obtaining absolute fission 
cross-sections, Rutherford scattering of 20Ne ions from the target was measured 
with fission detector 1 at 15° and 20° relative to the beam axis. For this 
purpose, detector 1 was collimated with an aperture of 0.4 cm diameter, but 
its distance remained fixed at 7.65 cm. 

The Z0Ne energy was varied by means of insertion of aluminum foils 
into the beam ahead of the target. The beam energy was thus decreased, and 
the energy resolution was also decreased through straggling. The monitor de
tector provided a convenient means by which to measure the beam energy and 
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determine straggling effects. It was found that the undegraded elastic 20Ne 
peak in the monitor detector had a FWHM of % 1 MeV, while at our lowest de
graded energy (110.4 MeV) the scattering peak had a FWHM of 2.3 MeV. 

For each fission event, three correlated parameters were recorded on 
magnetic tape. These were the pulse heights Xj and X 2, related to the kinetic 
energies of the fragments, and the difference in time between the detection 
of two fragments. Number-of-events N(X,,X2) arrays were constructed for 
events falling within a specific window in the time parameter. True fission 
events were identified by inspection of the NCXi.X?) arrays. There was 
little ambiguity in attributing events to fission or to other categories. 

The fission cross-section 0£ at any particular bombarding energy E L 
was obtained from our data as follows: The differential cross-section for 
fission at the laboratory angle ip. , was obtained from 

! daf 
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WF NMR G 
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da el 
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where Np is the number of fission events in a run in which N^p monitor events 
were detected; NR is the number of Rutherford scattered 20Ne ions observed in 
detector 1 at a laboratory angle of ty-al N w R is the number of monitor events 
observed during the Rutherford scattering run; and G is the factor by which 
the geometry of detector 1 was changed from the fission runs to the Rutherford 
scattering run. The differential Rutherford scattering cross-section in the 
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In our symmetric arrangement, 91 = 90°. The integrated cross-section was 
obtained from 

ТГ f " dß sin 6 d6 
fem, 8. 

To perform this integration, the fragment angular distribution should be 
known. It was unfortunately, not possible to measure it due to problems 
associated with making measurements close to the beam axis. It is known, 
however, that fragment angular distributions from heavy-ion-induced fission 
follow a 1/sin 9 function up to about ф1 = 15° [2]. If the 1/sin 9 distri
bution were to hold at all angles, the above integral would be equal to ir. 
Sikkeland [2] estimates that the integral is equal to kir, where к varies 
linearly from 0.95 at a bombarding energy of 208 MeV to 0.85 at 120 MeV. We 
have chosen to use this estimate. The final expression for af is, therefore, 

af = ктг 2
 NF NMR G Sin ^1 C 0 S ( : e i V 
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В. Results and Discussion 
The excitation function was measured from E. = 110.4 to E, = 165.6 

MeV. The results are shown in Fig. 2. On an absolute scale, we estimate 
that our errors from all possible sources may be as high as ± 20%. On a 
relative scale, however, the accuracy is considerably better, probably in 
the region of 5%. Our measured fission cross-section of 73.3 mb at 165.6 
MeV can be compared with the result of Obukhov et al. [8] of 43.4 mb at 
168 MeV. Considering the fact that the method of Obukhov et al. involved 
a low-energy detection cutoff and that their value is claimed to be a lower 
limit, the agreement between the two results is reasonable. 

As was discussed earlier, we have attempted to fit our experimental 
excitation function with calculated ov values from a model that includes the 
variation of B^ with angular momentum, allows for multiple-chance fission, 
and includes competition from charged particle emission [4,16] in the de-
excitation process. The calculation is an equilibrium model calculation, 

1000 

100 120 140 
£L (MeV) 

160 

FIG.2. Measured fission excitation function (filled circles and heavy solid line), and attempted theoretical 
fits (light solid lines). The parameters for the curves are as follows: Bf/Bj = 1.1, 1.0, 0.9, 0.8, 0.7 and 
0.6 and a f / a n = 1.315, 1.220, 1.135, 1.060, 0.990 and 0.920 for curves A, B, C, D, E and F respectively. 
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predicting the decay modes of the compound nucleus. It is performed for each 
partial wave populating the compound nucleus. Partial-wave total reaction 
cross-sections were computed in the optical model, using Thomas' parabolic 
potential approximation [17] with parameters from reference 17. The two 
adjustable parameters in the a^ calculation were the fission barrier B^, and 
the ratio of the level density parameters for fission and particle (neutron, 
proton and alpha) emission, a » / a . The variation of В- was accomplished by 
setting Bf = f B£ D, where B^D j s x.he fission barrier from the rotating liquid 
drop model [з] and f is a scaling factor. Thus the functional variation of 
the barrier with angular momentum remains as prescribed by the liquid drop 
model, but the absolute magnitude can be adjusted. Since the calculation is 
sensitive to a„/a but insensitive to the absolute values of the level density 
parameters, a^ was kept fixed at 15.9 MeV"1. 

Our initial fitting attempts were based on the assumption that at all 
bombarding energies the compound-nucleus cross-section o>„ is equal to the 
total reaction cross-section a R, as calculated from the optical model. With 
this assumption, it was not possible to fit the experimental data. This 
point is illustrated in Fig. 2 where several attempted fits are shown. All 
calculated excitation functions were constrained to pass through the experi
mental point at the lowest bombarding energy. The combination of parameters 
ranged from Bf = 1.1 B | D , a f/a n = 1.315 for curve A, to B f = 0.6 B£ D, 
a^/a^ =0.92 for curve F. It is clear that none of the fits is adequate. 

In an attempt to examine the effects of the OQJ = O R assumption, we 
have performed the following calculation. We have assumed that at our lowest 
E, (110.4 MeV), a r N remains equal to O R . By fitting our calculated Of to 
this lowest energy point, we obtained a set of Bf and af/an values (identical 
to those given in Fig. 2). At each higher energy, we have assumed that the 
highest partial waves lead to incomplete fusion and that compound nucleus 
formation takes place only up to some value of angular momentum Jc. The 
value of JQ was obtained from our calculation as follows. For a particular 
combination of B^ and a^/a and at a particular bombarding energy, the fis
sion cross-section Of j was calculated for each partial wave; J^ was then 

obtained from I o\. T = a., where 0,. is the measured fission cross-section 
Л=0 ' at that bombarding energy. 

This procedure is illustrated for a particular case in Fig. 3. Here 
the heavy solid line gives the calculated total reaction cross-section and 
the lighter solid curve, continued by a dashed curve, gives the calculated 
fission cross-section. The location of JQ was obtained by making the shaded 
area equal to the measured fission cross-section. The assumption is that 
the compound nucleus cross-section is given by the area of the triangle to 

J C 
the left of the vertical J_ line (i.e., a„, = £ 0D T) and that for J > J_ 

L LN T_rj K,J L 

compound nucleus formation does not take place, and fission is thus not 
observed. 

In this procedure, the calculated fission cross-section is forced to 
reproduce the experimental measurements, and the ratio 0£}J/OR is deduced 
from the calculation. A plot of this ratio for two sets of B^ and af/an 

values is shown in Fig. 4. As was pointed out, the ratio is arbitrarily set 
equal to 1 at 110.4 MeV. Curves of the type shown in Fig. 4 can also be 
obtained for other sets of B~ and a£/an values. Also shown in Fig. 4 is the 
result from a track-detector complete-fusion measurement of Natowitz [5]. 
It can be seen that this experimental result is consistent with the curve 
for Bf = B № and af/a^ = 1.22. Thus a consistent picture can be obtained if 
a liquid drop fission barrier is used in the calculation and if the ratio 
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FIG.3. Illustration of method of excitation function analysis. o R is the calculated total reaction cross-
section (heavy solid line). oy is the calculated fission cross-section (light solid line, changing to dashed line). 
Location of angular momentum limit J^ is such that the shaded area is equal to the measured fission cross-
section. Compound nucleus formation is expected to take place only for J < J,-. 

120 140 
£",(MeV) 

160 180 

FIG. 4. Calculated ratio of compound nucleus cross-section to total reaction cross-section for two sets of 
Bj and a j /a n values as a function of bombarding energy. Both curves were arbitrarily required to pass through 
°CN^°R = 1 a t E L = 110.4 MeV. The dashed portions of the curves represent extrapolations. • The filled circle 
is a complete-fusion measurement of Natowitz [ 5 ] . 
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a,r/a assumes a reasonable value, when compared with a£/a_ values from the 
analysis of fission induced by light particles [18] (where apN is expected 
to equal o"R). Values of a^, ö™, aR and J^ at several bombarding energies, 
for the two cases shown in Fig. 4, are given in Table I. One interesting 
feature in the table is that while 3Q, as a function of bombarding energy, 
varies from 55-K to 66 -fi for Bf = 0.7 BJk

D and &f/&n = 1.0, it remains at a 
constant value of about 5 2 ^ for the B^D and а„/а = 1.22 case. 

f f n 
In conclusion, we wish to point out that we were not able to extract 

an unambiguous value for the fission barrier of our compound nucleus 127La. 
This could presumably be done if a complete-fusion excitation function were 
available. We hope to undertake such measurements in the future. It is 
worthwhile to point out that all earlier extractions of B£ values from heavy-
ion fission data did not consider the possibility of the o>N/aR ratio changing 
with bombarding energy. This may be the reason why Sikkeland et al. [2,11J 
were able to fit only the steep parts of their excitation functions. Our 
conclusion is that the assumption of a fixed O>M/O"R ratio makes the barriers 
obtained in references 2 and 11 unreliable. While we believe that the о"гм/°"в 
effect is likely to be an important one in heavy-ion-induced fission, we do 
not rule out the possibility that other contributing effects, such as effective 
changes in the af/an ratio with increasing excitation energy [19], may also 
play an important role. 

IV. MASS AND TOTAL KINETIC ENERGY DISTRIBUTIONS 
To explore in greater detail the fission characteristics of the 127La 

compound nucleus, we have measured the fragment mass and total kinetic distri
bution at a bombarding energy of 165.6 MeV. As was stated in the introduction, 
our primary motivation was to compare the widths of our distribution with 
those predicted by the liquid drop model [7]. Apart from this specific pur
pose, however, these distributions were of general interest, since the lightest 
system for which published results were available was 1860s [10]. 

A. Experimental Details 
A beam of 20Ne6 ions from ORIC was incident on a thin self-supported 

107Ag target, oriented at 90° to the beam, and located at the center of a 
scattering chamber. Detector 1 was collimated with a 0.4 cm aperture, and 
located at 7.64 cm from the target center and at an angle of 60° with respect 
to the beam axis. Detector 2 was collimated with a 1.8 cm diameter aperture. 
It was located at 6.4 cm from the target and at 62° to the beam axis. Thus 
detectors 1 and 2 subtended angles of 3° and 16 respectively, at the target 
center. From our angular correlation measurement we have concluded that, with 
this geometric arrangement, complementary fragments of more than 77% of all 
fission events incident on detector 1 were detected by detector 2. Both de
tectors were silicon surface-barrier detectors of the heavy-ion type (ORTEC). 
Permanent magnets, placed in front of the collimator of detector 2, prevented 
the detection of stray electrons. Beam levels were held to below 60 nA 
charge current to minimize pileup effects. The stability of the electronic 
system and pileup effects were monitored with a precision pulse generator. 
Pulser events were recorded together with fission events, and the data were 
later corrected on a computer for small electronic drift. 

Correlated pulse heights related to fragment energies were recorded 
event-by-event on a magnetic tape and processed as described earlier [14]. 
The calculated fragment masses obtained from the data are very close to pre-
neutron-emission masses [14,20]. The target thickness was measured with 
252Cf fragments and was found to be 115 ^g c m . A standard target thickness 
correction was applied to the data [14]. The detectors were calibrated with 
a 2S2Cf source, and the calibration constants of Schmitt et al. [21] were 
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used. We have also used the recently developed calibration method of Kaufman 
et al. [22], and found that in the region of mass and energy in which we were 
working (mass % 64 amu, energy % 45 MeV), the two calibration methods give 
similar results. For example, the average fragment total kinetic energy was 
86.9 MeV according to the calibration method of Schmitt et al. and 89.8 MeV 
according to the method of Kaufman et al. The results presented below were 
obtained by the calibration method of reference 21. 

B. Results and Discussion 
Approximately 6600 events were measured. The mass distribution was 

found to be peaked at symmetric mass divisions, and the overall average 
fragment total kinetic energy <EK> was found to be 86.9 + 2 MeV. This energy 
can be compared with predictions from the systematics of Viola [23]. Refer
ence 23 gives two .sets of predictions: an empirical relationship given by 
EK = 0.1071 Z /K,-z + 22.2 and a semi-empirical relationship given by 
EK = 0.1240 Z2/A ' . For our system, Ej, values predicted by the two relation
ships are 91.4 MeV and 80.1 MeV respectively. Our measured average value, 
uncorrected for neutron emission, happens to fall between the two predictions. 
We have corrected our value of <EK> for neutron emission as described in [24] 
to give <Ej.> = 91.3 MeV. The agreement between this corrected value and 
Viola's empirical prediction is extraordinarily good, particularly when we 
consider that most of the data on which the Viola relationship is based are at 
Ev > 150 MeV. к. 

In Fig. 5 the mass vs. total kinetic energy distribution is shown. 
The kinetic energies are not corrected for neutron emission from the fragments. 
The general features of the distribution are similar to those found in earlier 
heavy-ion-induced fission measurements [10]. The mass distribution is shown 
in Fig. 6, together with the average total kinetic energy (uncorrected for 
neutron emission) as a function of mass. While the contours in Fig. 5 have 
been smoothed and symmetrized, the mass distribution in Fig. 6 has not, and 
its symmetry is to some extent a measure of the quality of the data. 
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FIG. 5. Fragment mass versus total kinetic energy contour diagram. The labels on the contours refer to 
numbers of events in regions of 5 MeV by 5 amu. The data were symmetrized and smoothed. The total 
kinetic energies have not been corrected for neutron emission from the fragments. 
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To compare the widths of the mass and total kinetic energy distri
butions with Nix's [7] predictions, it was necessary to calculate the nuclear 
temperature 6 at the saddle point. This was accomplished by means of the 
relationship E|P = а 6г - 6, where E|P is the excitation energy at the 
saddle and where a, the level density parameter, was taken to be 15.9 MeV 1. 
It is probable that most observed fission events are due to the fission of 
compound nuclei with angular momenta approximately equal to 51 -ft (see Section 
III, Table I and Fig. 3). Thus, Е$р, which is a function of angular momentum 
J, was evaluated at J = 51 -if. The nuclear temperature obtained in this 
manner was 2.16 MeV. Using this value, we obtain from reference 7 the pre
diction that our mass distribution should have a FWHM of 38.2 amu, and that 
the total kinetic energy distribution should have a FWHM of 14.2 MeV. Our 
measured widths were found to be 36.4 amu FWHM (13.16 rms width) for the 
mass distribution and 22.5 MeV FWHM (9.60 rms width) for the total kinetic 
energy distribution. The agreement between experiment and theory is ex
cellent in the case of the mass distribution, but not very good in the case 
of the total kinetic energy distribution. 
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CONCLUSION 

r ms 
induced fission of l07Ag are consistent with the expected fission properties 
of the compound nucleus 1 2 7La. The measured fragment kinetic energy and 
mass distributions are in reasonable agreement with theoretical liquid-drop-
model predictions, and the average total kinetic energy agrees with the 
value expected from fission systematics. Analysis of the fission excitation 
function indicates, in agreement with a complete-fusion measurement [s], 
that a large fraction of the total reaction cross-section does not involve 
compound nucleus formation, and does not contribute to the fission cross-
section. It was not possible to extract a value for the fission barrier of 
1 2 7La, but the data are consistent with liquid-drop-model fission barriers. 
The liquid-drop-model value of B f for 1 2 7La at zero angular momentum is 
40.3 MeV [25]. 
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DISCUSSION 

V.E. VIOLA: With regard to your observation concerning the inaccu
racy of the earlier fission barriers measured in heavy-ion reactions, 
I believe we used a value of OTCN/CTR of 0.5 for neon-induced reactions, which 
is in good agreement with the Natowitz value. However, there were definite 
energy uncertainties at low bombarding energies in the measurement of 
our at excitation functions and I would agree that an energy-dependent 
aCN/o^ function should have been used. Hence there is need for re-analysis 
and/or re-measurement of these data. 

F . PLASIL: I agree with your comment. Actually the value of <£N/cR 
used by Sikkeland and co-workers was 0.6 for 22Ne, but the main problem 
was that this fraction was assumed to be independent of bombarding energy, 
which is almost certainly wrong. 

В. ТAMAIN: I should like to make a comment on your results for the 
widths of the kinetic energy and mass distributions. You mention that they 
are in good agreement with the Nix calculations and I mentioned in my paper 
that we are in disagreement with them. In fact, as I have also mentioned, 
this disagreement does not exist for low-mass compound nuclei. More 
precisely, for the system Ar + Mo we obtain the same results as you and 
it is only when fissility is high that there is a significant difference between 
theory and experiment. 

I should also like to comment on the results you presented for critical 
angular momentum. In your first set of results, the critical angular momentum 
is independent of the beam energy, while in the second it is an increasing 
function of energy. The results we have obtained at Orsay in fission and 
transfer reaction experiments show clearly that the critical angular 
momentum is an increasing function of mass and projectile energy. 

F . PLASIL: As I mentioned, the two sets of parameters used, and 
hence the two sets of critical angular momenta, are largely arbitrary. 
We favour slightly the constant value of critical angular momentum because 
in that case the ratio crCF/crR seems to agree with Natowitz's measurement, 
and also the fission <rCN barrier is equal to the liquid drop fission barr ier . 

H.C. BRITT: I would only comment that the l/sin6 angular distribution 
is the classical high angular momentum limit. Information on the moments 
of inertia comes mainly from deviations from the l/sin0 behaviour and so 
far we have been unable to get to small enough angles to observe significant 
deviations. 
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Abstract 

THE ANGULAR MOMENTUM DEPENDENCE OF THE FISSION PROBABILITY OF m Y b COMPOUND NUCLEI 
AT AN EXCITATION OF 107 MeV. 

Fission and complete-fusion cross-sections are presented for four entrance channels leading to m Y b 
compound nuclei excited to 107 MeV: nB+ 159Tb, 12C+ ls8Gd, 1 60+ 154Sm, and z0Ne + I5°Nd. The measured 
fission cross-sections are 5.9 ± 0. 6 mb, 1 6 . 0 ± 2 . 0 m b , 4 0 . 0 ± 4 . 0 m b , and 89.0 ± 9. 0 mb for the UB, 1 2C, 
16 O, and MNe entrance channels, respectively. The complete-fusion cross-sections for these same entrance 
channels are 980.0 ±150 mb, 1100 ± 160.0 mb, 1260.0 ±190.0 mb, and 1450.0 ±220.0 mb. The data are 
combined using a technique which yields the dependence of fission probability over three relatively narrow 
ranges of angular momentum. 

The results of the analysis just described are compared to a theoretical calculation based on the Bohr-
Wheeler formalism for fission widths and the Weisstopf formalism for neutron and charged particle widths. 
The calculations include the effects of multiple chance fission but assume that second and higher chance 
fission is non-negligible only if preceded by s-wave neutron emission rather than charged particle emission. 
Good agreement between the experimental results and the theoretical calculations is found for a ratio of level 
density parameters for the saddle point and the compound nucleus equal to 1.2 ± 0 .1 . 

1. INTRODUCTION 

Among the interesting questions that have evolved in the study of fission 
is that of the angular momentum dependence of the fission probability. The 
estimation of fission probabilities was first formulated by Bohr and Wheeler 
within the framework of the statistical model using liquid drop model fission 
barriers [1]. As energetic particle beams, especially of heavy ions, 
became available, the effects of angular momentum on the fission process 
had to be explicitly taken into account. Studies by Pik-Pichak [2,3] , 
Hiskes [4], and Plasil [5] were concerned with the effect of angular 
momentum on the fission barrier. More recently, Gadioli and co-workers [6] 
have modified the angular-momentum-independent calculations of Burnett 
and co-workers [7] to include the effects of angular momentum in the cal
culations of fission probabilities. 

The present work focuses on an experimental determination of the 
dependence of fission probability on angular momentum and a comparison 
of the results with current theoretical predictions. The compound nucleus 

'•" Work supported by the US Atomic Energy Commission. 
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TABLE I. ENTRANCE CHANNEL SPECIFICATIONS 

Entrance channel 

n B + i 5 9 T b 

12C + 158Gd 

1 60 + 154Sm 

2 0 N e + i s o N d 

Laboratory 
energy 
(MeV) 

115 

126 

137 

144 

Excitation 
energy 
(MeV) 

107 

107 

107 

107 

Fission targets 

Thickness Abundance 
(mg/cm2) (<7o) 

1.58 0.99 

1.00 0.98 

0.87 0.99 

1.01 0.95 

Complete-fusion targets 

Thickness Abundance 
(mg/cm2) (</<>) 

0.162 0.99 

1.00 0.98 

0.87 0.99 

0.216 0.99 

chosen for study was 170Yb. A relatively light system was selected in order 
that the angular momentum dependence of the fission probability not be 
masked by a fission probability close to unity. The production of 170Yb 
via a heavy-ion entrance channel is indicated in order to produce compound 
nuclei with significant amounts of angular momentum. 

Bombardments with heavy ions produce compound nuclei with a broad 
distribution of angular momenta. The large range of this distribution makes 
the average angular momentum a quantity of uncertain value in data analysis. 
However, a method of analysis, to be outlined later, has been developed 
which allows the calculation of partial cross-sections for events arising from 
compound nuclei characterized by a relatively narrow range of angular 
momenta [8, 9]. Characterizing these relatively narrow angular momentum 
distributions by their average, now more sharply defined, in principle 
allows the more accurate determination of the angular momentum dependence 
of the phenomena (in this case fissionability) under study. The method 
of analysis requires data obtained from a number of different entrance 
channels forming the same compound nucleus at the same excitation energy, 
but which differ in their angular momentum distributions. The calculation 
of fission probability and its dependence on angular momentum from the 
experimental results requires the measurement of both the fission and 
complete-fusion cross-sections for the entrance channels concerned. 

The reactions which formed the entrance channels of 110Yb in this 
work are: 

n B + 159Tb 
12C +l58Gd 

160 +154Sm 

20Ne + i50Nd 

The beam energies, included in Table I, were chosen so as to produce the 
same excitation energy of 107 MeV in all of the channels. 

2. EXPERIMENTAL METHOD 

The heavy ion bombardments were carried out at the Yale University 
Heavy Ion Accelerator. 
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Self-supporting and isotopically enriched targets of 158Gd, 164Sm, and 
150Nd were obtained from Oak Ridge National Laboratory. The 159Tb target, 
an isotope whose natural abundance is 100%, was prepared by evaporation 
of the metal on to a carbon film of about 40 Aig/cm2 . In the same manner, 
targets for the complete-fusion measurement in the UB and 20Ne entrance 
channels were prepared from the metals of naturally occurring isotopic 
abundance. 

Both solid state detectors and mica detectors were used in the fission 
cross-section measurements. The solid state detectors consisted of a 
9-дт detector upstream of a 3-mm detector. A very thin upstream 
detector was chosen because scattered beam and other particles whose 
masses are small compared to those of fission fragments deposit little 
energy in such a detector. Fission fragments, on the other hand, deposit 
аД or most of their energy in а 9-/лт detector. 

Mica detectors were also used to measure fission cross-sections. 
Each piece of mica was etched in 48% hydrofluoric acid for 3 h prior to 
exposure. Following a bombardment, the mica detectors were again etched 
in 48% hydrofluoric acid for 30 min at room temperature and then scanned 
under a microscope. The fission cross-sections determined with the solid 
state detectors and the mica detectors were in excellent agreement. 

Following the work of Kowalski and co-workers [10] and Natowitz [11], 
mica track-detectors were used in all of the complete-fusion cross-section 
measurements. The mica detectors were prepared as described in the 
previous paragraph, except that they were cleaved prior to their pre-
bombardment etching so as to have a surface as free of defects as possible. 

3. EXPERIMENTAL RESULTS 

The centre-of-mass differential fission cross-sections are shown in 
Fig. 1. These cross-sections were calculated directly from the measured 
laboratory cross-sections in the manner described by Sikkeland and co
workers [12], The fission cross-sections obtained by integrating the angular 
distributions of Fig. 1 are included in Table II. 

The complete-fusion angular distributions are shown in Figs 2 - 5 . The 
complete-fusion cross-sections are given in Table II along with the fission 
cross-sections. 

There are a few features of the complete-fusion angular distributions 
that merit comment. The first feature is that of the angular spread of the 
distributions. The data from the 12C and 1 6 0 entrance channels exhibit 
much broader angular distributions than do the data from the U B and 20Ne 
entrance channels. This is a direct consequence of the much thicker 
targets that were used in the collection of the data in the former 
entrance channels. Referring to Fig. 5, the second feature of interest is 
the anomalous "bump" at about 15° in the 20Ne complete-fusion angular 
distribution. The data shown are the results of three separate experiments, 
two of which yielded data in the region of concern. An estimate of the 
upper limit of the cross-section for the reactions that give rise to the 
bump may be made by assuming that all of the differential cross-sections 
for angles greater than 15° contribute to that cross-section. Under this 
assumption, the cross-section for those reactions is about 90 mb. 
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FIG. 1. Centre-of-mass fission fragment angular distributions for the four Yb entrance channels studied 
in this work. 
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TABLE II. FISSION AND COMPLETE-FUSION CROSS-SECTIONS 

Entrance channel 

"B + l s 'Tb 

12C + 158Gd 

1 60 + 154Sm 

zoN e + lsc N d 

Excitation energy 
(MeV) 

107 

107 

107 

107 

Fission cross-section 
(mb) 

5. 9 ± 0.6 

16. 0± 1.6 

40.0 ± 4 . 0 

89.0 ± 9 . 0 

Complete-fusion cross-section 
(mb) 

979 ± 147 

1096 ± 164 

1262 ± 189 

1450 ± 220 

10 20 30 40 

ANGLE(DEG) 

FIG.2. Complete-fusion angular distribution for 115-MeV n B + 159Tb. 
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FIG.3. Complete-fusion angular distribution for 126-MeV 12C+ 158Gd. 

The registration of heavy recoil products arising from multinucleon 
transfer reactions may explain the "bump" in the angular distribution. 
Kinematic calculations in which it is assumed that the light residual products 
will have the same MeV/nucleon as the incident 20Ne beam show that 
reactions which result in the transfer of 10 or more nucleons will give 
rise to heavy recoils all of which will register in mica. Only a fraction 
of the reactions corresponding to less than a 10-nucleon transfer will 
register. For example, the transfer of 8Be to the target nucleus, which 
results in 12C in the exit channel, will give rise to a heavy residual nucleus 
with enough energy to register in the mica only when the 12C appears at 
laboratory angles greater than 30°. An estimate of cross-sections for such 
multinucleon transfer reactions was made by bombarding the 158Gd target 
with 144-MeV 20Ne. Unfortunately, at the time of this experiment a Nd 
target was not available. However, as noted by Croft and co-workers [13] , 



IAEA-SM-174/67 341 

10" 

10' 

z о » -
о 
ш 
<л 
I 

(Л 
(Л 
о 
ее 
о 

10' 

10 -

10' 

10° 

I I • Т 

л 
9%д V 

\ 
% 

к\ .4 
в |\в § \ 

i i I 

1 1 I -

§ TARGET 90е 

\ TARGET 45° 

~ 

-

ч» 
Ч. т , 

• 

1 

10 20 30 40 50 
ANGLE (DEG) 

60 70 

FIG. 4. Complete-fusion angular distribution for 137-MeV 160+ 154Sm. 

transfer cross-sections are not expected to be very sensitive to a small 
change in the atomic number of the target. The sum of the cross-sections 
for transfer reactions which result in the formation of Li, Be and В products 
was found to be 50 ±10 mb. The cross-section for producing С in the exit 
channel at laboratory angles ёЗО" is 42 ± 4 mb out of a total cross-section 
of 80 ±8 mb. Thus it is expected that multinucleon transfer reactions will 
result in the 20Ne complete-fusion cross-section being about 100 mb too 
large, in good agreement with the magnitude of the cross-section attributed 
to the "bump". 

A question arises now as to the effects of multinucleon transfer reactions 
in the other entrance channels studied. Kinematic calculations show that as 
the mass of the incident projectile decreases from 20Ne to X1B there is a 
corresponding increase in the minimum angle at which a product registering 
in mica would appear. There is also a corresponding increase in the 



342 ZEBELMAN et al. 

20 30 40 
ANGLE IDEG) 

50 60 

FIG. 5 Complete-fusion angular distribution for 144-MeV 20Ne+150Nd. 

laboratory angle of i t s light pa r tne r . Differential c r o s s - s e c t i o n s of the 
light products a re well-known to dec rea se sharply with increas ing angle. 
Thus it i s expected that the reg i s t ra t ion of d i rec t react ion events will make 
an ever decreas ing contribution to the measu red complete-fusion c r o s s -
section as one goes from 2 0Ne to U B . 

DISCUSSION 

The t rea tment of the exper imental data in a manner that yields the 
angular momentum dependence of fissionability i s d iscussed in the following 
pa rag raphs . The r e su l t s a re then compared with conventional calculations 
of this quantity. 
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4 . 1 . Data analysis 

The probabili ty that a compound nucleus formed via an entrance 
channel x with a given ini t ial excitation energy win undergo fission at some 
point in i ts de-exci tat ion is just 

Of(x)/crCF(x) (1) 

where a; i s the c ros s - sec t ion for compound nuclear fission and aCF i s 
the complete-fusion c r o s s - s e c t i o n . To ext rac t the angular momentum 
dependence of the fission probabili ty from the exper imenta l c r o s s - s e c t i o n s , 
one may exploit the Bohr independence hypothesis . According to the Bohr 
hypothes is , the compound nucleus fission c r o s s - s e c t i o n for a pa r t i cu la r 
entrance channel, x, may be wri t ten: 

a f(x) = ^ a C F ( x | j ) W f ( J ) (2) 
J = 0 

where <7CF( X | J ) *S t* i e c ro s s - s ec t i on for the formation of the compound 
nucleus charac te r ized by a given excitation energy and by a given angular 
momentum, J , in the entrance channel x; Wf(J) i s the probabili ty that 
the compound nucleus with the given angular momentum and excitation 
energy will f ission. The independence hypothesis demands that W f(J) be 
purely a proper ty of the compound nucleus and thus i s independent of i ts 
mode of formation. 

The complete-fusion c r o s s - s e c t i o n for total angular momentum J 
may be wri t ten as 

j+s j+s 

«CTMj)-r<(2B
(*Jl^i+l) I I T1W < 3 > 

S=|j-s| JHJ-S | 

where s and j a re the project i le and t a rge t sp ins , respec t ive ly ; S is the 
channel spin; and TJ(x) i s the t r ansmis s ion coefficient for compound 
nucleus formation in ent rance channel x. When s and j a re ze ro o r a re 
s m a l l compared to the maximum value of SL, Eq. (3) r educes to 

a C F ( x | j ) = 7 r X ! ( 2 J + l ) T ; ( x ) (4) 

Substituting Eq. (4) in Eq. (2), we find 

CO 

orf(x) = т * | ^ ( 2 J + l ) T j ' ( x ) W f ( J ) (5) 
J = 0 

F r o m Eq. (4), the complete-fusion c r o s s - s e c t i o n i s 

a C F ( x ) = 7 r ^ ^ (2J+l)Tj ' (x) (6) 
J=0 
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If the rat io of Eq.(5) to Eq.(6) i s taken according to the prescr ip t ion of 
Eq. (1), the expected resu l t is obtained that the ra t io of the fission to the 
complete-fusion c r o s s - s e c t i o n s is just Wf(J) averaged over the ent i re spin 
distr ibution of entrance channel x 

a f(x) /aC F(x) = £ ( 2 J + l ) T j 4 x ) W f ( J ) / £ ( 2 J + l ) T j ( x ) 

J=0 J=0 

= <W f(J)> x (7) 

As shown in Refs [8, 9 ] , when data a re available from a number of 
corresponding entrance channels that lead to compound nuclei of the same Z , 
A and excitation energy, further use of the Bohr independence hypothesis 
allows the isolation and study of the behaviour of compound nuclei having 
a range of angular momentum which i s much na r rower than the spin d is t r ibu
tion in any one of the par t icu lar entrance channels . To see th is , consider 
equations analogous to Eqs (5) and (6) for another corresponding entrance 
channel, у 

<Му)=1гЯ.у£ (2J+l)Tj ' (y)W f (J ) (8) 

j = o 

and 

аст(у)=Л^Г(2Т+1)Т ;Чу) ( 9 ) 

j = o 

If Eqs (5), (6), (8), and (9) a re divided by the i r respec t ive values of ЭТА2 

(from this point on, any c r o s s - s e c t i o n , a , divided by ir'k for the corresponding 
entrance channel will be denoted by a', i . e . er'SCT/TTÄ2) and differences taken 
between Eqs (5) and (8) as well as between Eqs (6) and (9), the re r e su l t s 

«> 

(T f(x)/jrA2-o t(y)/ JrA2=ff/(x-y) = ^ ( 2 J + l ) W f ( J ) [ T J
, ( x ) - T i ( y ) ] (10) 

J = 0 

aCF(x)/7TÄ.2 - a C F (y) / j rJ^=<T^ F (x-y) = £ (2J +l)[Tj(x) - T'(y)] (11) 

J = 0 

The re a re two cen t ra l points that a re to be noted: 

(a) It is the independence hypothesis that allows the factoring of Wf (J) 
in Eq. (10). 

(b) The quantities a | ( x - y ) and crcF(x-y) r e p r e s e n t c r o s s - s e c t i o n s for 
compound nuclei within the relat ively na r row range of J for which 
[ T j ( x ) - T ] ( y ) ] ^ 0 . 
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If now the ra t io of Eq. (10) to Eq. (11) i s taken, 

o<lF(x-y) j» x 'х-У 7 ( f y \ = J - -<Wf(J)> (12) 

£(2J+l)[TJ(x)-Ty(y)] 
J = 0 

the r e su l t i s the average fission probability over the region of J for which 
[T ' (x ) -T j ' (y ) ] f 0. 

In the p resen t exper iment it i s possible to identify th ree such reg ions : 
1 2 C - U B , 1 6 0 - 1 2 C , a n d 2 0 N e - 1 6 O , which we shall denote as regions I, II, 
and III, respec t ive ly . Thus , for example 

^ ä r ) - o ä F ( « 0 ) - a i F ( i 8 C ) = < W f ( J ) > n ( 1 3 ) 

The va lues of • (Wf( J )X for each of the entrance channels as well as 
the <̂  Wf(J) )>i-m f ° r each na r row region a re presented in Table III. It 
should be emphasized that these values a re obtained direct ly from the 
exper imenta l data with no intervening theore t ica l approximations other 
than the assumption of the independence hypothesis . To know the regions 
of angular momentum (also given in Table III) over which they a re 
the average , though, it is necessa ry to make theore t ica l e s t ima tes of the 
Tj (x) and Tj'(x). 

TABLE III. COMPARISON OF EXPERIMENTAL AND THEORETICAL 
FISSION PROBABILITIES 
E r r o r s indicated on <[ Wf (J) Xheoret. a r e ^ u e *° ^ e unce r ' t a : ' - rL ' ty *п ^сит 

' ( Г U Z < ^ > е х р е , <"f<»>theo,e, 

ИВ 4 0 1 3 0 - 4 0 0.006 ±0.001 0 . 0 0 6 + ° ' ° ° ^ 
- 0. 001 

12C 46 ± 4 0 - 4 6 0.015 ±0.003 0. 011 + ° ' ° ° 3 

- 0, 004 

l sO 58 ± 4 0 - 5 8 0.032 ± 0.006 0.038 + ° - ^ 
- 0. 018 

MNe 70 i 6 0 - 7 0 0.060 ± 0 . 0 1 0.14 t n'08 

I 4 1 - 4 6 0.04 ±0 .03 0.017 + °'°°? 
- 0.001 

II 4 7 - 5 8 0.06 ± 0 . 0 3 0 . 0 6 6 + ° ' ° ° 1 

- 0.02 

III 5 9 - 7 0 0.12 ±0 .07 0.34 + ' „„ 
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ANGULAR MOMENTUM fh) 

FIG. 6(a) Optical model transmission coefficients for 115-MeV nB+ >s9Tb, 126-MeV 12C+ 158Gd, 
137-MeV 160 + 154Sm, and 144-MeV MNe + 150Nd; (b) optical model partial reactions for the above 
entrance channels. 

4.2. Estimate of Tj and Tj 

The transmission coefficients, Tj(x), as distinct from Tj(x),may be 
calculated within the framework of the optical model. This was done using 
the optical model code ABACUS-2 [14] with parameters from Auerbach and 
Porter [15]. The resulting transmission coefficients and partial cross-
sections characterizing the total reaction cross-sections for the n B , 12C, 
1 6 0, and 20Ne entrance channels are shown in Figs 6a and 6b, respectively. 
The fact that these are transmission coefficients and partial cross-sections 
for the total reaction cross-section means that Tj'(x) and CTCF(X|J) are but 
a subset of them. Thus one must appeal to another model to separate the 
transmission coefficients and the partial cross-sections for complete fusion 
from the larger set characterizing the total reaction cross-sections. The 
model generally chosen to accomplish this is the sharp-cutoff model. 
According to this model, the set of partial cross-sections for complete 
fusion in a particular entrance channel may be found by summing from 
J = 0 the partial cross-sections calculated with the optical model until the 
sum of the partial cross-sections most closely equals the experimentally 
measured complete-fusion cross-section. The largest value of J which 
contributes to the complete-fusion cross-section is termed JCRIT> All the 
transmission coefficients and partial cross-sections corresponding to J 
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FIG. 7(a) Sharp-cutoff-model complete-fusion transmission coefficients; (b) sharp-cutoff-model 
complete-fusion partial cross-sections. 

values in excess of JCWT are taken to refer to the incomplete fusion or 
direct reaction cross-section. In general, there is a different JCMT for 
each entrance channel. The values of JCRIT for the entrance channels 
measured here are included in Table III. The Tj'(x) and cCF (x| J) distri
butions determined with the optical model but modified by the sharp-cutoff 
approximation are shown in Fig. 7. 

Some justification for the sharp-cutoff model arises from studies of 
direct reactions which show that these reactions are evidently nuclear-
surface reactions [16]. In other words, direct reactions are characterized 
by relatively large impact parameters and concomitantly large values of 
angular momentum. A sharp-cutoff is made at JCRIT since the paucity 
of data concerning the angular momentum dependence of direct reactions 
does not at this time justify a more refined approximation. 
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4. 3. Calculation of Wf (J) from the statistical model 

Having made an estimate of the regions of J over which the <Wf(J)> 
were measured, it is now of interest to compare these values with those 
that result from conventional statistical theory. In particular, it is of 
interest to see if the rather strong dependence of fission probability on J 
can be reproduced. 

At high excitation energies fission may occur at any one of several 
points in the decay of the initial compound nucleus. In general, then, 
one must deal with the possibility of fission occurring from a spectrum 
of residual nuclei characterized by a spectrum of excitation energies and 
angular momenta. To make the fission probability calculations tractable, 
a number of assumptions are made: (1) Competition between fission and 
neutron, proton, or alpha-particle emission is allowed at each step. 
Competition with gamma-ray emission is ignored. (2) Residual nuclei 
which arise as a result of proton or alpha-particle emission are assumed 
to have a negligible chance of fissioning. (3) Evaporated neutrons are 
assumed to carry off no angular momentum; the angular momentum distri
bution which characterized the initial compound nuclei also characterizes 
the nuclei resulting from neutron evaporation. 

In accordance with the above assumptions, the fission probability depends 
on the quantities r f(J), Fn(j), Ta(J), and Fp(J) which are the angular-
momentum and excitation-energy dependent widths for fission, neutron, 
alpha, and proton emission, respectively, along the decay chain. For 
ease of later reference, let us define 

r T ( J ) = r n ( J ) + r p ( J ) + r a ( J ) (14) 

The calculation of Wf (J) proceeds as follows: (1) Tf (J) and Гт (J) are 
calculated for the initial compound nucleus 169Yb excited to 107 MeV. 
(2) The spectrum of residual excitation energies for 169Yb is determined 
from an evaporation calculation, this spectrum of energies is then used 
in the calculation If (J) and rT (J) for 169 Yb. As noted above, the spin 
distribution which characterized 1,0Yb is assumed to characterize the 
residual nucleus also. (3) Steps analogous to (2) are repeated until further 
steps would have a negligible effect. 

The quantity P^J) was calculated using a conventional angular-momentum-
dependent evaporation code called Evamco [17]. 

The calculation of the fission width is based on the formalism developed 
by Bohr and Wheeler [1]. As shown in Ref. [6] the fission width for a par
ticular value of J, including the effects of barrier penetrability is 

E 

r m = _ _ J L _ Г-.- P*(e,J) , 1 5 ) 
1((J> 2TTP(E,J) J Q€ 1+ехр[-2тг(Е-Вг-е)/йы] (0> 

0 

where e is the energy in the non-fission degrees of freedom. The energy e 
is related to E, Bf (the fission barrier), and T (kinetic energy in the fission 
degree of freedom) by 

e = E - Bf - T (16) 
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The form of the spin-dependent level densities used in Eq, (15) was the 
same as that used in the TT(J) calculation. With the expressions for rf (J) 
and rT (J) in hand, one may now proceed to compute <(Wf(J))>x and<( Wf (J) )>j_ln 

The theoretical expression for <Wf(J)> involves a large number of 
parameters. These include the fission barrier, Bf; the moments of inertia 
for the saddle shape and the compound nucleus; the pairing corrections to 
the excitation energy for the compound nucleus and the saddle configuration; 
the value of ftu; and the level density parameter, a, for the saddle point and 
the compound nucleus. Further, there are different values of these para
meters for each residual nucleus in the decay chain of the original 170Yb 
compound nucleus. As one could no doubt fit almost any data by freely 
varying the values of this large number of parameters, we chose to fix 
the values of аД but one of the parameters to those that have been fairly 
well established in the literature. The only parameters that were varied to 
bring calculated values to within the uncertainties in the experimental data 
were the saddle point level density parameter and the compound nucleus level 
density parameter. The values of these as well as the other parameters 
will now be discussed. 

The fission barriers used in the calculation of rf are the semi-empirical 
barriers of Myers and Swiatecki [18,19]. The barriers are calculated from 
experimental ground state masses and saddle point masses obtained from a 
semi-empirical mass equation which includes corrections for shell and 
pairing effects. The fission barriers for the nuclei of concern in the study 
are given in Table IV. 

The saddle point moments of inertia are taken from the work of Cohn 
and Swiatecki [20]. Spherical rigid body moments of inertia are used for 
the compound nuclei. 

Odd-even effects in the level density are corrected for by using the 
values of Д р and An given by Gilbert and Cameron [21]. 

The value of 1 MeV is chosen for ftu in the fission width calculations [7]. 
The calculations were found to be insensitive to reasonable variations of this 
parameter. 

The level density parameter, a, appears in the level density expression 
for both the fission width and the particle widths. It was found, however, 
that the calculated fission width essentially depended only upon the ratio 

TABLE IV. SEMI-EMPIRICAL FISSION BARRIERS 
OF MYERS AND SWIATECKIa 

Nucleus 

m Y b 
I5sYb 
l s sYb 
i « Y b 

Barrier 
(MeV) 

30.6 

30.5 

29.5 

29.5 

Ground state masses taken from tabulated values of GARVEY, G. T . , et a l . , 
Rev. Mod. Phys. 41 (1969) 51. 
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of the level density parameter for the saddle point configuration to that for 
the compound nucleus, a s /a c n , rather than on their absolute values. Thus 
this ratio was taken as the only free parameter in the calculation. 

The results of the fissionability calculations are given in Table III along 
with the experimental values of <Wf(J)>. The value of а^/асп is found to 
be 1. 22 when it is required that the calculated value of <(Wf(J) >nB reproduce 
the experimentally determined value of 0. 006. From Table III it may be 
seen that there is reasonable agreement between experiment and theory. 

5. SUMMARY AND CONCLUSIONS 

The experimental data, quite apart from any parameter-dependent theory, 
clearly demonstrate that fissionability is an increasing function of angular 
momentum for the 170Yb compound nucleus with 107-MeV excitation energy. 
The fact that the excitation energies were matched in the four entrance 
channels studied avoided the complications introduced by the energy 
dependence of fissionability and allowed the isolation of the behaviour of 
compound nuclei characterized by a relatively narrow range of angular 
momenta. 

The theoretical calculations of fission probability have reproduced 
rather well the qualitative and quantitative experimental results with a 
reasonable set of parameters. 
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Abstract 

STUDY OF A FISSION-LIKE ENVIRONMENT IN REACTIONS WITH VERY HEAVY IONS. 
The dynamical aspects of the later stages of fission can be studied in the broader context of those 

reactions where the collective degrees of freedom play a dominant role. The interaction of large heavy 
ions with nuclei provides an ideal tool to sample the conditions prevailing in a scission-like environment. 
For this purpose a program has been started to study the reactions between 4l)Ar and various targets. Energetic 
particles produced in these reactions are observed at various angles by means of a counter telescope. The 
analysis of the data provides the atomic number of the emitted particles, their angular distribution and their 
kinetic energy distribution. The reactions between 40Ar and both a Cu and a Ag target at 288 MeV bombarding 
energy show an impressive emission of particles ranging in atomic number from 1 to 25 and above, matched 
In variety only by the fission process itself. The angular distributions are mostly peaked forward with the 
exception of the fragments with atomic number close to 18 in the case of the Cu target, for which a cross-
section increasing with angle is observed. The Z distribution at various angles suggests that the system is 
relaxing along the mass asymmetry coordinate. In the case of the Cu target the charge distribution seems 
to drift toward lower Z while in the case of the Ag target the drift is in the direction of larger Z. This is 
consistent with the potential energy of two spherical liquid drops in contact and rigidly rotating. The kinetic 
energy distributions are Gaussian-like and peak at energies close to the Coulomb energies of two touching 
spheres. Both the charge distributions and the kinetic energy distributions suggest the picture of a very viscous 
dynamical evolution dominated by the potential energy. This evidence is consistent with the assumption 
of a viscous dynamical process in the latter stages of fission. 

1. INTRODUCTION 

Most of the progress which has occurred in understanding the fission 
process over the years is the result of improved knowledge of the potential 
energy of the system together with the applications of statistical mechanics 
in suitable critical stages of the reaction. The liquid drop model, 
corrected for shell effects by means of the Strutinsky procedure, has 
provided an adequate understanding of the behaviour of the nuclear potential 
energy as a function of deformation not only in the neighbourhood of the ground 
state but also at the saddle point deformations. The use of statistical 
mechanics in describing the random access to the saddle point has provided 
a quantitative understanding of the fission decay widths and of the fission 
fragment angular distributions. Finally the de-excitation of the excited 
fragments in flight is also well understood in terms of the standard sta
tistical theory of evaporation. However, this series of flattering successes 
is interrupted at a crucial stage of the fission process where the present 

* Work performed under the auspices of the US Atomic Energy Commission. 
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theoretical understanding is unsatisfactory notwithstanding the detailed 
experimental evidence available. This stage is the descent from saddle 
to scission. In this region the lack of stationary points in the potential 
energy makes it necessary to perform dynamical calculations. Two new 
quantities are required to specify the dynamical evolution of a system: 
the viscosity tensor and the inertia tensor. Both quantities are very 
difficult to calculate from the nucleon-nucleon interaction or even empiric
ally and very little experimental information is available. However there 
is hope that one might be able to decide whether the system behaves more 
like a viscous or like anon-viscous fluid. In the former case the system is pre
vented from achieving large velocities and the potential energy dominates the 
outcome of the reaction. In the latter case the system can achieve large velocities 
and the inertias dominate the course of the reaction. At first sight one 
might hope that a simple check on the fission fragment kinetic energies 
could provide direct information about the viscosity of the saddle to scission 
descent. To be able to draw any conclusion one must have experimental 
information on how the total kinetic energy is divided into a pre-scission 
and a post-scission component. Unfortunately there is almost no experi
mental information on the subject. Calculations have been performed with 
various assumptions about the inertias and the viscosity [ 1 - 4 ] . However 
it appears that a definite answer about the viscosity of nuclear matter 
must depend on experimental data. 

The fission kinetic energies provide ambiguous information regarding 
the viscosity associated with the collective degrees of freedom. However 
it is possible to visualize a suitable scission-like environment where the 
same collective degrees of freedom are called into play and where the 
initial kinetic energy injected into the system can be chosen at will. Such 
a scission-like environment can be easily obtained in the collision between 
nuclei and large heavy ions. The non-compound nucleus reactions occurring 
in these collisions are associated with the production of a large variety of 
particles and strongly suggest the involvement of collective degrees of 
freedom [ 5 - 7 ] . 

The two touching nuclei can evolve along many different collective 
coordinates, like the mass asymmetry, the charge asymmetry and various 
deformation parameters. This evolution may lead to the formation of the 
compound nucleus or to the direct re-emission of another fragment. The 
charges, masses, and the kinetic energies of these fragments emitted in 
a direct process contain information about the dynamical conditions pre
vailing in a scission-like environment. In particular one may gather 
information about the relaxation times associated with the various collective 
degrees of freedom and about macroscopic quantities such as friction 
coefficients and viscosity tensors. 

In the present paper some preliminary results are presented about 
the charge distributions, kinetic energy distributions and angular distri
butions of the fragments emitted in the interaction between Cu and Ag 
targets with 288-MeV Ar ions. 

2. DESCRIPTION OF THE EXPERIMENT 

Two different targets, a 1.37-mg/cm2 Cu target and a 0.9-mg/cm2 Ag 
target, have been bombarded with a 288-MeV 4lAr beam, provided by the 
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Berkeley Super-HILAC. The beam is collimated into a 3 - m m - d i a m e t e r 
spot by means of a se t of th i ee carbon co l l ima to r s . This beam, after 
pass ing through the ta rge t , is collected using a Fa raday cup and integrated 
to provide the total charge to which the ta rge t has been exposed. The 
par t i c l e s emitted in the reac t ion a re detected by means of two solid s tate 
counter t e l e scopes . The f i rs t te lescope was composed of a 9. 6-;um ДЕ 
detector and of a 3 80-/um E detector; the second te lescope was composed 
of a 28-jum ДЕ detector and of a 380-^m E detec tor . The thicker ЛЕ 
telescope was used to detect l ighter pa r t i c l e s , the thinner ÄE te lescope 
was used to detect heavier p a r t i c l e s . The two te lescopes were mounted 
on movable a r m s and could be placed at var ious angles with r e spec t to the 
beam. A schemat ic d iagram of the e lect ronic equipment is shown in Fig . 1. 
The pulses coming from the two te lescopes a r e fed to a s tandard l inear and 
logic c i rcu i t ry and a re finally digitized by an analogue mult iplexer and 
ADC sys t em. The digitized information accompanied by identification 
m a r k e r s is fed to the computer event by event, through a CAMAC sys tem, 
packaged and recorded on magnet ic tape. A "busy" signal fed back by the 
computer is used to t u rn off a s c a l e r which counts the single events in one 
of the ДЕ coun te r s . At the same t ime another s c a l e r counts the single 
events from the same ДЕ counter without interrupt ion. The counts from 
both s c a l e r s a r e used to c o r r e c t for the dead t ime . 

F o r monitoring purposes the signals from each te lescope a r e fed to 
a Landis-Goulding pa r t i c le identifier which produces a p re l iminary identi
fication spec t rum. The data recorded on magnetic tape a re analysed on 
a 7600 CDC computer . A Е-ДЕ map is generated and simultaneously a 
par t i c le identification function (PI) of a standard type is calculated. The 
adequacy of the par t ic le identification function is checked by means of a PI, 
E T o t a l map . The kinetic energy distr ibutions associa ted with each atomic 
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number are corrected for the target thickness and for the dead layers of 
the various counters. The integrated counting rate for each atomic number 
is transformed into cross-section using the known detection efficiency of 
the telescopes, the total charge collected in the Faraday cup, the mean 
charge of Ar when entering the Faraday cup and the target thickness. 

The effects of possible contaminants (C,0) on the experimental results 
have been checked by bombarding a 50-ng/cm? С target and by collecting 
the fragments with the same equipment described above. The amount of С 
deposited on the targets during the various bombardments has been estimated 
by visually comparing the target beam spots with a series of targets on which 
different amounts of С were evaporated. In the case of the Cu targets the 
С contamination appeared to be < 3 pig/cm2, in the case of the Ag targets 
the С contamination appeared to be < 2 /ug/cm2. Because of the rapid drop 
of the cross-section for the С target with increasing Z, the contamination 
effects are more serious at low Z. At Z = 8 the С contamination contributes 
to the cross-section less than 1% in the Cu bombardment and less than 10% 
in the Ag bombardment. At Z = 10 the contribution to the cross-section 
due to contamination is less than 0. 1% in Cu and less than ~ 1% in Ag. 
At larger Z the corrections are completely negligible. 

3. EXPERIMENTAL RESULTS 

A very large variety of fragments is produced in the reactions of both 
targets which have been studied here. Portions of the particle identification 
spectra for Cu and Ag targets are shown in Fig. 2. More detailed information 
about the actual range in atomic numbers which has been investigated 
experimentally can be obtained from the following figures. In the case of 
Cu the Z range is from Z = 5 to Z = 19 while in the case of Ag the Z range 
is from Z = 5 to Z = 25. The boundaries of these ranges are purely instru
mental. It has been ascertained that particles with Z < 5 are also abundantly 
produced and can be easily identified. Particles with Z > 19 for Cu and with 
Z > 25 for Ag are also produced. However their identification becomes 
more difficult and the kinetic energy spectra are substantially cut off on 
the low-energy side because of the thickness of the ДЕ counter. 

The cross-sections for the production of fragments with various Z 
at each angle are shown in Fig. 3 . In the case of the Cu target a peak in 
the cross-section is observed at Z = 12 for the 20° and 30° angles, while 
at the 50° angle the cross-sections increase with some alternation from 
Z = 6 to Z = 18. 

In the case of the Ag target the cross-sections tend to increase with 
increasing atomic number both at 30° and at 40°. At the 50° angle the 
cross-section peaks around Z = 21. Even-odd fluctuations can be discerned 
in some of the distributions. The yield of F(Z = 9) is quite remarkable and is 
systematically low in all the distributions for both targets. 

The angular distributions in the experimental angular range associated 
with the various atomic numbers are shown in Fig. 4. For the Cu target 
the angular distributions are strongly peaked forward for the lower atomic 
numbers. The forward peaking decreases with increasing Z until, for 
Z = 15, the cross-section is approximately equal at all angles. Above 
Z = 15 the cross-section appears to increase at larger angles. On the 
other hand, for the Ag target, the angular distributions are peaked forward 



IAEA-SM-174/75 355 

a C u 6 3 ' 6 5 + 288-MeV l f lAr40
 4 7 A g l 0 7 ' l 0 9

+ 288-MeV ,«Ar40 

0 120 240 360 480 600 0 120 240 360 480 600 
P I P i 

FIG. 2. Examples of particle identification spectra for both Cu and Ag targets at various angles. The ДЕ 
counter thickness is 9.6 um and the E counter thickness is 380 um. 

for all the atomic numbers. The kinetic energy distributions, corrected 
for target thickness and for the detector dead layers, appear as broad 
Gaussian distributions. Some examples of such distributions are shown 
in Fig. 5. The most probable kinetic energies are presented in Fig. 6. 
In both cases the most probable kinetic energies for each angle increase 
with atomic number. Such an increase becomes slower at the highest 
atomic numbers where in fact a slight decrease begins to appear. The 
widths of the kinetic energy spectra are very large. The FWHM ranges 
from ~ 20 MeV at Z = 5 to ~ 45 MeV for Z = 25 for the Ag target and 
from ~ 30 MeV to ~ 60 MeV for the Cu target. 
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F1G.3. Cross-sections for the production of the identified elements at various angles. 

4. DISCUSSION 

4 .1 , Evidence of a two-body kinematics 

The results of the present experiment may be related to the conditions 
prevailing in the scission of a fissioning nucleus only if the observed reaction 
is mainly a two-body process. Only a coincidence experiment can give a 
definite answer to this question. However there are a few tests which may 
provide evidence for or against the binary nature of the process. Kinematic 
evidence can be obtained by transforming the observed laboratory kinetic 
energies to the centre-of-mass system. If the kinetic energies observed 
at various laboratory angles transform to essentially the same kinetic energy 
in the centre of mass it should be a good indication in favour of a binary 
disintegration. To perform such a transformation it is necessary to deter
mine the masses of the fragments. In the present experiments only the 
charges and not the masses of the products are measured. Therefore one 
must make an assumption about the charge-to-mass ratio to obtain the 
necessary mass of the fragment. For lack of better knowledge, two extreme 
choices have been made: in one case it is assumed that the charge-to-mass 
ratio of the observed fragment is the same as in 40Ar, in the second case 
it is assumed that the charge-to-mass ratio is the same as in the combined 
system. For the Cu + Ar system the two choices are practically identical, 
for the Ag + Ar system the two choices differ only slightly. The transfor
mations of the most probable kinetic energies to the centre-of-mass systems 
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FIG. 4. Angular distributions for the various elements. 
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FIG. 5. Examples of kinetic energy distributions in the laboratory system. 
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FIG. 7. Most probable kinetic energies as a function of atomic number of the fragments in the centre-of -
mass system. The upper lines correspond to the Coulomb energies of two touching spheres. The lower lines 
correspond to the Coulomb energies of two touching spheroids at equilibrium deformation. 

have been carried out and the results are shown in Fig. 7. It can be observed 
that the most probable kinetic energies for each given Z obtained at the 
various angles, once transformed to the centre-of-mass system, agree 
remarkably well with each other, better in the case of the Ag target than 
in the case of the Cu target. In the same figures the kinetic energies which 
the fragments would obtain if just repelled by the Coulomb interaction are 
also shown. Such theoretical kinetic energies are strikingly close to the 
experimental values. The flattening out and bending down of the kinetic 
energy curve as a function of Z, because of the energy taken off by the 
recoiling partner, is observed in the experimental data as well. This is 
further evidence of the validity of two-body kinematics. This evidence does 
not rule out that some of the particles arise from the break-up of an Ar-like 
excited particle obtained by the transfer of a limited number of nucleons [ 8]. 
However it seems that the great majority of the particles with Z > 6 are 
obtained by means of a large transfer of nucleons from the projectile. 
This is further supported by the identification of particles with Z as large 
as 25 and with unresolved Z larger than 25. 

Thus the discussion will be continued under the assumption that the 
process is essentially binary. 
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4.2. The fragment kinetic energies 

The values of the kinetic energies of the emitted particles represent 
a most revealing observation. As mentioned above, the most probable 
values of the kinetic energies essentially coincide with the kinetic energies 
that the fragments would have as a result of the Coulomb repulsion, The 
initial kinetic energy brought in by the projectile seems to be completely 
dissipated in the short time interval during which projectile and target 
interact with each other. This relaxation phenomenon can be attributed 
classically to a very large viscosity and friction associated with the 
relevant collective degrees of freedom of the system at the instant 
of collision. The behaviour of a dynamical system can be character
ized in terms of the potential energy, the inertia tensor and the 
viscosity tensor. When the components of the viscosity tensor are 
small the system becomes controlled by the inertia and by the potential 
energy. On the other hand, if the viscosity tensor is large, the effect of 
the inertias is inhibited so that the system in its behaviour reflects mainly 
the potential energy and the viscosity tensor. In the present case the latter 
condition seems to apply since the effect of the Coulomb potential is observed 
so clearly. 

The disappearance of such a large amount of kinetic energy suggests 
that a strong thermalization process takes place in which the kinetic energy 
becomes shared among the internal degrees of freedom of the system. 
There are indications that the overall system is characterized by a rather 
large temperature in the width of the kinetic energy distributions. Such 
widths are much larger than any expected temperature; however it is known 
that thermal fluctuations in the shape of the system can be strongly amplified 
by the Coulomb field producing very large fluctuations in the kinetic energy 
of the fragments at infinity [ 9] . 

Further evidence of a large temperature is related to the fact that 
the two-body kinematics are more apparent in the case of the Ag target than 
in the case of the Cu target. For the same emitted fragment the partner 
is heavier for a Ag target than for a Cu target. The heavier the partner, 
the more its share of excitation energy and the less the excitation energy 
of the primary light fragment. Therefore, for a Ag target, the small 
fragment may have less chance to decay and the main features of the two-
body kinematics remain distinctly observable. 

4 .3 . The charge and mass distribution 

As a system removed from equilibrium evolves, the degrees of freedom 
with highest natural frequency are expected to achieve thermal equilibrium 
faster than the degrees of freedom with lower frequency. This rule should 
be obeyed if the viscous damping is the same for all the degrees of freedom. 
It seems that the experiment indicates a nearly complete relaxation of the 
single particle degrees of freedom whose phonon energy is approximately 
ftw0 = 41 A"* . Similarly there is evidence for the relaxation of the charge 
asymmetry mode (dipole giant resonance) whose phonon energy is of the 
order of 10 to 15 MeV. On the other hand the mass asymmetry degree of 
freedom is expected to have a small phonon energy (~ 1 MeV) and does not 
seem to have achieved equilibrium. The experimental evidence of such a 
condition is visible in the experimental charge distribution which is expected 
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FIG. 8. Potential energies of two touching, rigidly rotating spheres as a function of the mass asymmetry 
parameter A j / ^ + A2). The upper line corresponds to zero angular momentum. The spacing between 
the subsequent lines is 10 R. 

to follow closely the mass distribution. To better appreciate the potential 
energy experienced by the system in its motion along the mass asymmetry 
coordinate, the potential energies of two touching liquid drop spheres, 
rigidly rotating with different amounts of angular momentum, are plotted 
in Fig. 8 as a function of the asymmetry parameter A1/(A1 + A2) for the 
composite systems Cu + Ar and Ag + Ar. In the case of Cu + Ar at zero 
angular momentum the potential energy has a maximum, at symmetry and 
decreases as the system becomes more asymmetric. This reflects the 
instability in the mass asymmetry mode of the fission saddle point below 
the Businaro-Gallone point (x = 0.396). A system experiencing such a 
potential tends to slide down towards larger and larger asymmetries. 

As the angular momentum increases, the maximum in potential energy 
becomes flatter until a depression is generated and a minimum appears in 
correspondence to the symmetric saddle point. In other words, the angular 
momentum tends to stabilize the mass asymmetry mode. 

The Ag + Ar system exhibits a minimum in the potential energy at 
symmetry е-ven without angular momentum. If the initial asymmetry is 
small, the system tends to become more symmetric. If the initial asym
metry is large, the system, as in the Cu + Ar case, tends to drift towards 
larger and larger asymmetries. As the angular momentum increases, the 
symmetric minimum becomes deeper and the maximum is displaced towards 
larger and larger asymmetries. 

Many values of the angular momentum can be involved in the two 
reactions. The Cu + Ar system is characterized by a maximum classical 
angular momentum Imax= 106 ft. The corresponding average angular 
momentumN/P* is 75 ft. In the case of the Ag + Ar system, Imax = 166 ft 
and-Л^ = 118-ft. Without taking such calculations too quantitatively one 
may be led to conclude that in the case of Cu + Ar there should be a tendency 
in the system to move towards larger asymmetries while in the case of 
Ag + Ar the system should move towards lesser asymmetries. 
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An inspection of the Cu + Ar charge distributions shows that at the 50° 
angle the yields peak at Ar (it may be at higher Z but no data are available). 
At smaller angles the main yields move downward in Z, peaking at Z ~ 12 
and showing a dramatic depletion in the Ar region. 

The charge yields in the Ag + Ar system show a broad peak at an angle 
of 50°, between Z = 18 and Z = 22. At smaller angles the yield distribution 
becomes broader and flatter while the peak moves up to Z ~ 25. This 
behaviour can be interpreted qualitatively if one assumes that the distributions 
at the various angles correspond to a time sequence. Such an assumption 
can be justified in the following general discussion on the angular distributions. 

4.4. The angular distributions 

Under the condition of strong friction between target and projectile, 
the idea of a nearly unperturbed Coulomb trajectory associated with the 
extreme impact parameters becomes useless. Similarly the critical angle 
0C should not appear as a significant quantity in the angular distributions. 
If a large friction is experienced by a particle on a grazing trajectory, the 
particle will lose the greatest part of its tangential velocity, aside from 
the amount necessary for angular momentum conservation. If the particle 
is instantaneously re-emitted it is expected to move away radially at a 
well defined angle 6R. If the target nucleus is assumed to have infinite 
mass and moment of inertia, such an angle is 

_ 0 C + 7Г 
eR § 

which is in most cases much larger than 6C. For a finite target nucleus 
mass, the angle 0R is different but nevertheless large. 

If the two particles remain attached to one another for a certain time, 
the system rotates rigidly with an angular velocity defined by the total 
angular momentum and by the moment of inertia. If the characteristic 
splitting time is very small as compared to the rotation period, then the 
emitted particle should peak at angles close to 0R . For a splitting time 
comparable but smaller than the rotation period, the angular distribution 
should be peaked in the forward direction, while for a splitting time much 
larger than the rotation period the angular distribution should be symmetric 
about 90°. The experimental lack of symmetry about 90° suggests that the 
splitting time is smaller than the rotation period. Therefore the observation 
of the particles at various angles does indeed correspond approximately to 
different times, longer for the smaller angles. 

In conclusion, the change in charge distribution observed in going from 
larger to smaller angles can indeed be interpreted as a time evolution of 
the system under the effect of the potential illustrated in the previous 
subsection. 

5. CONCLUSION 

The results discussed in the previous section seem to indicate that 
short relaxation times and consequently large viscosities are associated 
with the collective degrees of freedom involved in heavy-ion collisions. 
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These conclusions may be relevant to systems in the neighbourhood of the 
scission point. The inability of the collective degrees of freedom to have 
any substantial amount of kinetic energy suggests that the descent from 
saddle to scission should be very slow. Under these conditions one should 
not expect any relevant amount of pre-scission kinetic energy. Furthermore 
such an extreme viscous limit suggests that the dynamical evolution of the 
system is controlled by the slowest mode (perhaps the neck constriction 
mode) while all the other faster modes, collective and intrinsic, remain 
constantly in thermal equilibrium. 

The tentative conclusions reached here should be valid in general. 
However there might be some exception associated with very low energy 
or spontaneous fission, where the system could retain its superfluidity 
from saddle to scission. The present results may be relevant also to the 
formation of superheavy nuclei in heavy-ion bombardments. The quick 
dissipation of kinetic energy along the collective coordinates may prevent 
the system from achieving the near-spherical configuration necessary for 
the shell effects to operate. 
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DISCUSSION 

J . B . NATOWITZ: I would like to ask a question about the experiment. 
We have also seen the data of Gutbrod and co-workers for reactions of 
40Ar with Ag.1 They looked at the heavy species ejected, observing products 
as low as Z = 18, In your experiment we see the lighter products emitted 
at large angles with substantial kinetic energies. If the process giving rise 
to such light products is a binary process, the heavy fragments should be 
observed in the laboratory with reasonably high energies. Such heavy 
partners were not apparent in the data shown by Gutbrod, unless they 
appear in the group described as "fission-like", for which the fission cross-
section has been determined. Since their differential fission cross-sections 
must be derived by summation of the fission-like products and division by 2, 
a significant error could result if partners of lighter products were included. 
Could you, or perhaps Mr. Gutbrod, comment on this. 

D. HEUNEMANN: As I have already mentioned, our system is not 
yet sensitive enough to detect the heavier partner. The data of Gutbrod 

1 GUTBROD, H.H. , e t a l . , Paper IAEA-SM-174/59, these Proceedings, Vol.2. 
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and co-workers do indeed show "fission-like" fragments in the Z-range 
corresponding to the heavier partner. However, the angular range of 
Gutbrod's experiment does not cover the whole region necessary to detect 
the heavier partner corresponding to the light particles which we detect. 

H.H. GUTBROD: We also see light particles, but with very low cross-
section, about 10 times less than the observed fission yield around Z = 30. 
We did not investigate whether they are produced in reactions involving 
light element contamination, as was done by Heunemann and co-workers. 
The light particle yield we observe is less than the error bars with which 
we quote our cross-sections for fission-like products. 

H. NIFENECKER: We have measured the yields of the heavy products 
of the reactions (Ar + Cu), (Ar + In), (Ar + Tb), (Ar + Au) with 285-MeV 
argon ions. The yields were measured by detecting the X-rays emitted 
after electron capture in the decay of the products. The results for (Ar + In) 
and (Ar + Cu) show few-nucleon transfer reactions, compound nucleus 
reactions and events which seem to correspond to the heavy complementary 
fragments of the light particles referred to in Heunemann's paper (this 
agreement is based on range and angular distributions). For the Tb and Au 
targets an additional phenomenon appears, where products corresponding 
to the target stripped of up to 30 nucleons with a laboratory kinetic energy 
less than ~ 10 MeV are found. 
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Abstract 

FUSION AND FISSION IN THE REACTIONS OF "C WITH 2,A1. 
Detector telescopes which include a very thin (1.5 д т to 8.4 ßn) ftont detector have been employed 

to measure elemental yields for nuclei produced in the interaction between С projectiles and 7A1 target 
nuclei at energies of 100 MeV and 180 MeV. Fusion cross-sections,including the cross-section for fusion 
followed by fission, have been determined by use of the principle of conservation of charge. The fusion 
cross-section is 1. 00 barns at 100 MeV and 1. 02 barns at 180 MeV. The sharp cutoff limiting angular momentum 
for fusion at 100 MeV is 29 ft. The limiting angular momentum for fusion at 180 MeV is 40H, equal to the 
limit calculated with the liquid drop model. The measured yield distributions, energy spectra and angular 
distributions indicate that fission accounts for less than 7% of the fusion cross-section at 100 MeV and less than 
18°/o of the fusion cross-section at 180 MeV. 

INTRODUCTION 

In several recent studies, the cross-section for fusion of a heavy ion 
projectile with a target .nucleus has been determined by detection of the 
recoiling product nuclei.[1-3] At the high projectile energies employed in those 
experiments ( 10 to 15 MeV/amu) the measured fusion cross-sections are found to 
be well below the corresponding total reaction cross-sections. Complementary 
experiments[4]have indicated an increase in the probability of direct reactions 
in the same energy region where the fusion cross-sections decrease. However, 
only a few of the possible direct reaction products were observed, and a 
substantial portion of the total reaction cross-section remained unaccounted for. 

It has recently been suggestedHthat there may be an appreciable cross-
section for fission of the light elements when an excited nucleus is formed 
with very high angular momentum. In such a case the fission component might not 
be included in the fusion cross-section measurements as they are typically 
performed. The measured cross-section would then be interpreted as the cross 
section for the formation of a non-fissioning fused nucleus. This expectation 
of high probability of fission is based upon liquid drop model calculations [<>] 
which indicate that the fission barrier decreases with increasing angular 
momentum. The angular momentum at which the fission barrier disappears is 
viewed as the maximum angular momentum at which fusion will occur. In view of 
the fact that the fission barrier is low for angular momenta near the limiting 
value, fission is predicted to be an important competing mode of de-excitation 
for nuclei produced with those angular momenta. The available data on fusion 
cross-sections are indeed reasonably well reproduced by evaporation calculations 
in which fission competition is included and the angular momentum dependence 
of the fission barrier is taken into account. [5] 

To study the competition between various possible reaction mechanisms which 
might be important when heavy ion projectiles have orbital angular momenta 
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comparable to or greater than the limiting angular momentum calculated 
according to the liquid drop model, we have studied the reactions of 100-MeV 
and 180-MeV 12C projectiles with 2'A1. If fusion were to occur at the maximum 
possible impact parameter for nuclear reactions, the К compound nucleus would 
be produced with angular momenta as high as 40 "h in the 100-MeV irradiation 
and as high as 52 Ъ in the 180-MeV irradiation. The angular momentum at which 
the fission barrier of ̂ K disappears has been calculated to be 40 "К. [6] 

From our measurements of the energy spectra and angular distributions of 
the nuclei produced in these reactions, we have determined the fusion cross-
sections, including the cross-section for fusion followed by fission. Limiting 
angular momenta for fusion have been calculated using a sharp-cutoff 
approximation and are compared with the theoretical limit. 

EXPERIMENTAL PROCEDURES 
Data Acquisition - Nuclei produced in the reactions of 100-MeV and 

180-MeV L^C projectiles with a 107-ug/cm2 27дх target were detected with 
a counter-telescope. A three-detector telescope was used so that a wide 
range of reaction products could be observed simultaneously, e.g., with 
a <10p thick first detector, a 500-1000 u thick second detector and a 
<2000 v thick third detector we could observe products from protons to 
potassium. 

The telescope was mounted on a movable arm inside a 43 cm diameter 
scattering chamber. A monitor detector was also mounted inside the 
scattering chamber at a vertical angle of 13°. The beam stopped in a 
Faraday cup mounted at the rear of the scattering chamber. 

The preamplified signals from the detector telescope were routed to 
standard linear and logic electronics. Figure 1 shows the arrangement of 
the electronics. 

Energy calibrations were performed using a pulser which had been 
normalized at 5.48 MeV using а 241дт alpha source. For detectors 
that were thinner than the range of the alpha particles, the residual 
energy of the alpha was measured by a thick detector behind the thin detec
tor and the energy loss used to normalize the pulser. The energy calibration 
and identification procedures were also checked by moving the counter 
telescope directly into the cyclotron beam. With no ion source power the 
beam level was sufficiently low to allow this calibration check which was 
also used to check the "cleanliness" of heavy-ion beams. 

An IBM 7094 computer was used on-line for data acquisition. Data were 
recorded event by event on magnetic tape for those signals which were 
above the energy threshold in either the AEj detector or in the ДЕ2 detector. 
Each time a valid event trigger was obtained, the data from all three ADC's 
were stored as a single 36 bit coinputer word. The resolving time of the 
system was of the order of 500 ns. This method of data acquisition, in 
addition to allowing us to identify nuclei over a broad span of atomic 
numbers and energies, also made it possible to obtain the energy spectrum of 
particles stopped in the first detector. The ADC channel conversion 
position in the computer word was determined by the ADC connection to a 
Lecroy interface. A DCB tag which came in coincidence with a computer read 
signal was used to signify a valid event to the computer. During the 
processing of a valid event the linear gates were blocked for approximately 
70 MS to allow the interface and ADC's to clear and reset before accepting 
more data. Thus the acquisition dead time was fixed at approximately 70 us. 
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ДЕ1 ДЕ2 ЕЗ 

FIG. 1. A schematic diagram of the electronics associated with the three-detector telescope used for the 
experiments reported in this paper. 

Five displays of the data were available during the data acquisition. In 
addition to the singles spectrum of each of the three detectors, a pair of 
two-dimensional arrays could be displayed (Figure 2). The first of these 
was a plot of the uE-̂  signal versus the E, signal for coincident events 
in which the particle stopped in the second detector. The other two-
dimensional array was a similar plot of the ДЕ2 signal versus the E3 
signal for particles which entered the third detector. The displays were 
refreshed by the computer each time the data buffer was filled with 1020 
words. At the end of a run the live display arrays were printed off-line for 
a first hard copy of the raw data. 
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FIG. 2. Data obtained with a thiee-detectoi telescope for the reactions of 180-MeV 12C projectiles with 
27A1. Fig. 2(a) is a plot of eneigy loss in the first detector, ДЕ, versus the energy in the second detector, 
E, for nuclei which stop in the second detector. Fig. 2(b) is a plot of energy loss in the second detector, 
ДЕ, versus the energy in the third detector, E, for nuclei which reach the third detector. Some He nuclei 
which have penetrated the third detector appear in a ridge at the centre of the figure. 
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Data Processing - All of the data processing was done off-line using an 
IBM 7094 computer and a data analysis program called BINIT.[7] BINIT was 
designed to construct the desired arrays by binning events according to 
total energy or according to the identity of the particle. For example, 
an identification spectrum could be constructed of events that either stopped 
in the second detector or the third detector and whose total energy ranged 
between an upper and lower energy limit. Particle identification values 
were calculated using the schemes outlined in references [8] and [9]. Energy 
spectra were constructed by building an energy array of events whose identi
fication value ranged between an upper and lower identification value. The 
resultant energy spectra could contain contributions from nuclei which 
stopped in the second detector and those which were energetic enough to 
go through to the third detector. Figure 3 shows a yield plot of the raw 
data represented in Figure 2 after analysis with BINIT. Figure 3a is for 
the case where nuclei stopped in the second detector. The PIO value scale 
at the top corresponds closely to the Z of the product. The first detector 
was too thin to permit mass identification except for deuterons, tritons, 
and, because 8Be is missing, of 7Be and ^Be. The gap between channels 150 
and 210 is caused by a change in the function used to calculate the 
identification tags. Figure 3b is the same type of plot as Figure 3a except 
that the nuclei included have reached the third detector. The second 
detector was too thick to allow nuclei heavier than beryllium to register 
in the third detector. Figure 4 shows some typical energy spectra extracted 
with BINIT. The spectra shown are not all from the same run and only 
Figure 4c is from the same run shown in Figures 2 and 3. For Figure 4a 
and 4b, the He and В spectra, some of the particles stopped in the second 
detector and some stopped in the third detector so that there are two sets of 
PIO windows. For Figure 4c, the Mg spectrum, all the nuclei stopped in the 
second detector. 

In order to obtain total differential cross-sections, it was necessary 
to extrapolate measured energy spectra to low energies. For the lighter 
products at forward laboratory angles, these corrections were small and 
easily made. The corrections become larger as the angle increases but 
because of the large center-of-mass motion, the angular distributions tend 
to be very forward peaked so that the data at large angles generally make 
a small contribution to the total elemental cross-section. At backward 
angles, the observed nuclei were primarily H and He nuclei and the spectra 
of particles stopped in the first detector were useful in determining 
the low-energy corrections to the spectra. 

In Figure 5 the laboratory angular distributions for elements with 
atomic numbers from 1 to 8 produced in the 180-MeV irradiations are shown. 

The summed energy spectrum for nuclei with Z>9 could be obtained to low 
energies by use of the first-detector-only spectra since the maximum energy 
losses for lighter products in the thin front detectors were low. However 
identification of individual elements in the first-detector-only spectrum 
is not possible. Therefore, we have not attempted to extrapolate the 
energy spectra of individual elements with Z-9. Rather, for each atomic 
number 2?9 we have assumed that the angular distribution for nuclei stopped 
in the first detector is the same as for the nuclei of that element which 
stop in the second detector (and are therefore identified). 

In this way, the fraction of unidentified heavy nuclei to be associated 
with each element was determined. In Figure 6 we present the angular 
distributions for products with atomic numbers >9 at a projectile energy 
of 180 MeV. 

By integration of the laboratory differential cross-sections, we have 
determined elemental yields for the observed products. 
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RUN 5518060502 30 DEG 
ENERGY LIMITS 1.0000 -190.0000 (MeV) 

PIO VALUE 
2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00 22.50 

100 200 300 400 500 600 700 800 900 
CHANNEL NUMBER 

RUN 5518060502 
ENERGY LIMITS 1.0000 -190.0000 (MeV) 
3 DETECTORS 

PIO VALUE 
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 

~~l I I I I I I I Г~ 

100 200 300 400 500 600 700 800 900 
CHANNEL NUMBER 

FIG. 3. Identification spectra obtained foi the data shown in Fig. 2. The PIO values are approximately 
equal to the atomic numbers of the identified nuclei. The identified spectrum of all nuclei stopped in the 
second detector is shown in Fig. 3(a). The break in the spectrum near channel 200 results from a change 
in the identification algorithm being used. Identification is by atomic number only since the first detector 
was too thin to permit mass resolution. In Fig. 3(b) the identified spectrum of nuclei reaching the third 
detector is shown. 
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The yield distributions are presented in Figures 7 and 8. Also 
indicated in the figures are the laboratory angles within which one quarter, 
one half, and three quarters of the total elemental yield is observed. Thus, 
the smaller those angles, the more forward peaked is the angular distribution. 
The following features of the data in those figures may be noted: 

1. Products with atomic numbers equal to or close to that of the projec
tile have angular distributions which are strongly forward-peaked. These 
angular distributions apparently represent the predominantly direct 
mechanisms for reactions leading to those products. The dominant yield 
in this region of atomic number is that for carbon isotopes. Although it 
is not indicated on the figures, the inelastic scattering of 12C accounts 
for the bulk of the carbon yield. The remainder of the yield consists of 
H-C and 13C, the neutron transfer products. 

2. Products of atomic number >9 have similar angular distributions which 
become more forward-peaked as the atomic number increases. Such a trend 
suggests that these nuclei are residual recoiling products of the stepwise de-
excitation of a 39K compound nucleus. The energy spectra of these products 
are consistent with such an interpretation. The yield pattern of these 
products also appears consistent with that expected for a statistical de-
excitation of the compound nucleus. 

3. The yield of H and He isotopes at each energy is greater than the 
total reaction cross-section, and must represent multiple emission of these 
species during the de-excitation of heavier nuclei. At 180 MeV, the angular 
distribution of the He isotopes shows a strong forward peaking which was 
found on further study to be associated only with the ^He isotope and not 
with 3He, which comprises about 10% of the total He yield. Based upon 
comparisons between the Зне and ^He angular distributions, we estimate that 
the additional forward-directed component of ̂ He has a production cross-
section of 1 barn. This is a much higher cross-section than could result 
from the break-up of ^Be (for which we expect cross-sections similar to 
those for production of Be and ^Be) and presumably results primarily from 
projectile break-up. [10] 

4a. At 100 MeV, the angular distributions of N and 0 nuclei are broader 
than those of С but slightly more forward peaked than those of higher Z 
elements. The energy spectra for those ions extend to high energies, 
indicating that the yield of these elements results primarily from a direct 
reaction process. 

4b. At 180 MeV, the angular distributions of N and 0 nuclei fit very 
well within the trends established.for the'higher Z products. The energy 
spectra of both (except for a small high-energy component of the N spectrum 

13 which results from N, the proton pick-up product of a direct reaction) are 
qualitatively very similar to those observed for the higher Z products. The 
yields of 0 and N (even when the 13N direct reaction product is excluded) 
are slightly greater than the F yield. This larger yield of N and 0 could 
indicate some selective mode of decay in the last stages of the de-excita
tion of the fusion nucleus or alternatively might signal the presence of 
another reaction mechanism. 



372 CHULICK et al. 

RUN 8818060502 15 OEG 
PIO LIMITS 1.5000 -3 .0000 AND 1.8000 -2.5000 HE 
TOTAL NO. OF COUNTS = 43663 

ENERGY (MeV) 
10.74 21.48 32.22 4236 53.71 64.45 75.19 85.93 96.67 

~~\ 1 1 1 1 1 1 1 I 

100 200 300 400 500 600 700 800 900 
CHANNEL NUMBER 

RUN 3218060209 5 DE6 
PIO LIMITS 3.27 -5 .79 AND 2.33 -3.03 В 
TOTAL NO. OF COUNTS = 5188 

ENERGY (MeV) 
18.55 37.10 55.66 74.21 92.77 111.32 129.88 148.43 166.99 

I 1 1 1 1 1 1 Г 

100 200 300 400 500 600 700 800 900 
CHANNEL NUMBER 
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RUN 5518060502 30 DEG 
РЮ LIMITS 11.2500 -12.4500 AND 0.0000 -0 .0000 MG 
TOTAL NO. OF COUNTS = 2327 

ENERGY (MeV) 
18.55 37.10 55.66 74.21 92.77 111.32 I2a88 146.43 166.99 

100 200 300 400 500 600 700 
CHANNEL NUMBER 

800 900 

FIG.4. Representative energy spectra for (a) He, (b) B, and (c) Mg nuclei produced in the reactions of 
180-MeV 12C projectiles with 27A1. The spectra were obtained in three different irradiations. The spectra 
for He and В nuclei include contributions from all three detectors. The Mg nuclei all stopped in the second 
detector. 

DISCUSSION 

The recoiling heavy partners of inelastic scattering or few nucleon 
transfer reactions are not counted in our experiment. The only nuclear 
reactions for which more than one product nucleus will be counted are 
those which involve nuclear fission or ejection of charged fragments. If 
we sum the yields of the observed products, temporarily excluding the H and 
He isotopes which must primarily represent light particle emission from 
heavier species, we find that the total cross-section for production of 
isotopes with Z>_3, with no correction for ^Be emission, is 1608 mb at 
100 MeV and 1637 mb at 180 MeV. These summed cross-sections for Z>3 products 
are very close to the expected total reaction cross-sections[il]of 1550 mb, 
and 1750 mb at 100 MeV and 180 MeV respectively. It appears therefore, 
that relatively little double counting is done for Z>3 products i.e., 
that nuclear fission cannot account for a very large fraction of the total 
reaction cross-section. This preliminary conclusion could be in error 
only if there were a high probability for production of excited nuclei 
which totally disintegrate into isotopes of H and He. 
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FIG. 5. Laboratory angular distributions of nuclei with Z < 8 produced in the reactions of 180-MeV С 
projectiles with 27A1. Relative differential cross-sections for the production of each element are represented 
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elements included in the figure. 
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500 

6 7 8 9 10 II 12 13 14 15 16 17 18 
ATOMIC NUMBER 

FIG. 7. Elemental yields for nuclei produced in the reactions of 100-MeV 12C projectiles with 2 ,A1. Cross-
sections are indicated by a bar graph (left-hand scale). Cross-sections for production of H and He have 
been divided by 10. Also shown, with solid circles, are the angles within which fractional yields of 0. 25, 
0. 50, and 0. 75 of the total are observed (right-hand scale). 

Since products from H through К could be observed in our experiment, 
we may use conservation of atomic number to determine the cross-sections 
for fusion. We first write 

aR = aCF + ffD (1) 
Where oR is the total reaction cross-section, OQF t n e fusion cross-section 
and ao the cross-section for direct reactions (by which we mean all non-
fusion processes) . We define Z as the average^ observed atomic number per 
nuclear reaction. The experimental value of Z may be determined from the 
elemental yields as 

_ = |Со£ГД C2) 
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FIG. 8. Elemental yields foi nuclei produced in the reactions of 180-MeV 1ZC projectiles with "Al . Cross-
sections are indicated by a bar graph (left-hand scale). Cross-sections for production of H and He have 
been divided by 10. Also shown, with solid circles, are the angles within which fractional yields of 0.25, 
0. 50, and 0.75 of the total are observed (right-hand scale). 

where az is the cross-section for production of a nucleus of atomic number 
Z. If we designate the total observed charge for fusion and direct 
reactions as Zcp and Zp we may write 

CaCF)(ZCF) + C * D 5 < V C°cF) (zCF) Ca R aCF)ZD (3) 

For the reactions studied here, Zgp is 19. In view of the large yield of С 
isotopes at very forward angles, a value of 6 for Zp cannot be much in error. 

Using the elemental yiel_d data in Figs. 7 and 8, we obtained 14.5 
and 13.6 for the values of Z at 100 MeV and 180 MeV, respectively. Substi
tuting the appropriate values into Eq. (3) we find oCF = 1.00 barns at 
100 MeV and 1.02 barns at 180 MeV. A change of ZD to 5 or 7 will change 
these calculated values by no more than 65 mb. We estimate uncertainties 
of ±10% on these fusion cross-sections. 

Turning again to the data of Figure 7 we note that at 100 MeV, the 
summed yield of products with Z>9 is 927 mb, which is in good agreement 
with the 1.00 barn cross-section calculated from charge conservation. 
This agreement, coupled with the fact that the energy spectra, angular 
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distributions and yield patterns of the Z>9 products were entirely consistent 
with production in a stepwise de-excitation of 39K lead us to the conclusion 
that fission does not occur in more than 7% of the 3^K nuclei produced in the 
fusion of 27A1 with 100-MeV 12C projectiles. 

At 180 MeV, the summed yields for Z>9 is 834 mb. Thus, the yield data 
alone indicate a maximum fission cross-section of 181 mb. This value is 
obtained by taking the difference between the summed yield of Z>9 products 
and the calculated fusion cross-section, where the products with Z>9 are 
taken to be residual nuclei from de-excitation of 39 к by emission of small 
fragments and photons. 

Since the energy spectra and angular distributions of the N and 0 nuclei 
appear to follow the trends established by the higher Z products, we could 
probably view the N and 0 as also being produced in the stepwise de-excita
tion of the fusion nucleus 39K. The inclusion of the N and 0 nuclei yields 
would increase the apparent fusion cross-section to 989 mb, in excellent 
agreement with the fusion cross-section derived from charge conservation. 
However, the yields of N and 0 are slightly greater than the yield of F 
and we cannot rule out the possibility of some contribution to the N and 0 
yields via a fission process. 

If it is assumed that the fusion reactions occur preferentially at 
small impact parameters and that the transition between fusion and non-fusion 
processes may be characterized by a maximum impact parameter for fusion, 
the limiting angular momentum for fusion may be derived from the cross -
section data. In the sharp-cutoff model, the relationship between the 
limiting angular momentum for fusion, usually called Jcrit anc* *Ъе maximum 
possible angular momentum Jmax (which would be realized if the fusion cross-
section were identical with the total reaction cross-section) is 

J .„ = (—)1/2J (4) 
crit a_ y max 

Using the values of the fusion cross-section derived from charge conserva
tion, we find that Jcrit=29 h at 1 0° MeV and 40 Ъ at 180 MeV-

CONCLUSIONS 
27 12 

The limiting angular momentum for fusion of Al with 100 MeV С 
projectiles is 29 ti, well below the 40 ti limit calculated using the liquid 
drop model. Since the measured limit is based upon fusion cross-sections 
which include the cross-section for fusion followed by fission, the limit 
would appear to result from limitations imposed by nuclear dynamics. 

27 12 
The limiting angular momentum for fusion of Al with 180 MeV С 

projectiles is 40 Ъ, equal to the theoretical limit. Such an agreement 
may be fortuitous and further experiments are required to determine whether 
or not the limit results from dynamic properties or from equilibrium 39 properties of the compound nucleus. However, even though К nuclei have 
apparently been produced with angular momenta as high as that for which 
the fission barrier is calculated to disappear, less than 18% of those 
nuclei fission. 
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DISCUSSION 

F . PLASIL: I should like to say first of all that one needs to be careful 
about applying the liquid drop model to such very light nuclei. Secondly, 
it seems to me that a fair portion of your reaction involves partial waves 
that are below the Businaro-Gallone line, where the fission mass distribution 
is expected to have a minimum at symmetric mass divisions, and maxima 
near the compound nucleus mass and also at very light particles (such as 
H and He). Thus it may be difficult conceptually to separate fission from 
particle evaporation in this region, and this may have an influence on your 
conclusions. 

J .B . NATOWITZ: It is true that one may run into semantic difficulties 
in discussing the fission of light elements. But in answer to your comment 
regarding the Businaro-Gallone limit, we appear to have made nuclei with 
angular momenta as high as 40 ft. In the39K nucleus, the Businaro-Gallone 
limit occurs at an angular momenum of 32 ft. Assuming that any fission 
results overwhelmingly from the high angular momentum states, our upper 
limit of 180 mb for the fission cross-section implies that nuclei with angular 
momenta of 37-40 ft are those which fission. These nuclei are above the 
Businaro-Gallone limit. Thus, while the mass distribution from fission 
may be broadened, the liquid drop model predicts symmetric fission. 
Extremely asymmetric fission would not be expected. If fission were so 
asymmetric as to be indistinguishable from small particle evaporation, 
then the heavy partner would appear to be an evaporation residue and the 
cross-section for evaporation residues would be the fusion cross-section. 
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J. R. HUIZENGA: The calculation of the fission cross-section by the 
Blann-Plasil program must be considered as only a very approximate calcu
lation and one should not expect to be able to calculate absolute fission 
cross-sections from a given set of parameters. However, the general 
philosophy of the calculation must be correct and, hence, for some angular 
momentum fission must compete with particle evaporation. 

J .B . NATOWITZ: There certainly are problems involved in such a 
calculation, but since the calculations have been interpreted as suggesting 
a very large difference between the fusion cross-section and the cross-
section for nuclei surviving fission (the evaporation residues), we feel 
that detailed comparisons must be made. 

M. BLANN: Plasil and I tried to specify what we could and could not 
calculate in the published letter describing these calculations, but the 
point seems to have been lost. The idea of the model is that, as the angular 
momentum increases, the fissionability increases. At low values of the 
angular momentum in light systems the de-excitation is likely to be by 
particle emission and not by fission. Consider a plot of partial reaction 
cross-section, as one might calculate from an optical model, versus angular 
momentum J. At some low value of J the calculation says the fission 
barrier is high and the system should de-excite by particle emission. 
When the angular momentum becomes sufficiently high, the system becomes 
more likely to de-excite by fission. Now, to simplify the argument, 
assume that the system, above some angular momentum, does de-excite 
by fission. Then, below that angular momentum is the cross-section you 
are likely to find as the evaporation residue, and thus we say we can 
predict the cross-section for making the evaporation residue. What we 
do not say is that we therefore predict the cross-section for fission. As 
Mr. Wilczynski has pointed out (and the Zebelman-Miller experiments have 
shown), the systems may not form a compound nucleus above this critical 
angular momentum, according to calculations based on the contact con
figuration of the two bodies. Hence, in our calculation we could add another 
thousand partial waves to the calculation and the amount that would come 
out in the evaporation residue simply would not change, because the calculation 
gives the amount which is likely to survive fission at low angular momentum. 
It does not really claim that everything above that did form a compound 
nucleus and did come into the fission cross-section. 

J .B . NATOWITZ: I do not think that the argument about high partial 
waves has been misunderstood. My point is simply that we make nuclei 
with 40 -ft, equal to the liquid-drop-calculated limit, and well above the 
22 h limit calculated by Wilczynski. After throwing away all partial waves 
with J > 40 -ft your model predicts that 50% of the fused nuclei will fission. 
Less than 18% do fission. The validity of the statistical model approach 
would seem to require a cross-section for real fission of 500 mb. 
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Abstract 

RECENT STUDIES ON POLAR EMISSION 
The intensities and spectra of the polarly emitted protons, deuterons, tritons and 6He-particles have been 

investigated in the slow neutron fission of 235U. The intensities of these particles relative to the alpha -particle 
polar emission are 21.5 ± 1.5, 2. 75 ±. 0.5 and 7.3 ± 0. 9% and the mean kinetic energies are equal to 10 ± 0. 5 
11 +0 .5 and 13 ± 0.5 MeV, respectively. Not one polar 6He event was detected per 1600 polar alphas. These 
results are compared with the theoretical predictions based on the evaporation hypothesis of polar emission. 
The phenomenon can partly be explained using this hypothesis, but some puzzling disagreements with theory 
have been observed. 

The angular and energy distributions of alpha particles emitted during 
fission suggest that the time and place of emission is somewhere in the 
vicinity of the scission point. However, recent measurements have proved 
[1-4] that a certain proportion of alpha particles fly along the fission axis, 
which is difficult to interpret assuming the usual tripartition mechanism. 
Calculations of the classical trajectories have shown that alpha particles 
emitted from the neck (or, more generally, from the inner part of the two-
fragment system) would be deflected off the fission axis owing to the fragment 
Coulomb forces. This phenomenon is called "polar emission". For these 
particles, shadow cones would exist, centred along the fission axis, on the 
outer sides of the system. 

The experimental facts regarding polar emission are briefly as follows: 
its intensity, determined on the basis of the angular distribution [2] , is 
about 2% of the total tripartition rate, thus it occurs once per 25 000 
fissions; emission along the light fragment trajectory is over three times as 
frequent as that in the opposite direction, the mean energy of the alpha particles 
being about 23 MeV; the mean masses of fragments in this process are simi
lar to the ones observed in binary fission, but the mean kinetic energy of the 
fragments flying in the direction of the alphas is diminished by about 12 MeV 
(as measured for the light fragments). We performed extensive calculations 
[2,5] trying to verify the hypothesis that polar emission is the result of the 
in-flight evaporation from the excited fission fragments. We were able to 
explain quantitatively the mean masses of fission fragments in this process, 
the energy spectra of alphas emitted in both directions, as well as the intensity 
of emission in the heavy-fragment flight direction, without applying parameter 
fitting. The observed large anisotropy of polar alpha-particle emission (in 
the fragment reference system) and the intensity of emission from the light 
fragments are difficult to interpret. This intensity appeared to be about 
12 times greater than that calculated. 

* This work has been carried out under the International Atomic Energy Agency Contract No. 1126/RC. 
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It was possible to explain the latter fact by taking into account the defor
mation of light fragments. However, this explanation was uncertain because 
of the approximation used and because of the sensitivity of the results to the 
parameter uncertainties. 

It was possible to predict [2, 5], on the basis of the evaporation hypothe
sis, the intensity and spectra of particles other than alphas. To verify these 
predictions we performed an experiment in which we searched for the polar 
protons, deuterons, tritons and 6He. 

The experimental setup was briefly as follows; the 23EU target was 
irradiated in the reactor neutron beam, the polar particles were identified 
and their intensities and spectra were measured using a solid state telescope 
and the two-parameter analyser in а Е-ЛЕ configuration gated by fission 
fragments. The geometry of the experiment is shown in Fig. 1. 

The preliminary results are reported here. Our calculations [2,5] 
indicate that the 6He particles would be practically absent in the shadow 
cones, the predicted intensity being of the order of 10"3% of the polar alphas, 
and this can be compared with the 1% relative intensity in normal tripartition. 
During our measurements, we registered 1600 polar alphas and not a single 
polar 6He event, which at least does not contradict our prediction. The 
calculated results for protons, deuterons and tritons are somewhat shifted 
towards higher energies as compared with the experimental spectra (Fig. 2). 
These differences cannot be accounted for by experimental er rors only, and 
this fact had already been observed in alpha polar emission. In the latter 
case the agreement was improved when fragment deformation was taken 

vim \nfin F detector 020 

235 U target $10 
Ni backing 

Al foil 
Bi collimator 
ДЕ, 010 

xfttfuvzss E . 0 20 
(all dimensions in mm) 

FIG. 1. Geometry of the experiment. q> denotes the diameter. 
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FIG. 2. Calculated and measured spectra of polar particles. 

into account. Comparison of the predicted and measured intensities of polar 
particles in the fission of 236U is shown in Fig. 3. It may be seen that the 
evaporation model accounts quite well.without any parameter fitting, for the 
relative intensities of polar emission of the particles examined, but all the 
theoretical results are too low by a factor of about four. The reason for this 
is not yet clear. In the case of alpha particles only a part of the discrepancy 
can be accounted for by the uncertainties of the model parameters. Most of 
it is connected with the emission from the light fragments, and we have linked 
it with their deformation. In the present experiment we did not differentiate 
between the fragments. However, according to our calculations, the inclusion 
of deformation in the evaporation model results in a substantial improvement 
in the agreement with experiment for the alpha particles but not for protons, 
deuterons or tr irons. 

The main conclusions of this work are: 

(a) There exists not only alpha but also proton, deuteron and triton polar 
emission. In fact, the magnitude of the proton polar emission intensity 
is comparable to that of normal proton tripartition. 
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FIG. 3. Comparison of the measured and calculated ratios (a) and yields (b) of polar particles, 
alpha particles, disagreement is observed only for light (L) fragments. 

Note that for 

(b) Some of the predictions based on the evaporation hypothesis agree remark
ably well with the experimental results, and it is difficult to believe that 
this could be purely accidental. On the other hand, the results of this 
experiment can be considered as an indication that either the approxi
mation used to account for the deformation is not applicable in this case 
or the nature of polar emission is more puzzling than we had expected. 
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DISCUSSION 

S.S. KAPOOK: Did your evaporation calculations take into account the 
distributions in the isotopic composition, excitation energy and fragment spin? 

E. PLASECKI: The calculations were performed for over 500 different 
nuclei produced in fission and we took into account the excitation energy 
distribution, the dependence of this distribution on the fragment mass, and 
the primary fragment spin distribution. We did however assume that the 
spin distribution is independent of other variables, such as A, Z, and Ex . 

16MeV 

300-

200 

100 

10 15 20 25 
E„ (MeV) 

30 

FIG. A. Kinetic energy distribution of alpha particles accompanying fission. 

M. ASGHAR: It seems that three types of particles are emitted in light-
particle-accompanied fission. We have just seen the data of M. Piasecki and 
his colleagues for flpolar" light particles; our. figure (Fig. A) now shows two 
other types, firstly, the normal long-range alpha particles with <E> =sl6 MeV 
and, secondly, the short-range alpha particles with Emax § ~7 .5 MeV. These 
short-range alpha particles seem to have the same form of angular distribu
tion as the long-range ones1 . I feel that any effort to consider the emission 
probability of these light particles should take into account these different 
types of particles. 

D.G. VASS: Feather2 has recently considered the origin of the short-
range alpha particles in fission. He suggests that these alpha particles are 

1 ASGHAR, M. , CARLES, С , DOAN, T. P. , CHASTEL, R., (unpublished results), Bordeaux. 
2 FEATHER, N. , Proc. R. Soc. Edinb. 71A (1973) Part 4. 
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emitted from certain fragments after neutron emission is complete. The 
residual fragment is left with excitation energy less than its neutron binding 
energy but greater than its alpha-particle binding energy, so that an alpha 
particle may be emitted in competition with gamma-ray de-excitation. The 
kinetic energy of the alpha particle is of course confined to a rather narrow 
energy range. 
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SIMULTANEOUS EMISSION OF 
TWO LIGHT-CHARGED PARTICLES 
IN SPONTANEOUS FISSION OF 252Cf§ 

S.K. KATARIA, E. NARDI, S.G. THOMPSON 
Lawrence Berkeley Laboratory, 
University of California, 
Berkeley, Calif., 
United States of America 

Abstract 

SIMULTANEOUS EMISSION OF TWO LIGHT-CHARGED PARTICLES IN SPONTANEOUS FISSION OF '5°Cf. 
The emission of two light-charged particles in the spontaneous fission of zs'Cf has been observed and 

studied. Two particle telescopes were placed on opposite sides of a strong z52Cf source covered on both 
sides by platinum foils. The coincidences between the two telescopes were mainly of the type 4He-4He 
although 4He-2H events were also observed. The energy spectra of the detected particles - alphas and 
tritons — are similar in shape to the spectra of normal long-range particles, but the mean energies are lower 
by about 2 MeV. The mean energy of one alpha particle in the 4He-4He coincidences does not change as a 
function of the energy of the other particle. The angular correlation between these particles has also been 
measured in another experiment (at five angles: 180°, 90°, 66°, 45°, 35°) without particle identification. 
The overall emission rate of the coincident particles is approximately two per million binary fission events. 
The hypothesis of independent emission of these two particles seems to be consistent with most of the 
observed data. Trajectory calculations are being performed to deduce the condition of the fissioning nucleus 
at scission configuration. 

INTRODUCTION 

The process of nuclear fission accompanied by a third light-charged 
particle (LCP) has been the subject of many investigations [1]. The prime 
reason for these studies is that the light-charged particles appear to be 
coming from the region between the larger fragments at a time close to 
scission. Therefore, the study of this process is expected to yield informa
tion on the fissioning nucleus at the scission point. Recently, Kapoor and 
co-workers [2] found evidence for the simultaneous emission of two LCP 
in coincidence with fission fragments in the thermal-neutron-induced 
fission of 235U. In the present work we have observed the occurrence of 
the simultaneous emission of two LCP in the spontaneous fission of 252Cf, 
we have identified the coincident LCP and obtained their energy distribu
tions, and we have measured the angular correlation between the two 
particles. Various correlations between the two coincident LCP have also 
been studied. 

The experiment has been performed in two parts. In the first part, 
two particle telescopes were used to identify the coincident LCP and to 
obtain the energy distribution of each type of particle observed. In the 
second part, two surface barrier detectors were used to obtain the yield 
of the coincident LCP events without any particle identifications for 
various angles between the two detectors. 

» Work performed under the auspices of the US Atomic Energy Commission. 
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AI 3.6 mg/cm R | 2 . 5 m g / c m 2 

W 
+ 

ДЕГ 
1.2 cm 1.2 cm 

FIG. l a . The schematic diagram of the detector-source configuration used in the Part 1 experiment. The 
first set of measurements were made using 50-nmAEj and 48-um ЛЕг counter telescopes. The second 
measurement used 37-jjmAEj and 24-pm ДЕ;. counter telescopes. 

EXPERIMENTAL PROCEDURE 

Part 1. Identification of the LCP in quaternary fission 

Two semiconductor particle telescopes were placed on opposite sides of a 
strong 262Cf source as shown in Fig. la. Each telescope was at a distance of 
1. 2 cm from the source. The source strength was 0. 6 X 107 fissions per minute. 
Thesource was covered onboth sides by two absorber foils: 12.5mg/cm2 of 
platinum and 3. 6mg/cm2 of aluminium. The thicknesses of the foils were selected 
in such a way as to prevent the fission fragments and the 6. 18-MeV alpha 
particles from reaching the particle telescope. Two measurements were 
made using different thicknesses for the ДЕ counters in the particle tele
scopes. The first measurement was performed with а 50-/лт AEj and 
a 48-/um ЛЕ2 counter. The second measurement was carried out using 
a 37-,um AEi and a 24-^m AE2 counter to study the low-energy part of 
the alpha-particle distributions in quaternary fission. 

A four-parameter data acquisition system was used to record the 
information from the coincidence events. The four-parameter system was 
triggered by the occurrence of a fast coincidence between the two ДЕ 
counters. Therefore, all the two-fold events (AEi -AE2) , three-fold 
events (AE1-TEL2 and vice-versa), and four-fold events (TEL1-TEL2) 
were recorded. The fast coincidences were realized by using the zero 
cross-over technique with a time resolution of 40 nsec. The energy 
calibrations for all the detectors were done twice a week during the entire 
measurement which lasted for two months. The timing between the two ДЕ 
counters was monitored using a 228Th source (8.78-MeV alpha particles). 
Essentially, no timing or pulse-height shift was observed. The data 
analysis was done off-line. The particle identification was performed by 
using a power law approximation to the range-energy curves [3]. 

Part 2. Angular correlation between the two LCP 

The angular correlation experiment was carried out with a 252Cf source, 
stronger by an order of magnitude than the one used in the Part 1 experi
ment. With the new source, the true-to-chance rate decreased to a ratio 
of 2 to 1 within the two-telescope setup. Therefore, to have a reasonable 
true-to-chance ratio, both telescopes were replaced by semiconductor 
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FIG. lb. The schematic diagram of the eight measurements of the Part 2 experiment. Three different 
distances were used for 180° and two distances were used for 90° measurements. Three measurements 
were made for 66°, 45° and 35° angles between the two detectors. 

detectors and the electronic configuration was also modified. The modi
fied configuration was not possible with the two-telescope setup and the 
available four-parameter data acquisition system. Two time pickoff units 
were used to obtain the timing signals which were fed to a time-to-amplitude 
converter (TAC). The two linear energy signals from the two counters 
and the linear time signal from the TAC were recorded event by event on 
the multiparameter data recording system. The time distribution obtained 
showed a time resolution of 3 nsec. The window on the time signal was set 
at 6 nsec as compared to 40 nsec in the first part. The true-to -chance 
ratio varied from 20 to 1 for the 45° measurement to 8 to 1 for the 90° 
measurement. 

Figure lb shows the various configurations of the two detectors which 
were used to obtain the angular correlation between the two LCP. These 
measurements were divided into three sets. In the first set A {Table I), 
the distance between the detectors and the source was 2. 0 cm for the 90° 
and 180° measurements and 2. 2 cm for the 66° measurement. In the 
second set., these distances were 3. 2 cm for the 90° and 180° measurements 
and 3. 5 cm for the 45° measurement. The third set includes measurements 
for angles 180° and 35°; the corresponding distances were 4. 5 cm and 
4.75 cm. For the 90° and 180° measurements the effective thickness of 
the absorber foils was identical for both detectors (1.4 times thickness), 
whereas for 66°, 45° and 35° the effective thickness of the absorber foils 
varied (1. 2 - 1. 15 times thickness). 
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RESULTS 

Part 1. Identification of LCF 

The coincident events were predominantly of the type 4He-4He but 
4He-3H and 4He - 1H events were also observed. No coincident events 
involving particles heavier than Z = 2 particles were observed. A significant 
part of the events involving ХН is due to the fast-neutron-induced (n, p) 
reaction in the detectors in coincidence with long-range alpha particles. 
However, the contribution of (n.p) reactions to the (1H, 4He) events where 
the energy of JH is larger than 5 MeV is insignificant [4]. Table II shows 
the observed number of various types of coincidence events using thick 
50-мт ДЕ counter telescopes. Table III contains the relative yields of 
protons, tritons, 4He and 6He normalized to unity for each telescope 

ТаЪ1е I I . The t o t a l number of events for various types of coincidences between 
the two l ight-charged p a r t i c l e s (LCP) emitted in the spontaneous f iss ion of 
252 

Cf observed in the experiment using 50-f<m ДЕ telescope systems, pj protons, 

t : t r i t o n s , a : alpha p a r t i c l e s . 

Telescope-1 - Telescope-2 Ho. of events 

p - p 10 

p - t 0 
p - a 16 
t - p 5 
t - t 1 
t - a 66 
a - p 12 
a - t 82 
a - a 551 

Table I I I . The r e l a t i v e abundances of protons, t r i t o n s and alpha p a r t i c l e s , 
normalized t o uni ty , observed in each telescope for quaternary and ternary 

"fission events with ЧО-цщ&Е t e lescopes in the experiment set 1 . 

Kelative РгоЪ. 

Protons 

Tritons 

Alphas 

бне 

Quaternary 
Tel-1 

.035±.01 

.097±.01 

.87 ±.01 

Tel-2 

.03±.01 

.11±.01 

.85±0.01 

Ternary 
Tel-1 

.03±.01 

.09±.01 

.88±.01 

.01±.005 

Tel-2 

.015±.01 

.09±.01 

.895±.01 

.01±.005 
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in t e rna ry and quaternary fission events. It can be seen that, within the 
s ta t i s t ica l e r r o r , these re la t ive yields in n o r m a l t e r n a r y fission events 
a re equal to the corresponding re la t ive yields in the fission events with 
two l ight-charged par t ic les (quaternary f ission). 

F igures 2a to 2e show the energy dis t r ibut ions of a lphas , t r i tons , and 
protons observed in quaternary fission. The smooth curves passing 
through the exper imenta l points a r e calculated cu rves . They a r e obtained by 
fitting to the exper imenta l spec t rum a Gaussian distribution with Ё, a as 
the mos t probable energy and var iance p a r a m e t e r , after making cor rec t ions 
for the energy los s in the absorber foils. These energy l o s s cor rec t ions 
were performed using a Monte Carlo technique to take into account the 
finite sou rce -de t ec to r geometry. The fitted values of E and a for var ious 
spec t r a a r e shown in Table IV. The dashed curves shown in F igs 2a to 2d 
a r e the corresponding energy distr ibutions observed in normal t e r n a r y fission 
using the s a m e te lescopes . F igure 2a shows the energy spec t rum of alpha 
pa r t i c l e s in coincidence with alpha par t i c les obtained with the 50-/jm AE 
counter te lescope in the f i rs t measurement . F igure 2b shows the same 
energy spec t rum obtained in the second measu remen t with the 24-^m ДЕ 
counter te lescope. The second measu remen t was needed to obtain re l iable 
values of E and <x for the alpha par t ic les whereas the f i rs t measu remen t 
gives re l iab le information on t r i tons in coincidence with alpha pa r t i c l e s . 
The energy distr ibution of alpha par t ic les in coincidence with t r i tons is 
shown in Fig. 2c. F r o m these figures it is concluded that the energy 
distr ibutions of the alpha par t ic les in quaternary fission is lower, compared 
to normal t e rna ry fission, by about 2 MeV as given in Table IV. It can also 
be concluded that the alpha energy distr ibution in quaternary fission does 
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FIG.2. The kinetic energy distribution of LCP in quaternary fission. The dashed curve is the kinetic 
energy distribution of LCP in normal ternary fission. The continuous curve is the fitted curve as explained 
in the text, (a) 4He K.E. spectrum in •'He-4He events with 50-|jm ДЕ telescope. 
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36 40 
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FIG.2(d). 3H K.E. spectrum in "He-3H events with 50-pm ДЕ telescope. 
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FIG. 2(e). Ж K.E. spectrum in 4He-'H events with 50-/jm ДЕ telescope. 
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Table IV. Experimental and f i t t e d parameters for energy d i s t r ibu t ions shown 
in Fig. 2a t o 2e. E and 0 are the most probable energy and the variance parameters 
of the Gaussian d i s t r i bu t i on . F i t t ed E and О represent the mean energy and the 
variance of the energy d i s t r ibu t ion with (E . = 8 MeV for a -pa r t i c l e s and 
E . = k.O MeV for t r i t o n s ) computed a f te r making correct ions for the energy 
loss in the absorber cover fo i l s t o the Gaussian d i s t r i bu t ion . Experimental 
E and CT are the mean energy and the variance calculated from the experimentally 
observed energy d i s t r i b u t i o n s . 

Iden t i f ica t ion 

S e t - 1 . Alpha's in 
quaternary (a-a) events 
S e t - 1 . Alpha's in 
quaternary ( a - t ) events 
S e t - 1 . Alpha's in 
ternary events 
Se t -2 . Alpha's in 
quaternary (ot-a) events 
Se t -2 . Alpha's in 
te rnary f i ss ion 
S e t - 1 . Tritons in 
quaternary ( t - a ) events 
S e t - 1 . Tritons in 
te rnary events 

F i t t ed Parameters 

E CT E CT 

13.5±0.5 h.O 12.9 2 .8 

ll».00±0.8 lt.0 13.06 3.2 

16.110.2 lt.lt 1U.5 3.6 

14.0+0.6 It.2 12.9 3.U 

16.2+0.2 It.It lU.2 U.2 

6.6+0.8 2.6 7.2 1.9 

8.8+0.5 2 .8 8.T 3.0 

Exp. 

I CT 

12.9±0.5 2.9 

12.75±0.5 2.9 

lU.2±0.2 3.7 

12.7±0.6 3.6 

l l t . l±0.2 U.2 

7.3±0.5 2 .1 

8.8±0.5 2.8 

not depend on the charge of the coincident light particle. The mean energy 
of the alpha particles does not depend on the energy of the coincident alpha 
particle as shown in Fig. 3. Figure 2d shows the energy distribution of 
tritons in coincidence with alpha particles. The energy spectrum in 
quaternary fission is seen to be lower compared to the corresponding 
distribution in normal ternary fission. The difference in the most probable 
energy Ё for tritons in quaternary and ternary fission is about 2. 0 MeV. 
The energy distribution of the protons in coincidence with alpha particles 
is shown in Fig. 2e. The low-energy peak at 4. 0 MeV is due to the fast-
neutron-induced reactions in the silicon detector. The statistical uncertain
ties were too large to obtain any information on the most probable energy. 

Part 2. Angular correlation of LCF 

The experimental results of the eight measurements are given in 
Table I. The lower energy cutoff, used in the off-line analysis of the data 
was 5. 0 MeV in the two counters, to reduce the contribution of the fast-
neutron-induced reactions in the detector material which are in coincidence 
with the normal ternary fission events. The coincidence rate varied from 
3 events per hour to 0. 1 events per hour. The measurements were carried 

http://lt.lt
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FIG. 3. The mean kinetic energy distribution of alpha particles detected in telescope 1 plotted as a function 
of the kinetic energy of the coincident alpha panicles detected in telescope 2. 

out for a period of about six months to obtain good statistics. During the 
entire measurement no deterioration in the detector performance was 
observed. Table V summarizes the experimental information on the energy-
spectra of the coincident LCP and various other quantities of interest. 
The yields are given in terms of the constant P defined as follows: 

N1(9)=NP3n1(e)e1 

N2(e) = NP3fi2(e)e2 

N12(O)=NP4(e)n1(0)fi2(0)e! l e!. 

where 

fix 

N is the source strength in fissions/h 
P3 and P4 are the probabilities of ternary and quaternary fission per 

binary fission 
and ft2

 a r e the solid angles for the two detectors at angle 0 
e2 , e^, ê  are the correction factors due to the absorber foils and 
the lower energy cutoffs 

Ni(6) and N2(0) are the number of ternary events in one measurement 
detected by detectors 1 and 2 respectively 

N12 (0) is the number of quaternary events in one measurement of 
duration H hours 

Nia(g) H 
P " N1(0)N2(0) 

NP 4 (0)n 1 (0)n 2 (0)e je ' 2 P4(0)e^e2 

N2P|Q1(0)n2(0)eie2
 = N P | e i e 2 

(1) 
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Table V. Fitted parameters E and a are the most probable energy and the 
variance parameters of the Gaussian distributions for alpha particles fitted 
to the experimental spectra observed in angular correlation experiment. The 
energy loss corrections used were based on assumed values of triton/alpha 
probability and the assumed parameters for triton energy distribution as observed 
in Part 1 experiment. The fits vere made only to four measurements. 

Set Detector Quaternary 
E 

Ternary 

A 66° 13.15±0.8 
12.T0±0.8 

4.20 
3.65 

15.3±0.5 
l6.30±0.5 

4.72 
4.90 

90° 14.08±0.8 
15.0+0.8 

4.0 
4.8 

15.6±0.5 
l6.05±0.5 

4.6 
4.21 

180° 14.22+0.8 
13.5±0.8 

3.63 
4.3 

15.0±0.5 
15.5±0.5 

4.70 
4.45 

В 45° 11.8l±0.8 
12.88+0.8 

4.20 
3.65 

l4.4±0. 
15.2±0.5 

4.24 
4.20 

90 120 
в (deg) 

150 180 

FIG. 4. Plot of the quantity P which is a measure of the angular correlation as defined in the text for the eight 
measurements of the Part 2 experiment. The abscissa gives the angles between the two lines joining the 
centres of the detectors to the source. No corrections were made in this plot. 

The probability of quaternary fission P4 can be obtained from P, using the 
above relation. In Fig. 4, the measured value P for eight measurements 
is plotted against the angle в between the two detectors. Figure 5 shows 
the plot of P4 versus в. These values were calculated using Eq. (1) and 
taking into account explicitly the finite source and finite detector geometry 
of the various measurements. The correction factors ег , e2 > €[> e2 
were calculated assuming that the energy spectrum of the light particles 
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180 

FIG .5. Plot of the angular correlation between the two light-charged particles corrected for the energy 
loss in the absorber foils and the finite geometry of the detector-source geometry. 

CM 
a 

IUI 

10.0 -

5.0 
8 12 16 
E a (MeV) 

FIG. 6. The mean energies of light-charged particles in detector 1 in quaternary fission as a function of 
the energy of the second light-charged particle for set A-3. 
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does not depend on the angle 9. The parameters for the energy distri
bution involved were taken from the previous parameters measured with 
the two telescopes. 

The mean energy of particles detected in one counter does not 
depend on the energy of the particle detected in the other counter, as shown 
in Fig. 6 for one measurement. This conclusion holds for all the measure
ments. Moreover, it is observed that the most probable energy E of the 
particles in quaternary fission does not depend on the angle between the 
two counters as shown in Table V for four measurements. The total 
probability obtained by integrating P4 (6) is (1. 5± 0. 5X 10"6) per binary 
fission. 

DISCUSSION 

The experimental results on the energy distributions, angular 
correlation and the relative abundances of various particles in quaternary 
and ternary fission indicate that the two processes have very much in 
common. The relative abundances of tritons and alpha particles are identical 
within statistical error in the two types of fission events. The energy 
distribution of alpha particles in quaternary fission does not seem to depend 
on the nature of the coincident particle (tritons or alphas). 

The energy distributions of tritons and of alpha particles in quaternary 
fission are very similar to the corresponding energy distributions in 
the normal ternary fission except for the fact that mean energies for these 
particles in quaternary fission are lower than in ternary fission. The 
angular correlation experiment shows that the yield at 90° is smaller than 
at 30° or 180°, although the yield at 30° is higher than the yield at 180°. 
It seems that the emission mechanism of light particles in quaternary 
fission is similar to the emission mechanism of light particles in ternary 
fission. If one assumes that the light particles in ternary fission are 
produced at scission from one of the two fragments when the interaction 
between the two fragments has vanished, then the quaternary fission events 
represent the cases where each fragment has contributed one LCP. Under 
the assumption that each fragment can emit only one LCP with probability 
P;, which does not depend on the other fragment, the total probability of 
quaternary fission is P4 = PjP2 . The probability of ternary fission will be 
equal to Pj +P 2 . Taking the experimental value of Px +P2 = 1/300 and 
assuming Pi = P 2 , P4 is equal to 2. 6X 10"6 per fission, which is in good 
agreement with the experimental value of P4 . This hypothesis is also 
consistent with the constancy of relative abundances of tritons and 4He in 
two types of fission events. 

Under the assumption that each LCP in the quaternary fission has a 
sharply peaked angular distribution with respect to the motion of the fission 
fragment, as in normal ternary fission, and assuming that the two LCP are 
emitted statistically independent of each other, there is an angular cor
relation between the two LCP as shown in Fig. 7. The calculated curve is 
symmetrical around 90°. The magnitude of the quantity W(180°)/W(90°) 
is of the order observed in the experiment. However, the experimental 
correlation is not symmetrical around 90° as calculated under the 
hypothesis. 
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FIG Л . The angular correlation expected for quaternary fission based on the angular distribution of light-
charged particles in ternary fission. 

Tra jec tory calculations a re being performed in an at tempt to explain 
the lower mean energies of pa r t i c l e s in quaternary fission compared to 
normal t e r n a r y fission and the observed a symmet ry in the angular 
cor re la t ion data. 
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D I S C U S S I O N 

M. J. FLUSS: I would like to point out that the probabil i t ies P]. and P2 
for the emiss ion of t e r n a r y pa r t i c l e s may be calculated under e i ther an 
independent o r dependent probabili ty assumption. 

Fo r the independent case : Pj (1 ; P 2 ) + P 2 (1 " P i ) = 1/300 and 
P 1 P 2 = 1 . 5 X 10-6, giving P j = 2.7 X lb" 3 , P 2 =0. 55X10-3 . 

S imilar ly for the dependent case , assumed in your paper: 
Pi (1 - P 2 ) = 1/300 and P i P 2 = 1. 5X10- 6 , giving Px ~ 3. 33X 10"3, 
P 2 ~ 0 . 4 5 X 10"3. 

The two assumptions give such s imi l a r probabi l i t ies , however, that 
they a r e not capable in themselves of elucidating the mechanism. 

S. BJjÖRNHOLM: Is it poss ib le that some of the quaternary events 
a r e due to the b reak-up of 8 B e ? 

S. K. KATARIA: The angle between the two alpha pa r t i c l e s coming 
from the decay of 8Be in the ground s ta te is about 10° and they will 
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therefore not be detected in our experimental setup. The decay of 8Be 
from the first excited state may be detected and therefore can be 
responsible for the higher yield at 35°. 

D. G. VASS: I agree with BjjÄrnholm that 8Be may be emitted in 
fission, and disintegrate in flight into two 4He particles. If 8Be nuclei 
are emitted in ternary fission, then we can estimate from the data given 
by Halpern1 for other Be isotopes that the emission rate of 8Be is approxi
mately 0. 3 per 106 binary fission events. This rate is comparable with 
that of quaternary fission of 2 per 106 binary fission events. 

The calculation of the angular correlation of the 4He particles is 
difficult, depending on the energy release in the break-up of 8Be into 4He 
particles and the lifetime of 8Be. A simpler yet similar situation has 
been considered by Feather and myself2 for the break-up of 5He emitted 
in fission, as observed by Cheifetz and co-workers3 . 

i HALPERN, I . , Ann. Rev. Nucl. Sei. 21 (1971) 245. 
z FEATHER, N., VASS, D.G., Proc. R. Soc. Edinb., 71A (1973) 233; 

FEATHER, N. , VASS, D.G. , Proc. R. Soc. Edinb., 71A (1973) Part 4 . 
s CHEIFETZ, E., EYLON, В., FRAENKEL, Z . , GAVRON, A . , Phys. Rev. Lett. 29 (1972) 805. 





lAEA-SM-174/16 

ENERGY AND ANGULAR DISTRIBUTIONS 
OF ALPHA PARTICLES 
IN THE FISSION OF 252Cf 

K. TSUJI. A. KATASE, Y, YOSHIDA, T. KATAYAMA, 
F. TOYOFUKU, H. YAMAMOTO 
Department of Nuclear Engineering, 
Faculty of Engineering, 
Kyushu University, 
Fukuoka, Japan 

Abstract 

ENERGY AND ANGULAR DISTRIBUTIONS OF ALPHA PARTICLES IN THE FISSION OF252Cf. 
The energy distributions of the alpha particles emitted in the fission of 25zCf have been measured with 

a good angular resolution to investigate the dependence on the angle between the alpha particle and the 
light fragment. The energies of one of the fission fragments and the alpha particle and the time difference 
between the signals for the two particles were measured and recorded event by event. The time resolution 
was about 2 nsec and the accidental events could be eliminated sufficiently. The light and heavy fragments 
were sorted by their kinetic energy. 

The energy spectra were obtained at 9 angles from 65° to 105° and were well fitted by the Gaussian 
distribution for energies above about 13 MeV for each angle. The values of the most probable energy were 
found to have a minimum value of 14. 0 MeV at 84° and increase rapidly with angle on both sides of 
84°. The widths of the energy distributions were nearly independent of the angle and the FWHM value was 
about 8. 6 MeV. The most probable angle of alpha particles with energy above 12. 5 MeV with respect to 
the light fragment was found to be 84. 3° and the FWHM value of the angular distribution was about 18°. 

The alpha-particle energy distributions were calculated by the Monte Carlo method in the three-point-
charge approximation. In this calculation, the distributions of the mass ratio and the total kinetic energy 
were taken into consideration,together with the distributions of the initial emission position, initial kinetic 
energy and emission angle of the alpha particle. The energy spectra, which were very similar to one 
measured at 90°, were obtained for some values from 21. 5 fm to 26 fm of the distance D* between two fission 
fragments at the emission of the alpha particle. From the comparison of the calculated distributions with the 
experimental ones for other angles, the value of about 22 fm for Df was seen to be most consistent with the 
present experimental results. 

1. INTRODUCTION 

One of the characteristic features of the long-range alpha-particle -
accompanied fission (LRA fission) is the angular distribution sharply-
peaked at about 90° with respect to fission fragments. This experimental 
fact has been interpreted to be the evidence showing that the alpha particle 
is emitted from a point between fragments at or shortly after scission. 
Because of this localization of position and time of the alpha-particle 
emission, the alpha particle has been considered to be a useful probe to 
investigate the dynamics of the scission stage. 

As suggested by Halpern [1], there are two aspects of the study on 
the emission of the alpha particle. One is related to the mechanism of 
the particle emission, and the other to the motion of the particle in the 
Coulomb field after the emission. The chief aim of the latter is to deter
mine the initial dynamical variables of the scission stage from the experi
mentally observed distributions. In connection with this problem a number 

405 
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of experiments [2-6] have been done. These experimental results have 
usually been analysed in the framework of the three-point-charge model. 
The initial dynamical variables such as the distance between fission frag
ments and the kinetic energies of fission fragments and alpha particles 
at the instant of emission have been investigated [3-5, 7-11]. 

The results of the above investigations do not seem to agree with each 
other. For instance the values obtained for the distance between fission 
fragments are scattered in the range from 21.5 fm to 2 6 fm as summarized 
in the recent work by Rajagopalan and Thomas [5]. In the close scission 
configuration the fission fragments move rather slowly at the instant of 
scission, while in the stretched scission configuration the initial kinetic 
energy of the fragments amounts to 30-40 MeV. This dispersion in the 
values obtained for the initial conditions is considered to be due to the 
ambiguities of the experimental results which have been used in the analyses. 
The experimental values of the FWHM in the angular distribution 
range from 32° to 18. 5° in the LRA fission of 252Cf [2, 3, 5, 6]. These 
large differences result in quite different conclusions about the initial 
values of the dynamical variables. On the other hand, as discussed by 
Krogulski [10], there may be a possibility to reproduce the angular distri
bution and the energy spectrum of the alpha particles by using some other 
sets of the initial dynamical variables. So, one can expect to obtain more 
reliable conclusions by investigating the angle-energy correlation of 
alpha particles. The experimental results reported by Fraenkel [2] showed 
the qualitative behaviour of this correlation, but they are not sufficient for 
quantitative comparison with the results of trajectory calculations. 

In the present work the angular distribution and the energy spectra 
of alpha particles in the fission of 252Cf were measured with a good angular 
resolution (FWHM of 12°) from 0L = 65° to 120° with respect to the light 
fragment. The results were analysed using the three-point-charge model. 
Monte Carlo calculations were performed by assuming rather reliable 
distributions for the initial conditions in a rather broad range of the 
distance Df between fission fragments (Df = 21. 5-26 fm). The calculated 
energy spectra were compared with the experimental spectra at each angle 
0L to obtain the most probable values of the initial dynamical variables. 

2. EXPERIMENTAL PROCEDURE 

The experimental arrangement is shown schematically in Fig. 1. The 
intensity of a 252Cf source was 6. 0 X 104 fissions/sec. The alpha particle 
and one of the fission fragments were detected with surface barr ier detectors 
of thickness 380 м т and 100 Mm, respectively. The sentitive area of both 
detectors was confined by a rectangular aluminium slit of 5 mm X 17 mm 
to provide good angular resolution. The distance of the slit from the 
source was 30 mm for each detector. The alpha detector was fixed at 
45° to the plane of the source. The fission detector was mounted on a 
rotating table. The angular dispersion provided by this geometrical 
arrangement was 12° (FWHM). The alpha detector was covered with an 
aluminium foil of 8. 75 mg/cm2 to stop the 6. 11-MeV alpha particles and 
the fission fragments from the 252Cf source. The aluminium foil stopped 
alpha particles up to the energy of 7. 0 MeV. 
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FIG. 1, Schematic diagram of the experimental setup. 

As shown in Fig. 1, the energy signals and fast timing signals were 
provided from each detector. The fast timing signals were sent to a time-
to-amplitude convertor (TAC). The energy signals of alpha particles and 
fission fragments and TAC output signals were fed to a multidimensional 
pulse-height analyser and stored event by event on a magnetic tape. Singles 
counting rates of the alpha-particle detector and fission detector were 
91.2 counts/sec and 638 counts/sec, respectively. The TAC output was 
2. 2 counts/sec at an angle at 90°. 

The measurements were done at the geometrical angles 70°, 75°, 80°, 
85°, 90° and 100° with rather good statistics (110-210 h at each angle). 
Other short runs were performed to check the angular distribution at 
angles from 65° to 105° in steps of 5° (21-40 h at each angle). The total 
number of accumulated coincident events was about 70 000 for alpha particles 
above 10 MeV. 

For the energy calibration of the alpha-particle detector, alpha particles 
of 6. 058 and 8. 780 MeV from ThC and ThC were measured every 24 h. 
For the calibration of the fission detector, the energy spectra of the binary 
fission of 25^Cf were measured about every 12 h. The adopted peak energies 
of the light and heavy fragments were 103. 8 MeV and 79. 4 MeV, respectively. 
The fission detector was replaced after a few days' use, because further 
use caused deterioration in the fragment spectrum by the damage due to 
fission fragments. 

Particle identification was not done in the present work. Therefore 
it was possible for light particles other than alpha particles to contaminate 
the spectrum. However, the contamination was negligible in the energy 
spectrum of the alpha particles above 13 MeV for the following reason. 
The triton is the most prominent contamination. The maximum energy of 
the triton expended in the alpha detector of 380 jum thickness can be con
sidered to be less than about 10 MeV. This maximum energy of the triton 
corresponds to 13 MeV after the correction (t considered as an alpha particle) 
for the energy loss in the aluminium foil. 
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3. EXPERIMENTAL ANALYSIS AND RESULTS 

The data stored on a magnetic tape were analysed after the measure
ments. For every event the channel number of the energy signal was 
converted to the energy value by using the results of the calibration measure
ments for each run and by correcting the energy loss of alpha particles in 
the aluminium foil. The timing spectrum is shown in Fig. 2a. The overall 
time resolution (FWHM) was 2. 5 nsec. The width of the timing gate in 
the data analysis was chosen to be 12 nsec as shown in Fig. 2a. The 
accidental events were less than 1% of the true events at any angle. The 
energy distribution of the LRA fission fragments at 0 = 90° is shown in 
Fig. 2b. (0. is the geometrical angle as shown in Fig. 1.) The most 
probable energies of the light and heavy fragments were 97. 5 MeV and 
74. 5 MeV respectively, which agree with the previously reported values [2]. 
In the present work the light or heavy fragments were sorted by their 
kinetic energy. The discrimination energy was chosen to be the energy 
of the valley in the kinetic energy distributions at each geometrical angle 
This method did not completely discriminate light fragments from heavy 
fragments. The contribution from fragments of the other type was estimated 
to be less than 10% at any angle. 

The energy spectra of the alpha particles were obtained for each angle 
0L or 0H. The angle % with respect to the heavy fragment was converted 
to the angle 0L with respect to the light one according to the relation 
ÖL = 180° - e 

H+ 9R> where OR is the recoil angle and was taken to be 4. 5°. 
By summing the alpha particles above 12. 5 MeV in the energy distribution 
at each angle, the angular distribution of the alpha particles with respect 
to the light fragment was obtained. It is shown in Fig. 3. The solid points 
show the number of alpha particles coincident with the light fragment, and 
the open circles show the alpha particles coincident with the heavy frag
ment. These two angular distributions were in agreement. The measured 
angular distribution of alpha particles with energy above 12. 5 MeV has a 
FWHM of 22°. 

The angular dispersion due to the finite size of the detectors and the 
source was calculated at each measured angle with the Monte Carlo method. 
The source was confirmed to have nearly uniform density within a 7-mm 
diameter by counting the fission fragment tracks in a polycarbonate sheet 
put on the source. The FWHM of the angular dispersion was 12. 0°. The 
most probable angle and the width of the intrinsic angular distribution 
(assumed to be Gaussian) were obtained from a x -fit. In this procedure 
the convolutions of the intrinsic distribution and the geometrical angular 
dispersions were calculated at all angles in order to obtain a fit to the 
experimentally observed angular distribution. The most probable angle 
and the FWHM of the intrinsic angular distribution were found to be 84. 3° 
and 18. 3°, respectively. The result of the fitting is shown in Fig. 3, where 
the dashed line gives the convoluted angular distribution and the solid line 
gives the obtained intrinsic one. 

The present value of the FWHM is in good agreement with the recently 
reported value of 18. 5° by Fluss and co-workers [6], but considerably 
smaller than the values of Fraenkel (32°) [2] and of Rajagopalan and co
workers (23. 5°) [5]. As for the most probable angle, the present result 
is in very good agreement with the value by Fluss and co-workers (84. 3°) 
[6], whose measurement was done with a good angular resolution. 
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with the light (larger peak) and heavy (smaller peak) fragments. The region W was used in the data 
analysis, (b) The kinetic energy distribution of fission fragments for LRA fission at 9g = 90° and for binary 
fission. The value of 85 MeV was used for the discrimination of the light and heavy fragments at this angle. 
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FIG, 3. Angular distribution of alpha particles with energy above 12.5 MeV. The solid circles show the 
alpha particles coincident with the light fragments. The open circles show the alpha particles coincident 
with the heavy fragmentss. The open circles are plotted at 9L converted from 6ц with the relation 
9i = 180° - e H + 9R. (8R is taken to be 4.5°.) The dashed line gives the result of the fitting, and the solid 
line gives the intrinsic distribution obtained after correction for the finite size of the detectors and the 
source. N(9L) is the number of alpha particles. 

The energy spec t ra of alpha pa r t i c l e s were obtained at 70°, 75°, 80°, 
90° and 100° for 6L and 0H with r a t h e r good s t a t i s t i c s , and a t 0L = 65°, 95° 
and 0H = 95°, 105° with r a t h e r poor s t a t i s t i c s . Typical energy spec t ra at 
6L = 90°, 70° and 9H = 70° a r e shown in F ig . 4. The energy spect rum at 
6L = 90° is in be t t e r ag reement with the r e su l t by Raisbeck and Thomas [3] 
than with the one by F r a e n k e l [2]. F r a e n k e l ' s a lpha-par t ic le spec t rum at 
92 = 90° is b roade r than ours because h i s angular resolut ion i s poor. 

In the p resen t work the mos t probable energy of the alpha par t ic le was 
observed to depend s t rongly on the angle 6L . The var ia t ion of the mean 
energy with the angle 6L is shown in F ig . 5 for the alpha pa r t i c l e s above 



410 TSUJI et al. 

FIG. 4. Energy spectra of alpha particles at 6L = 90°, 70° and 9 H = 70°. The solid lines are the results of 
the fit to the Gaussian curve at each angle for energies above 13 MeV. 
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FIG. 5. Mean energy of alpha particles averaged above 12.5 MeV as a function of ej_. The solid and open 
circles denote the same as in Fig. 3. 

12. 5 MeV. The similar result by Fraenkel is also shown in which the 
energy of the alpha particles above 11 MeV was averaged. The good angular 
resolution in the present work gives a strong dependence on the angle. 
The disagreement with respect to the angle where the average energy takes 
the minimum value is considered to be caused by the difference of the 
experimental method. In Fraenkel's work, both fission fragments were 
detected by two back-to-back fission detectors, and the non-collinearity 
of the fission fragments makes the effective angle larger than the geometrical 
one, as pointed out by Gazit and co-workers [4]. 
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obtained by fitting the energy spectrum above 13 MeV to a Gaussian curve. The error in the figure is 
due to the fit. The solid and open circles denote the same as in Fig. 3. 

At angles far from the most probable angle, some increase in the 
number of alpha particles was observed below 13 MeV (see Fig. 4, 6L = 70° 
or BH = 70°). It is not clear whether this is due to the contamination by 
tritons or due to some enhanced distribution of alpha particles at lower 
energy. In the energy spectrum according to the particle identification by 
Raisbeck and Thomas [3], some increase below 12 MeV was also observed 
at 60°. 

To obtain reliable values of the most probable energy and the width 
of the distribution, the measured energy spectra were fitted to a Gaussian 
curve for energies greater than 13 MeV, where the distributions were 
considered to be free from triton contamination. The fit was rather good. 
The values obtained for the most probable energy and the standard deviation 
ста of a distribution are shown in Figs 6a and 6b, respectively, as a function 
of the angle 0L

 a n d compared with the result by Fluss and co-workers. Both 
results show fairly good agreement. The most probable energy was found 
to have a minimum value of 14. 0 MeV at about 84° and to increase rapidly 
with angle on both sides of 84°. On the other hand, the widths of the energy 
distributions were nearly constant and the value of the standard deviation was 
about 3.8 MeV. 

THREE-POINT-CHARGE MODEL CALCULATION 

The three-point-charge model calculations were performed to investi
gate to what extent the assumed sets of initial conditions could explain 
the present experimental results. Details of the trajectory calculation 
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FIG. 7. Schematic diagram of the initial parameters of the calculation. 

were described in a previous paper [9]. For a given mass ratio R and 
total kinetic energy ET of three particles, the initial conditions were 
described with the following five quantities (see Fig. 7): (1) the distance 
Df between two fission fragments, (2) the distance Da between the light 
fragment Fj and the foot H of the vertical line from the alpha particle A 
perpendicular to the fission axis, (3) the distance Ha of the alpha particle 
from the fission axis, (4) the initial kinetic energy Ea of the alpha particle 
and (5) the initial emission angle 9a of the alpha particle with the fission axis. 

To obtain the final distributions to be compared with the experimental 
results, Monte Carlo calculations were done by assuming distributions for 
the initial conditions, which are tabulated in Table I. In the previous 
calculations [9] the values R, ET , and Ha were fixed, but in the present 
calculation the distributions of these values were taken into consideration. 
The distributions of R and ET were estimated from the work by Fraenkel [2]. 
The ratios of the partial variance caused by the distribution of the value 
of each parameter to the total variance of the angular or energy distribution 
are given in Table I for Df = 21. 5 fm and 26 fm. The distribution of the 
mass ratio is a considerable contribution to the angular distribution, 
especially in the case of the smaller value of D f . The distribution of Ha 
plays no important role in the final distribution, and the value of the standard 
deviation was taken rather arbitrarily. In the case of the larger value of 
Df, the final energy distributions are determined principally by the distri
butions of Ea and 6a , and the final angular distribution by the distribution 
of Da. However, in the case of the smaller value of Df, the contributions 
of each initial parameter are more complex. A change of the initial 
conditions causes a larger change of the motion in the Coulomb field in 
this case. 

The calculations were made for Df = 21. 5, 22, 24, and 26 fm. The 
free parameters Ea and aD were adjusted to reproduce the most probable 
energy and the width of the angular distribution of alpha particles at 
0L = 90° for each value of Df. The sets of the values obtained are shown 
in Table II. Using these values Monte Carlo calculations were done 7500 
times and the energy distribution of alpha particles was calculated in 
steps of 1° of 0L. The angular distribution was obtained by summing the 
number of alpha particles with energy greater than 12. 5 MeV. 

To compare with the measured energy spectra, the energy distributions 
were obtained by the convolution of the energy distributions calculated above 
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and the geomet r ica l angular d ispers ion of the present exper imenta l a r r a n g e 
ment . The r e s u l t s of the calculat ions and compar i sons with exper imenta l 
r e s u l t s a r e : 

(a) The width of the angular dis t r ibut ion and the mos t probable energy of 
alpha pa r t i c l e s at 6L = 90° were well reproduced by every set of values 
tabulated in Table II. 

(b) The mos t probable angle of the calculated angular distr ibution shifted 
from 84° to 87° with an inc rease in the value of D f . The exper imenta l 
value of the mos t probable angle, 84. 3°, i s consis tent with the s m a l l e r 
value of D f . 

(c) The FWHM of the energy dis tr ibut ion at ÖL = 90° increased slowly 
from about 7. 5 MeV to 9 MeV with an inc rease in the value of D f . This 
situation can be understood a s follows. If Df i s smal l , the mean value 
of Ea mus t be smal l to reproduce the observed mos t probable energy. 
As E a is a ssumed to, have a Ra isbeck-Thomas distr ibution, the smal l 
value of E a causes a sma l l width in the distr ibution of E a , and the width 
of the final energy distr ibution has a tendency to be nar row. The 
energy spec t ra were r a t h e r well reproduced except for Df = 21 . 5 fm, 
for which the width of dis t r ibut ion was somewhat na r rower than the 
exper imenta l one. 

(d) F o r Df = 21 . 5 fm ra the r good agreement was obtained between the 
calculated energy dis t r ibut ions and those m e a s u r e d at 6L = 65° and 70°, but 
at the angles l a r g e r than 75° the FWHM of the dis tr ibut ion was n a r r o w e r 
than the exper imenta l one by 1-1.5 MeV. F o r Df = 22 fm, good 
agreement was obtained with a lmos t al l the energy spec t ra from 
0L = 65° to 109. 5°. It was observed in the r e su l t s of the calculat ions 
that the distr ibution had a r a t h e r nar row width at the l a r g e r values 
of 0L . This tendency a g r e e s with the exper imenta l one (see F ig . 6). 

F o r Df = 24 and 2 6 fm, a r emarkab le inc rease in the number of alpha 
pa r t i c l e s was observed at the lower energy of the calculated energy d i s t r i 
bution at angles fa r from the m o s t probable angle, especial ly at 0L = 65° 
and 70°. This i nc rease is explained a s follows. The alpha p a r t i c l e s , which 
a r e emitted at the angle 0L far from the mos t probable angle, will have 
two different origins in the p resen t model: (1) alpha pa r t i c l e s emitted at 
a point near one of the fission f ragments ; this case r e su l t s in the higher 
final energy. (2) alpha pa r t i c l e s emitted at an initial angle far from 90° 
and reflected by the Coulomb field of the fragment in the direct ion of the 
alpha pa r t i c l e ; th is case r e s u l t s in the lower final energy. T ra j ec to ry 
calculat ions were done for the conditions corresponding to the l a t t e r ca se , 
and the r e s u l t s showed that the effect of the sca t ter ing was quite s t rong 
for the l a r g e r value of D f , because the focusing action by the Coulomb field 
of the two fragments after sca t t e r ing was r a t h e r weak compared with the 
case of the s m a l l e r value of D f . The observed enhancement of the calculated 
dis tr ibut ion of alpha pa r t i c l e s at lower energy i s considered to be due to (2) 
given above. Although the re was some inc rease in the exper imenta l distr ibution 
in the lower energy region (which may involve the contamination by t r i tons) , 
it was not so r emarkab le a s that calculated for Df = 24 or 2 6 fm. 

F r o m the r e s u l t s mentioned above, it is concluded that the set of 
p a r a m e t e r s for Df = 22 fm is the one mos t consistent with the present-
exper imenta l results-. In F ig . 8, compar i sons of the calculated with the 
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TABLE II. SETS OF THE INITIAL PARAMETERS' 

No. 

1 

2 

3 

4 

D f(fm) 

21.5 

22.0 

24. 0 

26.0 

E (MeV) 

0.6 

1.0 

2.0 

3.3 

°Da <fa) 

2.1 

1.8 

1.7 

1.5 

Most probable kinetic energy 
of fission fragments (MeV) 

4 

10 

21 

32 

a The initial parameters were adopted to reproduce the experimental values of the width of the 
angular distribution and the most probable energy of alpha particles at 9T = 90°. 

T 1 r 

15 20 25 15 20 25 
Ea (MeV) 

9L=109.5. 
(eH=75°) 

15 20 25 

FIG. 8. Comparisons of the calculated and measured energy spectra at the angles 3, = 75°, 90° and 109.5°. 
Histograms show the calculated and points show the measured spectra. 

experimental energy spectra are shown. The value of Df = 22 fm means 
that the total kinetic energy of the fragments is about 10 MeV at scission. 
These values of the initial parameters are similar to those obtained by 
Rajagopalan and со-workers [5], except for the initial kinetic energy of the 
alpha particles. Their value of Ea = 2. 0 MeV seems to be too large to 
reproduce the energy spectrum. We believe that the two fission fragments 
at the initial stage in the LRA fission of 252Cf are not so far apart as 
reported by Boneh and co-workers [7], and not so close as predicted by 
the statistical theory of Fong [12]. 

5. SUMMARY 

The energy spectra of alpha-particle-accompanied fission of 252Cf 
were measured at 9 angles from 65° to 105° with a good angular resolution. 
By identifying the light or heavy fragment from its kinetic energy, the 
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energy distributions of the alpha particles were obtained for the angle 0L 
from. 65° to 114. 5°. These energy spectra show a strong dependence on 
the angle 0L . The most probable energy of the distribution has the minimum 
value of 14 MeV at 84° and increases rapidly with angle on both sides of 
84° The width of the energy distribution at each angle is nearly constant 
and the value of FWHM is about 8. 6 MeV. 

The most probable angle and the FWHM in the angular distribution of 
alpha particles above 12.5 MeV are 84.3° and 18.3°, respectively. 
These values are in good agreement with the values reported recently by 
Fluss and co-workers [6], 

These experimental results were compared with the results of Monte 
Carlo calculations using the three-point-charge model. The distributions 
of initial parameters were assumed to be independent of each other as 
shown in Table I. In these calculations various sets of initial conditions 
were examined. The set Df = 22 fm, Ea =1.0 MeV and aD =1.8 fm is 
the one most consistent with the angular distribution and the energy spectrum 
of alpha particles at each angle. Using the distributions of the initial 
dynamical variables adopted in the present work, it was difficult to reproduce 
the energy spectrum at each angle with the more stretched configuration as 
reported by Boneh, Fraenkel and Nebenzahl [7] or with the closer configu
ration as predicted by the statistical theory [12]. 

There may be some correlations in the initial conditions, for instance, 
the emission point of the alpha particle may correlate with the mass ratio 
associated with the fragment deformability at scission, as discussed by 
Fraenkel [2]. To clarify the possible correlation, more detailed experi
mental studies are desirable. 
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Abstract 

CONNECTION BETWEEN IRA TO BINARY FISSION CROSS-SECTION RATIO FOR RESONANCE AND THERMAL-
NEUTRON-INDUCED FISSION IN и9Ри AND RESONANCE SPINS. 

The LRA to binary fission cross-section ratio was measured at an 8-m flight-path station of the CBNM 
LINAC. The heavy fission fragments in binary fission and the energetic light particles (Ea > 15 MeV) in LRA 
fission were subsequently counted with banks of solid state detectors on both sides of a double-faced a9Pu sample, 
as a function of the incident neutron energy. Two measurements were performed, one to cover the neutron 
energy range up to 50 eV and the other to obtain accurate information through the 0.3-eV resonance. The T/B 
values were obtained by a division of the resonance areas in the first measurement. In the low-energy run the 
TOF spectra were divided in energy intervals from 0.02 to 1 eV and the ratios of the areas in the corresponding 
TOF spectra were calculated. The data analysis yielded for the 15.5-eV resonance a T/B value which was 
about lO1?» higher. In the low-energy region no inconsistency was found with a unique value for the ratio. 

On the other hand, a careful analysis was performed of the accurate low-energy fission cross-section of 
a9Pu obtained at CBNM, Geel, below 20 eV with the use of an interference formula. It was possible to show 
that this low-energy fission cross-section can only be adequately described when the 15.5-eV resonance has a 
spin and parity 0+ and the other positive energy resonances below 20 eV are 1+. These measurements suggest 
that a high T/B value is correlated with a 0+ resonance. 

1. INTRODUCTION 

A p r e c e d i n g p a p e r d e a l t w i th t he r a t i o of t e r n a r y (two h e a v y f r a g 
m e n t s and a l i gh t f r agmer i t ) to b i n a r y f i s s i o n for t he r e s o n a n c e n e u t r o n -
i n d u c e d f i s s i o n of 

2 3 5 U [ 1 ] . 
In t h i s p a p e r s i m i l a r e x p e r i m e n t s a r e 

d e s c r i b e d for P u ( n , f). We c o v e r e d the l o w r e s o n a n c e r e g i o n f r o m 
1 to 50 eV, and a l s o t he t h e r m a l r a n g e a n d t h r o u g h the f i r s t l a r g e 
r e s o n a n c e , i . e . f r o m 0. 020 eV to 1 e V . We f u r t h e r m o r e p e r f o r m e d a 
p r e c i s e f i s s i o n c r o s s - s e c t i o n m e a s u r e m e n t in t he l ow r e s o n a n c e and 
t h e r m a l r e g i o n by c o m p a r i s o n of t he " ' P u ( n , f) r a t e and the r a t e of 
а В fo i l . We t r i e d t o d e s c r i b e t h i s c r o s s - s e c t i o n wi th an i n t e r f e r e n c e 
f o r m u l a and s h o w e d t h a t t h e c r o s s - s e c t i o n can on ly b e a d e q u a t e l y 
f i t t ed w i t h a sp in 0 f o r t h e b r o a d 15 . 5 eV r e s o n a n c e , w h i c h a l s o 
showed a l a r g e r T / B v a l u e in t he p r e v i o u s e x p e r i m e n t s . 

239 By s - w a v e n e u t r o n ( 1 = 0 , s = 1/2) b o m b a r d m e n t of P u n u c l e i 
( s p i n - p a r i t y 1/2 ) c o m p o u n d s t a t e s 0 and 1 a r e f o r m e d . A c c o r d i n g 
to t h e B o h r ^ Z J a n d W h e e l e r 

[ 3 ] 
m o d e l , t h e 0"** c h a n n e l s c o r r e s p o n d 

* NFWO, University of Ghent, Belgium. 
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e i t h e r to t he g r o u n d s t a t e o r to the q u a d r u p o l e v i b r a t i o n ß of the 
n u c l e u s a t the s a d d l e po in t , wh ich a r e bo th e s s e n t i a l l y s y m m e t r i c . 
The 1 + c h a n n e l i s c o n s i d e r e d to be f o r m e d by a c o u p l i n g of t he two 
o c t u p o l e v i b r a t i o n s К = 0" and К = 1 ~, bo th a s y m m e t r i c in n a t u r e . 
B a s e d on the d i f f e r e n t c h a r a c t e r i s t i c s of the 0 and the 1 f i s s i o n 
c h a n n e l s , m a n y a t t e m p t s h a v e b e e n m a d e to find a c l a s s i f i c a t i o n of t he 
n e u t r o n r e s o n a n c e s i n t o two g r o u p s c o r r e s p o n d i n g to bo th s p i n - s t a t e s 

-!, the t o t a l k i n e t i c e n e r g y of t he 
a v e r a g e n u m b e r of n e u t r o n s s> 

T h e s i m p l e p i c t u r e of t r a n s i t i o n s t a t e s on the top of an i n v e r t e d 
o s c i l l a t o r p o t e n t i a l , and e v e n the e x i s t e n c e of t h i s c h a n n e l ^ s t r u c t u r e 
h a s b e e n q u e s t i o n e d r e c e n t l y in v i e w of the d e s c r i p t i o n of t he f i s s i o n 
p r o c e s s w i t h a d o u b l e - h u m p e d b a r r i e r w i t h d i s c r e t e l e v e l s i n t h e 
s e c o n d w e l l . H o w e v e r , t he m e a s u r e m e n t s r e p o r t e d h e r e t end to c o n 
f i r m the c h a n n e l t h e o r y of f i s s i o n , a l t h o u g h the s u b s e q u e n t i n t e r a c t i o n s 
t a k i n g p l a c e b e t w e e n s a d d l e po in t and s c i s s i o n p o i n t m a y p r o d u c e a n 
o v e r a l l a t t e n u a t i o n of t he m a g n i t u d e of the e f f e c t s . 

In the m e a s u r e m e n t s d e s c r i b e d h e r e we t r i e d to c l a s s i f y the r e 
s o n a n c e s a c c o r d i n g to t h e i r Т / В r a t i o . In t he r e g i o n 1 eV to 50 eV 
we c a l c u l a t e d the Т / В v a l u e s for t he r e s o l v e d r e s o n a n c e s . In t he 
r e g i o n f r o m 20 m e V to 1 eV we c a l c u l a t e d Т / В t h r o u g h o u t t he who le 
s p e c t r u m . We a l s o c o n t r o l l e d the t e r n a r y a - P H s p e c t r u m , a s r e c o r d e d 
in the T O F e x p e r i m e n t , by a s u b s e q u e n t m e a s u r e m e n t wi th a h i g h - i n 
t e n s i t y n e u t r o n b e a m . 

2 . E X P E R I M E N T A L A P P A R A T U S 

The m e a s u r e m e n t s w e r e p e r f o r m e d a t an 8. 1-m flight p a t h of t he 
CBNM l i n a c ( s e e F i g . 1 ). By b o m b a r d i n g a m e r c u r y - c o o l e d u r a n i u m 
t a r g e t w i th t h e 70 M e V e l e c t r o n b e a m of t he l i n a c , f a s t n e u t r o n s w e r e 
p r o d u c e d w h i c h w e r e t h e n s lowed down in a p o l y e t h y l e n e s l a b m o u n t e d 
on top of the l i n a c t a r g e t . The t a r g e t i s s u r r o u n d e d by l e a d r i n g s 
w h i c h s u p p r e s s t he у - f l a s h p r o d u c e d in t h e t a r g e t by t he i m p a c t of 
t he e l e c t r o n b e a m of t he l i n a c . The n e u t r o n s t r a v e l down a w e l l -
c o l l i m a t e d f l i g h t - p a t h to the d e t e c t i o n c h a m b e r . 

detection chamber z39Pu foil 

removable Al screens 

ШШвдс! lead | g g j j j water! glV:*) concrete! ШШ bakeuTe~ 3resin + borax 

FIG.l. Experimental arrangement and collimatLon of flight path 17 at the CBNM-UNAC. 
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9Pu foil 

removable A( screens 

detectors 

IBM 2311 DISK 

IBM 1800 

FIG. 2. Layout of the detection and data collection system. 

F i g u r e 2 g i v e s t he l a y - o u t of t he d e t e c t i o n and d a t a - c o l l e c t i o n 
s y s t e m . T h e d e t e c t i o n c h a m b e r i s a n e v a c u a t e d c y l i n d r i c a l c h a m b e r 
w i t h t h i n a l u m i n i u m e n t r a n c e and e x i t w i n d o w s ; i t s i n n e r d i a m e t e r 
i s 50 c m . In t he c e n t e r of t h i s c h a m b e r a d o u b l e f a c e d " " P u l a y e r 
(99 . 956 a t . %; 1 m g / c m 2 t h i ck ) i s m o u n t e d , v i e w e d on e a c h s i d e by a 
b a n k of four l a r g e Si(Au) s u r f a c e b a r r i e r d e t e c t o r s . T h e s e d e t e c t o r s 
w e r e c a l i b r a t e d da i l y b a s e d on t h e p u l s e - h e i g h t of t h e n a t u r a l p l u -
t o n i u m a - p a r t i c l e s . M o r e o v e r , a l u m i n i u m s c r e e n s of d i f f e r e n t t h i c k 
n e s s e s can b e i n s e r t e d ( t e r n a r y f i s s i o n ) o r w i t h d r a w n ( b i n a r y f i s s i o n ) 
f r o m b e t w e e n the l a y e r s and the d e t e c t o r s . T h i s d e t e c t i o n t e c h n i q u e 
a l l o w s r a t h e r good r e s o l u t i o n of the t i m e - o f - f l i g h t s p e c t r a i n t h e l o w -
e n e r g y r e g i o n , s i n c e on ly one b a c k - t o - b a c k d e p o s i t of ' P u i s u s e d . 
M o r e o v e r , i n t h i s w a y l e s s s c a t t e r i n g m a t e r i a l i s i n t r o d u c e d i n t o t he 
n e u t r o n b e a m t h a n w i t h a m u l t i - p l a t e i o n i z a t i o n c h a m b e r . 

P a i r s of d e t e c t o r s a r e c o n n e c t e d i n p a r a l l e l and the s i g n a l s f r o m 
e a c h p a i r a r e a m p l i f i e d by a c h a r g e - s e n s i t i v e p r e a m p l i f i e r and a DDL, 
m a i n a m p l i f i e r . T h e a m p l i f i e d s i g n a l s a r e s e n t i n t o a f a s t - t i m i n g 
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single channel analyser (TSCA). After mixing, all the fast-timing 
signals a r e fed into a 4096-channel t ime-of-fl ight analyser with an 
"accordeon" sys tem. F r o m the analyser m e m o r y the data a re t r a n s 
fe r red via an interface unit to an IBM 2311 disk for s torage . The data 
handling i s per formed af terwards with an IBM 1800 sys tem. 

3 . MEASUREMENTS 

Three m e a s u r e m e n t s of the b i n a r y - t o - t e r n a r y fission c r o s s -
section ra t io were performed. Table I gives some detai ls of the 
different exper imental conditions. The f i rs t and the second m e a s u r e 
ment cover the energy region from 0. 1 eV to 50 eV; the third covers 
the region from 10 meV to 1 5 eV. The total d iscr iminat ion level 
(Al a b s o r b e r s plus e lect ronic bias) for the t e rna ry a - p a r t i c l e s was 
fixed at about 15 MeV a - e n e r g y for all three m e a s u r e m e n t s . 

Each m e a s u r e m e n t consis ts of binary, t e rna ry and background runs . 
In the binary runs the heavy fission fragments a r e r eg i s t e red as a 
function of t ime-of-fl ight; t he re a r e no aluminium sc reens between 
the P u - l a y e r s and de tec to r s . The d i sc r imina to r s were set to r eg i s t e r 
only the heavy fission fragments and to cut out the intense natura l 
a - p a r t i c l e s and their p i le-up pu l ses . In the t e rna ry t ime-of-f l ight 
runs only the light t e rnary fission pa r t i c l e s a r e r eg i s t e red in the 
memory . These light pa r t i c l e s a r e separa ted from the heavy fission 
f ragments and the natura l <X-particles emitted by the Pu- i so topes by 
inser t ing a 20-,um-thick aluminium screen between de tec tors and t a rge t s . 
By appropr ia te d i sc r imina to r - se t t i ngs the detection levels were ad
justed to 1 5 MeV a - e n e r g y . Typical TOF spec t ra for binary and 
t e rna ry fission a re shown in Fig. 3 for the two f i rs t runs , , and for the 
low-energy run in Fig. 4. The background runs for binary and t e rna ry 
fission were per formed by putting the appropr ia te neutron f i l ters into 
the beam. Moreover , for m e a s u r e m e n t III ,runs were also performed 
with a cadmium filter in the beam to evaluate background due to un-
timed epicadmium neutrons in the beam and room neutron background 
(in the energy region below 0. 1 eV). In all the m e a s u r e m e n t s a thorough 
sea rch for the var ious possible background sources has been done. 
A detailed descr ipt ion of this background study i s given in [ 1 ] . As 
a r e su l t of all these background m e a s u r e m e n t s , we found that the 
different background contributions were extremely small , especially 
in m e a s u r e m e n t III where the repeti t ion frequency was only 100 Hz. 

The same detection sys tem as descr ibed before was moved to the 
BR2 high flux reac to r of S. С K . / C . E .N . , Mol, where it was installed 
at a beam tube and connected to a pulse-height ana lyser . With this 
appara tus , severa l pulse-height spec t ra of binary fission fragments and 
of t e rna ry a -pa r t i c l e s were r eg i s t e r ed to control the quality of these 
spec t ra and to verify the exact position of the detection leve ls . Fig. 5 
shows a typical t e rna ry a pulse-height spectrum with a detection level 
of 15 MeV. 

4 . TREATMENT OF DATA, RESULTS AND COMPARISON WITH 
OTHER T /B MEASUREMENTS 

In the energy region above 1 eV we applied a ra ther s traightforward 
analys is . After cor rec t ion for background and underlying c ross - sec t ion , 
the a r e a s under the isolated resonances in t e rna ry and binary fission 
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FIG. 5. Pulse-height spectrum of ternary a-particles (discrimination level: 15 MeV). 

w e r e c o m p u t e d and d i v i d e d . T h e s e r a t i o s a r e shown in T a b l e Я fo r 
t he two m e a s u r e m e n t s a s w e l l a s t h e w e i g h t e d m e a n of t h e two dif
f e r e n t r u n s . T h e y a r e n o r m a l i z e d to т / В = 100 fo r t he 1 0 . 9 5 e V r e s o 
n a n c e ( the l a r g e s t r e s o n a n c e in t h i s r e g i o n ) . We t r i e d a c l a s s i f i c a t i o n 
of t h e s e v a l u e s w i t h t he fo l lowing c r i t e r i a "h igh T / B " H fo r T / B > 106; 
u n c e r t a i n U fo r a v a l u e of T / B ful f i l l ing 106 > T / B > 103 ; a l ow 
v a l u e L for T / B <_ 103 . B r a c k e t s a r e u s e d when the s t a t i s t i c a l e r r o r 
i s s u c h t h a t one s t a n d a r d d e v i a t i o n e x t e n d s f r o m the h igh to t he l ow 
g r o u p o r v i c e v e r s a . We find a s i g n i f i c a n t d i f f e r e n c e b e t w e e n the 
v a l u e fo r t he 15 . 5 eV r e s o n a n c e (H) and m o s t o t h e r s t r o n g r e s o n a n c e s 
a t 7 . 85 eV, 10. 9 5 eV a n d 1 1 . 90 e-V w h i c h h a v e a l o w v a l u e of T / B . 
T h i s h i g h e r a - c o u n t i n g - r a t e c a n n o t be c a u s e d by a - p a r t i c l e s f r o m t h e 
" ° P u ( n , a ) U r e a c t i o n s i n c e the h i g h e s t e n e r g y a - l i n e g e n e r a t e d i n 
t h i s r e a c t i o n i s 1 1 . 46 M e V w h i c h i s w e l l b e l o w the d e t e c t i o n b i a s i n 
t he e x p e r i m e n t . 

S o m e s t a t i s t i c a l t e s t s w e r e p e r f o r m e d on t h e s e d a t a . We c a l c u 
l a t e d the w e i g h t e d a v e r a g e v a l u e s X w fo r t he d i f f e r e n t m e a s u r e m e n t s , 
t a k i n g i n t o a c c o u n t a l l t he d a t a , n a m e l y L + (L) a n d H + (H). 
T h e s e r e s u l t s a r e s u m m a r i z e d in Tab le Ш w h e r e we a l s o c a l c u l a t e d t he 
h x - v a l u e s of B i r g e '-'•': 
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Here X1 and X7 represent the weighted mean of the low group and the 
high group (essentially the 1 5. 5 eV resonance) and o"̂  and o"2 are the 
corresponding statistical errors. Taking into account that the probabi
lity that Xi and X2 a r e compatible with a unique value is smaller than 
0. 01 for hx > 1. 83 we may conclude from this table that there is an 
indication for a significant difference. 

/ 239 
The only other measurements of T/B for Pu + n in this region 

was performed by Melkonian et al. "- -I. They are, however, difficult to 
compare as they did not publish numerical values for individual reso
nances because of the rather poor statistics. Nevertheless they found 
that T/B was significantly larger for two resonances with J = 0, in 
qualitative agreement with our results. 

As we did observe an effect in the 1 5. 5 eV resonance we decided 
to look for a fit to our highly precise fission cross-section measurement 
obtained in another experiment at the linac *• -'and tried to fit the 
cross-section curve below 20 eV. We only optimized the positions of 
the fission vectors in the space of the two outgoing fission channels 
(interference contribution) and the parameters of the negative resonan
ces step by step, in such a way that the interference formula describes 
the experimental points between the resonances and in the thermal 
region at best. The interference has the largest percentage effect be
tween the resonances. Especially the energy regions between the reso
nances 11 and 11.9 eV and between 11.9 and 14.3 eV are critical 
regions for such an optimal!zation. It follows from these considerations 
that a good description of the fission curve is only possible with the 
assumption of J = 0 for the 15.5 eV resonance. It is possible, how
ever, to obtain a good fit with J = 1 for the 0. 3 eV resonance. 

In the neutron energy region below 1 eV (third measurement) the 
T/B data were analyzed in a somewhat different way. By putting cad
mium filters in the beam we checked the background in the energy 
region below 0. 2 eV and found it negligible compared to the counting 
rate in that region. Then we divided the ternary and binary fission 
TOF spectra in several intervals in the energy region from 20 meV to 
1 eV (thus including the strong 0. 3 eV resonance) and calculated the 
ratios of the areas of the corresponding intervals. These results, 
which are normalized to the first two measurements, are represented 
graphically in fig. 6 and given numerically in Table IV . We find that 
there is no significant difference between these T/B values. 

Moreover, if we consider the -weighted averages given in the fourth 
column of this table, we deduce that the 0. 296 eV resonance is very 
probably a "low" one and that also the thermal T/B value is predo
minantly low. Within theL experimental errors, our results agree with 
those of Panov et al. L H ] ( I 0 % exp. error) and Schröder [J2](2 % exp. 
error). 

Finally we examined whether our low-energy data are compatible 
with a unique value or not. Therefore we calculated \ , and the cor
responding probability F>(y^> •% ) ~_ 70 %. Furthermore we obtained 
for the Birge ratioL9j[13J R = j^, / ^ a v a l u e o f 0.869 and a probable 
deviation of R from unity of 0. 076. 
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TABLE IV. Resul ts from Measurement III normal ized to the weighted 
mean of the 7 .85, 10.95 and 11.90 eV resonances , as ob
tained from Measurements I and II (Т/В = 99.7 + 1.2) 

E(eV) 

0.296 
7.85 

10.95 
11.90 . 

0 . 8 8 6 a ; 

0.465 
0. 374 
0.345 
0.319 
0.296 
0.275 
0.257 
0.240 
0.225 
0.205 
0. 182 
0. 163 
0.146 
0. 132 
0. 120 
0. 110 
0.101 
0. 0925 
0. 0853 
0. 0790 
0. 0733 
0. 0683 
0. 0637 
0.0596 
0.0558 
0. 0524 
0.0493 
0.0465 
0.0439 
0. 0404 
0. 0364 
0. 0329 
0.0299 
0.0273 
0. 0250 
0. 0230 
0. 0212 
0. 0197 

T/B 

102.2 
97 

102.2 
97 

102.4 
102.0 
103. 9 

99.9 
100.9 
102.2 
101 
102.7 
102.3 
105.5 
101.8 
106.2 
105.9 
104.0 
101.1 
103.8 
102.5 

98.7 
101.4 
105.4 
103.4 
102.9 
104.0 
103.7 
102.8 
102.0 

98.7 
100.3 

97.6 
103. 1 

98.9 
102.7 
104.3 

99.1 
106. 1 
100.3 
104.2 
100.5 
105. 0 

Stat. e r r . 

0.65 
4 . 6 ) 
3.7 ) 
6.7 ) 
2 . 9 
2 . 2 
2 . 9 
2 . 2 
1.8 ) 
1.6 ) 
1.7 ) 
2 . 0 
2 . 3 
2 . 6 
2 . 1 
2 . 5 
2 . 6 
2 . 6 
2 . 6 
2 . 6 
2 . 6 
2 . 6 
2 . 6 
2 . 6 
2 . 6 
2 . 6 
2 . 6 
2 . 6 
2 , 7 
2 . 7 
2 . 9 
2 . 9 
3 . 0 
3 . 1 
2 . 3 
2 . 4 
2 . 6 
2.7 ) 
3 .0 ) 
3 .0 ) 
3 .3 ) 
3 .5 ) 
3.8 ) 

Weighted mean 

99.7 t 2 .7 

101.4 t l 

102.3 - 1.3 

The energ ies indicated below correspond to the middle of the energy 
interval considered. 
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1.5 0.5 0.05 E(eV) 

FIG.6. (a) Binary fission counts foe the energy region 0.02 - 1 eV; (Ь) Т/В ratios in the same energy region 
(Run III). 

F r o m t h e s e t e s t s we d e d u c e t h a t t h e d a t a c o n s i d e r e d a r e c o m p a t i b l e 
wi th a u n i q u e v a l u e , a l t h o u g h the s c a t t e r i n g of t h e d a t a i s r a t h e r l a r g e . 
N o i n t e r f e r e n c e e f f e c t s of t h e m a g n i t u d e found by M o s t o v a y a L 14-> f o r 
2 3 ^ U in t he n e i g h b o u r h o o d of t he 2 e V r e s o n a n c e w e r e d e t e c t e d . 

5 . DISCUSSION 

I n T a b l e s Va and Vb we c o m p a r e o u r p r o p o s e d c l a s s i f i c a t i o n of 
the r e s o n a n c e s b a s e d on t h e i r Т / В v a l u e wi th t he d i r e c t d e t e r m i n a t i o n 
of the r e s o n a n c e sp in J and w i t h s o m e o t h e r f i s s i o n c h a r a c t e r i s t i c s . 
T h e s e t a b l e s c l e a r l y d e m o n s t r a t e t h a t t h e r e i s a c o m p l e t e a g r e e m e n t 
b e t w e e n o u r u n a m b i g u o u s l y c l a s s i f i e d r e s o n a n c e s and the d i r e c t s p i n -
d e t e r m i n a t i o n s of S a u t e r a n d B o w m a n ^ 1 5 ] , A s h g a r L 1 6 - ! , T r o c h o n e t 
a l . L 17J and S i m p s o n e t a l . [ 18] . C o m p a r e d w i t h t he sp in v a l u e s of 
F r ä s e r and S c h w a r t z ' ^ - ' , one of t h e f ive c o m m o n r e s o n a n c e s d i s a g r e e s . 
H o w e v e r , i t m u s t be s t r e s s e d t h a t none of t h e m d e t e r m i n e d the sp in 
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of the important 0. 296 eV and 1 5. 5 eV resonances . This has been done 
for the 0. 296 eV resonance by Chrien et al. L-̂ °J v i a the detection of 
high-energy capture у - r a y s . They assigned 3^= 1+ . for this resonance , 
which ag rees with our resul t . Moreover Farrel l l- ^ and Becker [22] 
assigned both J17 = 0 for the 15. 5 eV resonance based on the " in te r 
ference method" (indirect determination). 

When comparing our resu l t s with the average kinetic energy of 
the fission fragments measu red by Melkonian and Mehta^-I we find a 
difference for the important 15.5 eV resonance . The same, may be said 
for the fission symmetry measu remen t s of Cowan et al . <• J in the 
15. 5 eV resonance . However our J17 = 1 + r e su l t for the 0. 296 eV 
resonance ag rees with Cowan's proposal for this resonance , which is 
based on the resu l t s of Regier et al. 

[23]. 
A ra the r difficult c r i t e r ium for comparison i s the fission 

neutron multiplicity v. If we examine the var ious m e a s u r e m e n t s we 
observe a r a the r c lear bias due to the detection method. 
(a) Weston et al . and Trochon et al . find no variat ion in v. They 

both detected the fission neutrons direct ly . 
(b) Weinstein et al. *• , Ryabov et al . and Shackleton et al . find 

a variat ion of "v from resonance to resonance . They detected the 
fission neutrons after moderat ion. 

If we compare the data of Weinstein and Ryabov shown in Table Vb, 
we see that they a re generally ant icorre la ted . Never the less this i s not 
so for their spin ass ignments , which a re a lmost in agreement . This i s 
especially the case for the 0. 296 eV and 15. 5 eV resonances , which a re 
also in agreement with our r e su l t s . 

6. CONCLUSIONS 

In the energy region from 20 meV to 50 eV we observe only one 
resonance with a significantly higher Т /В value : i . e . the 1 5. 5 eV r e 
sonance. We assign J n = 0 for resonances with a high Т /В value and 
jTT = 1 + for resonances with a low Т/В value. This higher value for 0 
resonances cannot be due to an eventual loss of binary fission counts 
for one spin state — thus a B-value which would be too small — since 
the difference between the kinetic energies of the 0 and the 1 s ta tes 
i s only about 0.7% according to Melkonian and MehtaL^J. F u r t h e r m o r e 
the spin ass ignment 0 to the 15. 5 eV i s substantiated by the careful 
study of the low-energy fission c ross - sec t ion . This higher a. -yield for 
0 resonances is in the sense expected according to Bohr^-land 
Wheeler*- , since the 0"** states a re m o r e symmet r i c than the 1 s ta tes . 
More symmet r ic fission corresponds in general to a lower total kinetic 
energy of the fission fragments , a higher excitation energy of the f rag
ments and a higher probability for t e rnary a - e m i s s i o n . 

We can reach the same conclusions based on energet ic con
s idera t ions . F rom severa l analyses of experimental data we know that 
the average fission width for 0 s ta tes is much l a r g e r than that for 1 
s tates : < Г , >0+ » <T f > .+ . This impl ies that the number of open 
fission channels for 0+ s ta tes N(0+) is l a r g e r than N(1 ), thus that the 
0+ channel l ies below the 1 channel in the t rans i t ion channel spect rum. 
F r o m this we deduce that the remaining excitation energy via a 
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0 c h a n n e l i s l a r g e r t h a n fo r f i s s i o n v i a a l1^ c h a n n e l , i m p l y i n g a 
h i g h e r p r o b a b i l i t y for t e r n a r y f i s s i o n v i a a 0 + c h a n n e l t h a n v i a a 1 + 

c h a n n e l . 

A C K N O W L E D G E M E N T S 

T h e a u t h o r s w i s h to t h a n k D r . N e v e de M e v e r g n i e s for f ru i t fu l 
d i s c u s s i o n s . T h e y a r e i n d e b t e d to m a n y c o l l e a g u e s f r o m C B N M , G e e l 
fo r t h e p r e p a r a t i o n of t he s a m p l e s and t h e o p e r a t i o n of the l i n a c . 
T h e y e s p e c i a l l y a c k n o w l e d g e the sk i l fu l a s s i s t a n c e of R. B a r t h e l e m y , 
G. JLe D e z and J . Van G i l s d u r i n g t h e s e e x p e r i m e n t s . 
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DISCUSSION 

J. P. FELVINCI: Previous measurements have shown that the negative 
level in239Pu is of opposite spin to that of the 0. 3-eV level and is usually-
assigned 0+, so it is interesting to see that your low-energy data do not show 
any increase in the T/B yield. 

My second comment is a warning. It is very risky to associate spin with 
certain measurements, like v, T/B or mass asymmetry. These measure
ments may depend more on the deformation of the fissioning nucleus and thus 
on the К quantum number than on the spin. In cases where there is no one-
to-one correspondence between the spin and the K-bond (235U, 233U, 241Pu) 
this procedure may give erroneous results. This problem is much less 
critical in239Pu, where the 0+ and 1+ spins also belong to two distinct 
deformation bonds. 

A. J. DERUYTTER: I certainly agree that one has to be cautious in 
relating T/B to J and I think this was sufficiently stressed in our paper. 
Moreover, the excellent paper presented by Keyworth, and co-workers1 

also sounds a very clear warning in this respect. 
The low-energy ratios presented here for 239Pu do not show any signifi

cant variation, although the value at thermal energy is slightly higher than 
that for the 0.296-eV level, as may be seen from Table IV of the paper. 

I. G. SCHRODER: In our measurements on the binary to ternary fission 
ratio in239Pu performed in the subthermal and resonance region (0. 3 eV), 
we made a detailed study of the energy distribution of the ö-particles and 
found no difference in the distributions in the three regions considered or in 
the binary to ternary ratio. One should remember that in these regions there 
is a large variation in the ratio of symmetric to asymmetric binary mass 
division. Thus, as Felvinci has just mentioned, one should be extremely 
careful about comparing these two different phenomena from resonance to 
resonance. 

A. J. DERUYTTER: I agree. However, the T/B ratio does not have 
to be related to the symmetry of the fission process for both spin states. 
Other factors may be involved, such as the amounts of excitation energy 
available for fission at the saddle point through 0+ or 1+ states. 

M. J. FLUSS: I should just like to remind you that a very strong effect 
appears in the excitation function for triton/fission yields in236U between 
thermal and 170-keV neutrons.2 

A. J. DERUYTTER: In the type of experiments described here we can 
register only the total spectrum of light particles because of intensity 
limitations. It is impossible to use an E - ДЕ system, for instance. The 
variations observed may be due to any of the light particles, although the 
most probable cause is the 4He particle. 

1 KEYWORTH, G.A.. et a l . , Paper IAEA-SM-174/65, these Proceedings, Vol .1 . 
2 FLUSS, M.J. , e t a l . , Phys. Rev. C6 (1972) 2252. 
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Abstract 

CHARGE DISTRIBUTION OF THE FRAGMENTS EMITTED IN TERNARY FISSION. 
It is possible, in principle, to derive the charge distribution of the fragments produced in LRA fission of 

252Cf by comparing the К X-ray spectra observed in binary and LRA fission respectively. However, it has been 
shown by Watson that such a procedure is inaccurate because the К X-ray emission probability depends on the 
isotopic distributions which should be somewhat different in binary and LRA fission. It was found that the total 
number of prompt neutrons emitted by the fragments measured in coincidence with the К X-rays gives a good 
indication of the extent of this dependence of the К X-ray emission probabilities on the isotopic distributions. 
This dependence is not strong for most of the light fragment isotopes and for the higher Z region of the heavy 
group. On this basis, it was possible to derive the elemental yields for LRA fission in the applicable regions. 
The К X-ray emission probabilities are higher in ternary fission for the lower Z region of the heavy fragments. 
This difference indicates that, in this region, the ternary fragments are more neutron-rich than the binary 
fragments. These experimental results are compared with predictions based on different hypotheses regarding 
the alpha formation mechanism. 

1. INTRODUCTION 

While our knowledge of the angular and energy distributions of the light 
charged particles sometimes emitted in fission has acquired a high degree 
of sophistication [1-3] we still do not know the mechanism which is 
responsible for this emission. Both the angular and energy distributions 
show that the light particle is created a short time after scission or in the 
act of scission itself at a position which lies somewhere between the two 
nascent fragments. Whether the light particle is created at the expense 
of one of the already separated fragments or at the expense of the collapsing 
"neck region" at the time of scission remains an open question. Very recent 
experimental evidence [ 4], based on the study of the very rare event when 
two light charged particles are emitted in the course of fission,appears to 
favor the hypothesis of an emission by the fragments. On the other hand, 
the striking similarities in the properties of the two heavy fragments in both 
binary and ternary fission has been interpreted [ 5] as an indication of an 
emission of the a particle at the expense of the neck region, with an almost 
constant probability. 

Halpern [ 6] has pointed out that the comparison of the mass yields of the 
heavy products in binary and ternary fission could not provide an unambiguous 
answer to the question of the origin of the light particle. 

Watson [ 7] used a comparison between the X-ray production by the 
fragments in binary and ternary fission in an effort to obtain additional 

Work performed under the auspices of the US Atomic Energy Commission. 
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information on the light par t i c le origin. However, the select ive nature of 
the X- r ay emiss ion p r o c e s s made it difficult for him to draw a f i rm conclusior 
from his measu remen t . 

We have used the same approach a s Watson, but, in addition to 
X - r a y production by the heavy fragments we have measu red the total number 
of neutrons emit ted in t e r n a r y fission a s a function of the charges of the 
heavy f ragments . This additional measu remen t has proven itself ve ry 
useful in evaluating the effects of the select ivi ty in the X - r a y p r o c e s s on the 
t e r n a r y to b inary charge yields compar ison. F u r t h e r m o r e , it allowed us to 
take advantage of this select ivi ty to obtain a qualitative understanding of the 
changes in m a s s - t o - c h a r g e ra t ios of binary and t e r n a r y f ragments , 
respect ive ly . 

2. EXPERIMENTAL 

A 5 x 104 f iss ions/min 252Cf source , deposited on a beryl l ium backing, was 
placed at the cen te r of a d iametr ica l hole managed into a l a rge gadolinium-
loaded liquid sc in t i l la tor . On top of the Cf source , a 35-jum aluminium foil 
stopped the fission fragments but allowed the long-range par t ic le to r each a 
solid s ta te detector . Immediately behind the beryl l ium backing of the fission 
source a l i thium drifted silicon detector was used a s an X - r a y de tec tor . 

A data acquisit ion sequence was s ta r ted whenever the long-range par t ic le 
and X - r a y de tec tors were activated in coincidence. The coincidence gate was 
200-ns wide. In the acquisit ion sequence the following quantit ies were 
digitally coded and s to red on an event-by-event bas is on an incrementa l 
magnetic tape: 

(a) Pu l se height del ivered by the long-range pa r t i c l e de tec tor . 
(b) Pu l se height del ivered by the X - r a y de tec tor . 
(c) T ime difference between those two de t ec to r s . 
(d) Number of neutrons counted in the liquid sc in t i l la tor between 1 ;us 

and 36 MS after the beginning of the sequence. 

Except for the detection of the charged pa r t i c l e s , the exper imenta l 
a r r angemen t was essent ia l ly s imi la r to that used in the study of even-odd 
effects in b inary fission a s descr ibed in another paper at this Symposium 
[ 8 ] . Special c a r e was taken to ensure that the coincidence gates 
were the same in binary and t e r n a r y fission exper iments . Such a condition 
is n e c e s s a r y to make valid compar isons between t e r n a r y and binary fission 
a s can be seen in Appendix I, where the t ime dependence of the X - r a y 
production as a function of the charge of the f ragments in the b inary fission 
of 252Cf is studied. 

3. TOTAL NUMBER OF NEUTRONS RESULTS 

The total number of neutrons 5T(Z) was obtained a s a function of one 
of the two l a rge fragment charges using the data analys is technique described 
in Ref. [ 8 ] . The r e su l t s a r e shown on F ig . 1 where the total number of 
neutrons vT(m) obtained by Mehta and co -worke r s [5] a s a function of the 
fragment m a s s e s is a l so shown for compar ison. The charge and m a s s sca les 
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100 110 M(amu) 

FIG.l. Measured average total number of neutrons emitted in the ternary fission of 252Cf, Д: as a function of 
the fragments' charges, • : as a function of the fragments' masses. The charge and mass scales reflect the 
charge-to-mass ratios of the binary fission fragments. 

100 110 120 M lamu) 

FIG.2. Same as Fig. 1 for binary fission. 

on Fig. 1 reflect the variations of the average masses of the fragments as a 
function of their charges. We have assumed in Fig. 1 that the difference 
between the most probable mass and the charge obtained with the unchanged 
charge density hypothesis was the same in binary and ternary fission. 
Figure 2 shows the similar results obtained in the study of binary fission. 
We have indicated in Ref. [ 8] that the differences observed in the values of 
iv(Z) and ^т{т) for corresponding values of Z and m were an effect of the 
selectivity of the X-ray process. This point is developed in more detail in 
Appendix II, where it is shown that, to a good approximation, the relation 

vT(z) vT(m(Z)) (1) 

is fulfilled. In Eq. (1), PT(Z) is the true total number of neutrons emitted 
when one of the fragments has a charge equal to Z; PT(fn(Z)) is the total 
number of neutrons obtained from an interpolation of the variations of z7T(m) 
for the average mass m(Z) corresponding to fragments of charge Z. 
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If Y(Z, m*) a r e the yields of fragments with charge Z and post-neutron 
m a s s m*, C(Z, m*) the probabil i ty that such fragments emit an X-ray , the 
measu red values of the total number of neutrons is then equal to 

£ v T ( Z , m * ) C(Z,m*) Y(Z,m*) 

V (z) = J L (2) 
X E C(Z,m*) Y(z,m*) 

m* 

and 

S ^ t z / l Y(Z,m*) 

V " • " g ,„V) 
m* 

F r o m Eqs (2) and (3) we show in Appendix II that, in general , VX(Z) and 
z?T(Z) can only be equal if C(Z, m*) i s independent of m*. This condition i s 
a l so requ i red for a valid comparison of b inary and t e r n a r y charge yields . 
In this case , the charge yields obtained from the X - r a y yields can be wri t ten 

XB
XCZ) = £c (Z ,m*) t B ( Z s m *) 

Y / ( Z ) = Ec(Z,m*) Y ^ Z ^ * ) 

and if the quantit ies C(Z, m*) do not depend on m* 

Y/(Z) 5 Y
B

( z ' m * ) Y_(z) 

Y/(Z) " S y z / l " Vz ) (4) 

4. CHARGE DISTRIBUTION IN THE TERNARY FISSION OF 252Cf 

F r o m the preceding discussion, it appears on F ig s 1 and 2 that the 
select ivi ty effects a r e weak for most of the light f ragments both in b inary 
and t e r n a r y f ission. The only noticeable exception occurs for charge 46. 
F o r this charge , in both types of fission, the measu red value vx(Z) was 
approximately 0. 5 neutrons below the corresponding value of vT(m). This 
suggests that the select ivi ty effects affect equally the yields of the element 
46 in t e r n a r y and binary fission and that Eq. (4) could hold in that case a s 
well a s for the other light f ragments . We have thus applied Eq. (4) to the 
light fragment charge yields repor ted by Reisdorf and co -worke r s [9] 
for the b inary fission case , to obtain the t e r n a r y fission charge yields . 
The yields of the heavy fragment charges a r e obtained by s y m m e t r y with 
r e ga rd to the charges 49 and 48 in the b inary and t e r n a r y c a s e s , respect ively . 
F igure 3 compares the charge yields obtained in t e r n a r y fission to those 
obtained by Reisdorf and co -worke r s [9] in b inary fission. Knowing the 
t e r n a r y fission charge yields it is poss ible to obtain the X- r ay yields for 
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FIG.3. Comparison of the binary and ternary fission charge yields. Д: ternary fission charge yields, • : binary 
fission charge yields. 

FIG.4. Comparison of the К X-ray yield per fragment in binary and ternary fission. Д 
ternary fission, • : К X-ray yields in binary fission. 

: К X-ray yields in 

fragments in the heavy region. Figure 4 compares the X-ray yields per 
fragment in binary and ternary fission. The light fragment region is not 
shown in Fig. 4 since our treatment assumes that the X-ray yields are the 
same in the two types of fission under study. It can be seen on the figure 
that the X-ray yields are higher in the "light-heavy" fragment region for the 
ternary fission case; the well-known even-odd effects on the yields are also 
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ТАВЬЕ I. SUMMARY OF THE RESULTS. Yz: b inary charge yields (in %) 
rZ, Yf: t e r n a r y charge yields (in %), N^: number of X - r a y s p e r fragment in 

b inary fission, N^: number of X- rays p e r fragment in ter 
I T / I B : r a t io of X - r a y yields in t e rna ry and binary fission. 
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more pronounced in this case and start in the neighbourhood of charge 51 
rather than 53. This is in agreement with the neutron measurements which 
show selectivity effects for the charges 51 and 52 in ternary fission but none 
in binary fission. The selectivity effects observed for the charges 51 to 54 
in ternary fission and 53 and 54 in binary fission are probably related to the 
closure of the 82-neutron-shell which is known to occur in the binary final 
fragments for the charge 52. Before the shell closure, the lower neutron 
states belong to the 2d3/2 configurations while they belong to the 2f7/2 or 
possibly lhg/2 configurations after shell closure. In odd-odd isotopes the 
unpaired neutron has to be coupled to an unpaired proton in the lg7/2 subshell. 
Thus, the range of possible spin values for low excitation levels increases 
sharply after the 82-neutron-shell closure. Since low-energy transitions 
between levels having very different spins are highly converted, one expects 
a strong enhancement of the X-ray emission by odd-odd fragments, in 
agreement with the observed odd-even effects. The experiment, therefore, 
suggests that the 82-neutron-shell closure occurs for a smaller fragment 
charge in ternary than in binary fission. A hypothesis made on the origin 
of the light particle should, therefore, predict more neutron-rich "light-
heavy" fragments in ternary than in binary fission. 

The experimental results are summarized in Table I. The binary charge 
yields have been taken from the work of Reisdorf and co-workers [ 9] except 
for charge 49. For this charge we used a value of the number of X-rays per 
fragment of 0. 09 derived from consideration of the neighbouring values 
and of the values obtained for the same charge in ternary fission. From 
this value we derive a yield of 2. 3% for fragments of charge 49. Since there 
are two such fragments at the same time, only half this value is to be 
compared to the other charge yields. The peak-to-valley ratio in binary 
fission is then found to be approximately 13, significantly lower than the 
suggested [10] value of 750, but comparable with the peak-to-valley ratio 
of 18 found from the mass yields. As explained above, the ternary charge 
yields were obtained from the light fragment X-ray yields with the exception 
of charge 37 where the heavy fragment X-ray yields were used. 

As is well known [6] , the comparison of the mass yields in binary and 
ternary fission can only provide ambiguous information with regard to the 
formation process of the light particle. In principle, the simultaneous 
consideration of the charge yields could remove part of this ambiguity. If 
we make a specific hypothesis on the formation of the a-particle, for example 
that it comes solely from the heavy fragment, then the probability that a 
specific heavy fragment emits the a -particle is given by 

y» - v 
a y m ) 

and 

* T ( Z - 2) 

Vz)= yz) 

It is clear that the values of Pa(Z) and Pa(m) should be almost equal 
when the mass corresponds to the most probable mass of the fragments with 
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charge Z . F igure 5 shows how the values of P a (Z) and Pa (m) compared for 
th ree different hypotheses, namely: 

(a) The o -pa r t i c l e comes solely from the heavy fragment 
(b) The « -pa r t i c l e comes solely from the light f ragment 
(c) Each fragment contr ibutes one proton and one neutron to the a-

par t i c le . 

In all t h r ee hypotheses, we a s sume that a l l l ight pa r t i c l e s a r e <*-particles. 
F r o m F ig . 5 it can be seen that a choice between the th ree hypotheses cannot 
be made on the bas is of the m a s s and charge yields m e a s u r e m e n t s . The 
question of the origin of the a -pa r t i c l e would therefore r equ i r e additional 
information such a s , for example, a compar ison of the isotopic dis tr ibut ions 
of f ragments of given charges in b inary and t e r n a r y fission. This compar ison 
could be made with the help of the 7 - r a y s emit ted by the f ragments . However, 
the total number of neutron measu remen t s a l ready indicates that the l ight-
heavy fragments , and possibly al l of the heavy f ragments , a r e more neutron-
r ich in the t e r n a r y fission. This could be an indication that, as suggested 
by Fea the r [ 1 1 ] , the a -pa r t i c l e s a r e formed most ly at the expense of the 
heavy f ragments . F igure 5(c) p r e sen t s a c lear even-odd effect. It is 
in te res t ing to de te rmine the origin of this effect. This f igure was obtained 
by plotting the values of 

P1(Z) a 
1 ) 

corresponding to hypothesis (c). 
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With the re la t ion used to obtain the t e r n a r y yields, we have 

pi(z) - V z , -1> y g - D 
av xB(z) iB(z - i ) 

We have shown in F ig . 5(c) the values of 

YB(Z-1) + YB(Z+1) 

2Yß(z) 

It appears that these values, obtained from the b inary yields of Reisdorf and 
co -worke r s [9] , do show an even-odd effect in the same direct ion as P*(Z). 
However, except for the symmet r i c charges , the effect observed in ~P^{Z) i s 
much m o r e impor tant than that observed in the above r a t i o s . Most of the 
effect is thus a consequence of e i ther a res idua l select ivi ty of the X - r a y 
emiss ion p r o c e s s o r an enhancement of с - emi s s ion when the two fission 
f ragments have an odd charge . 

APPENDIX I 

F r o m our b inary fission exper iment we have obtained an a r r a y N(Xj, Tf) 
of the number of events giving r i s e to an X - r a y pulse height X; and a t ime 
difference T i between the liquid sc in t i l la tor p rompt pulse and the X - r a y pulse. 

A suitable grouping of the time channels was made, providing 35 different 
X - r a y spec t ra , each corresponding to a specified t ime in te rva l . The X - r a y 
spec t r a were analysed in t e r m s of their charge components . Thus , a t ime 
spec t rum was obtained for each charge . The 21 t ime spec t ra corresponding 
to cha rges ranging from 39 to 59 were in turn analysed in t e r m s of two or if 
n e c e s s a r y th ree t ime components, one p rompt and the other(s) delayed, so 
that the shapes of the t ime spec t ra were a s sumed to be the convolution 
product 

H z( t) = E z ( t ) * ( a + i e x p _ | _ + f2 exp _ t j 
1 л 1 л2 л2 

The quanti t ies a 0 , &i, X\ and when n e c e s s a r y a 2 , and X2 were determined by 
a non- l inear l eas t squares fit. 

The prompt r e sponses R z ( t ) were de termined in two auxi l iary exper iments : 
the contribution r ^ t ) of the liquid sc int i l la tor to the response R z( t ) was 
obtained by the m e a s u r e m e n t of the t ime differences between the pulses 
provided by a fission fragment de tec tor on which a smal l amount of 252Cf had 
been deposited and those del ivered by the sc int i l la tor in response to the 
p rompt fission gamma r a y s . The contributions r 2 (E x , t) of the X - r a y detector 
were de termined by measu r ing the t ime differences between the X - r a y 
de tec tor and a fast p las t i c sc in t i l la tor f ired in coincidence by the т - r a y s of 
a 60Co source . F o r each charge the contribution r 2 (Z, t) was obtained when 
the 7 - r a y energy deposited in the X - r a y detec tor was equal to the К X - r a y 
energy of this charge . The overa l l p rompt response was then obtained by the 
convolution 

R z ( t ) = r x ( t l * r 2 ( Z , t ) 
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It was found that these prompt response functions could be adequately 
represen ted analytical ly by 

* z ( t ) 
azv^f 

e " t 2 / 2 a Z .lb* 
LTiz 

H(+t) exp _ ^ + _ 2 Z H ( - t ) e t / T2Z 
T1Z T2Z J 

where bx + b% = 1 and H(t) i s a step-function. 
The values of aZ) b l z > b2Z, rlz, T 2 Z have been presented as a function of 

Z on F ig . 6, The values of T 1 Z which fall around 5 - 6 ns approximately set 
the lower l imit of the l ifetimes which could be measured in this exper iment . 

F i g u r e 7 shows both the t ime spec t ra and the fits resul t ing from the 
l eas t squa re s ana lys i s . The values of the p a r a m e t e r s ao, a i , э.%, Xi and 
X2

 a r e shown as a function of Z on F ig . 8. The intensi t ies ao, a i and аг have 
been es t imated in t e r m s of the number of corresponding X - r a y s pe r fission 
and normal ized so that the total yield a0 + ai + a2 for charge 56 is equal to the 
value found by Watson and co-workers [ 12 ] . F o r a lmos t a l l charges the t ime 
spec t r a show a delayed component with a l ifetime g rea t e r than about 40 ns . 

AC°/o> 

0.5 

0.0 
T(ns) 

- (a) 

j i_ _i i_ 

_! l_ 

(b) 

40 50 60 2 

FIG. 6. Parameters of the prompt response curve, (a) • : relative intensity of time component 1 (biz)-
Д: relative intensity of time component 2 (b2z): (b) • : time constant of component 1 (nz)« д : time 
constant of component 2 (T2z). О: root mean square of the Gaussian function o z . 
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FIG. 7. Experimental X-ray decay curves. The full curves show the result of the least squares fits. 

The intensity of this delayed component drops markedly after the closure of 
the 82-neutron shell but shows no even-odd effect. An intermediate (5-15 ns) 
component appears around the 82-neutron-shell closure, whose intensity like
wise shows no even-odd effect. The prompt component, on the contrary, is 
responsible for most of the even-odd effect on the total X-ray yields. 

APPENDIX II 

In this appendix we want to show that, to a good approximation, 

vT(z) = vT(i5(z)) 

where m(Z) is the most probable mass of fragments with charge Z, and that 
any selectivity in the X-ray emission process will be reflected in the 
measured values T>x(Z). 
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Let 7T{Z, m) be the average total number of neutrons emitted when one 
of the f ragments has charge Z and p re -neu t ron emiss ion m a s s m, and Y(Z, m) 
is the yield of this pa r t i cu la r fragment. Then 

vT(2) 

To f i r s t order we have 

E i ( M ) Y(Z,m) 
m 

£ Y(Z,m) 
m 

and 

VT(Z,m) = \>T (Z, i ) + a(m-m) 

VT(Z) = \>T(Z,m) 

Similar ly, with obvious definitions, 

vT(m) = vT(Z,m) 
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A good represen ta t ion of the yields Y(Z, m) has the form 

(m-aZ-S)2 

Y(Z,m) = Ä e 
CTmN/27T 

2a 2 

F o r a fixed value of m the average value of Z i s thus 

z = SJLSL 
a 

and, provided the var ia t ions of Y(m) a r e not too rapid, the average value of m 
for fixed Z i s 

m = aZ + ß 

Thus 
Z (£(Z)) = Z 

and 

vT(5) = vT(z,m) = vT(z) 

The above t r ea tment r equ i r e s that the average total number of neutrons can 
be r ep resen ted by a continuous function, which does not have even-odd 
fluctuations. This has been shown to be the case in Ref. [ 8 ] . 

The probabil i ty of observing a p re -neu t ron m a s s m for a fragment of 
charge Z can be wri t ten 

i - л 2 
(m-m) 

Ptm:Z) = _i_ e
 2 ° -

after emiss ion of v neutrons the m a s s of a fragment becomes 

m* = m - v 

and, if we a s s u m e a Gaussian distr ibution for the number of neutrons we 
obtain the joint probabil i ty distr ibution for p re -neu t ron and pos t -neut ron 
m a s s e s 

(m-m)2 (m-m*-g ) 2 

where we a s s u m e that v is independent of m. 
The average value of the p re -neu t ron m a s s for fixed pos t -neut ron m a s s 

i s then 
m cr + (m* + v) a 

2 2 О + CC V m 
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and the average number of neutrons 

<v:m ) = <m:m* > - m: 

<v:m* > = (m - m*) „-•• . v 2 2 
ex + a a + o\ 

V m v m 
The measured value of the average number of neutrons as obtained from 

the X - r a y exper iments i s given by 

m 

< 

o2 + 
V 

2 
m 

m 

- m % 

4 

VX(Z) 
/<V:m*Z> C(Z,m*) P(Z,m*:Z)dm* 

У C(Z,m*) P(.m*:Z) dm* 

and from the f i rs t pa r t of the appendix we have 

vx(Z) = <v:m*Z > 

where m* is the average value of m* for the squewed dis tr ibut ions 

CtZ.m*] PtZ,m*:Z) 

If C(Z, m*) i s independent of m*, it can eas i ly be shown that 

m* = m - v 

while, if C(Z, m*) has a positive slope with r e spec t to m*, 

5* = 5 - v + A > m - v 

with Д posi t ive, and 

a2 

\L(z) = v - Д v 
X4 ' ' " 2 _,_ 2 CJ + CJ V ni 

In the heavy fragment region the slope of C(Z, m*) a s a function of m* 
i s ve ry probably posit ive so that vx{Z) should be l e s s than v(m), as found 
exper imental ly . 

It should a l so be noted that, if the probabi l i ty of X - r a y emiss ion is 
higher for nuclei with an odd neutron number , the apparent average binding 
energy of the las t neutron emitted will i nc rease and, for a given excitation 
energy, the number of emitted neutrons will d e c r e a s e . 
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Abstract 

APPLICATIONS OF THIN FILM SCINTILLATOR DETECTORS TO FISSION INVESTIGATIONS. 
The invention and development of the thin film detectot (TFD) for the detection and identification 

of energetic heavy ions is traced. The manner in which the elementary parameters, nuclear charge Z and 
velocity V, of the heavy ion affect the TFD pulse-height response is described. Although in the velocity 
range normally encountered for fission fragments the resolution of a thin film scintillator detector is not 
adequate for a precise determination of individual fission fragment charge, it can be used to describe the 
mean nuclear charge of a group of ions previously selected as to mass, For example, mass determinations 
may be made by measuring the velocity (through time-of-flight techniques) and residual energy of individual 
fission fragments. Alternately, the kinetic energies of complementary fission fragment pairs may be deter
mined. In addition to these dual parameter sets, the TFD response is simultaneously recorded event-by-event. 
For selected mass groups, plots of TFD response versus fragment velocity may be used to derive the mean 
fragment charge as a function of pertinent parameters such as total kinetic energy release. This method 
constitutes a new experimental approach for the determination of this quantity. Errors and limitations 
associated with this method and possible alternate interpretations of the thin film detector response to fission 
fragments are discussed. 

1. INTRODUCTION 

The thin film scintillator detector (TFD) was developed in response to the 
need for a simple transmission detector of energetic heavy ions [1,2]. It consists 
of a thin film (0.1 mg/cm3) of plastic scintillator, suitably supported, and placed 
perpendicular to two opposing photomultiplier tubes [3]. In addition to transiting 
ion detection, the TFD pulse height response (proportional to the specific lumines
cence (AL/Ax)has been found to depend on nuclear charge Z and velocity V of the 
transiting energetic ion. The nature of this dependence is shown in Figs. 1-3. 
Figure 1 gives the TFD pulse height as a function of incident ion velocity for some 
transmitted light ions (Z=l, A=l,2; Z=2, A=3,4) [4]. It demonstrates the mass non-
dependence and the charge dependence of the TFD. The curves of Figs. 2 and 3, 
respectively, establish the trends expected in A L / A x f o r selected heavy ions of 
known mass when plotted as a function of energy and velocity [5]. The crossing-
over of TFD response curves plotted vs . energy (Fig. 2) is removed and simplified 
when plotted as a function of velocity (Fig. 3). 

Although, in the velocity range normally encountered for fission fragments, 
the resolution of the pulse height response (at its current stage of development) is 
not adequate for a precise determination of individual fission fragment charge, it 
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FIG. 3. TFD response versus energy per nucleon (proportional to velocity squared) of incident ions for the same 
data as Fig. 2. Limit bars and ML and M„ are also as described in Fig. 2. 

can be used to describe the mean nuclear charge of a group of ions previously 
selected as to mass . On the basis of this approach, we have explored the TFD 
response to selected mass groups of fission fragments from spontaneous fission 
decay of 3 S 3 Cf and the thermal-neutron-induced fission of 3 3 B U. 

2. EXPERIMENTAL 

Masses of fission fragments were determined by the energy-velocity (time-
of-flight) method. The arrangement used is shown in Fig. 4. Basically, it con
sisted of a) an evacuated system with the 353Cf or 3 3 s u fission source, b) a TFD 
of four laminations (0.1 mg/cm3) to mark the beginning of a one-meter flight path 
and for measurement of characteristic luminescence of the transmitted fission 
fragment, c) a silicon surface-barrier detector (SSD) to measure residual fragment 
energies and mark the end of flight. 

For these experiments, a thin 0.01 mg/cm3 uranium (99.7%235U) oxide 
target was irradiated in the University of Florida Training Reactor at a power 
level of 100 kW. The flux of fission fragments was collimated and emerged from 
three meters within the reactor structure to begin the measured 1.000-meter 
flight path. The identical system was shared with s 5S Cf, except that this spon
taneous fission source was inserted only a few centimeters in front of the TFD. 
Pulse heights of the TFD and SSD and the pulse height of the inverse flight time 
between the TFD and SSD were simultaneously collected (event-by-event) with a 
6-parameter analyzer and recorded digitally on magnetic tape for computer proces
sing. Energy calibration was made by removing the TFD and exposing the SSD 
directly to the язву* fission fragments; the Schmitt [6] mass-dependent prescription 
was applied. Timing calibrations were made by a) successively shortening the 
flight path and extrapolating to obtain the time zero channel at zero flight distance 
and by b) using an ORTE C precision time calibrator to determine the time per 
channel slope. The TFD response was used directly as pulse height channel 
number. 
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FIG. 4. Block diagram of the energy, time-of-flight experimental arrangement and electronic system. 
Plungers containing the degrader foils and KZCf may be inserted into the flight path as desired. 

In order to investigate TFD behavior at slightly lower fragment energies, a 
0.3 mg/cm3 nickel degrader foil was inserted between source and detectors. The 
effect of this foil was to reduce the average fission fragment energy by about 10 MeV. 
Approximately one-half million events of each of the four kinds (Cf and U, degraded 
and undegraded) were analyzed. Additional data (about two million events of each 
type) were collected for future reference and possible delineation of any less 
frequent or unusual occurences. Mass resolution (FWHM) was 2-3%. 

In still another approach, an independent method of fragment mass selection 
from spontaneous fission decay of Э 6 г Cf was based on the measurement of comple
mentary fragment energies. An experimental chamber was used in which a thin 
film detector-solid state detector (TFD-SSD) system and a lone second SSD were 
placed on opposite sides of a thin backed (5x 10's-in.-thick nickel foil) 253Cf fission 
source. The first solid state detector (SSD) was calibrated by placing it in front 
of the TFD and exposing it to the bare as2Cf source. A second 2S^ Cf fission frag
ment spectrum taken with the SSD placed in position behind the TFD served to 
measure the average energy loss suffered by typical light- and heavy-mass fission 
fragments. 

For each recorded fission event a three-parameter measurement for the TFD 
response and residual energy of each of the complementary fragments was made. 
An initial straight-line calibration (using the two fission fragment peak positions) 
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was applied to determine the residual energy and to this value (for the first SSD) 
was added a constant energy loss (as previously determined) to give incident (on TFD) 
fragment energies. ' These temporary energies were used to form a temporary 
mass determination using the relations derived from momentum conservation 
requirements and constant mass summation (M + M = 252). Reiteration of the 
procedure, but now using a mass-dependent calibration scheme,produced a final set 
of fragment masses and incident energies. The TFD signal was retained as a rela
tive response in pulse height channel number. After reduction of the recorded data 
to mass , energy values, events were gathered in selected mass groups each con
taining three atomic mass units. The full-width at half-maximum resolution in 
determining mass by this method was approximately 5-6 amu and a total of 440K 
events were registered. 

3. RESULTS AND DISCUSSION 

As a check on the performance of the calibration procedure, a 3 s s Cf fission 
post-neutron mass distribution was first obtained and is shown in Fig. 5. The 
measured peak-to-valley ratio of about 100/1 is comparable with that obtained by 
others using TOF techniques. The one percent fewer counts under the heavy 
mass peak (with respect to the light fragment peak) is attributed to preferential 
scattering out of the one-meter flight path by the TFD. 

An overall view of the TFD response vs. residual energy for selected mass 
fragments from 8 s 3 Cf decay is shown in Fig. 6 with an overlay contour response 
(all fragments) for comparison. Fig. 7 represents a similar plot for 35з Cf fission 
fragment masses selected from back-to-back complementary fragment energy 
measurements. Equivalent results from two different experimental approaches 
lend confidence to the accumulated data. The following general characteristics 
are evident from Figs. 6 and 7. The heavy and light mass regions are clearly 
separated. In the energy region displayed, the heavier fragments produce the 
lower TFD response. Convergence of the light mass fragment response curves 
at higher energies is suggested. 
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FIG. 5. 252Cf spontaneous fission post-neutton mass distribution (uncorrected for experimental resolution) 
via the single fragment energy, time-of-flight correlation method of this work. 
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FIG. 7. Comparable to Fig. 6, these data were obtained in an independent experiment in which 252Cf fission 
fragment masses were determined by back-to-back complementary fragment energy measurements. 
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FIG. 8. TFD response versus residual energy per nucleon (proportional to velocity squared) for several 252Cf 
fragment masses selected by the energy, time-of-flight experiment. An overlay of the two-parameter 
contour (all masses) is shown for comparison. 

When plotted against energy /nucleon (proportional to velocity squared) the 
TFD response curves appear as in Fig. 8 for 2SBCf fission fragments. An overlay 
of the two-parameter contour is shown for comparison. A similar series of curves 
was obtained from "back-to-back" energy data. Separation of the light fragment 
response curves is enhanced at higher velocities but the curves appear to converge 
at lower velocities, hi the lower velocity region, no clear distinction in the heavy 
mass response curves is apparent. The overall view of the TFD response as it 
appears in Figs. 6-8 is consistent with previous results as reviewed in Figs. 1-3. 

For the 33SU + n system, the TFD response to transiting fission fragments 
as a function of energy and energy per nucleon is shown in Figs. 9 and 10, respec
tively, hi Fig. 9, the convergence of the light fragment curves is again clearly 
shown with a crossing of the lighter mass response curves by the 104 amu mass 
line. Although, on the basis of Fig. 2, we should expect a crossing of the response 
curves as their respective maxima are approached, an apparently slower conver
gence of the light fragment response curves for the 3s3Cf system (Fig. 6) is evident 
by comparison with similar curves for the аэзи* system (Fig. 9). The velocity 
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dependence (Fig. 10) is entirely consistent with previous results (Fig. 3) found for 
accelerated heavy ions. The better distinction between heavy and light mass 
groupings (as compared to the s s s Cf system, Fig. 8) is explained in terms of 
the wider mass separation between typical light and heavy mass fragments. 

A measure of the mean fragment charge may be obtained by viewing the TFD 
response as a function of the experimental mass groupings at constant velocity as 
shown in Fig. 11 for 2 6 S Cf. Taking the mean charge Z as proportional to the 
fission fragment mass, it appears that the charge sensitivity of the TFD response 
increases at higher velocities, as previously reported for accelerated heavy ions. 
The discontinuous feature between velocity sets common to heavy and light mass 
groups may be partially explained in terms of the familiar "saw tooth" neutron 
evaporation function for which the heaviest of the light mass fragments evaporate 
a larger share of neutrons, thereby attaining a higher Z/A ratio than otherwise 
expected. This effect would lead to a horizontal translation but not to the observed 
vertical dislocation. In addition to possible nuclear effects (brought about by 
unusual nuclear charge distribution) this effect may be engendered by atomic 
phenomena (e.g. atomic shell effects or non-equilibration of ion charge at the time 
of TFD passage). It must be noted that the discontinuous feature is associated with 
a small proportion of the total number of events. Notwithstanding this unexplained 
feature, it is clear that the TFD may be used to indicate the average nuclear charge 
of selected fission fragment mass groups and constitutes a novel experimental 
approach for this purpose. 
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SUMMARY OF THE SYMPOSIUM 

K. DIETRICH 
Physik Department der Technischen Universität München, 
Garching bei München, Federal Republic of Germany 

I have the honour of giving this summary in place of Professor Strutinsky 
to whom we owe an essential part of the recent spectacular development in the 
field of nuclear fission. 

In the first part I shall try to summarize the progress which has been 
made in recent years in the understanding of nuclear fission, and which 
we have witnessed in this Symposium. In the second part, I wish to sum
marize the most striking unresolved questions, which appeared and reap
peared during this meeting. Here let us recall the words of Professor 
Wheeler, namely that it is the paradoxes of today which lead to the progress 
of tomorrow. 

Where did we stand at the time of the Symposium in Vienna, 1969 ? 
Experimentally, the central point had been the discovery of an increasing 

number of fission isomers with a vast range of lifetimes (10"16 sec to 
10"6 sec) and the display of a fine structure of these subthreshold resonances 
with a spacing in the eV range typical for compound states in the same 
range of the excitation energy. 

Theoretically the central point of discussion had been the "shell-
correction method" proposed by Strutinsky. It offered an explanation 
of the fission isomers in terms of quasistable states which have a deformation 
different from that of the ground state and which decayed essentially by 
tunnelling through the outer barrier of a double-hump potential. 

At the same time, it had been emphasized by Strutinsky, Griffin and 
a number of other authors that shell effects would also produce a strong 
dependence of the collective inertia on the shape variables. The hope had 
been that a dynamical treatment based on the liquid drop (LD) plus shell 
energy as a potential and a kinetic energy with variable inertia would — 
at least for spontaneous and very low-energy fission — explain the pre
ponderance of asymmetric fission for most heavy actinides. 

In spite of these optimistic prospects, there had been no direct experi
mental proof that "fission isomers" were indeed "shape isomers". On the 
theoretical side, it had been unclear whether the Strutinsky method was 
a skilfully designed phenomenological recipe of introducing shell effects 
into the LD picture or whether it could be derived from a fundamental 
microscopic theory. 

What has been achieved since the Symposium in Vienna? Let me first 
turn to the most prominent experimental work. If the observed fission 
isomers are to be interpreted as metastable states of a deformation larger 
than that of the ground state, then there must be rotational bands with a 
moment of inertia which corresponds to this large deformation. Thus the 
crucial experiment for Strutinsky's interpretation was to find rotational 
bands built on the vibrational states of the second valley. This has been 
achieved by the beautiful experiment of Specht, Weber, Konecny, and 
Heunemann [1]. The agreement between the measured and the calculated 
moment of inertia is surprisingly good. 

461 
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TABLE I. SELECTION OF EXPERIMENTAL RESULTS 
Subjects 

Fission isomers 

Fragment distributions 

Angular distribution 
and mass distribution 

Distribution of 
kinetic energies 

De-excitation 
of fragments 

Variances of distribution 
of excitation energy 

Heavy-ion reactions 
and fission 

Results 

Discovery of rotational bands built on states of second valley [1]. 

Discovery of y-decay back to first valley [2]. 

Identification of excited intrinsic states with a deformation of second 
valley [3 ] . 

Determination of spins for fine structure peaks of class II states [ 4 ] . 

Systematics of parameters of the double-hump barrier [5]. 

Measurement of cross-section for fission of Ra and Ac isotopes close to 
threshold: probably different threshold energies for symmetric and asym
metric fission; rapid decrease of peak-to-valley ratio as a function of 
energy [8 ] . Odd-even effects in mass yield and average kinetic energy 
as a function of neutron and proton number of fragment [ 13,14]. 

More experiments concerning dependence of average kinetic energy \ Е к / 
from excitation energy [ 9 ] . 

255Fm(n,f): <^кУ larger for symmetric fission than for asymmetric 
fission [11] . 

Average number of emitted photons and average energy released by y-decay 
as a function of mass number of fragments. Occasionally, lifetimes and 
multipolarities of individual transitions. Odd-even effects in these quantities 
[13] . Conclusions from these experiments. Distribution of spins at scission. 

Result: energy of scission configuration (Eg - 13 MeV). 

Difference between fusion and fission barrier [27]. 

There were a number of other significant experimental achievements 
which I have put together in Table I. 

If there is a second valley in the deformation landscape with quasi-
stationary states localized in this valley, these states must not only decay 
through fission but also through 7-decay back into the first valley (see Fig. 1). 
This decay was shown to exist in a beautiful experiment by Russo, Pedersen 
and Vandenbosch [2], One can only encourage the authors to continue these 
studies to nuclei lighter than Th where shape isomers can probably no longer 
be discovered through fission decay. 

If the second valley is sufficiently deep, one expects intrinsic excitations 
with a deformation corresponding to the second valley. Such states have 
been identified in a number of cases, as reported in this Symposium in the 
review paper of Vandenbosch [3]. 
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FIG. 1. Deformation energy as a function of the nuclear shape variables. Ед, Eg, Ец are the energies 
of the first barrier, second barrier and second valley, respectively. 

If the observed fine s t ruc tu re i s produced by the coupling of c lass II 
s t a t e s to many compound s ta tes of c lass I, the fine s t ruc tu re peaks which 
belong to the s a m e in te rmedia te resonance mus t have the same spin I. 
This has indeed been shown in an (n,f) exper iment using polar ized neutrons 
as well as polar ized ta rge t nuclei [4]. 

The careful and comprehensive analysis by Bri t t and co -worke r s [5] 
of exist ing data on the production and decay of fission i s o m e r s in t e r m s of 
the p a r a m e t e r s of the double-hump b a r r i e r mus t be considered as a big 
s tep forward. Note that , in this ana lys is , no distinction was made between 
the "dynamical b a r r i e r " [6] and the potential b a r r i e r . A discussion r e m a r k 
of Bowman [7] on having measu red photofission far below the b a r r i e r at 
ex t remely low yield dese rves to be noticed because such exper iments , as 
well as the -y-decay back to the f i r s t val ley, may serve to pin down the 
p a r a m e t e r s of the f i rs t b a r r i e r . 

As a whole, one can say that exper imenta l i s t s have furnished the proof 
that the p ic ture of the double-hump b a r r i e r with i t s manifold implicat ions 
holds t rue and that the calculated values of b a r r i e r heights and deformations 
of c l a s s II s t a tes a re essent ia l ly c o r r e c t . 

I now turn to exper iments re la ted to the distr ibution of final f ragments . 
Here again there is a very informative exper iment by Konecny, Specht 

and Weber [8] who measu red the c ro s s - s ec t i on for fission of Ra- and 
Ac- iso topes in the region of the threshold energy. Thei r resu l t probably 
impl ies that the threshold energy for s y m m e t r i c fission i s l a r g e r than the 
one for a s y m m e t r i c fission by about 2 MeV. F u r t h e r m o r e , once the 
threshold for s y m m e t r i c fission i s r eached , the yield for symmet r i c fission 
i n c r e a s e s far m o r e rapidly than the one for a symmet r i c fission. If the 
rapid i nc r ea se of the "peak-to-vaUey ra t io" i s to be explained in t e r m s of 
level densi t ies in the uniform model , a r a t io of level density p a r a m e t e r s 

asymm = i с 
aasymm 

i s r equ i red . This i s uncomfortably l a rge to explain. 
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The existence of two thresholds is indicated in the calculations by 
Pauli and co-workers and by Nix and co-workers. In any case, one is 
probably here at the limit of accuracy to be expected from the Strutinsky 
method. The experiment is relevant since it demonstrates that the decision 
on the final mass split begins already at the saddle point. 

Concerning the distribution of kinetic energies, new experiments by 
Unik and co-workers complement earlier experiments by Specht and 
co-workers, Holubarsch and co-workers, and by other authors [9]. The 
situation is complicated: In most cases, the average kinetic energy 
decreases slightly (a couple of MeV} as the excitation energy is raised from 
some 5 to 10 MeV (e.g. 239Pu(d, p)), the increase always being due to the 
asymmetric component. The cases reported by Unik and co-workers show 
the opposite trend. Experiments of this kind are of great value for the 
understanding of viscosity on the descent from saddle to scission. A 
decrease of the average kinetic energy as the excitation energy rises 
implies an increase of viscosity, i. e. an increase of the probability of 
populating intrinsic excitations. One of the mechanisms resulting in such 
an increase is provided by NSrenberg's theory [10]. 

Furthermore, I should like to remind you of the measurement of kinetic 
energy distributions for 255Fm(nth,f) and 251Cf(nth, f) by Ragaini and 
co-workers [11] which shows that for fission of Fm the kinetic energy of the 
fragments is larger for symmetric than for asymmetric fission, i. e. the 
opposite of the trend close to U. This is probably related to shell effects 
making the fragments for symmetric fission more rigid, contrary to the 
case for lighter actinides. 

I should now like to mention the work concerning the de-excitation of 
fragments [12]. Emission of y-rays by the fragments has been studied by 
Pleasonton and co-workers, Jared and co-workers, Wilhelmy'andco-workers 
and other authors continuing and refining earlier work by Armbruster and 
co-workers. The results give: average number of-y-rays, average energy 
emitted through y-emission, in some cases multipolarities and lifetimes 
of individual transitions as weU as odd-even effects. 

These results are very valuable for the determination of the spin 
distribution of nascent fragments. In turn, this distribution is apt to test 
our ideas on the descent from saddle to scission. More detailed experiments 
of this kind, which would furnish the probability distribution of the individual 
transitions together with the multipolarities, would be of great value. 

New results on the emission of prompt neutrons were reported in the 
review paper by Nifenecker [13]. By studying the variance of the excitation 
energy of a given fragment for a given total excitation energy of both frag
ments, Nifenecker and co-workers [13] were able to determine the energy 
of the scission configuration (about 13 MeV below the second saddle). I 
think that this is one of the most significant contributions to this Symposium. 

Last but not least, I wish to emphasize the importance of the measured 
odd-even fine structure of the mass yield as a function of the proton- and 
(more difficult) neutron-number of the fragments [13,14]. These effects 
show up as differences as large as 30% in yields for fragments of neigh
bouring mass numbers. They are correlated with corresponding odd-even 
effects in the distribution of kinetic energies, indicating that most of the 
energy necessary for breaking pairs is missing in the kinetic energy of 
fragments. These odd-even effects provide, in my opinion, the most direct 
evidence that a complete statistical equilibrium cannot be assumed to exist 
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at scission. At the same time, we should recognize that Fong's early theory 
contains a lot of truth and was a very ingenious suggestion made at a very 
early stage of our understanding of nuclear fission. The recent discovery 
of odd-even effects may justify Nörenberg's hypothesis of a partial equilibrium 
at scission. Experiments measuring the odd-even effect as a function of 
the excitation energy would be of great value. In particular, Nörenberg's 
theory would imply that odd-even effects should decrease at energies 
Е>Ев+2Д (for even-even nuclei). In "modern" language we may say that 
odd-even effects are a sensitive function of nuclear viscosity on the way 
from saddle to scission. 

I shall now turn to the progress in theory in recent years (see Table II). 
Here, from the work of Strutinsky and co-workers, Balian and Bloch, 

Bohr and Mottelson and other authors [15], it has become clear that the 
shell correction term represents a fundamental piece in the description 
of a many-body system with the following properties: 

(a) The intrinsic energy of the system can be represented as a functional 
of the density p: E = E[p]. _ 

(b) The density p can be decomposed into a smooth part p and a fluctuation 
6p so that the Taylor expansion 

E[p] = E[p] + U p / » 6p + ... 

converges rapidly. Evaluation of the term V6p/p 6p within the Hartree-
Fock approximation and definition of p by smearing the occupation pattern 
close to the Fermi surface yields Strutinsky's shell correction term. 

TABLE II. SELECTION OF THEORETICAL RESULTS 

Subjects 

Potential energy 

Kinetic energy and 
dynamics 

Statistical theories 

Coupling of external 
to internal degrees 
of freedom 

Results 

Better theoretical understanding of the shell-correction method [ 15,16]. 

Extensive and rewarding application of Strutinsky method in the actinide 
region [6 ,17 ,21] . 

First Hartree-Fock calculations with density-dependent interactions [18]. 

Extensive calculation of variable inertia within the cranking approach, 
calculation of maximal penetrability of the multidimensional barrier 
(see Ref. [ 6 ] , and references therein). 

Improved level density formulae [ 19], connection between level density 
and symmetries [20]. 

Estimates of viscosity constants [26] , microscopic models for calculating 
population of internal degrees of freedom [24,25] . 
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The rapid convergence of the series was displayed by Brack and 
Quentin [16] within the Hartree-Fock approach. Bloch and Balian [15] have 
studied the average level density in terms of the semi-classical approximation 
of quantum mechanics. Bohr and Mottelson [15] investigated the relation 
between the density of single particle levels and the breaking of symmetries. 

A study of the term (-— )_ 6p in theories going beyond the HF or HB 

approximation is contained in a paper by Strutinsky and co-workers [15]. 
My personal opinion is that the last-mentioned studies could provide us 
with an understanding of why the shell correction turns out to be systematically 
too large for magic configurations. As a whole, we have achieved a much 
better understanding of the shell correction term, and of its implications 
as well as its generality. 

Careful, laborious, and valuable application of the Strutinsky method 
by several groups [6,17,21] has provided a detailed insight into the potential 
landscapes of the fissile actinides. 

The WKB calculation of spontaneous and isomer lifetimes by Pauli and 
Ledergerber [6] reproduced quite nicely the dependence of the most probable 
mass split on the number of neutrons and protons. This work also 
demonstrated the implications of the variable inertia, whereby the system 
at the energies of spontaneous and isomeric fission prefers not to pass 
below the saddle points ("dynamical barrier"). We should be prepared 
for the fact that these calculations might be modified, if the theory of 
inertia is improved on the lines indicated by Wilets. 

A very significant step towards a more microscopic theory was taken 
by Flocard and co-workers [18] in their calculation of potential landscapes 
using the constrained Hartree-Fock method with density-dependent forces. Th> 
theoreticians must unfortunately admit that the great successes resulting 
from the use of density-dependent interactions are a bit ahead of their 
understanding. 

Turning to fission at higher excitation energies, the very useful work 
done by Moretto [19] on improved level density formulae should be mentioned. 
In this connection, I should also like to point out the work by Bj^rnholm, 
Bohr and Mottelson [20] who treat the influence of symmetry-breaking on 
level densities. 

In the second part of my talk, I want to review open problems which 
were discussed during this Symposium. Let me first note a number of 
discrepancies between our present theory and experiment: 

(a) The Strutinsky shell correction is systematically too large at magic 
numbers of neutrons or protons [3,21] and this is particularly striking 
in the case of 208Pb. 

(b) The observed systematic and pronounced odd-even effect in the isomer-
and spontaneous half-lives is not fully accounted for by the theory [3] 
although possible origins of this effect (specialization energy or odd-
even effects in the mass parameters or both) can be given. 

(c) There is a discrepancy between empirical and theoretical E n values 
as a function of the neutron number [3] , especially for the Am isotopes. 
This may be related to difficulty (a). 

(d) The calculated height of the first barrier is too low for Th and too high 
for Cm ("Cm-Th anomaly"). Larsson and Leander [17] showed that 
the barrier for Cm is decreased if the Y*deformation is included. Pauli 
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and Ledergerber note that this lowering of EA due to y-deformation 
does not improve the lifetimes for spontaneous fission. Nix discussed 
the possible existence of a third barrier [17]. 

(e) For fission of 232Th, Dowdy [22] reported the surprising result that 
the average number of emitted prompt neutrons remains constant for 
excitation energies between 7 and 10 MeV. This result is in contra
diction to our usual experience that an increase of excitation energy 
of the fissioning nucleus shows up in the form of an increase of the 
average excitation energy of fragments, i . e . also of"?. In this connection 
Gozani [23] reported the observation that photofission experiments 
showed an increase of the ratio Yn /Yf of the prompt neutron and fission 
yields below the threshold energy for 232Th and 238U. 

(f) I note again the observation by Konecny, Specht and Weber [8] of the 
very rapid increase of the cross-section near threshold for symmetric 
fission for Ra and Ac isotopes which is at present hardly understood. 
As Armbruster remarked to me, the anomalies (d) may be related to 
the rapid change from asymmetric to symmetric mass-division as a 
function of energy. 

Besides these difficulties there is the basic open problem of the coupling 
between the collective degrees and the intrinsic degrees of freedom of the 
system, i. e. the problem of nuclear viscosity. We have seen a number of 
first orientating steps in this Symposium. I should like to mention the 
interesting contribution by Schütte and Wilets [24], the model calculation by 
Boneh and co-workers [25], and the estimates of the viscosity constant by 
Wieczorek, Hasse and Sflssmann [26]. In nuclear fission, the point which 
is mainly debated is the descent from saddle to scission. The character 
of this descent is determined by the average velocity <(r >̂ of descent and 
the average coupling ^H']> between appropriately chosen unperturbed states 
(e.g. shell model states). Qualitatively speaking, one may say: 

(a) If <Cr)> is sufficiently small and ^H'/> sufficiently large, a complete 
thermal equilibrium is produced at scission (the theory of Fong). 

(b) If <r)> is relatively small, and <(H')> is only large between states 
of the same hierarchy, one arrives at a partial thermal equilibrium 
at scission (e. g. , the theory of Nörenberg). 

(c) If ^r)> is large and <(H')> sufficiently small, one arrives at excita
tions through slippage (the theory of Griffin). 

(d) If <(r)> is large and <(H'> only large and non-negligible for a restricted 
number of collective degrees, one obtains the dynamical theory of Nix 
and Swiatecki. It is our homework for the time until the next Symposium, 
to decide which of these alternatives is closest to the truth, a problem 
which is intimately connected with the understanding of heavy ion 
reactions. Very remarkable results on the difference between the 
thresholds for fusion and fission as reported by Tamain and co-workers [27] 

- as weH as the theoretical work by Nix and Sierk [28] should be noted 
in this context. 

I should like to conclude with a few comments on the problem of 
viscosity which might serve as a link between the present work of Schütte 
and Wilets [24] and considerations by Swiatecki and Bj^rnholm [29]: 

Consider a reaction between two even-'even nuclei at an energy com
parable or larger than the Coulomb barrier. If the de Broglie wavelength 
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of the re la t ive motion i s smal l compared to the nuclear radi i we may t rea t 
the re la t ive motion of the two m a s s cen t res c lass ica l ly . The dis tance of 
these m a s s cen t re s i s called r(t) and is t r ea ted as a c l a s s i ca l function of 
t ime . Let us a s s u m e , as in the work of Schütte and Wilets , that the quasi-
par t ic le s t a tes at each given value r(t) provide an appropr ia te basis of 
unper turbed s t a t e s : 

H = EBCS(r) + ^ E n ( r ) ? ^ n + H ' 

Еп = ^ ( е п - А ) 2 + Д 2 

All quantit ies a re functions of r , where 

E n = quasipar t ic le energy 
EBCS = BCS-ground s ta te energy 
H' = in terac t ion between quas ipar t ic les 
en = single par t ic le energy 
X = chemical potential 
A = gap p a r a m e t e r 
f+ = creat ion opera tor for a quas ipar t ic le . 

Assume that , at l a rge d i s tances , the energy of the sys tem i s EBcs> 
i . e . the two nuclei a re descr ibed by the respec t ive BCS wave functions. 
The lowest in t r ins ic exci tat ions, i . e . the two quas ipar t ic le (2qp) excitat ions, 
a re separa ted from the ground state by twice the gap 2 Д . As the nuclei 
approach each other , the 2qp s ta tes and the higher in t r ins ic s ta tes will be 
populated through the combined effect of H' and the finite velocity r . The 
probabili ty of these in t r ins ic excitat ions i s , however, reduced by the finite 
gap. This just means that a nearly superfluid sys tem shows li t t le viscosi ty . 
Wilets has shown (using, ins tead of the dis tance r ( t ) , a deformation a( t ) 
as adiabatic variable) t ha t the re may be a significant depletion of the lowest 
s tate in spite of this gap. The depletion of the lowest s ta te i s , however, 
expected to be s t i l l l a r g e r because of the coupling to excitations which lie 
within the gap. This i s so for rotat ions and for v ibra t ions . We a s s u m e , 
for the sake of s implici ty , that there a re only v ibra t ions . To study their 
effect, let us decompose the Hamiltonian into the Hamiltonian Н№А which 
desc r ibes unperturbed bosons and an interact ion H" between phonons 

H = Н№А(г) + Н"(г) 

= Or> + X 4,(r)BjBn+H"(r) 
where 

# ^ A ( r ) ( s EBCS(r)) = RPA - ground s ta te energy 
<?n(r) = boson energy 
B j = creat ion opera tor of a boson 
H"(r) = interact ion between bosons 
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2qp STATES ABOVE 
\ * ^ FUSION VALLEY 

COLLECTIVE VIBRATION t , 

E „ ( F U S I O N VALLEY) 
В CS 

EB C S ( FISSION VALLEY) 

FIG.2. "Adiabatic states" as a function of t. 

SINGLE PARTICLE 
POTENTIAL 

FIG.3. Two-centre potential. 

The RPA ground s ta te energy #Q P A i s about equal to EB C S and the non-
collective phonon energ ies a re about equal to sums of quas ipar t ic le ene rg ie s . 
H № A de sc r ibes independent phonons and H" the interact ion between them. 

It i s known that , for c r i t i ca l values of an external p a r a m e t e r such as 
r ( t ) , the lowest coUective RPA vibrat ion may become z e r o , i . e . unstable . 
At this point the energy Sx c r o s s e s EBCS(fu-va) and may be t ransformed 
into a vibrat ion around the ground state EBCS(fi-va) of a possibly exist ing 
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fission valley which lies, for given values of r , at a lower energy [29] 
(see Fig. 2). The calculation of the occupation probabilities as a function 
of r(t) will be more complicated as in the Zener problem because there 
are several collective vibrations and because these states are fed even 
without the occurrence of crossings. If the downgoing vibrational state 
ends up being more than 2Д above the fission valley (see Fig. 2), it will 
be strongly damped into the multitude of 2qp and higher excitations built 
on the fission valley. If it ends up below EBCS(fi-va) + 2Д, this will be 
much less so. 

Thus one concludes that the degree of viscosity which is encountered 
on the ascent to the barrier depends on details of the microscopic structure. 

The unstable collective modes may thus play an important role in the 
population of intrinsic excitations. Their role might be comparable to the 
one of "doorway states". 

From Swiatecki [29] we learned that it is a vibration of the neck which 
is expected to become unstable at certain critical distances. 

I think that there is also a microscopic reason for this: consider the 
case of two nuclei of equal size at a distance r(t). Let us describe the two 
nuclei by a two-centre potential (Fig.3). 

If the spin-orbit coupling is neglected, one can classify the single 
particle states into "gerade" and "ungerade" states. As r(t) is decreased, 
the barrier V0(r) decreases. As a result.the single particle energies 
which move most drastically downward are the "gerade" states with a small 
number of modes in z-direction (z-axis in the direction of ?(t)) because they 
profit from a lowering of the barrier V0(r). States of this character, if 
they are to lie close to the Fermi energy X, must have a large number of 
nodes in directions perpendicular to the z-axis. That i s , the single particle 
levels which move most strongly as a function of r describe nucleons which 
move in orbitale parallel to the (xy)-plane. A coherent linear combination 
of such states produces vibrations of the necki 

The importance of the reflection symmetry and its breaking for the 
understanding of the fission process was emphasized in the historical 
paper by Hill and Wheeler [30]. 

I am convinced that this symmetry is indeed also the reason why all 
calculations of fission landscapes beyond the second saddle show valleys 
which closely follow the neck coordinate. An analysis of these results 
under this viewpoint would be interesting. The remarks above imply that 
this symmetry may also have a bearing on the detailed behaviour of the 
viscosity encountered between saddle and scission. 

I want to conclude with my warmest thanks to all my colleagues and 
friends who have patiently explained their work to me during this Symposium. 
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ADDITIONAL ABSTRACTS 

The following abstracts, many of them revised since their original 
submission to the Symposium, are included since, although there was not 
sufficient time for oral presentation of these papers nor sufficient space 
for their publication in full, they do provide important supplementary informa
tion to the Proceedings. 





A TWO-NUCLEUS SINGLE PARTICLE MODEL WITH PAIRING AND ITS APPLICATION 
TO THE SCISSION REGION (IAEA-SM-174/01). 
R. W. Hasse, ) 
Universität München, 
G arching, Federal Republic of Germany 

The Hamiltonian of a sys tem of two in teract ing nuclei close to each other 
is r ewr i t t en by using the dual (biorthogonal) bas i s of single par t ic le s ta tes 
of the non- in terac t ing f ragments . Equations s imi l a r to the usual BCS and 
gap equations resu l t ing from a var ia t ional pr inciple then provide an a l t e rna
t ive to the two-cen t re shel l model in the sc iss ion region. As applicat ions, 
t he se equations a r e solved approximately, in o rder to study the change of the 
F e r m i energ ies and pai r ing gaps with the dis tance between the f ragments , 
and numer ica l ly , in o rde r to obtain the interact ion potential of the f ragments 
from fission of 236U. As a resu l t , the sho r t - r ange nuclear interact ion energy 
of the f ragments at sc iss ion, which can be in te rpre ted as a modified surface 
energy, amounts to approximately -10 MeV. It lowers the long-range Coulomb 
interact ion energy and gives r i s e to a very flat to ta l in teract ion potential 
which may even exhibit a minimum in the separat ion degree of freedom. Thus 
the exis tence of a sc i ss ion minimum is supported. 

INDEPENDENT YIELDS OF 15oPm IN THE THERMAL NEUTRON FISSION OF 233U, 235U 
AND 239Pu (IAEA-SM-174/Ö4). 
H. Gäggeler, H.R. von Gunten* 
Anorg. chemisches Institut, 
Universität Bern, Switzerland 

The recen t availabil i ty of fast separa t ion p rocedures for r a r e ea r th 
e lements makes these e lements access ib le for de terminat ions of independent 
f ission y ie lds . The r a r e ea r th region is of special in te res t in the invest iga
t ion of charge distr ibution because it i s complementary to the region of light 
f ragments which a r e influenced by the 50-neutron shell . F u r t h e r m o r e , the 
r a r e ea r th fission products furnish r e s u l t s for charge distr ibution in very 
a s y m m e t r i c fission. 

The shielded nuclide 1 5 0 Pm is very suitable for such m e a s u r e m e n t s owing 
to i ts half-life and well-known g a m m a - r a y spec t rum. It has a l ready been 
de termined indirect ly in the the rma l neutron fission of 235U through a m e a s u r e 
ment of s table 150Sm (unpublished work done by Chu in 1959 ) and in the spon
taneous f ission of 252Cf by r ad iome t r i c techniques done by von Gunten in 
1969. The distr ibution of charge for 233U and 2 3 9Pu i s very poorly known 
in the region of the 50-neutron shell . 

P rometh ium was separa ted from i r rad ia ted t a rge t s by a c a r r i e r - f r e e 
ion-exchange procedure followed by two r e v e r s e d phase chromatographic 
separa t ions with di-(2-ethylhexyl) orthophosphoric acid(HDEHP) on a diato-
maceous s i l ica column. The promethium fraction was counted on a cal ibrated 
Ge(Li) gamma spec t rome te r . Three photopeaks of 1165 keV, 1324 keV and 
1736 keV, respect ive ly , were used to compute the absolute activity of the 

*• and Eidg. Institut flit Reaktoiforschung, Wtlrenlingen, Switzerland, 

475 



476 ABSTRACTS 

1 5 0 Pm formed. The decay of these photopeaks was followed for rad iochemica l 
purity. The activity of the peaks of 1 5 0Pm was compared to the activity of 
the 340-keV photopeak of 151Pm in the same sample . 

The independent fission yields for 1 5 0Pm in the the rma l neutron fission 
of 2 3 3U, 235U and 2 3 9Pu were found to be (6. 0 ± 0. 3) x 10'4%, (5. 4± 0. 3) x 10~4%, 
and (1 .7+ 0. 08) x 10"3%, respect ively . The corresponding fract ional chain 
yields lead to empi r ica l Z p (most probable charge) values of 58. 67+ 0.18, 
58. 62+ 0.18 and 58. 75+ 0.17 for 233U, 235U and 2 3 9Pu, respect ive ly , if a 
Gaussian charge d ispers ion function with a a of 0. 59 ± 0. 06 is used. The 
Zp value for 2 3 5 u is in agreement with the Z_ function proposed by Wahl. 
However, for 233U and 2 3 9Pu, the Z p values calculated for 1 5 0Pm, using 
vA values of 1. 7 neut rons , deviate significantly from the Z . function cons t ruc
ted with the light f ragments available in th i s region. 

FISSION FRAGMENT GAMMA-RAY ANISOTROPY (IAEA-SM-174/08). VJ 
A.T. Kandil, L. S. El-Mekkawi, / 
Atomic Energy Authority, 
Cairo, Arab Republic of Egypt 

R. Holub, 
Florida State University, 
Tallahassee, Florida, 
United States of America 

The anisotropy of fission fragment gamma r a y s in the reac t ion 2 3 9Pu 
(nth,f) and 235U (n th, f) has been measured . In this work, two gamma energy 
bands were used to confirm the energy independence of the anisotropy. Fo r 
the gamma energy band 0. 83 - 0. 92 MeV, the änisotropies were found to be 
0.18± 0. 03, 0. 13 ± 0. 03 and 0 . 1 9 + 0 . 0 3 , 0. 11 ± 0.03 for the 239Pu and 233U 
t a r g e t s respect ive ly . The data have been co r rec t ed fo r the Doppler effect, 
and the t ime of flight was la rge enough to el iminate the counting of neut rons . 
Compar isons with the Nix, Swiatecki and Strutinsky theor ies have been made, 
as well as cor rec t ions for the fragment rotat ion along the fission axis . 

TEMPERATURE SMEARING METHOD OF DETERMINING SHELL CORRECTION ,-, 
ENERGIES - EXTENSION TO REALISTIC SINGLE PARTICLE LEVELS AND j / ; 

CALCULATION OF FISSION BARRIERS (IAEA-SM-174/09). 
V. S. Ramamurthy, S. S. Kapoor, 
Bhabha Atomic Research Centre, 
Trombay, Bombay, India 

In an e a r l i e r work a method was proposed to de termine the ground state 
shell correc t ion energies of nuclei from the h igh- tempera tu re behaviour of 
the thermodynamic p roper t i e s of excited nuclei and the r e s u l t s of these calcu
lat ions for modified harmonic osci l la tor level s chemes were repor ted . These 
calculations have been extended to the single par t ic le level schemes of r e a l i s 
t i c potentials having a continuum. An outline of th is method is as follows: 
at sufficiently high t e m p e r a t u r e s , the entropy S and the tota l energy E of the 
nucleus become independent of the local fluctuation 6g(e) of the single par t ic le 
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level density G(e) and depend only on the smoothly varying par t g(e) of G(e). 
It can be shown that th is asymptot ic be_haviour of S and E is given by the 
re la t ions S = E a.T1 , and E = E „ + / T d S = E„+£ a ,T i + 1 i / ( i + l) where the a. a re 

re la ted to g(e), and E is the ground s ta te energy corresponding to the smoothly 
varying par t g(e) of the level scheme. Since one also has E = Eg + E x , where 
E_ is the actual ground state energy, the shel l correc t ion energy can be obtai
ned from the re la t ion E g - E g =E iaj T1 + 1/(i + l) - Ex . Therefore from a numer i 
cal evaluation of the entropy S and excitation energy Ex as a function of t e m 
pe ra tu r e T, the shell cor rec t ion can be obtained by fitting the asymptot ic 
t e m p e r a t u r e dependence of the entropy S, the reby obtaining the coefficients a4. 
These calculations have been c a r r i e d out for a var ie ty of nucleon numbers and 
deformations with the single par t ic le level schemes obtained for the folded 
Yukawa potential by Nix and co -worke r s . These r e s u l t s a r e d iscussed and 
compared with the r e s u l t s of the usua l Strutinsky smear ing procedure . The 
shel l cor rec t ion energ ies obtained he re have also been used to calculate the 
f ission b a r r i e r s of a number of heavy nuclei us ing the P a u l i - L e d e r g e r b e r 
liquid drop model p a r a m e t e r s . 

The possibi l i ty of extending the p resen t method to sys tems with only a 
r e s t r i c t e d number of single par t ic le levels around the F e r m i level is a lso 
being examined to remove any uncer ta in t i es associa ted with the continuum, 
and the r e s u l t s of these investigations will also be presented . 

HIGH-RESOLUTION MEASUREMENTS OF PROMPT GAMMA RAYS IN THE FISSION 
OF 252Cf ACCOMPANIED BY LIGHT CHARGED PARTICLES (IAEA-SM-174/11). У 
N.N. Ajitanand, R. K. Choudhury, S.S. Kapoor, 
Bhabha Atomic Research Centre, 
Ttombay, Bombay, India 

The p re sen t work invest igates the mechanism of light charged par t ic le 
(LCP) emiss ion in fission through a comparat ive m e a s u r e m e n t of the y ie lds 
of specific p r i m a r y f ission products formed in binary fission and in fission 
accompanied by LCP. Since the ass ignment of s eve ra l wel l - reso lved gamma-
r a y l ines to specific p r i m a r y fission product nuclei i s well es tabl ished for 
252Cf fission, in th i s work high-resolut ion m e a s u r e m e n t s of the prompt gamma 
r a y s emit ted from fission f ragments accompanied by LCP and those emit ted 
from no rma l binary fission f ragments in 252Cf fission were simultaneously 
ca r r i ed out us ing a 30 -cm 3 Ge(Li) detector . A "sandwich" type a r rangement 
in the sou rce -pa r t i c l e detector assembly was used to el iminate Doppler effects 
on the g a m m a - r a y l ines in both the cases . Most of the wel l - reso lved gamma-
ray l ines were assigned to specific isotopes by compar ison with published 
r e s u l t s for b inary fission, and the ra t io of the y ie lds of these g a m m a - r a y l ines 
in L C P fission and binary f ission were determined. A s t r ik ing feature noted 
in r e s u l t s was that some low-energy gamma l ines (e. g. corresponding to the 
isotopes 1 4 4Ce, 146Ce, 1 3 8Cs, 1 4 0Cs, 142Ba and 1 1 6Pd) were a lmost absent in 
LCP fission, although they appeared intensely in b inary fission. Assuming 
that 2 + to 0+ t rans i t ion intensi t ies of even-even isotopes a r e a m e a s u r e of 
the i r y ie lds , the yields of s eve ra l such isotopes in LCP fission re la t ive to b inary 
f ission were obtained. A quantitative analysis of these r e s u l t s is being at tempted 
to evaluate the most probable m a s s and width of the m a s s distr ibution for 
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some specified fission products with constant charge in the case of LCP 
fission, with a view to examining the different proposed mechan i sms of LCP emis 
sion in fission. 

ELECTRON-INDUCED FISSION OF 232Th (IAEA-SM-174/13). 
P. Rasch, G. Fiedler, 
II. Physikalisches Institut der Universität Giessen, 

E. Konecny, 
Physik-Department, Technische Universität München, 
Federal Republic of Germany 

Excitat ion functions, fission fragment angular dis tr ibut ions and kinetic 
energy spec t ra have been observed for e lectron- induced fission of 2 3 2Th for 
e lec t ron energies 8. 7 i Ees 63 MeV. Fo r low energies (although above the 
fission th resho ld) the angular dis t r ibut ions have a l a rge (90°/0° ) -anisot ropy 
ra t io and show a considerable sin2(2S) component. The anisotropy d e c r e a s e s 
rapidly for higher e lec t ron energ ies but r evea l s smal le r (90°/0°)-peaks after 
the onset of second-, th i rd- and fourth-chance fission. Anisotropies have been 
calculated under the assumpt ion of different I t -values combining all possible 
M and I values with the i r co r r ec t s ta t i s t ica l weights. These calculations show 
that the observed anisotropies peaking at 90° can only be understood if the 
effective fission b a r r i e r s for both odd-neutron nuclei 231Th and 2 2 9Th a r e 
charac te r ized by K= 1/2. 

The kinetic energy spec t ra were detected with a resolut ion a lmost com
parable to that of e lect ronic surface b a r r i e r de tec tors by observat ion of 
fission t r ack etch pit a r e a s in glass de tec to r s . The dominant a s y m m e t r i c 
cha rac te r of Th fission is not completely washed out even for e lec t ron ener 
gies up to 60 MeV. 

GAMMA-DECAY PROBABILITY OF FISSIONING ISOMERIC STATES Y 
(IAEA-SM-174/17). / ' 
E. Takekoshi, 
Japan Atomic Energy Research Institute, 
Tokai Research Establishment, 
Tokai-mura, Ibaraki-ken 

T. Takemasa, M. Sano, 
Osaka University, Toyonaka, 
and 
Japan Atomic Energy Research Institute 

M. Wakai, 
Osaka University, 
Toyonaka, Japan 

To es t imate the magnitude of the gamma t rans i t ion probabil i ty between 
the fissioning i somer i c state and a s tate in the ground state rota t ional band, 

tt 
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the B(E2 ) value in the even-even actinide nuclei was calculated. The wave 
function with a given spin ГМК descr ib ing the ground state and i somer i c s tate 
ro ta t ional bands is given as 

where the components Фщ^б^ and<^MK(62) a r e situated in the regions of the 
f i rs t and second min imums with the deformations 61 a n d 6 2 , respect ive ly , and 
a1 and b1 a r e the mixing coefficients which could be determined by diagonali-
zing the Hamiltonian in the oblique coordinate sys tem. The component wave 
function Ф1МК(б) is obtained by the project ing s ta te of good angular momentum 
from Ni l sson+BCS int r ins ic s ta tes . The deformation p a r a m e t e r s 6j and 
62 a r e taken from the work of Nilsson and co -worke r s . The calculated in ter -
band B(E2 ) values in the even-even actinide nuclei a r e hindered by a factor 
of 10" 3 0 - 10" 5 0relat ive to the intraband B(E2 ) values in the ground state 
ro ta t ional band, if it is assumed that t he se s ta tes descr ib ing the ground 
s ta te and i somer i c s tate rota t ional bands a r e of pure configurations c o r r e s 
ponding to each equil ibrium deformation. These calculated intraband 
B(E2 ) values may correspond to the values of the lower l imit . If the admix
tu r e of the component Ф (62) contained in the ground state wave function Y,MK 
i s 1% of YIMK, the inter'band B(E2) values i nc rease up to the value of about 
10"3 r e la t ive to the intraband B(E2 ) values in the ground state rotat ional band. 
These r e s u l t s a r e a lmost the same for al l of the actinide nuclei. 

QUADRUPOLE PAIRING EFFECTS AT THE FISSION SADDLE POINT 
(IAEA-SM-174/18). 
M. Sano, T. Takemasa, 
Osaka University, Toyonaka, 
and 
Japan Atomic Energy Research Institute 

M. Wakai, 
Osaka University, Toyonaka, 

E. Takekoshi, 
Japan Atomic Energy Research Institute, 
Tokai Research Establishment, 
Tokai-mura, Ibaraki-ken, Japan 

Most exper imenta l data for values of the energy gap 2Af at the fission 
saddle point show that the As values a r e about two t imes the Д0 values at the 
ground s ta te . No sat isfactory explanation has been made for the l a rge pa i r 
ing effect observed at the saddle point by using the usual monopole pai r ing 
force . In the p resen t work, the quadrupole pa i r ing interact ion has been 
introduced, in addition to the monopole pa i r ing interact ion. The quadru
pole pai r ing energy i nc r ea se s with inc reas ing nuclear deformation. 

In the numer ica l calculat ions, the p a r a m e t e r s defining the single pa r t i c l e 
level spec t rum employedby Gustafson and co-workers were used and took into 
accoun t the (Z-40) o r (N-70 ) levels above and below the proton and neutron 

P 
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F e r m i sur faces . The values of G0 and G2 for the monopole and quadrupole 
pai r ing interact ions were taken to be G0= 22.1 A"1 MeV for protons , 
GQ= 15. 7 A"1 MeV for neutrons, and G2= 3. 8 A"5/3MeV for both protons and 
neutrons . With these interact ion s t rengths it is possible to reproduce both 
the exper imental energy gap p a r a m e t e r s at the ground state and those at the 
saddle point. 

By introducing the quadrupole pai r ing interaction, the potential energy 
surface based on the Strutinsky p resc r ip t ion was calculated and compared 
with the case when the value of G0 is propor t ional to the surface a r ea and the 
value of G2 is equal to ze ro . In conclusion it can be said that the quadrupole 
pai r ing interact ion makes the energy of the second b a r r i e r lower by about 
2 MeV than the r e su l t for the case when G0 i s propor t ional to the surface a rea . 
F o r 2 4 0Pu, the moment of iner t ia was calculated using the cranking model 
formula. The calculated values a r e J | = 64. 6 MeV"1 at the ground state and 
J^= 134 MeV"1 at the fissioning i somer i c s ta te , and a re found to be in fairly 
good agreement with the exper imental values of j £ = 69. 5 MeV"1 and 
j?f= 150.1 MeV"1. 

NEW STUDIES ON THE THERMODYNAMIC MOLECULAR MODEL (IAEA 
W. Nörenberg, 
Universität Heidelberg, 
Federal Republic of Germany 

It has been known since 1963, from the sc iss ion point model introduced 
by Vandenbosch, that s eve ra l f ission phenomena (kinetic energ ies and 
excitation energies of the f ragments) a re determined mos t likely at the l a te r 
s tages of fission. Considerable efforts a r e now being made to take friction 
into account during the descent from the saddle to the sc i ss ion point. The 
thermodynamic molecular model (TMM) has been introduced to incorpo
r a t e into the sc iss ion point model th is damping from the fission degree into 
other degrees of freedom. The TMM is obtained by taking into account the 
l a rge coupling between the collective degrees of freedom and assuming a 
s ta t i s t ica l equil ibrium between all collective s ta tes at the sc i s s ion point. 

The TMM has been applied to new exper imenta l data on m a s s d i s t r i 
butions: data on the s y m m e t r i c - t o - a symmet r i c m a s s yields as a function 
of the compound excitation energ ies well above the threshold have been ana
lysed. The re la t ion between the m a s s dis tr ibut ions for 239Pu (n th, f) and the 
spontaneous fission of 2 4 0Pu and 2*0mpu has been establ ished and compared 
with exper imenta l r e s u l t s . The abrupt inc rease of symmet r i c m a s s yields 
in 2 5 7 Fm (n t h , f ) as compared to the spontaneous fission of 2 5 7 Fm has been 
explained by assuming К й 3/2 for the second saddle point s ta te . Recent 
exper iments on the threshold behaviour for symmet r i c and a s y m m e t r i c m a s s 
y ie lds in 2 2 6Ra (*He, df) and 226Ra (sHe, pf) support a two-mode mechan i sm in 
the TMM. 

Additional s tudies a r e concerned with the dependence of kinetic energies 
on the compound excitation energy, with total spin distr ibution and with the 
width of the i sobar ic charge distr ibution. 

-SM-174/23). 

( 
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A SEMI-EMPIRICAL APPROACH TO FISSION INERTIAS AND FISSION HALF-LIVES 
(IAEA-SM-174/29). / 
J. Randrup, 
Lawrence Berkeley Laboratory, 
University of California, 
Berkeley, Calif., 
United States of America 
and 
Institute of Physics, University of Aarhus, 
Aarhus, Denmark 

The problem of determining the iner t ia associa ted with the nuclear 
spontaneous fission p r o c e s s and calculating the corresponding half- l ives 
is approached by a s e m i - e m p i r i c a l method. Fo r the purpose of determining 
an effective f ission iner t ia , a t es t group of (32) known even nuclei, ranging 
from U to Rf/Ku, is selected. Fo r th i s group, appropr ia te fission pa ths , 
together with the fission b a r r i e r potentials along these paths , a r e es tabl ished 
on the bas is of potential energy surfaces which have been obtained by the 
m a c r o s c o p i c - m i c r o s c o p i c method. The macroscop ic par t of the energy is 
provided by the liquid drop model of M y e r s and Swiatecki, modified however 
to reproduce well the experimental ly known second b a r r i e r s in the actinide 
region. The mic roscop ic cor rec t ion-energy contribution to the potential 
energy sur faces is based on the modif ied-osci l la tor single par t ic le model 
in which allowance has been made for m a s s - a s y m m e t r i c (P3 and Щ ) as well 
as a x i a l - a s y m m e t r i c (y) d is tor t ions . Indications from existing hydrodyna-
mica l and mic roscop ic calculat ions of the nuclear iner t ia as well as from the 
known i somer i c half- l ives a r e used to construct a s imple one -pa rame te r 
smooth t r i a l iner t ia which is then fitted to the half- l ives for the tes t group. 
The equivalent cen t r e -o f -mass separat ion r (corresponding to ell ipsoidal 
shapes and equa l -mass f ragments) proves to be a preferable f ission-path 
coordinate. The iner t ia obtained in this way reproduces those half- l ives to 
within a factor of 2 5 on the average . F u r t h e r m o r e , the general t rend of the 
calculated half- l ives supports the extrapolation of the establ ished iner t ia l 
function to so far unobserved nuclei. A pa r t of the deviations from the exper i 
menta l r e s u l t s can be understood in t e r m s of cer ta in deficiencies in the 
underlying potential energy sur faces , and ref inements of the approach (such 
a s taking into considerat ion the rnult i-dimensionali ty of the fission path, or 
allowing for m o r e freedom in the t r i a l ine r t i a ) give no significant improve
ment of the fit. Application has been made to seve ra l p rob lems of cu r ren t 
in te res t , a s , for example, the predic t ions of fission half- l ives for isotopes 
of the element 106 (and heavier e l emen t s ) , the calculation of the hindrance 
fac tors assoc ia ted with fission of odd isotopes , and the possibi l i ty of a neutron-
capture path to^the superheavy region. 
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AN ANALYTICAL EXPRESSION FOR THE DECAY CURVES OF PHOTONS COMING 
OUT OF THE 235 U FISSION PRODUCTS (IAEA-SM-174/30). \j 
T. Yarman, f 
Massachusetts Institute of Technology, 
Cambridge, Mass., 
United States of America 

A corre la t ion between the data re levant to the delayed photons from 235U 
fission products and the data re levant to the delayed photoneutrons generated 
by those photons in D 2 0 has been sought. To th is end the fission of one atom 
of 235U in an infinite medium of D20 was considered. An at tempt was then 
made to calculate the number N of delayed photoneutrons generated by the 
delayed photons from 235U fission products through the data re levant to the 
generat ion of delayed photons from 235U fission products and the attenuation 
and photoneutron reac t ion c r o s s - s e c t i o n s of photons in D 20. This number 
is composed of an infinity of t e r m s , namely the number of photoneutrons 
generated by the uncollided photons, the number of photoneutrons generated 
by those photons having had one and only one collision on the i r way to the photo-
neutron react ion, etc. The study of the first and second t e r m s (of the expan
sion of N) and the comparison of the number N (composed of i ts f i r s t and 
second t e r m s only) with the data re levant to the delayed photoneutrons from 
235U fiss ion-product gamma rays on D 20 have shown that the higher o rder 
t e r m s (in the expansion of N) can be fairly neglected. Thus the data re levant 
to the generat ion of delayed photons from 2 3 5 u fission products a re found to be 
consistent with the attenuation and photoneutron reac t ion c r o s s - s e c t i o n s of 
photons in D 20 and the cor re la t ion that was sought has been establ ished. 
Next, an empi r ica l ( t ime-independent) energy dependence of the 235U fission-
product gamma r a y s was found. This , together with the cor re la t ion in 
question, led to an analytical represen ta t ion of the decay curves of the 235U 
fiss ion-product gamma r a y s with an energy — grea t e r than 2. 23 MeV — 
sufficient to cause photoneutron react ions in D20, in t e r m s of the nine expo
nent ials re levant to the decay data of the nine ( t ime-wise ) groups of delayed 
photoneutrons from 235U fission-product gamma r a y s on D20. (In a further 
study th is analytical represen ta t ion has been found very useful in computing 
the number of photoneutrons generated in the D 20 ref lec tor of a l igh t -water -
cooled r e s e a r c h r e a c t o r — MITE. II — in the course of the t r ans ien t ana
lys i s of th i s reactor.) 
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MEASUREMENT OF GAMMA-RAY SPECTRA FROM THE SPONTANEOUSLY K-
FISSIONING ISOMER OF 236U (IAEA-SM-174/31). / 
A. Lajtai, L. Jfeki, Gy. Kluge, I. Vinnay, F. Engard, 
Central Research Institute for Physics, 
Budapest, Hungary 

Yu. P. Gangrsky, B.N, Markov, 
Joint Institute for Nuclear Research, 
Dubna, USSR 

The di rec t confirmation of Strutinsky' s model of a double-humped poten
t i a l in fission i s o m e r i s m , i, e. the observat ion of gamma t rans i t ions p r e 
ceding the spontaneous fission of i s o m e r i c s t a tes , wasfound to be inconclusive 
in the case of the 70-130 nsec 2 3 6 m u s ta te . Browne and Bowman, who bom
barded a 235U t a r g e t with neut rons , could es t imate from the t ime distr ibution of 
gamma r a y s with energies above 0. 5 MeV only an upper l imit of S 6 x 10"5 for the 
ra t io of delayed fission events, subsequent to the emiss ion of gamma r a y s , 
to prompt fission events. A s imi l a r r e su l t was obtained by Konecny and co
w o r k e r s for conversion e lec t rons preceding the i somer i c fission of 236mTJ, 

The aim of the repor ted exper iments i s the observat ion of single l ines 
corresponding to p re - f i s s ion gamma decay in the energy spec t rum from 
1 5 0 k e V t o l . 5 MeV of the gamma r a y s from the 2 3 5U(n t h ,7f) r eac t ions . Using 
a fas t -s low coincidence setup, the gamma r a y s a re detected with a 10 -cm 3 

Ge(Li) detector , and the fission f ragments a r e counted with a gas scint i l la
t ion counter. The energy distr ibution of the p re - f i s s ion gamma rays is eva
luated from counts taken simultaneously in four 100-nsec-wide in tervals 
before the fission event. 

In this way both the c ro s s - s ec t i on for i somer i c f ission and the l ifetime of 
the fissioning i s o m e r i c s ta te can be evaluated. 

It s e e m s from the analysis of the measu red gamma spec t ra that five 
peaks can be at t r ibuted to p re - f i s s ion gamma t rans i t ions . They appear at 
450, 475, 687, 808 and 882 keV. The ra t io of the r a t e of i somer i c fission 
events with p re - f i s s ion gamma r a y s to the r a t e for prompt fission events, 
ai /crf, is lower than 10"5 for each of these l ines . The t ime behaviour of the gamma 
peak in tens i t ies was found to be consis tent with a 236mU lifetime of about 100 nsec . 
It can be assumed that these peaks correspond to radiat ion t rans i t ions in 
the second potential well . 

KINETIC ENERGY AND NEUTRON EMISSION OF FISSION FRAGMENTS FROM 252Cf 
SPONTANEOUS FISSION (IAEA-SM-174/33). 
H. Hipp, H. Henschel, F. Gönnenwein, 
Universität Tübingen, 
Federal Republic of Germany 

In a t h r e e - p a r a m e t e r experiment the kinetic energies of both and the 
velocity of one of the cor re la ted f ragments in 252Cf spontaneous fission have 
been measu red with two surface b a r r i e r de tec tors facing each other. F o r 
the t ime cal ibrat ion of the sys tem, delay cables were inser ted in the fast-
t iming signal path and cal ibrated under the conditions of the experiment . 



484 ABSTRACTS 

With detec tors of 4, 5-cm2 a rea , the t ime resolut ion achieved was 300 psec 
(PWHM), The flight path was 60 cm. F r o m the raw data, the fragment 
m a s s Af (both before and after prompt neutron emis s ion ) , the tota l frag
ment kinetic energy EK (Af), the number of neutrons emit ted v (Af) and c o r r e 
lations between the above quantit ies were calculated. The resu l t obtained 
for the mean p r i m a r y fragment energy is < EK>= 181. 2± 1. 2 MeV. This value 
is significantly lower than some values given in the l i t e r a tu r e . When the 
detector cal ibrat ion constants a re a r ranged to yield the mean kinetic energy given 
above (essent ial ly by subtract ing a constant amount of energy for each f rag
ment as compared with existing detector cal ibrat ion constants) the resul t ing 
dependence of prompt neutron number on m a s s number ^(Af) is in excellent 
agreement with d i rec t measu remen t s of th is quantity. A ra t io of the mean 
neutron number from the light and heavy f ragments , vL /y„ = 1. 08± 0. 03, was 
found. The var ia t ion of v with the kinetic energy EK is charac te r ized by a 
mean slope dEK /dv =7 .4 MeV. 

ELECTROFISSION OF 238U FOR ELECTRON ENERGIES BETWEEN 20 AND 80 MeV '") 
(IAEA-SM-174/37). у \ 
A.C. Shotter, M.F. McCann, 
Department of Natural Philosophy, 
University of Edinburgh, 

J.M. Reid, J .M. Hendry, 
Department of Natural Philosophy, 
University of Glasgow, 
United Kingdom 

Elect rof iss ion of 238U has been studied for e lectron bombarding energ ies 
between 20 and 80 MeV. This work was done using the e lec t ron l inear acce 
l e r a to r of the Universi ty of Glasgow. F o r each e lec t ron energy within the 
above range, the m a s s and energy dis tr ibut ions for the emitted fission frag
ments were determined. Surface b a r r i e r sil icon de tec tors , cal ibrated with 
252 Cf, were used to m e a s u r e the kinetic energy of coincident fission f ragments , 
from which the dis tr ibut ions were determined. 

The ra t io of the peak m a s s of the light fragment to the peak m a s s of the 
heavy fragment is 0. 74 ±0 . 1. This ra t io r ema ins constant over the ent i re 
e lec t ron energy range, and is to be compared with the ra t io 0. 70 for fission 
induced by b remss t rah lung at 48 and 100 MeV maximum g a m m a - r a y energy. 
The average kinetic energy re leased from the electrof iss ion of 238U inc reases 
from 167. 5 MeV at 20 MeV incident e lectron energy, to 172 MeV at 80 MeV 
electron energy. At each electron energy a study has been made of the va r i a 
tion of kinetic energy re leased with fragment m a s s r a t i o . It has been found 
that the energy is a maximum at a m a s s ra t io of 0. 82. The difference bet
ween this maximum energy and the energy corresponding to symmet r i c m a s s 
division va r i e s from 7 MeV to 12 MeV over the e lec t ron energy range. 

The ra t io of the yield for a symmet r i c to symmet r i c fission also va r i e s 
with e lectron energy. This rat io for an e lectron energy of 20 MeV is 10. 5 and 



ABSTRACTS 4 8 5 

falls to 7. 0 for an e lec t ron energy of 80 MeV. The t rend over the higher 
e lec t ron energy is s imi la r to photofission exper iments on 2 3 8U, but t he r e 
s e e m s to be a deviation from the photofission exper iments for lower e lec t ron 
bombarding energ ies . 

Work is now proceeding on the in terpre ta t ion of these r e su l t s in the f r ame
work of inelast ic e lec t ron sca t te r ing and cur rent fission t heo r i e s . 

THE (n.yf) REACTION IN THE RESONANCE NEUTRON INDUCED FISSION 
(IAEA-SM-174/39). 
D. Shackleton, J. Trochon., 
CEA, Centre d' etudes nucleaires de Saclay, 
Gif-sut-Yvette, France 

To look for the (n,7f) reac t ion in the neutron resonances of 2 3 9Pu, a 
f ission g a m m a - r a y mult ipl ici ty exper iment has been ca r r i ed out at Saclay [1J . 
Up to (14± 3)% var ia t ions have been observed, strongly cor re la ted with the 
f ission widths Ц of the r e sonances . These r e su l t s a r e typical of a compet i 
t ion between the (n, f) p r o c e s s and the (n,-yf) p r o c e s s in which a gamma ray 
i s emit ted before fission. Such a p r o c e s s a lso p e r m i t s the unders tanding of 
the var ia t ions observed in the total energy E y of gamma r a y s and in the ave r 
age number z7 of prompt neutrons emitted pe r fission [2, 3 J . The width Vyi 
and the average p re - f i s s ion g a m m a - r a y energy <( Ey >̂ a r e expected to be 
constant from resonance to resonance because the (n,-yf) reac t ion has a grea t 
number of exit channels. Therefore i ts contribution is re la t ively l a rge in the 
r e sonances with sma l l f ission widths. Fo r these r e sonances , the gamma-
r a y mult ipl ici ty and Еу a r e l a rge and V is smal l . Defining ÄE as the energy 
r ep re sen ted by the var ia t ion of Ey and 17, with r e spec t to the extrapolated 
value for infinite fission width, one may wri te AE =(r,f / r f ) < E >. Hence, the 
product ЛЕ • r f must be constant from one resonance to another. This is 
exper imenta l ly verified.. F r o m the exper imenta l value [3] the width ryf and 
the 1" fission b a r r i e r height a r e obtained in the framework of Bohr1 s theory 
with a s ingle-humped b a r r i e r (Tko = 500 keV) and assuming that a single gamma 
ray of E l cha rac te r is emit ted before the compound nucleus undergoes fission. 
The Гу{ value obtained (5. 4± 1. 2 meV) is in good agreement with Lynn' s 
calculat ions [4] , but the 1" fission b a r r i e r is located 1. 2 MeV below the 
neutron binding energy. This low b a r r i e r r e s u l t s from the too approximate 
assumption of the s ingle-humped b a r r i e r , A more complete calculation with 
a double-humped fission b a r r i e r is in p r o g r e s s . 
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ETUDE DETAILLEE DE LA STRUCTURE INTERMEDIAIRE DANS LA SECTION \ / 
EFFICACE DE FISSION DE 237Np (IAEA-SM-174/43). / 
S. Plattard*, D. Paya, 
CEA, Centre d'etudes nucleaires de Saclay, 
Gif-sur-Yvette, France 

Une nouvelle m e s u r e ä haute resolut ion de la section efficace de fission 
de 23,rNp, pour des neutrons d 'energie compr ise entre 3 eV et 35 keV, a permi 
une etude detail lee des etats si tues dans le deuxieme puits de la b a r r i e r e de 
fission. 

L 'exis tence de deux families d 'e ta ts appara i ssan t avec des amplitudes 
t r e s differentes es t confirmee; il es t suggere que ces families sont c a r a c t e -
r i s e e s par des va leurs differentes du spin. Plus de cent niveaux appartenant 
ä une meme famille sont observes en dessous de 6 keV, i l es t done possible 
d'en faire une etude s ta t is t ique et de de t e rmine r , avec l 'a ide des p a r a m e t r e s 
t i r e s de 1'analyse des resonances individuelles , les principaux p a r a m e t r e s 
de la b a r r i e r e de fission. 

L'etude detai l lee du comportement des resonances autour d'un etat in te r 
med ia i r e est faite au voisinage de 40 eV ou on beneficie d'une excellente 
resolut ion (echantillon refroidi ä 77°K) et d'une absence quasi totale de bruit 
de fond. Autour de l ' energie de l 'e ta t i n t e rmed ia i r e , la l a rgeur moyenne de 
fission des grandes r e sonances , supposees de m&me spin, var ie suivant une 
fonction de Lorentz , l ' e c a r t par rappor t ä la moyenne etant bien r ep re sen t e 
par une loi de P o r t e r et Thomas . Dans l 'hypothese d'un couplage faible entre 
les e tats des deux pui ts , l ' e ta t in te rmedia i re doit appara i t r e sous la forme 
d'une resonance la rge servant de piedestal aux resonances e t ro i tes observees 
habi tue l lement : une tel le resonance n ' e s t pas observee ; si eile ex is te , sa 
l a rgeu r neutronique est infer ieure a 56 /ueV. 

Les p a r a m e t r e s obtenus pour la b a r r i e r e de fission de Np sont l es 
suivants : EA a 6, 08 MeV; EB s 5 , 4 5 MeV; T H ^ S 0, 77 MeV; TWg s 0 , 45 MeV; 
E n s i , 8 4 ±0,20 MeV. 

Л 
English t rans la t ion of the preceding Abst rac t (IAEA-SM-174/43) I' 
A DETAILED STUDY OF INTERMEDIATE STRUCTURE IN THE 237Np FISSION 
CROSS-SECTION. 

On the basis of a new high-resolut ion m e a s u r e m e n t of the 237Np fission 
c ros s - sec t ion for neutrons with energies between 3 eV and 35 keV, it has 
been possible to ca r ry out a detailed study of s ta tes in the second well of 
the f ission b a r r i e r . 

The existence of two families of s ta tes with widely differing ampli tudes 
is confirmed and it is suggested that these famil ies have different spin values . 
More than a hundred levels belonging to the same family a r e observed below 
6 keV; it is therefore possible to study them sta t is t ical ly and to de termine 
the ma in p a r a m e t e r s of the fission b a r r i e r with the help of p a r a m e t e r s obtai
ned by analysing individual r esonances . 

* Adresse actuelle : Centre d'etudes de Bruyeres-le-Chätel, Montrouge, France. 



ABSTRACTS 487 

The behaviour of the r e sonances around an in termedia te state is examined 
in detail in the neighbourhood of 40 eV, where the resolut ion is very good 
(sample cooled to 77°K) and where t he re is prac t ica l ly no background. Around 
the energy of the in termedia te state the mean fission width of broad resonan
ces , which a r e assumed to have the same spin, v a r i e s as a Lorentz function, 
the spread from the mean being wel l -descr ibed by a P o r t e r - T h o m a s law. 
On the assumpt ion that t he r e is weak coupling between the s ta tes of the two 
wel ls , the in termedia te state should have the form of a broad resonance s e r 
ving a s a pedes ta l for the nar row resonances normal ly observed. No such 
resonance is observed; if one. exis ts , i ts neutron width is l e s s than 56/ueV. 

The p a r a m e t e r s found for the f ission b a r r i e r of 238Np a r e : E A s 6. 08 MeV; 
EB s 5.45 MeV;tiwA s 0.77 MeV; Ъив * .0.45 MeV; E n s 1 .84±0 . 20 MeV. 

FISSION DES ELEMENTS DE MASSE MOYENNE INDUITE PAR DES IONS 14N DE 
126 MeV (IAEA -SM -174/44). Q 
C. Cabot, C. Ngö, J. Peter, B. Tamain*, 
Institut de physique nucleaire, 
Orsay, France 

Les au teurs ont mesur 'e les sect ions efficaces de fission induite sur des 
cibles de Ni, Se, Mo, Ag, Ho et Au par des ions 14N de 126 MeV. Le moment 
angulaire important apporte pa r le project i le en t rame des probabi l i tes de 
fission t r e s supe r i eu res ä cel les obtenues par l es m e m e s noyaux fissionnants 
formes par bombardement avec des par t i cu les alpha de 167 MeV, comme 
l 'ont fait Lecerf, Pa te et P e t e r qui ut i l i sa ient des de tec teurs de t r a c e s 
e ta lonnes . 

Les auteurs du memoi r e ont ut i l ise des de tec teurs ä b a r r i e r e de surface; 
la m e s u r e des energ ies des deux fragments et de la difference de temps de 
vol a p e r m i s de se lec t ionner a i sement l e s evenements de fission. 

Comme dans le cas de la fission induite par par t icu les alpha de 167 MeV, 
la f issi l i te decrot t exponentiel lement avec le rappor t Z 2 /A du noyau fission-
nant jusqu1 a une valeur de Z 2 /A voisine de 19 (molybdene), et augmente 
ensuite ä nouveau. Les auteurs ont calcule devolution de la f issi l i te en tenant 
compte de la competition evaporat ion-f ission de long des chames de desexc i -
tat ion. l i s ont inclus l'effet du moment angulaire et p r i s les va leu r s des 
b a r r i d r e s de fission calculees par Myers et Swiatecki ä p a r t i r du modele de 
la goutte l iquide. Се calcul donne bien la position observee pour le minimum 
de f iss i l i te ; le maximum de la b a r r i e r e semble done bien au voisinage du 
molybdene, ma i s la valeur absolue e x p e r i m e n t a l es t beaucoup plus grande, 
auss i les b a r r i e r e s peuvent-e l les &tre moins e levees que prevu. Les energ ies 
cinetiques to ta les mesur 'ees sont un peu supe r i eu res aux previs ions de Nix 
ut i l isant le modele de la goutte l iquide. La forme des dis t r ibut ions de m a s s e 
indique que la valeur de xBG (point de Businaro-Gallone) es t t r e s infer ieure 
a 0 ,4 . 

'':D&tache du Laboratoire de physique corpusculaire de Clermont, France. 
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English t rans la t ion of the preceding Abst rac t (IAEA-SM-174/44) 

FISSION INDUCED BY 126-MeV IONS OF 14N IN ELEMENTS OF MEDIUM MASS. 

F iss ion c r o s s - s e c t i o n s were measu red in t a rge t s of Ni, Se, Mo, Ag, Ho 
and Au bombarded by 126-MeV ions of 14N. The s t rong angular momentum 
supplied by the project i le implies much g rea t e r fission probabil i t ies than a re 
obtainable when the same nuclei a r e bombarded with 1 6 7 - M e V a - p a r t i c l e s — 
as was done by Lecerf, Pate and Pe te r , using cal ibrated t r a c e - d e t e c t o r s . 

Surface b a r r i e r de tec tors were used; measu r ing the energies of the two 
fragments and the difference in t ime-of-fl ight made it possible to se lec t the 
fission events without difficulty. 

As in the case of fission induced by 167-Me V or-par t ic les , fissili ty dec rea 
ses exponentially with the ra t io Z2 /A of the fissioning nucleus until Z 2 /A s l 9 
(molybdenum), and then inc reases again. The var ia t ion in fissility was de te r 
mined, taking into account evaporat ion-fission competition along the deexci ta-
tion chains. The effect of angular momentum was included and the fission 
b a r r i e r values calculated by Myers and Swiatecki from the liquid drop model 
were used. This calculation gives the position observed for minimum f iss i 
lity and the b a r r i e r maximum therefore does appear to be in the neighbour
hood of molybdenum, but the exper imenta l absolute value i s much g rea t e r . 
The b a r r i e r s may thus be lower than has been imagined. The total kinetic 
energ ies measu red a re somewhat higher than the predict ions of Nix based 
on the liquid drop model . The shape of the m a s s dis tr ibut ions indicates that 
the value of XBG (Businaro-Gallone point) is much lower than 0 .4 . 

ETUDE DES RESONANCES DE FISSION SOUS LE SEUIL DE LA REACTION 239Pu (d.pf)-
VARIATION DE LA PROBABILITE DE FISSION AVEC LE RAPPORT DES MASSES (/_ 
(IAEA-SM-174/45). I 
J. Lachkar, Y. Patin, J. Sigaud, 
CEA, Centre d'etudes de Bruyeres-le-Chatel, 
Montrouge, France 

La react ion 2 3 9Pu (d,pf) a ete etudiee ä l ' ene rg ie de deuterons de 12, 5 MeV 
Ceux-ci sont acce l e re s par le Van de Graaff Tandem du Centre d 'etudes de 
Bruye re s - l e -Chä t e l . Les protons de la react ion sont detec tes a 90° par r a p 
port au faisceau incident et l es fragments de fission par deux pa i r e s de diodes 
ä b a r r i e r e de surface d isposees respect ivement dans la direct ion de recu l 
du noyau et dans la direct ion perpendicula i re . Les informations de l ivrees 
par ces de tec teurs permet tent de de t e rmine r les m a s s e s des fragments de 
fission et l eu r s energ ies cinet iques. Un total de 325 000 fevfenements de fission 
en coincidence avec les protons a ete enregistrfe. 

Les auteurs ont analysfe, pour differents groupes de m a s s e s des f rag
ments et pour chaque pa i re de de tec teurs , les spec t r e s d1 amplitude des 
signaux protons et fission en coincidence; i ls en ont deduit, pour une fenergie 
d" excitation donnfee, la distr ibution en m a s s e des f ragments et le rappor t 
de leur probabili ty d1 ami s s ion к 0° et 90°. 

II apparat t que l e s s t ruc tu re s resonnantes sous le seui l de fission p r e -
sentent des var ia t ions significatives de l eu r s in tens i tes re la t ives et de l eu r s 
anisotropies avec le rappor t des m a s s e s des f ragments . Ces var ia t ions 
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portent sur la valeur du rappor t p ic-val lee dans la distr ibution des m a s s e s 
des f ragments , les va leu r s moyennes des m a s s e s l ege res et lourdes res tan t 
par a i l leurs cons tantes . 

Ces r e su l t a t s peuvent e t re i n t e rp re t e s en admettant que l ' energ ie poten
tielle du noyau fissionnant en fonction de la deformation depend de l ' e ta t du 
noyau et de la voie de sor t i e cons ideree . 

English t rans la t ion of the preceding Abs t rac t (IAEA-SM-174/45) 

A STUDY OF FISSION RESONANCES BELOW THE THRESHOLD OF THE гз9Ри (d.pf) 
REACTION: VARIATION OF FISSION PROBABILITY WITH MASS RATIO. 

The 2 3 9Pu (d,pf) reac t ion was studied at a deuteron energy of 12. 5 MeV. 
The deuterons were acce lera ted by the Van de Graaff Tandem at the Centre 
d' etudes de Bruyeres- le -Ch&tel . The protons from the react ion were detected 
at 90° to the incident beam and the fission fragments by two pa i r s of surface 
b a r r i e r diodes a r ranged , respect ive ly , in the direct ion of reco i l of the nucleus 
and in the perpendicular d i rec t ion. The information provided by these de tec 
t o r s makes it possible to de termine the m a s s e s and kinetic energies of the 
fission f ragments . A total of 325 000 fission events was r eco rded in coinci
dence with pro tons . 

F o r different f ragments m a s s groups and for each pair of de tec tors the 
amplitude spec t ra of the proton and fission coincidence signals were analysed; 
from this ana lys is the m a s s dis tr ibut ion of the fragments and the ra t io of the i r 
emiss ion probabi l i t ies at 0° and 90° for a given excitation energy were der ived. 

The resonant s t r u c t u r e s below the fission threshold were found to vary 
considerably in intensity and anisotropy depending on the m a s s of the f rag
m e n t s . These var ia t ions were observed i n t h e p e a k - t o - v a l l e y r a t i o i n t h e f r a g 
ment m a s s distr ibut ion; the mean values of the light and heavy m a s s e s r e m a i 
ned constant . 

These r e su l t s can be in te rpre ted by the assumption that the potential 
energy of the fissioning nucleus , as a function of the deformation, depends on 
the s ta te of the nucleus and on the exit channel. 
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FISSION BARRIERS FOR Pa AND Np ISOTOPES (IAEA-SM-174/46) 
В. В. Back, Ole Hansen, 
Los Alamos Scientific Laboratory, 
Los Alamos, N. Мех., USA 

H.C. Britt, 
Los Alamos Scientific Laboratory, and 
Nuclear Structure Research Laboratory, 
University of Rochester, USA 

J. D. Garrett, 
Los Alamos Scientific Laboratory, and 
Brookhaven National Laboratory, 
Upton, N. Y..USA 

B. Leroux, 
Los Alamos Scientific Laboratory, USA, and 
Centre d'etudes nucleaires de Bordeaux-Gradignan, 
Universite de Bordeaux, France 

The variat ion of the fission probability with the excitation energy has 
been measu red for the isotopes 231 ' 232^ 2 3 3Pa and 234> 235> 236. 237. 23g. 2 3 9 Np, 
using (d ,p) , ( t ,p) and (3He,d) reac t ions on the available Th, U and Np t a r g e t s . 
No resonance s t ruc tu re has been observed in these fission probabi l i t ies , excep 
in the case of 2 3 2Pa. The fission probabil i t ies a re analysed with a s ta t i s t i ca l 
model which a s sumes complete damping of the resonance s t ruc tu re in the 
second well , and takes into account the competition between the different exit 
channels . The fission, neutron and gamma decay widths a re calculated using 
continuous level densi t ies obtained from single par t ic le spec t ra calculated at 
the f i rs t minimum and two maxima of the fission b a r r i e r ( rotat ional bands 
built on single par t ic le d i sc re te levels a re added at low energy when odd-A 
nuclei a re concerned, to get a more rea l i s t i c level density) . This analysis 
provides es t imates of the height and curvature of the two b a r r i e r s ; the diffe
ren t se t s of p a r a m e t e r s which are able to fit the exper imenta l data a r e d i s 
cussed and compared with the theore t ica l predic t ions . 

MISE EN EVIDENCE DE LA CORRELATION ENTRE L' EMISSION D* UNE PARTICULE ;/. 
LEGERE ET DE DEUX FRAGMENTS LOURDS DANS LES INTERACTIONS DE PROTONS 
D' ENERGIE SUPERIEURE A 0, 6 GeV ET DES NOYAUX U ET Pb (IAEA-SM-174/48). 
G. Remy, M. Debeauvais, 
CNRS, Centre de recherches nucleaires de Strasbourg-Cronenbourg, France 

La fission des noyaux U et Pb induite par des protons de haute energie 
es t etudiee ä l 'a ide d'un detecteur visuel ä seui l qui pe rme t d ' obse rve r l es 
t r a jec to i res des fragments de m a s s e super ieure a environ 2 5 uma. 

L 'analyse porte su r t ro i s types d 'evenements : a) evenements binaires 
sans moment t r a n s v e r s e , b) evenements binaires avec moment t r a n s v e r s e , 
c) evenements t e r n a i r e s . 
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Les d i s in tegra t ions t e r n a i r e s met tent en jeu preferent ie l lement deux 
f ragments lourds et un fragment l eger . L 'analyse des evenements du type b) 
mon t re que le moment t r a n s v e r s e m i s en evidence ne resu l t e ni d'un t r ans fe r t 
par interact ion d i r ec t e , ni d'un p r o c e s s u s d 'evaporat ion, ma i s de r e m i s s i o n 
d'une t ro i s i eme par t i cu le , l ege re , non enreg is t rab le dans le de tec teur , co r -
r e l ee direct ionnel lement avec les t r a j ec to i r e s des deux fragments l e s plus 
lourds . 

Les sect ions efficaces du type a) decro issen t ä par t i r de 0, 6 GeV de 
man ie r e analogue aux fonctions d 'excitat ion des f ragments excedenta i res 
en neutrons de te rminees en rad iochimie . 

Par con t re , les sect ions efficaces des evenements des types b) et с) , 
c a r a c t e r i s e e s pa r un seui l p r e s de 0, 6 GeV, c ro i s sen t fortement jusqu' ä 
une energie compr i se ent re 3 et 11 GeV, comme les rendements en frag
ments l e g e r s , d 'une pa r t , et lourds deficients , d ' au t re pa r t . 

Ces r e su l t a t s montrent la coexistence de deux c l a s s e s de reac t ions a 
haute energie pa rmi les desintdgrat ions des noyaux f iss i les en p lus ieurs 
f ragments : 1° la rupture en deux f ragments , analogue ä la fission induite 
aux energ ies bas se s et i n t e r m e d i a i r e s , dont la probabil i te decroi t ä p a r t i r 
de quelques centaines de MeV; 2° la rup ture en 3 (ou plus de 3 fragments even-
tuel lement) dont la frequence crott ä pa r t i r de 0, 6 GeV et qui, con t ra i rement 
au cas 1°, es t favor isfeepar l es dfepöts e leves d 'energ ie d 'excitat ion. 

English t rans la t ion of the preceding Abst rac t (IAEA-SM-174/48) 

CORRELATION BETWEEN THE EMISSION OF A LIGHT PARTICLE AND TWO HEAVY 
FRAGMENTS IN INTERACTIONS BETWEEN PROTONS WITH ENERGIES ABOVE 
0.6 GeV AND U AND Pb NUCLEI. 

F i ss ion of U and Pb nuclei induced by high-energy protons i s studied by 
means of a visual threshold detector with which it i s possible to observe the 
t r a j ec to r i e s of f ragments of m a s s g r ea t e r than 25 amu. 

Three types of event a r e analysed: (a) binary events without t r a n s v e r s e 
momentum; (b) binary events with t r a n s v e r s e momentum; (c) t e rna ry events . 

Te rna ry dis integrat ions usually involve two heavy fragments and one 
light fragment. An examination of type (b) shows that the t r a n s v e r s e momen
tum observed r e s u l t s nei ther from t r ans fe r by di rec t in teract ion nor from 
an evaporat ion p r o c e s s but from the emiss ion of a th i rd (light) pa r t i c le which 
is not r eco rded by the detector and which i s cor re la ted directionally with the 
t r a j ec to r i e s of the two heavier f ragments . 

The c r o s s - s e c t i o n s for type (a) events dec rease above 0. 6 GeV in a 
manner s im i l a r to the excitation functions for fragments with excess neutrons 
as determined in r ad iochemis t ry . 

The c r o s s - s e c t i o n s for types (b) and (c) on the other hand — with a 
th reshold near 0. 6 GeV — inc rea se steeply up to an energy between 3 and 11 GeV, 
as yie lds of light f ragments and of heavy neutron-deficient f ragments . 

The r e su l t s indicate the co-exis tence of two c l a s s e s of high-energy r e a c 
tions among the dis integrat ions of nuclei which fission into s eve ra l f ragments : 
(1) Breaking into two f ragments , s imi l a r to the case of fission induced at 
low and in te rmedia te ene rg ie s , the probability of which d e c r e a s e s above a 
few hundred MeV; (2) Breaking into th ree (or more ) f ragments , which occurs 
with inc reas ing frequency above 0. 6 GeV and (unlike case (1) above) is favou
red by high exci tat ion-energy deposi ts . 
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ISOMER RATIOS IN ANTIMONY NUCLEI FORMED BY THE REACTIONS Bi(C,f), 
Au(Ne, f) AND Sn(c^pn) (IAEA-SM-174/49). 
A. K. A. R. Ahmed, J.E. Freeman, G.W.A. Newton, 
V.J. Robinson, I. S. Grant, M. Rathle, 
University of Manchester, 
United Kingdom 

I somer r a t io s of Sb isotopes have been studied to obtain information 
about the angular momentum distr ibutions of fission fragments produced in 
heavy-ion reac t ions . The average angular momentum of the fragments can
not be derived direct ly from their i somer ra t ios because the l a te r s tages of 
the decay a re dominated by specific p roper t i es of the low-lying s t a t e s . To 
overcome th is difficulty the same Sb nuclei were made by (a,pn) r eac t ions , 
where the angular momentum distr ibution before gamma emiss ion can be 
derived from s ta t i s t ica l calculat ions. 

In the case of 126Sb the 0. 667-MeV gamma in the daughter nucleus 126Te 
is fed by ß-decay from both the ground state and the i s o m e r . One can make 
a d i rec t comparison of the relat ive yields of th is gamma ray from {a, pn) and 
fission reac t ions , and there i s no need for a detailed knowledge of decay 
schemes and counter efficiencies. 

The average angular momentum of Sb nuclei , produced by (ctipn) r eac t ions , 
va r i e s from 8 Ъ to 15"fi and the i somer ra t ios cover the range observed in 
proton induced fission. However, for heavy-ion reac t ions , the high-spin to 
low-spin i s o m e r ra t ios a re much l a r g e r , with neon giving higher values than 
carbon. This shows a c lear relat ion between the fragment spin and the total 
angular momentum of the compound nucleus . The r e su l t s a re d iscussed in 
t e r m s of the saddle point configuration as calculated by Nix. 

MASS DISTRIBUTION OF NEUTRON INDUCED FISSION FOR 239Pu AT THE 0.297-eV 
RESONANCE (IAEA-SM-174/51). 
P.H. M. van Assche, 
SCK/CEN, Mol 
G. Vandenput, L. Jacobs, J.M. van den Cruyce, R. Silverans, 
University of Louvain, Belgium 

The m a s s distr ibution of fission products for neutron induced fission 
of 239Pu has been studied in an epi-Sm spec t rum, with m o r e than 90% of the 
fissions being due to the 0.297-eV resonance . The exper imenta l method 
consis ts of a detailed compar ison of gamma spec t ra from 239pu t a r g e t s , i r r a 
diated in the rma l and in epi-Sm spec t ra . F iss ion product identification is 
made without chemical separa t ion; only gamma energ ies and l i fe t imes a re 
used for this purpose . 

Significant var ia t ions of the m a s s distr ibution for epi-Sm induced fission 
a r e observed in the m a s s regions A < 89 and 105 < A < 129 for m o r e than seven 
m a s s number s . The dec rease in symmet r i c fission, as observed previously, 

P 
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i s confirmed, e. g. a dec rease of (35 ±4)% for the A = 115 fission yield. In 
addition to th i s , evidence for a narrowing of the m a s s distr ibution is also 
found. This could be re la ted to the i nc r ea se of (0. 73 ±0. 04) MeV in the total 
kinetic energy of the fission products of the epi-Sm fission of 239Pu, as com
pared to t he rma l neutron fission, observed by J. Toraskan and E. Melkonian 
(Phys . Rev. C4 (1971) 267). 

ON THE POSSIBILITY OF INCREASING NUCLEAR REACTION RATES 
(IAEA-SM-174/52). 
A. Kallio, M. Kanas, K.E. Lassila, 
Oulun Yliopisto, 
Oulu, Finland 

Several energy-producing reac t ions having positive Q values a re con
s idered which a re init iated by 3He (and 3H) projec t i les incident on var ious 
t a rge t s to produce one to three alpha pa r t i c l e s in the final s t a t e . The t h r e e -
alpha s t a tes typically proceed through a 8Be +a in te rmedia te s ta te from which 
^ e f issions into two alphas, e. g. 

3He + 10B ->• p + Za or 3He + 9Be -> a 

In view of th i s , a procedure is suggested and detailed investigations made 
which lead to the predict ion that considerable enhancement of the nuclear 
ma t r ix e lement due to the Bose na ture of 4He par t i c les will r e su l t . The r e l a 
tion of this inc reased react ion r a t e to possible energy production is d i scussed . 

INVESTIGATION OF THE у-DECAY OF SUBTHRESHOLD FISSION RESONANCES i / 
OF 242Pu TO A FISSION ISOMERIC STATE (IAEA-SM-174/54). / 
J .С. Browne, 
Lawrence Livermore Laboratory, 
University of California, 
Livermore, Calif. 

C D . Bowman, 
National Bureau of Standards, 
Washington, D . C . , 
United States of America 

A pure c l a s s - I I s ta te can be defined in t e r m s of a double-humped fission 
b a r r i e r as a s tate in the second well which has two modes of decay: fission 
through the outer b a r r i e r (Гт) and y -decay ( C u ) to the ground s ta te in the 
second well (fission i s o m e r ) . The purpose of this exper iment was to m e a s u r e 
the branching ra t io (Сц/Гщ) for an a lmos t -pure c lass - I I s tate in the 2 4 2 Pu+n 
sys t em, thereby establ ishing for the f irs t t ime a d i rec t connection between 
fission in te rmedia te s t ruc tu re and shape i s o m e r i s m . Analysis of the available 
data on ^ u has shown that the coupling between levels in the two wells i s 
very weak. One resonance in each subthreshold fission group has the c h a r a c 
t e r i s t i c s of a near ly pure c lass - I I s ta te . F o r the m e a s u r e m e n t , a 10-g sample 

.0 
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of 242Pu was bombarded by neutrons from the L ive rmore 100-MeV LINAC. 
Both the energy of a neutron inducing an event and the t ime re la t ionship bet
ween gamma rays detected in a pai r of C6D6 sc in t i l la tors were s tored in a 
two-dimensional ma t r ix consisting of 7. 7 x lO 5 channels . If a resonance in 
the 2 4 2 Pu+n s y s t e m h a s a g a m m a - d e c a y b r a n c h t o t h e f i s s i o n i s o m e r , the t ime reis 
tionship between gamma r a y s detected in the two sc in t i l l a to rs will exhibit the 
33-ns half-life of the 243Pu i s o m e r . Analysis of subthreshold fission groups 
at neutron energies of 763 eV and 1839 eV showed no evidence of a gamma-
decay branch to the 33-ns fission i s o m e r . F r o m the l imit on the branching 
ra t io (ГуП /Гц-[ ) obtained from these data, an upper l imit of Цп < 1 meV was 
derived. Since theore t ica l calculations predic t Гу11 з- 8-10 MeV for 2 4 3Pu, it 
can be seen that this exper iment had a sensit ivity which is a factor of ten 
lower than should have been necessa ry to observe the gamma decay to the 
fission i s o m e r . F r o m the present r e su l t s and from previous m e a s u r e m e n t s 
on 2 4 3Pu, it was concluded that there may exist an additional longer- l ived 
i s o m e r in 243Pu (~160jus) s imi la r to the other odd-Pu i so topes . In this case 
the 33-ns i s o m e r may be a two-quasipar t ic le s tate or may be associated 
with a different deformation shape which cannot be reached with low-energy 
neut rons . 

PROMPT GAMMA RAYS EMITTED IN THE THERMAL-NEUTRON-INDUCED FISSION 
OF 233U, 235U, AND 239Pu AND THE SPONTANEOUS FISSION OF 252Cf 
(IAEA -SM -174/55). \Г 
Frances Pleasonton, Robert L. Ferguson, H.W. Schmitt, / 
Oak Ridge National Laboratory, / 
Oak Ridge, Tenn. , 
United States of America 

A s e r i e s of four exper iments , corresponding to four different fission 
reac t ions , were performed to de te rmine the average energy Ey and average 
number NL of gamma r a y s emitted within ~ 5 nsec after fission as functions 
of two va r i ab l e s , fragment m a s s m and fragment total kinetic anergy E K . 
The exper imenta l apparatus and instrumentat ion were identical for al l four 
exper iments , and conditions were maintained to be as near ly identical as 
poss ib le . Energ ies of coincident fragment pa i r s were measu red with heavy-
ion surface b a r r i e r de tec tors (ORTEC), and g a m m a - r a y energ ies were 
measu red with a l a rge Nal(Tl) detector which was located 89 cm from the 
t a rge t and positioned coaxially with the fragment de tec to r s . The t ime differ
ence between a f iss ion-fragment and a gamma- ray pulse was also measured , 
to allow t ime-of-f l ight d iscr iminat ion against f ission neu t rons . The c o r r e 
lated 4 - p a r a m e t e r data were recorded and analysed event-by-event . 

The g a m m a - r a y data were analysed with a "weighting method" proposed 
by Maier-Leibni tz to deduce average numbers and energies of gamma rays 
from measu red pulse heights . The Doppler shift in the labora tory angular 
dis t r ibut ion of gamma emiss ion was ut i l ized to obtain the number and energy 
of gamma r a y s as functions of s ingle-f ragment m a s s . _ 

For_all four nuclei , the r e su l t s for both average number N and average 
energy Ey exhibit a saw-tooth behaviour as functions of fragment m a s s . 
F u r t h e r , the Ey (m) r e su l t s for all four cases a re near ly congruent, as a r e 
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the Nj,(m) r e s u l t s , for fragment m a s s e s l e s s than -^105 amu and heavier than 
~ 1 3 5 amu. T h e r e is a s t rong s imi la r i ty of both the E.,(m) and Ny(m) functions 
to the functions descr ib ing neutron emiss ion , v(m), in these same fission 
r eac t ions . The average photon energy "? = E^/N^has also been obtained as a 
function of m; e(m) i n c r e a s e s in m a s s regions near c losed^shel l nuclei . 
The average total g a m m a - r a y energy (for both fragments) E T (m) and average 
total number NyT(m) vary l e s s than 30% for each case ; a marked min imum 
occu r s in N r T(m) in the region of the double magic fragment m a s s 132. Taken 
as functions of total fragment kinetic energy E , both E and N ~ dec rea se 
as E K i n c r ea se s . Trends in all of these r e su l t s may be qualitatively under 
stood in t e r m s of fragment nuclear s t r u c t u r e s . 

A MEASUREMENT OF PROMPT FISSION NEUTRONS FROM 235U USING A NEW » , 
TECHNIQUE (IAEA-SM-174/61). / 
R.E. Howe, T.W. Phillips, ' 
Lawrence Livermore Laboratory, 
University of California, 
Livermore, Calif. 

C. D. Bowman, 
National Bureau of Standards, 
Washington, D . C . , 
United States of America 

Recent discussion of the dependence of fission neutron mult ipl ici ty, F, 
on the spin of the fissioning nuclear resonance indicates that no agreement 
on the exis tence of a corre la t ion with spin or a mechanism for such a c o r r e 
lation has been reached. A new technique for measu r ing V was developed 
to provide further exper imenta l information about the fission p roces s and i ts 
spin dependence. Using neutrons from the L ive rmore 100-MeV LINAC, a 
m e a s u r e m e n t of "v for neutron induced fission of 2 3 5 u was per formed. The 
sample consisted of 100 mg of 2 3 5 u in a mult iplate ionization chamber which 
se rved as the fission detector . F a s t , spectra l ly independent detection of 
the prompt fission neutrons was achieved by si tuating the sample within a 
2. 9-cm-th ick spher ica l shel l of 235U which was in turn surrounded by two 
concentr ic shel ls of 6L.i and Pb , respec t ive ly . The full width at half max i 
mum of the t ime dis tr ibut ion of neutrons from this sys tem i s approximately 
50 n s e c . Prompt fission neutrons emitted by the sample in terac t with the 

U- L i - P b sys t em, causing multiple f issions in the uranium shel l . Even
tual ly neut rons from these subsequent f issions a re detected in a pa i r of liquid ben
zene sc in t i l l a tors which use pulse shape discr iminat ion to sepa ra t e neutrons 
and g a m m a - r a y s . In th i s way, the near ly flat neutron fission c r o s s - sect ion of 
235-ц- o v e r -the energy range of the fission neutron spectrum provides a decoupling 
of the prompt fission neutron spectrum originating from the sample and the 
energy-dependent efficiency of neutron-detecting scintillators. Measurements 
were performed with incident neutrons between 0. 5 and 100 eV. The data 
for ~v were obtained with an accuracy of 0. 2% for strong resonances. No 
apparent spin dependence larger than 0.2% was found, although some evidence 
is presented for a nonstatistical spread of' resonance lvalues. A comparison 
of these data with previous v measurements is also included. 
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AN EVALUATION OF CALIBRATION PROCEDURES FOR THE RESPONSE OF SURFACE 
BARRIER DETECTORS TO FISSION FRAGMENTS AND HEAVY IONS ,2f / 

(IAEA-SM-174/64). Г 
S.B. Kaufman, E.P. Steinberg, B. D. Wilkins, J. P. Unik, A.J. Gorski, M.J. Fluss, 
Argonne National Laboratory, 
Argonne, 111., 
United States of America 

Surface b a r r i e r de tec tors have been extensively used for the detection 
and energy measu remen t of fission fragments and other heavy ions . The 
cal ibrat ion of such de tec tors i s complicated by the p resence of the pu lse -
height defect (PHD), which makes the response of the detector dependent on 
the m a s s , atomic number and energy of the ion. Based on the r e s u l t s of 
m e a s u r e m e n t s of the PHD of heavy ions with de tec tors of different r e s i s t i v i 
t i e s , a new calibrat ion technique for such de tec tors i s proposed. Unlike the 
widely used technique proposed by Schmitt and co -worke r s , which a s s u m e s 
the PHD to be l inear in both m a s s and energy, the p resen t procedure r e p r o 
duces the observed non- l inear i t i es . It is based on separa t ing the energy of 
the ion into two t e r m s , one of which is s t r ic t ly proport ional to the pulse 
height and i s , in fact, the energy which a light ion, such as an alpha pa r t i c l e , 
of that pulse height would have. The second t e r m i s the energy defect of the 
ion, and i s a function of ion energy, m a s s and atomic number . 

An a s s e s s m e n t of the p resen t s ta tus of the use of surface b a r r i e r de tec 
t o r s in fission studies and the applicability and l imitat ions of cal ibrat ion tech
niques is p resented . Applications to the analysis of data from var ious exper i 
ments a re presented . Included are double-energy m e a s u r e m e n t s of the fissior. 
ing sy s t ems 235U +n and 252Cf (sf) , energy and t ime-of-f l ight m e a s u r e m e n t s 
of the m a s s e s of fragments from the high-energy (11 GeV) proton induced 
fission of 2S8U, and energy and t ime-of-fl ight m a s s m e a s u r e m e n t s for energy-
degraded fission f ragments . 

A SEMI-EMPIRICAL INTERPRETATION OF NUCLEAR FISSION BASED ON DEFORMED/ 
SHELL EFFECTS (IAEA-SM-174/78). \&-
B.D. Wilkins, E.P. Steinberg, R. R. Chasman, 
Argonne National Laboratory, 
Argonne, 111., 
United States of America 

Using a s imple s ta t ic model of a fissioning sys tem, a s t rong corre la t ion 
was found between the potential energy and the fission yield of a given m a s s 
spl i t . This model t r e a t s the fissioning sys tem as two near ly tangent spheroid; 
The fragment shel l cor rec t ions a re obtained from the Strutinsky presc r ip t ion 
with single par t ic le levels calculated using a momentum-dependent Woods-
Saxon potential . ß^m and jS^ln denote the quadrupole deformations of the 
heavy and light fragments calculated to give an absolute minimum in the total 
potential energy. This absolute minimum is associa ted with a unique m a s s 
spl i t . The total potential energy for all other m a s s spl i ts is then calculated 
using these same deformations ß!fin and ßMin . Nucleons a r e p resumed 
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free to exchange between the two nascent f ragments until the sys tem has 
extended and "necked- in" sufficiently to prevent further nucleon t r ans fe r . 
At this point the shel l s t ruc tu re in the nascent f ragments (at ß^ l n and ß ^ i n ) 
i s sufficiently s t rong so as to be the controll ing factor in the m a s s de te rmina
tion. Fo r fissioning sys t ems such as U, Pu, and Cf, the deepest minimum 
in the potential energy v e r s u s deformation surface occurs for an a symmet r i c 
m a s s spl i t , whereas in the m a s s regions around Ra and F m competit ive 
minima appear at different ß and ß which favour symmet r i c m a s s spl i ts . 

Compar isons a re given with empi r i ca l m a s s and charge dis t r ibut ions for 
all the fissioning sys t ems studied (Po to F m ) . Total kinetic energy d i s t r i 
butions a r e also obtained in this model from calculat ions s imi l a r to those 
previously published by o the r s . 

A SHELF IN THE "SUBTHRESHOLD" PHOTOFISSION CROSS-SECTION 
(IAEA-SM-174/80). ^J 
C D . Bowman, I. G. Schroder, C.E. Dick, / 
National Bureau of Standards, 
Washington, D . C . , 
United States of America 

In this paper attention i s drawn to the existence of a shelf in the " sub
threshold" photofission c ro s s - s ec t i on and to i t s implicat ions for study of the 
p rope r t i e s of the double-humped fission b a r r i e r . F r o m considerat ion of 
competit ion between fission and gamma decay in the second minimum, it i s 
shown that at low excitation energies i s o m e r i c fission becomes m o r e p r o 
bable than prompt fission. This occurs because , as the excitation energy 
in the second minimum d e c r e a s e s , the penetrabil i ty of the outer b a r r i e r 
d e c r e a s e s much m o r e rapidly than the probability for gamma decay. When 
the gamma decay becomes predominant , which occurs at about 4 MeV, the 
nucleus near ly always decays to the i s o m e r i c s ta te where it r e s t s until it 
decays by fission no ma t t e r how long it has to wait (neglecting tunnelling to 
the ground s ta te deformation). In effect, when gamma decay predomina tes , 
the fission c r o s s - s e c t i o n depends p r imar i l y on the inner b a r r i e r and is inde
pendent of the outer b a r r i e r t r an smi s s ion . Thus when Ffn » Гу11 , both 
b a r r i e r s a r e penetra ted whereas when ГЛЦ » rRl , the net effect i s as if only 
the inner b a r r i e r i s penet ra ted . Other things being equal, the c ro s s - s ec t i on 
falls off only half as fast in the la t te r case as it does in the former — hence 
the appearance of a shelf in the c r o s s - s e c t i o n . 

The c r o s s - s e c t i o n on the shelf can be seve ra l o r d e r s of magnitude l a r g e r 
than otherwise expected. The position in energy of the shelf, i t s width, as 
well as slope and the slope above and below the shelf all provide information 
on the deep-wel l p rope r t i e s of both inner and outer fission b a r r i e r s . F o r 
isotopes of U and Pu where the two b a r r i e r s a re thought to be of about equal 
height, the prompt and delayed fission a re equal at about 10"8 to 10"7 b where 
the energy E y = 4 MeV. With the NBS 4-MeV electron Van de Graaff acce l e r a 
tor operat ing at a cu r r en t of 1 mA, it i s believed that exper iments can be 
done with a sensit ivity bet ter than 10"12 b. Already a fission c ro s s - s ec t i on 
of 10"9 b in 238U at 3. 8 MeV has been measu red . It i s intended to map out 
the shelf for this and a number of other nuclei to compile information on 
d e e p - b a r r i e r p a r a m e t e r s as a bas is for extending the theory of fission. 
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CUMULATIVE FISSION YIELDS OF KRYPTON AND XENON ISOTOPES PRODUCED BY 
IRRADIATION OF URANIUM AND PLUTONIUM ISOTOPES WITH THERMAL-FISSION -
SPECTRUM AND 15-MeV NEUTRONS (IAEA-SM-174/82). \, 
J.H. Kaye, N.E. Ballou, / 
Battelle Pacific Northwest Laboratories, 
Richland, Wash., 
United States of America 

Variat ions of cumulative fission yields with energy of f ission-inducing 
neutrons have been determined for nuclides in the regions of the neutron 
closed shel ls of N = 50 and N = 82. The cumulative yields of 8 5 mKr, 8 7 Kr, 
8 8Kr, 8 9Kr, 137Xe and 138Xe were measu red for the cases of fission of 239Pu 
with t h e r m a l neut rons , and for fission of 235U, 238U and 2 3 9Pu with fission-
spec t rum and 15-MeV neut rons . The r a r e gas act ivi t ies resul t ing from i r r a 
diation of s t ea ra t e samples of each nuclide were coüected in a lucite counting 
cel l , and the gamma radiat ion from each sample was measu red with a Ge(Li) 
diode coupled to a PDP 8-E compute r / ana lyse r . The re la t ive production 
r a t e of each nuclide with r e spec t to that of a re fe rence nuclide, e i ther 88Kr 
or 1 3 8Xe, was determined. The cumulative yield values were then obtained 
by compar ison of re la t ive production r a t e s in a given fission sys tem with 
s im i l a r m e a s u r e m e n t s for t he rma l neutron i r rad ia t ion of 235y and by es t ima
tion of the cumulative yields of the re ference nucl ides . 

INDEPENDENT FISSION YIELDS OF ISOTOPES OF Br, Rb, I, AND Cs BY ON-LINE 
MASS SPECTROMETRY (IAEA-SM-174/83). 
P. L. Reeder, R. A. Anderl, N.E. Ballou, J.J. Stoffels, ) 
Battelle Pacific Northwest Laboratories, j 
Richland, Wash., 
United States of America 

Independent fission yields for 84-91Вг^ 88-97Rbj 13з-1401л a n d i37-i45cs in 
the rma l neutron fission of 23SU have been determined by on-line m a s s spec t ro 
me t ry . Uncertaint ies on the relat ive independent y ie lds a r e 1-5%. 

Measurements were made on a m a s s spec t rome te r which i s set up on-line 
to a 235U t a r g e t / i o n - s o u r c e located deep in the t he rma l column of a 1-MW 
TRIGA r e a c t o r . The ta rge t consis ts of UC m i c r o s p h e r e s mixed with graphite 
powder and i s located within а Та oven heated to over 1500°C. F i ss ion p r o 
ducts reco i l out of the UC, diffuse out of the graphi te , and a re ionized on the 
hot oven sur face . Posit ive ions of Rb and Cs o r negative ions of Br and I a re 
acce lera ted through a 3-xn-long evacuated tube to bring the ions to the m a s s 
spec t rome te r located outside the t h e r m a l column shield. The ions a re m a s s 
analysed by a 60° deflection magnet ic sec tor and a re detected by an e lectron 
mul t ip l ier operat ing in the pulse-counting mode. 

To obtain independent fission y ie lds , m a s s spec t ra of fission products 
a re recorded for shor t t ime in tervals (~1 sec) for both beam-on and beam- ' 
off conditions. Pulsed neutron fluxes at the 235U targe t a re obtained by means 
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of a Cd shut ter which sur rounds the t a r g e t / i o n - s o u r c e . Diffusion and r ad io 
active decay cor rec t ions to the re la t ive in tensi t ies of the m a s s peaks a r e 
obtained in s epa ra t e exper iments which m e a s u r e the diffusion t imes of the 
fission products . The re la t ive yields a r e normal ized to independent yields 
of the longer- l ived isotopes which have been measu red radiochemical ly . 

BRANCHING RATIOS FOR DELAYED FISSION (IAEA-SM-174/87). 
J. K. Archer, J.B. Natowitz, 
Texas A & M University, 
College Station, Texas, 
united States of America 

A reco i l coUection technique has been employed to de te rmine excitation 
functions for the production of a-emit t ing and delayed fission activi t ies 
( t 1 / 2 S2 sec) in the reac t ions 2 3 7Np+4He ( s i l o MeV), 2 3 7Np+3He (S100 MeV) 
and 2 3 0 Th+ 1 0 B (§100 MeV). Based on these m e a s u r e m e n t s and the sys t ema t i c s 
of nuclear r eac t ions in this m a s s region, branching ra t ios for delayed fission 
a re es t imated . 

ON THE CORRELATION BETWEEN THE MULTIPLICITY AND SPECTRUM OF PROMPT 
FISSION GAMMA RAYS (IAEA-SM-174/88). 
Т. Gozani, 
Intelcom Radiation Technology, 
San Diego, Calif., 
United States of America 

The exis tence and extent of the cor re la t ion between energy spec t r a and 
the number of p rompt neutrons (va) and gamma rays (vy) emitted from fission 
i s impor tan t to the understanding of some aspects of the fission p r o c e s s . 
This cor re la t ion may also appreciably influence the determinat ion of the 
detection efficiency of coincidence detectors , such as the fission multiplicity 
de tec tor (FMD), which a re being used in inc reas ing numbers in the nuclear 
indus t ry . 

In the case of prompt neutron emiss ion from the spontaneous fission of 
252Cf, the re i s a s t rong indication that no corre la t ion exis ts between the 
mult ipl ici ty of the emitted neutrons and their energy dis t r ibut ion. There 
have been no s imi la r m e a s u r e m e n t s on the gamma multiplicity and i t s c o r r e 
lation to the energy distr ibut ion; this work desc r ibes such a measuremen t . . 

The FMD cons is t s of four l a rge plas t ic sc in t i l la tors which de termine va r ious 
deg rees of the multiplici ty by measu r ing coincidences between any two de tec 
t o r s out of the four, any th ree de t ec to r s , and between all four de tec to r s . 
The detection efficiency of the FMD i s highly dependent on the vy. F o r example, 
for a change of vy from 3 to 8 the detection efficiency (for a cer ta in energy 
bias condition) for any th ree de tec tors in coincidence changes from about 
0. 003 to 0. 09. Thus the FMD with i t s four de tec tors scans all g a m m a - r a y 
mul t ip l ic i t ies . 

J6 

У 
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The exper imenta l setup contained a surface b a r r i e r fission detector in 
contact with a sma l l (0. 005 y%) 252Cf source placed at the centre of the FMD. 
This 2ir geometry ensures almost complete elimination of the effects of any 
angular cor re la t ion between fission fragments and the prompt gamma r a y s , 
which a re detected by the surrounding FMD. When events with the requi red 
multiplicity a re signalled, a l inear gate is opened which le t s a l inear signal 
from a la rge 5 in. x 5 in. Nal(Tl) be p roces sed in a mult ichannel ana lyser . The 
Nal(Tl) thus m e a s u r e s , within i ts resolut ion l i m i t s , the prompt fission gamma 
spec t ra of a l imited range of vy. This range i s a l tered by changing the coinci, 
dence r equ i r emen t s , say, from 1 out of 4, 2 out of 4 through 4 out of 4. In 
addition to these m e a s u r e m e n t s , which were made at low bias (~100 keV), a 
few m e a s u r e m e n t s were done at higher bias (~750 keV). In this case only 
high-energy gamma r a y s can fulfil the coincidence r equ i r emen t s . 

All spec t ra obtained with the Nal(Tl) were compared to the basic fission 
spec t r a , where only the fission detector gated the Nal(Tl). 

The resul t ing spec t ra were r a t h e r s imi l a r — roughly dec reas ing exponen 
tially with energy — thus indicating that the multiplicity of the prompt fission 
gamma r a y s i s , to a l a rge extent, uncor re la ted with the i r energy spec t r a . 
A c loser examination r evea l s that spec t ra taken with high energy bias on the 
FMD are slightly softer than the fission spec t rum. They show l e s s photons 
of energy higher than 1.2 MeV by about 10%, while the low-energy region 
is higher by a few per cent. Similar differences, but to a sma l l e r extent, can 
be observed in the low bias c a se s . 

PHOTON- AND NEUTRON-INDUCED FISSION ASSAY SYSTEMS (IAEA-SM-174/89). 
T. Gozani, 
Intelcom Radiation Technology, 
San Diego, Calif., 
United States of America 

Since the 1969 Symposium on Phys ics and Chemis t ry of Fiss ion in Vienna, 
nuclear m a t e r i a l active assay sy s t ems which a re based on photon (b r ems -
s t rahlung)- and neutron-induced fission have made big s t r i d e s . More than a 
s co re of sy s t ems have been installed around the world in nuclear fuel facilities 
as a pa r t of quality as well as production and p r o c e s s cont ro ls . The sy s t ems 
which a r e already operat ional , as well as those being made now, use mainly 
252Cf as a neutron source with intensi t ies of as high as 1010 to as low as 107 

n e u t r o n s / s e c . Other neutron sources such as PuLi , AmLi , and PuBe are alsc 
used . The observed fission s ignatures a r e in many cases the numerous 
prompt gamma rays and/or neutrons emitted within 2 0 - 100 nsec after the 
fission events . In other applications, the delayed gammas and somet imes 
the delayed neutrons a r e observed in the t ime r anges of tenths of a second 
to seve ra l minutes following the fission. 

The paper de sc r ibe s the pr inciples of the operat ional s y s t e m s , their 
succes se s and l imi ta t ions , future t rends and some possible re la ted a r ea s 
of fission physics r e s e a r c h . 
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INTEGRAL PHOTOFISSION EXPERIMENTS NEAR THRESHOLD OF 238U AND 232Th 
(IAEA-SM-174/90). 
T. Gozani, 
Intelcom Radiation Technology, 
San Diego, Calif., 
United States of America 

Low-energy photons a r e a very powerful tool for studying the fission 
p r o c e s s in genera l and channel theory in pa r t i cu la r , because of the smal l 
number of possible channels they can exci te . The only p rac t i ca l intense 
sou rces of low-energy photons (Ey s 6 MeV) a r e b remss t rah lung from low-
energy LINACS o r Micro t rons . With such devices , direct ly measu red quan
t i t ies a re in tegra l ones , namely, y ie lds . Prev ious m e a s u r e m e n t s concen
t ra ted on fission fragment angular distr ibution and on the fission yields (Yf) 
from which the photofission c r o s s - s e c t i o n can be der ived. The new r e su l t s 
repor ted he re concentrate on prompt (Yn) and delayed (Yd) neutron yields 
defined as the number of prompt and delayed neu t rons , respect ive ly , emitted 
pe r unit g a m m a - r a y dose . The fo rmer quantity divided by the fission yield, 
namely Yn/Yf , belowthe (y, n) th reshold energy, is closely re la ted to the number 
of prompt neutrons emit ted per photofission (i/n). Yd/Y f i s closely re la ted 
to the number of delayed neutrons per fission (vß). Yn, Yd and Yf were m e a 
sured simultaneously using the Rad Tech high cur ren t single section low-
energy LINAC. Yf was measu red using fission foils sandwiched between solid 
s tate t r ack de t ec to r s . Yn and Yd were m e a s u r e d using a thermal ized neutron 
de tec tor with a suppressed gamma sensi t ivi ty . 

T a r g e t s such as 232Th and 238U are very amenable to the study repor ted 
he re because of their re la t ively high (y,n) thresholds (6 .4 MeV and 6.1 MeV, 
respect ive ly) , allowing investigation of the photofission p r o c e s s with no 
competit ion from opening neutron channels . Some m e a s u r e m e n t s with 236U 
and 239Pu t a rge t s were made for compar i son . 

The m e a s u r e d delayed and prompt neutron yields as well as the previously 
m e a s u r e d fission yield in the subthreshold region of 232Th show clear ly the 
existence of s t ruc tu re in the photofission c ro s s - s ec t i on around 5. 7 - 5. 8 MeV. 
Measurements on the other i so topes , namely 235U, 238U, and 2 3 9Pu, made 
under exactly the same conditions, did not indicate such a s t ruc tu r e . 

The ra t io Yn/Y f (which i s re la ted to the vn and to a much l e s s e r extent to 
the i r energy spec t rum) was determined as a function of the b remss t rah lung 
end-point energy (Ee) from these exper iments . It did not show, as expected, 
significant dependence on E e around the threshold energy. It did show, how
ever , an unexpected i nc r ea se below the threshold energy for both 232Th and 

U. In the case of " ' T h the i nc r ea se i s r a the r d rama t i c . 
Significant i nc rease in the effective delayed neutron fraction in the sub

threshold regions was also observed. The paper p r e sen t s the techniques 
used and the complete r e su l t s obtained. 

/ 
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ANGULAR DISTRIBUTION OF FRAGMENTS FROM FISSION OF 238U WITH 150-MeV 
4He IONS (IAEA-SM-174/91). ^X 
N.K. Atas, G.E. Gordon, V.E. Viola, Jr., P 
University of Maryland, 
College Park, Md., 
United States of America 

238 
The angular dis tr ibut ions of f ragments from fission of U have been 

measu red with 150-MeV He ions. A ta rge t of 480-/ug/ciir " B U on thin nickel 
backing foil was bombarded for 8 h i n a sca t te r ing chamber with a 4He beam 
of about 200-nA intensity from the University of Maryland Cyclotron. F iss ion 
fragments were collected on 10-mg/cm 2 Mylar ca tchers of 1 ,6-cm r a d i u s . 
Catchers were placed at 18-cm distance from the ta rge t at 11°, 71°, 90° and 
169° labora tory angles. Gamma r a y s emitted by the fission products in each 
ca tcher foil were observed with a 65-cm3 Ge(Li) detector coupled with a 
4096-channel ana lyser . Spectra were taken at s eve ra l t imes after i r r a d i a 
tion and fission products were identified from their g a m m a - r a y ene rg ie s , 
re la t ive in tensi t ies and half - l ives . F r o m the a r e a s under photopeaks p r o 
duced by gamma r a y s from specific products , the angular distr ibutions of 
the following fission products were m e a s u r e d : 9 1Sr, 9 5 Zr , 9 7 Zr, 97Nb, 9 9 m Tc , 
^ R u , i ° 5 R h j

 l l l m P d , 112Ag, 113Ag, 115mIn, 117In, 1 2 7Te, 1 3 1 I , 1 3 2 I , 133Xe, 140La, 
141Ce, 1 4 4Ce. 

The angular dis tr ibut ions were t ransformed into the cen t r e -o f -mass 
sys tem under the assumption that only binary fission contr ibutes to the to ta l 
fission c ro s s - s ec t i on at this energy; hence, the angular dis t r ibut ions mus t 
be symmet r i c about the cen t r e -o f -mass angle of 90°. The r e su l t s of this ana
lys i s yield a value for the average momentum t rans fe r from the project i le 
to the s t ruck nucleus that is 0. 65 ±0. 08 the value expected for compound-
nucleus formation. The cen t r e -o f -mass anisotropies for symmet r i c and 
a symmet r i c fission fragments a re compared to distinguish any possible differ
ences in the fission mechanism responsible for the production of each type 
of m a s s distr ibution. 

RESONANCE AND THERMAL v MEASUREMENTS ON 239Pu (IAEA-SM-174/93). 
R.W. Hockenbury, R. L. Reed, R.C. Block, vy 
Rensselaer Polytechnic Institute, / 
Troy, N . Y . , 
United States of America 

The prompt fission neutron average multiplicity ~v of 239Pu has been 
measu red at the RPI LINAC from 0.01 to 100 eV using a fission chamber 
and a 0. 75-m-diameter Gd-loaded liquid scint i l la tor . Values of D have been 
determined for 22 resonances with s tandard deviations ranging from 0. 2 to 
0. 5%. The ~v values fluctuate significantly from resonance to resonance , 
and s ta t i s t i ca l t e s t s of the values indicate the i r distr ibution i s consis tent 
with two or m o r e populations. There is a tendency for higher " v a l u e s to 
be associa ted with resonances with spin J = 0* while a lmost all the lower 
values correspond to resonances of spin J = 1+. In the 0, 3 to 0. 01 eV range , 
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77 i n c r e a s e s with dec reas ing energy, with 77 for the 0. 3-eV resonance signifi
cantly lower than the value at 0. 0253 eV. F r o m 0. 10 to 0. 011 eV, v i n c r e a s e s 
with a slope of approximately 0. 6%. These new data follow the same t rend 
with resonance energy as the e a r l i e r r e s u l t s of Weinstein and co -worke r s if 
t he i r da t a in the 40 to 100 eV region a r e r e -no rma l i zed downwards slightly. 
Compar isons have also been made to recent m e a s u r e m e n t s at Oak Ridge and 
Saclay. In the resonance region, the r e su l t s of the work repor ted he re also 
show the same t rend with resonance energy as the r e su l t s repor ted by Oak 
Ridge, but the Oak Ridge " v a l u e s do not show the tendency to divide into 
groupings as do the RPI and Saclay data. On the o ther hand, the p resen t 
r e su l t s do not show the same t rend with energy as the Saclay r e s u l t s , and in 
par t i cu la r there i s a s t rong r e v e r s a l in the two se t s of data for the 17 values 
of the 4 1 . 4-eV and 44. 6-eV re sonances . 

NEUTRON MULTIPLICITY MEASUREMENTS ON233U AND 235U (IAEA-SM-174/94). 
R. L. Reed, R.W. Hockenbury, R.C. Block, / 
Rensselaer Polytechnic Institute, 
Troy, N.Y. , 
United States of America 

Measurements of prompt neutron emiss ion as a function of incident 
neutron energy for fission of 233Ü and 235U have been made using mult iplate 
fission chambers and a Gd-loaded liquid scint i l la tor tank. The neutron source 
was the RPI LINAC and incident neutron energ ies were de termined by the 
t ime-of-f l ight method. Values of V we re determined for 235U in the the rma l 
to 30-eV energy range and for 233U in the t h e r m a l to 100-eV energy range . 
z7 was measu red to be constant to 0 .1% in the t h e r m a l region from 
0.10 to 0.011 eV for both 235U and 2 3 3U. In the epi thermal energy region, 
re la t ive 77 values were determined for each resolvable resonance and the 
data were normal ized to the wel l -es tabl ished the rma l va lues . Fo r 2 3 5U, the 
dis tr ibut ion of the resonance 77 values cannot be fit by a single population. 
If one a s sumes two populations, then 77 falls into two groups separa ted by 
about 0. 5% with mean values of 2.406 ±0.002 and 2.417 ±0 .002 . Stat is t ical 
e r r o r s (s tandard deviations) for the U resonance v values range from 0 . 1 % 
to 0. 3%. The maximum deviation from the average of al l the resonance V 
values i s 0. 7% while the maximum difference between any two resonance 77 
values is 1%. Resonance spin ass ignments for 235U are made based on the 
assumed 77 grouping. The 233U resonance 17 values also exhibit var ia t ions 
not consis tent with a single population. However, no definitive groupings as 
for 235U are observed. The e r r o r s on the 233U resonance 77 values range 
from 0 . 1 % to 0. 5% with maximum deviations from the average of 1% and 
maximum resonance - to - r e sonance differences of 2%. 
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NUCLEON AND CHARGE REDISTRIBUTION AND THE ASYMMETRY IN FISSION 
(IAEA-SM-174/95). ,о_ч 

R.K. Nair, W.H. Ellis, Kj 
University of Florida, / 
Gainesville, Fla . , 
UnitecTstates of America 

The t rea tment of Myers and Swiatecki for incorporat ion of inhomogeneity 
and rmcleon and charge redis t r ibut ion in computing the energy of spher ica l 
nuclei has been extended to include nuclei with deformed shapes . To accomim 
date computation of the deformation energy, and a symmet ry , the deformed 
nucleus was represen ted by two spheres connected by a conicoid (spheroid -> 
hyperboloid -» hyperboloid of two sheets at the point of sc iss ion) . The con
figuration, uniquely charac te r ized by four shape p a r a m e t e r s , allowed the 
computation of the energy of the deformed nucleus , and the development of 
mu l t ipa rame te r s ea rch rout ines for determining the ex t remum in energy. 

The energy sur face , nuclear shape p a r a m e t e r s , and nucleon and charge 
dens i t ies , as a function of deformation, were computed for the compound 
nucleus 236U with three asymmetry r a t i o s , R 2 = 1 . 0 , 1.1, and 1.2. Energy 
b a r r i e r s computed for the ra t ios were 11 . 78, 9. 57, and 8. 76 MeV, r e spec t i 
vely. Saddle point configurations became m o r e elongated and necked-down 
as the asymmet ry ra t io was increased . Nucleon ra t ios between the two halves 
of the deformed nucleus at saddle point for R 2 = 1 . 2 corresponded closely with 
those of most probable fission fragment pa i r s for thermal -neut ron- induced 
fission of 235U, i. e. (1 3 9Ba-9 5Kr); A2/AX(AH/AL) = 1. 36 (1. 46) ,Z 2 /Z 1 ( Z H / Z J = 
1 .57 (1 .55 ) , N ^ N ^ N J J / N L ) = 1. 27 (1.41) . Asymmet r i c configurations had 
lower energ ies than s y m m e t r i c , and energy b a r r i e r s were observed to 
dec rease with inc reas ing asymmet ry , contrary to previous predict ions based 
on the liquid drop model . The symmet r i c energy b a r r i e r of 11 . 78 MeV, 
agree ing with the 11.8 MeV previously repor ted , was much higher than 
the 5. 8-MeV fission threshold of 235U. However, the a symmet r i c ca se s 
with b a r r i e r energies of 9.57 and 8.76 MeV show a favourable t rend 
toward the exper imenta l value, suggesting that heavy nuclei intheneighbourhoc 
of 235U favour an a symmet r i c saddle shape en route to fission. S imi lar i t ies 
between the computed nucleon and charge ra t ios of the a s y m m e t r i c saddle 
point shapes , and those observed for mos t probable fission fragment p a i r s , 
suggest that the nucleon configuration of f ragments a r e determined as ear ly 
as the saddle point. 

The r e su l t s obtained suggest that effects of inhomogeneity and red i s t r ibu
tion of nucleons and charge may offer a c l a s s i ca l explanation for the lowered 
fission b a r r i e r and asymmet ry observed in the fission of heavy nuclei. 
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NEUTRON FISSION CROSS-SECTION OF 49Cf (IAEA-SM-174/99). 
J .W.T. Dabbs, C.E. Bemis, N.W. Hill, 
Oak Ridge National Laboratory, 
Oak Ridge, Term., 
United States of America 

G. D. James, 
Oak Ridge National Laboratory, and 
UKAEA, Atomic Energy Research Establishment, 
Harwell, Berks, United Kingdom 

M.S. Moore, A.N. Ellis, 
Los Alamos Scientific Laboratory, Los Alamos, N.Mex. , 
United States of America 

249 
It has been known for some t ime that Cf has a very l a rge fission r e s o 

nance in tegra l . P rev ious work, p r imar i l y that of Si lber t at LASL, has failed 
to account for this l a rge in tegra l above 20 eV. 

Time-of-f l ight m e a s u r e m e n t s of the neutron induced fission c ro s s - s ec t i on 
of 249Cf have been performed at ORELA, using an u l t r a - p u r e 128-,ug sample of 
249Cf and compared with that of a 458-pig sample of 235U measu red s imul ta
neously on the same flight path. Identical diffused junction fission fragment 
de tec to r s were used. An cy-particle count r a t e of 10 7 / sec caused substant ia l 
de ter iora t ion of the 249Cf detector during each overnight run . A total of 
~ 7 x lO 5 Cf fission events were r ecorded . The p resen t r e su l t s a re comparable 
in resolut ion to those obtained by Silbert at LASL above 20 eV, in which an 
underground nuclear explosion se rved as the pulsed neutron source . 

Eleven new re sonances were found between 0. 3 eV and 20 eV, including 
a very l a rge resonance at 0. 71 eV of total width ~ 0. 15 eV and c?0~4000 b. 
This resonance accounted for ~ 75% of the total f iss ions recorded , and is 
bel ieved to account for the l a rge resonance in tegral . 

ENERGY LOSS IN ARGON OF 252Cf SPONTANEOUS FISSION FRAGMENTS OF 
DIFFERENT MASSES (IAEA-SM-174/101). V/ 
A. Bertin, M. Bruno, G. Vannini, A. Vitale, 
Istituto di Fisica dell' University Bologna, and 
Istituto Nazionale di Fisica Nucleare, Sezione di Bologna 

M. Forte, 
Physics Division, 
Euratom CCR-ISPRA, 
Italy 

The energy los s of fission fragments along the i r range in argon has been 
measu red with a method which also allowed the determinat ion of the init ial 
energy and the m a s s of the fragments in each observed binary fission event. 
The two f ragments , emitted in opposite direct ions from a thin 252Cf source , 
were slowed down while t r ave r s ing a given distance in argon, where the 

/ 
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ionization produced was measured by a two-sect ion gridded ionization chambei 
which was operated at different gas p r e s s u r e s . The res idua l energy was 
measured by two solid s tate de tec tors which stopped the f ragments . 

By an extensive analys is , which allowed recons t ruc t ion of the energ ies 
and m a s s e s of the fragments with an uncertainty of about 0. 5 MeV and 3 amu, 
respect ive ly , the following data have been der ived: Range-energy curves 
for 20 m a s s in te rva ls of 3 amu (from 93 to 155 amu), select ing (a) fragments 
with an init ial energy equal to the mos t probable one, and (b) f ragments 
where the initial energy was chosen as E n = 1 0 4 . 1 MeV for the light 
group, and E0 = 79.3 for the heavy group; (c) r ange-energy cu rves fo r 10 differe: 
values of the init ial energy for the m a s s in tervals 105 -107 amu and 
141 - 143 amu (most probable f ragments) . 

The f i rs t par t of the range-energy cu rves , where the fragment loses 
energy mainly by ionization and electronic exci tat ions, has been compared 
with the re la t ions obtained from the theory of Lindhard, Scharff and Schij6tt 
(LSS). These re la t ions appear to be inadequate for r ep resen t ing the exper i 
mental data, un less one modifies the dependence of the re la t ions on the frag
ment nuclear charge . 

More prec i se ly , data (a) and (b) have been fitted by a relat ion 
x =h(E2- Ei ), leaving h f ree . Fo r the light group, the fitting gave 
distinct values of h, depending on the fragment m a s s . F o r the f ragments in the 
heavy group, a constant value of h was found. 

A near ly constant h is also predicted by the LSS theory (though the 
agreement i s not a quantitative one), and this fact suggests that the hypo
thes i s leading to this theory may be c o r r e c t in the l imit of very heavy ions 
(M > 130 amu). On the basis of the p resen t r e s u l t s , the possibi l i ty of de te r 
mining, from ionization m e a s u r e m e n t s , the probable nuclear charge of frag
ments of known m a s s i s being considered. 

TERNARY FISSION Ш THE LIQUID DROP MODEL (IAEA-SM-174/103). 
H. Diehl, W. Greiner, 
Universität Frankfurt, 
Federal Republic of Germany 

The fissioning of a nucleus into th ree equal f ragments i s investigated 
in the f ramework of a t h r e e - p a r a m e t e r liquid drop model . Potent ial energy 
surfaces a re calculated for d i rec t oblate and prola te t e rna ry fission. B a r r i e i 
heights a re given for both modes . Compar isons of the potential energy curve 
of binary and t e rna ry fission lead to a qualitative explanation of the dependenc 
of the t e rna ry fission yield on charge and energy of the fissioning nucleus . 

ßl 
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