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F O R E W O R D 

The Fourth International Nuclear Data Committee 
meeting was held during July 12-16, 1971 at the Bhabha Atomic 
Research Centre, Trombay, Bombay. When the programme for 
this meeting was being planned it was felt that it would be worth
while for every one concerned if a topical conference on a r e l e 
vant topic could be arranged as a part of this meeting. It was 
decided after some correspondence that the topical conference 
should be on 'Neutron Induced Fiss ion ' . By arranging this con
ference it was intended to establish a strong interaction between 
the visiting scientists from various countries and the scientists 
at the Bhabha Atomic Research Centre and other laborator ies in 
India by informing the visiting scientists about the work going on 
in India and by stimulating local scientists with information and 
ideas concerning the work done at other laborator ies of the 
world. As the papers at the conference and the discuss ions 
indicate, the purpose of the topical conference was well served. 

The Indian Nuclear Data Group would like to convey its 
thanks to all the speakers who participated at this conference 
and to all others who contributed to making the conference a 
success . 

даи>2^ 
A. S. Divatia 

Convenor 
Indian Nuclear Data Group 
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EXCITATION ENERGY DEPENDENCE OF SHELL 
E F F E C T S IN NUCLEAR FISSION + 

S. S. Kapoor 
Bhabha Atomic R e s e a r c h Centre 

Trombay, Bombay-85 

In th is talk, I shall like to p resen t some of those a spec t s of 
nuclear fission studies which a r e re la ted the nuclear shell effects and 
the i r dependence on excitat ion energ ies . The last few y e a r s have been 
some v e r y in te res t ing observat ions both in the theory and exper iment , 
which have focussed our attention to severa l new features which appear 
in the f ission p r o c e s s due to the p resence of nuclear shell effects for 
both spher ica l and deformed nuclear configurations. For example , 
the theore t ica l studies*» ^ of the stabili ty of ve ry heavy nuclei after 
incorporat ing the effects of shells have made some exciting predic t ions 
about the possibi l i ty of exis tence of an island of super -heavy nuclei and 
have a lso shown that the f ission b a r r i e r s , a r e , in genera l of a double 
humped type which is in fact responsible-^ for a number of in te res t ing 
exper imental ly observed phenomena such as observat ions of f ission 
i s o m e r s in a number of nuclei ranging from uranium to be rke l i um and 
g ros s s t r uc tu r e s in the subthreshold neutron fission r e sonances for 
N p " 7 and P u ^ O . These developments have demons t ra ted that s tudies 
of the fundamental a spec t s of the fission p r o c e s s a r e impor tan t not 
only for obtaining information on nuclear s t ruc tu re of highly elongated 
nuclear shapes , but a l so for a proper in terpre ta t ion and evaluation of 
nuclear data needed for r e a c t o r design. Most of these phenomena 
re la te to the single par t ic le effects in the ground and ve ry slightly 
excited s ta tes of nuclei. However, an important question a r i s e s as to 
how the ground state nuclear shell cor rec t ions influence the observed 
phenomena in fission in the case of a "hot" nucleus having an exci ta t 
ion energy much above the fission b a r r i e r . We have c a r r i e d out some 
invest igations in th is r e g a r d which I would like to p resen t in th is talk. 

Before going into deta i l s of th is , it will be appropr ia te to give 
a shor t introduction into the subject. On purely energy considera t ion, 
any nucleus with A ^ 120, if split into two pa r t s can lead to a 
r e l ea se of energy. Yet al l of these nuclei do not d i s in tegra te sponta
neously. What keeps a nucleus as a whole and stable i s the p r e sence 
of a fission b a r r i e r . In t e r m s of the liquid drop model (LDM) th i s 
b a r r i e r a r i s e s as a r e su l t of a del icate balance of energy between the 
Coulomb disrupt ive forces and the nuclear a t t rac t ive fo rces . When a 
nucleus is deformed, upto a cer ta in deformation the i n c r e a s e in the 
nuclear surface energy is slightly more than the dec rea se in the 
Coulomb energy resul t ing in an inc rease in the total energy. But after 
this deformation is reached the total energy dec r ea se s with fur ther 
deformation. This gives r i s e to a fission b a r r i e r with a cor responding 
saddle point in the deformation space The height of the b a r r i e r and 
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and the nuclear shape at b a r r i e r depends on the f issionabil i ty p a r a m e t e r 
X = E /2 E0/_ where E and Е я п a r e the Coulomb and surface 

со s o со 8 U 

energies of the undeformed nucleus . Detailed LDM calculat ions have 
been c a r r i e d out by Swaiatecki and hie co l labora tors to calculate E g 
and shape of the saddle point v e r s u s p a r a m e t e r X. 

5 
The other impor tan t development in fission came with the r e a l i 

sation that a deformed nuclear configuration pas sing over the fission 
b a r r i e r (or saddle point) can exhibit quas i - s ta t ionary s ta tes which a r e 
cha rac t e r i s ed by the total angular momentum I, i ts project ion К along 
the symmet ry axis , and the projection M of I on the be a m direct ion 
and consequently the fragment angular dis t r ibut ions in fission induced 
by energet ic pro jec t i les depend on the quantum number s of the f ission 
channels open at the saddle point. At medium excitat ion energ ies 
where severa l К channels a r e open, a s ta t is t ica l approach" is taken 
and it has been shown that from the fragment angular d is t r ibut ion data 
it is possible to der ive the value of К , where K^ is the mean square 
project ions of the angular momentum on the symmet ry axis and is 
re la ted to the effective Moment of Iner t ia Jeff and nuc lea r t e m p e r a t u r e 
T by the relat ion K^ = J e f f T / f i . It has there fore been poss ible to infer ' 
the effective moment of ine r t i a for the saddle point configurat ion and 
thereby the shape of the t rans i t ion state nucleus from the m e a s u r e m e n t s 
of fragment angular dis t r ibut ions at medium excitation ene rg i e s . We 
shall la te r see how the b a r r i e r shapes der ived from angular d i s t r i 
bution data compare with those calculated on the liquid drop model. 
It may be r e m a r k e d he re that in the framework of s ta t i s t i ca l approach,, 
the t rans i t ion s tate , by defination, co r responds to the deformation 
where the nuclear entropy is minimum. 

I now come to a m o r e recen t development concerning shell 
effects in fission. The g ro s s sys temat ics of the ground state energ ies 
a r e ve ry -well desc r ibed by LDM m a s s formula. However small but 
sys temat ic deviations a r e observed f rom this average behaviour. The 
differences between the exper imenta l m a s s e s and the liquid drop model 
m a s s e s a t t r ibuted to the ground state shell co r rec t ions a r e found to be 
negative (-5 to - 10 MeV) at the closing of the shel ls and this accounts 
for the ex t ra binding of the magic nuclei, Since the m e a s u r e d b a r r i e r s 
in actinide region a r e only about 4-6 MeV, the shell co r r ec t ions of the 
same o rde r become impor tant and it i s to be expected that the m e a s u r e d 
b a r r i e r s do not fit the b a r r i e r s calculated on the LDM. These shell 
co r rec t ions to LDM energ ies a r e now theore t ica l ly understood on a 
combined m i c r o s c o p i c - m a c r o s c o p i c approach f i r s t suggested by 
Swiatecki and now further refined, by Strutinsky . In t e r m s of the 
single par t i c le pic ture , LDM can be considered as the one r e fe r r ing 
to a smoothly varying continuous dis t r ibut ion of nucleons in the var ious 
energy levels while the actual dis t r ibut ion has d iec re tenese and discon
t inui t ies . The difference between the total energ ies computed from the 
two schemes is the shell co r rec t ion which is co r re l a t ed with the densi ty 
of single par t ic le s ta tes nea r the F e r m i surface . Lower than ave rage 
level density leads to negative shell co r rec t ion and vice v e r s a . 
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2 
It ie now known that as a nucleus deforms the single pa r t i c l e 

densi ty at the F e r m i surface osc i l la tes , about an ave rage value, which 
r e su l t s in s imi l a r osci l la t ions in the shell co r rec t ion energy ^ as a 
function of deformation. In o rder to a r r i v e at the total energy of the 
nucleus, the shell co r r ec t ion energ ies a r e added to the LDM ene rg i e s 
in this two pa r t approach. This synthesis of a smooth LDM energy 
surface with the oscil lating shell co r rec t ion-energy , then leads to a 
double-humped fission b a r r i e r for a number of nuclei in the actinide 
region, as shown in Fig. 1. The occurance of a secondary min imum 
in the potential energy of deformation has provided a na tu ra l explanat
ion for a l a rge number of exper imenta l ly observed phenomena such a s 
observat ions of fission i s o m e r s and s u b - b a r r i e r fission r e sonances in 
a number of nuclei in the actinide region. 

The exis tence of the two fission b a r r i e r s instead of only one, 
however, poses a new question. That i s , in the s ta t i s t ica l l imi t of 
high excitation ene rg ies , what is the shape of the t rans i t ion s ta te 
nucelus where the angular d is t r ibut ions a r e decided. Is it the f i r s t 
b a r r i e r , or second b a r r i e r or the LDM b a r r i e r shape? In o rde r to 
get an answer to this question, one needs to find out the configuration 
of min imum nuclear entropy. If one uses the F e r m i gas express ion 
S = 2(aE )~z this point of min imum entropy coincides with the point of 
min imum excitat ion energy E . and the t rans i t ion s ta tes would coin
cide with the nuclear shapes at the top of these two b a r r i e r s . However, 
th is express ion is not valid k for a nucleus having shell effects and should 
be modified. For a given single par t ic le level sequence, the n u m e r i 
cal calculat ions of nuc lear entropy have been ca r r i ed out by Ramamur thy , 
Kapoor and Ka ta r i a " and the r e su l t s a r e shown in Fig. 2, where S 
v e r s u s E i s plotted for the two cases of РЬ 2^8 a n ( j P u 2 4 2 (sphe r i ca l 
shape), shell co r r ec t i ons to LDM energ ies for these two c a s e s 
a r e found to be - 9. 2 MeV and + 14. 5 MeV respect ively , as obtained 
by the Struntinsky p rocedure . If the F e r m i gas relat ion was appl icable , 
a plot of S v e r s u s E x should be a s t ra ight line. Clear ly t he re a r e 
deviations observed from a s t r ight l ine. However at high excitat ion 
energ ies , a re la t ion of the form S = 4a(E _+ £b E ) is apparent . It 
was actually found that Л Е i s equal to the ground s ta te shell c o r r e 
ction. This , in other words , means that in the asymptotic l imit of 
high excitation energ ies ( ^ 30 MeV) a usual F e r m i gas re la t ion of the 
type S = 4a E can be used, provided the excitat ion energy is m e a s 
ured from a re fe rence surface which coincides with the LDM energy 
surface. This can be in te rpre ted to mean that the shell effects a r e 
not manifesting themse lvea in nuclear entropy for excitation ene rg ie s 
exceeding 30-40 MeV. This work further suggests that the ground 
state shell co r rec t ions in different nuc l e i can be obtained in a d i r ec t 
way through a calculation of S2 v e r s u e s E „ and this method of obtain
ing shell cor rec t ion may have a m o r e genera l applicabil i ty than the 
Strutinsky prescr ip t ion . 
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Applying these ideas to a nucleus having a double humped 
b a r r i e r , it follows that although for low values of E , the points of 
min imum entropy would cor respond to the shapes at*the top of the 
b a r r i e r s I and II, at medium excitation energies (E 30-50 MeV) 
the point of min imum entropy would correspond to LDM b a r r i e r shapes . 

In F i g . 3, we ehow that In the fragment anieotropy data, the ev i 
dence for thie new effect does exis t . The values of J 0 / J e f f shown in the 
figure a r e evaluated from the fragment anisotropy data' ' In which the 
fieeioning nuclei have excitation energies >£ 30 MeV for all c a ses 
except for nuclei l ighter than Thorium. Also shown in the figure a r e 
the calculated J Q / J r* for t rans i t ion state shapes coinciding with 
b a r r i e r s I, II and LDM b a r r i e r shape. It is clear from this figure 
that the fragment anisot ropics at medium excitat ion energ ies a r e 
indeed c h a r a c t e r i s t i c of the LDM b a r r i e r shapes, and there fore the 
t rans i t ion state shape does not coincide with b a r r i e r I or II but with 
the LDM b a r r i e r shape. It has been shown^ that in near threshold 
fission, the fragment anisot ropics a re in fact cha race r i zed by the 
dis tr ibut ion of the К values of the open channels at the top of the 
ba r r i e r II only. 

If the near threshold anisot ropics a r e decided by b a r r i e r II 
and at medium excitation energ ies by LDM b a r r i e r , t he re should be 
a change of shape of the effective t ransi t ion state as a function of 
energy. The evidence for this effect i s a lso found' and shown in 
Fig. 4 where the observed var ia t ion of К vs E s for the t r ans i t ion 

7 A- 7 O X 

state nucleus Pu^ 4 ^ is shown. It is evident that different shapes at 
low and medium excitation energ ies of the exper imenta l curve of K^ 

о v e r s u s E a r i s e as a resul t of the change of the shape of the t r a n s i -
tion s tate nucleus from that of b a r r i e r II to that of LDM b a r r i e r in 
the energy range of about 4 to 30 MeV. 

We shall now discuss the effects of the excitation energy 
dependence of the shell effects on the determinat ion of the LDM fission 
b a r r i e r heights from the ana lys is of the m e a s u r e d fission exci tat ion 
functions. To bring out ce r ta in specific effects we cons ider , a s an 
example, the fission excitation function for the react ion -„Au* ?' + 
£He4 — ^ T l 2 0 1 . — ^ fission. F r o m these m e a s u r e m e n t s of Burnet t 
et a r (T/f^ have been determined and the resu l t s a r e shown in 
Fig. 5. The main purpose of these kinds of m e a s u r e m e n t s i s to obtain 
information about the fission b a r r i e r height. 

According to the s tandard t ransi t ion state theory f i r s t developed 
by Bohr & Wheeler , /7* and f*, a re essent ia l ly proport ional to the 
nuclear level densi t ies in the t rans i t ion state (saddle) ehape and in 
the nucleus after neutron emiss ion. Calculations of |C essen t ia l ly 
involves the level densi t ies of the residual nucleus, which can be 
microscopica l ly calculated with our method without any free p a r a m e t e r s 
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etart ing from the single pa r t i c l e , level sequence for the ground state 
nucleus . T h e r e is therefore very lit t le uncer ta in ty about the calculated 
fa . On the other hand, the s.p. le^el sequence cor responding to a highly 
deformed saddle configuration a r e not known to de te rmine by a m i c r o 
scopic calculat ion, the saddle point level densi t ies and therefore . If, 
however , one a s sumes that t he re a re no shell effects at the saddle 
point for this nucleus one can use the s tandard express ion S = 2(aEx) 
for eaddle point level density calculation. If this is done, the calcuated 

Ti/fc do not fit the exper imenta l values as shown in Fig . 5. We 
have therefore used the exper imenta l If / / ^ to calculate the level 
dens i t ies at the saddle point and evaluate shell co r rec t ion at the saddle 
point. It is found that in o rde r to fit the exper imenta l values, the 
level dens i t ies f (^v) a* ^ e saddle point need to be replaced by 

% (E + A E ), where & E is found to be energy dependent for 
X X X 

low ene rg ies but becomes constant for higher energ ies . This r e su l t 
shows that the saddle point configuration has a positive shell c o r r e c t 
ion as explained in Fig. 6. The magnitude of the shell co r r ec t ion 
energy derived from this data, as shown in Fig. 7, is + 2. 4 MeV. 
Myer arid Swiatecki have used the LDM b a r r i e r height for this 
nucleus a s an input p a r a m e t e r in the i r m a s s formula to a r r i v e at 
the Coulomb energy coefficient. If this positive shell co r rec t ion of 
2. 4 MeV at the saddle point is taken into account, the actual liquid 
drop b a r r i e r height becomes 15.0 MeV instead of 17.4 MeV used by 
them. This may therefore necess ia te a red te rmina t ion of the coeffi
c ients of the m a s s formula, and it i s possible that the Coulomb energy 
rad ius anamoly pointed out by Myer and Swiatecki , may be par t ly or 
wholly a t t r ibutable to th i s . 

I shall now come to a d iscuss ion of the excitation energy 
dependence of shell effects on the production of superheavy nuclei by 
heavy ion bombardment . Intensive efforts a r e now being made to 
produce these superheavy nuclei in the labora tory by means of heavy 
ion reac t ions . 

Le t us consider the typical case of the following reac t ion 
248 48 x 2 9 6 * 2 9 2 l 

9 4 P U + 2 0 C a > 1 1 4 X - > 1 1 4 х + 4 n 

о 
48 

Since the kinet ic energy of ?f)Ca. ion should be sufficient to pene
t r a t e the Coulomb b a r r i e r , the compound nucleus i s always formed 
with a min imum of 30 - 40 MeV excitation energy, which has to be 
got r id of by means of neutron and gamma emiss ion . As shown in 
Fig . 8, the fission and neutron emiss ion compete at each s tage. Fo r 
an excited nueleus with E = 3 0 - 4 0 MeV, we have shown that the 
shell effects do not manifest themselves on nuclear entropy. T h e r e 
fore the calcuated /$T/ [^ comes out to be ve ry l a rge - the same which 
would be expected if t he re was no fission b a r r i e r in the ground s ta te . 
The calculated values of tZ / f a n c l the total probabil i ty for the 
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nucleus to end up in i ts ground state by a success ive cascade of 
neutron emiss ion for different initial excitation ene rg ies a r e shown in 
Fig. 9. This shows that even after the compound nucleus is formed 
with an excitation energy of about 40 MeV, only one nucleus out of 
a,bout 10 ie expected to survive fission and end up in the ground 
state forming a superheavy nucleus. 

To s u m m a r i z e , this talk was intended to point out certain new 
effects which may a r i s e due to the excitation energy dependence of the 
shell effects in the fissioning nuclei at the b a r r i e r and at the ground 
state deformation. The role of shells and of their excitation energy 
dependence in deciding the m a s s and charge dis t r ibut ion in fission is 
a subject of a separa te paper in this conference and has not been 
included in this talk. 
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Fig. 2. Plot of S v e r s u s E x , for the c a s e s of the doubly magic 
nucleus Pb^Oö a n c j the nucleus Pu^42 (spher ica l shape). 
The dashed curves in each case r e p r e s e n t the asymptot ic 
behaviour at high excitation ene rg i e s . 
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F i g . 3 . Var ia t ion of J Q / J e f £ with Z 2 / A . The continuous curvve 
gives the ca lcula ted var ia t ion for the LDM barr ier , shapes , 
and the patches for the shapes cor responding to b a r r i e r I 
and » 
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4. Variation of K0 with excitation energy of the transition 
state nucleus P u 2 4 2 . The experimental points are taken 
from the work of R. Vandenbosch, H. Warhanek and 
J. R. Huizenga, Phys. Rev. 124, 846 (1961). The calulated 
variations for the nuclear shapes corresponding to the LDM 
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effects on the effective moment of inertia for specified shapes 
of the nucleus. 
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PISCUSSION 

M. К. Mehta : You have quite c lear ly shown that in estimating 
the production ra tes for the superheavy elements 
in heavy ion bombardment one has to r emember 
the fact that one gets a very highly excited com
pound nucleus in which ground state shell effects 
a r e not felt as regards fission probability. How 
about the possibility of superheavy nuclei p r o 
duction by a reaction of the type U^3^ + и23**, 
where one of the fission fragments may be formed 
as a super heavy nucleus. 

S.S. Kapoor : There a re several suggestions as to how one can 
produce these nuclei, and the one you mentioned 
is one of these. I would think that all these 
suggestions should be explored. 

V. S. Venkatavardhan : Do you think that the super heavy nuclei could be 
formed in ground state by successive neutron 
capture in the stel lar in ter ior with appreciable 
c ros s section. 

S.S. Kapoor s This will depend on the path in which the in te r 
mediate nuclei lie on the N-Z plot and the fission 
half lives of the intermediate nuclei. Calculations 
in these directions a r e still being ca r r i ed out. 
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REPORT ON WORK ON NUCLEAR SPECTROSCOPY 
OF HIGHLY DEFORMED Th-231 

J. E. Lynn and G. D. J ames 
A. E. R. E. , Harwell, U. K. 

and 

L. G. Earwaker 
University of Birmingham, Birmingham, U. K. 

* (Reported by E. R. Rae, A. E. R. E. , Harwell) 

A measurement of the neutron-induced fission c ross - sec t ion 
of Th-230 has been made in the neutron energy range 680 keV to 
1. 4 MeV with a neutron energy resolution of 5 keV. At selected 
energies near a prominent resonance at 715 keV, the angular d i s t r i 
bution of fission products with respect to the neutron beam has been 
measured with neutron energy resolution of about 18 keV. The 
resu l t s obtained are interpreted in t e r m s of a /3 -vibrat ion in the 
secondary fission potential b a r r i e r minimum and enable a direct 
est imate of the effective moment of inert ia of the Th-231 nucleus 
in its shape i somer ic state to be obtained. 
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Did Superheavy Nuclei Exis t in Our Solar System ? 

Narendra Bhandari 
Tata Institute of Fundamental Research 

Bombay 5 

ABSTRAGT 

The available evidence on the existence of superheavy elements is 

evaluated and the resul ts a r e discussed in t e r m s of their possible physical 

and chemical proper t ies . There a r e two lines of evidences, both obtained 

from a study of primit ive objects of our solar sys tems , the meteor i tes and 

lunar dust grains which indicate that saperheavy elements were extant at the 

t ime these objects solidified. The r a r e gas evidence based on the presence of 

an anamolous component of fissiogenic xenon has bean discussed in detail by 

Anders and Heymann (1969) and by Rao () 1970). Recently Bhandari et al (1971) 

have observed fission fragment t r acks charac ter i s t ic of nuclei Z >110. These 

t racks a r e present in a number of meteor i tes as given in table 1. The est imated 

244 238 

number of t racks due to Pu and element Z ^ l l O relat ive to U as observed 

in certain enriched regions of the sil icate crys ta ls is also given in this table. 

Based on these observations arguments a r e developed for possible 

chemical nature of elements responsible for the charac ter i s t ic long (>15 micron) 

t r a c k s . The fact that the meteor i te Angra Dos Reis is highly depleted in such 

t racks but unusually enriched in. U, Pu , Ba etc. lead us to conclude that the 
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element($) may not be a chemical homologue of these groups. However its 

exact chemical proper t ies can not be ascertained from the available data. 

Near absence of the superheavy t racks in lunar rocks which a r e younger by 

8 
about 1 billion yea r s indicates that they must have a half life <£. 10 yea r s and 

must now be extinct. 

References 

1. Ande r s , E . and Heymann D. , Science 164, 821 (1969) 

2. Bhandari N. , Bhat^S. Q. , Lai , D. , Rajagopalan, G. , Tamhane A. S. , 

and Venkatavaradan V. S. , Nature 230, 229 (1971) 

3. Bhandari N. , Bhat S. G. , Lai D. , Rajagopalan, G. , Tamhane A. S. , 

and Venkatavaradan V. S. , Apollo 12 Conf. Houston, 1971 

4. Rao, M. N. , Nucl. Phys. , A 140, 69 (1970) 



- 2 5 -

T a b l e I 

R e l a t i v e a b u n d a n c e s of f o s s i l t r a c k s in e x t r a t e r r e s t r i a l 
s a m p l e s ( B h a n d a r i et a l 1971) 

S A M P L E S GLASS ABUNDANCE 

^u2 3 8: ^ 2 « ; Г 
( Z > 1 1 0 ) 

NORTON COUNTY 

MOORE COUNTY 

STEINBACH 

NAKHLA 

A U B R I T E 1 

E U C R I T E 1 

STONY-IRON 1 

60 

39 

X 

NAKHLITE 1 : X 

22 - 330 

18 

0. 4X 

1. 3X 

ANGRA DOS REIS 

LUNAR DUST 

LUNAR ROCKS 

ANGRITE 

? 

BASALTIC 

1 

1 

1 

• 

• 

: 

19 

25 

0 

: 0 . 0 0 2 

; 4 - 5 8 

: 0 

* The v a l u e s r e f e r to c e r t a i n e n r i c h e d zones and no t to " w h o l e " 

s a m p l e s . 
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DISCUSSION 

R. H. Iyer Is the range of 15-18 microns that you a r e 
referr ing to due to one fragment or both? If it is 
due to both fragments, have you looked into the pos
sibility that 2 adjacent U atoms or atoms 
underwent fission and the t racks formed along side 
added on and appeared as a single t r ack of 25-30 
m i c r o n s ? . Bear in mind also that the number of 
events of long t racks that you в ее a r e very small . 

Answer In case of fission, both the fragments a r e recorded 
so the length measurements refer to total etchable 
range of both fragments. The possibility of two 
t racks falling in a line, next to each other is negli
gible since the total t rack density is itself small . 
Number of long fragments is relatively so large 
that it cannot be explained by such coincidences. 

N. N. AJitanand Since the specific Ionisation of fragment t racks is 
expected to be very high is it not possible to diffe
rent iate from cosmic- ray t racks by measuring the 
width and shape of the t racks ? 

Anewer Certainly it should be possible to est imate the charge 
by measuring the diameter of t racks but this would 
require measurement of the residual range also. 
There a r e some experimental difficulties in this 
method and the deductions have to be based on very 
small differences in d iamete rs . For this reason 
the total length measurements a re much superior . 

P. P . Chakraborty Can you explain why the t racks crowd around the 
cleavages? 

Answer This was the first observation we made before taking 
up a systematic search for these "excess" t r acks . 
We now understand that some elements , -which cannot 
form a par t of the crys ta l lattice due to their ionic 
radius or chemical proper t ies , migrate to the 
boundaries of the crys ta l while the crys ta l is forming. 
Heavy elements like uranium fall in this category. 
This is very well established by looking at neutron 
induced fission t racks of U"-* which cluster in such 
gra in boundaries, exsolution planes or faults which 
appear as cleavages on etching. Transuranic 
elements can be expected to behave likewise. 
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R. F . Taechek : Were you able to identify any t e rna ry fission 
fragment t racks since superheavy element 
fission is supposed to have a la rge fraction 
of its disintegrations going thie way? 

Answer : Since we look at t racks ac ross a broad (1-2 
micron) cleavage, experimentally it is very 
difficult to establish which prongs belong to 
a single event. Extrapolations have to be 
made to find out if the prongs meet at some 
point within the cleavage. This i s l eas t 
doubtful in case of two prongs (binary fission) 
since they should lie in a straight l ine. 
Therefore so far we are very doubtful of 
t e rnary fission events although such t racks 
seem to exist. Also sometimes one of the 
three prongs may not be recorded in the s i l i 
cate mineral , if its charge is smal le r than 
the detector threshold. We a r e therefore not 
yet sure of the origin of some V t r acks 
we have seen. Of course , if a minera l 
exists which re ta ins this fissioning element 
within the c rys ta l s t ruc ture , a t e rna ry fission 
could be easily identified. 
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Mass Distributions in Fission and Some Related Phenomena 

J. Felvinci, E. Melkonian, W.W. Havens, Jr. 
Columbia University 

Introduction 

This paper primarily discusses the experiments performed at Columbia 
University on the several types of mass distributions and their determina
tion, the variation of the mass distribution with the mass of the fissioning 
nucleus, with its degree of excitation, and with its spin state and also 
brings in the results of experiments performed elsewhere to illuminate the 
same subject. Also discussed is a further elaboration of the mass distribu
tion as a function of the kinetic energies of the fission fragments as well 
as a more detailed account of the emission of neutrons from the fragments. 
The possibility is raised that the observed mass distributions may be 
related more to the К quantum number of the transition state than to the 
spin of the fissioning nucleus. 

There are three mass distributions to be considered: I. that just 
after scission but before any neutrons have been emitted*, II. that after 
emission of prompt neutrons, which takes place in less than 10" u seconds, 
and III. that after emission of all neutrons, including delayed, the most 
delayed decaying with a half life of 55 seconds. Usually a distinction 
between II and III is not considered since the delayed neutron fraction is 
generally less than 1% and spread over many masses. 

Radiochemical determinations of the mass distribution yield III (possibly 
mixed with II if the chemistry is done rapidly enough). Most of the data on 
the mass distribution falls into this category, so that most trends (e.g. with 
atomic weight and neutron energy) have been determined by radiochemical means. 

*In the case of Cf252, and possibly for other fissioning nuclei, there is 
estimated to be -10% of the neutrons emitted just before scission. How this 
affects the following considerations has not yet been determined. 
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Since prompt neutrons are emitted in a time short compared with the 

time for the fragments to move over a short distance, the pre-neutron mass 

distribution I is difficult to determine and must be done directly on each 

fission event just after it occurs, rather than waiting (as in radiochemical 

determinations) after many fissions have occurred. The very first determi

nations of mass distribution by physical means were done by simultaneous 

measurement of the energies of both fragments, initially in gridded ioni

zation chambers and subsequently by means of solid state detectors. If 

energy and momentum changes arising from the emission of neutrons and gamma 

rays are ignored, the double-energy data lead directly to a mass distribu

tion through the relationship 

E2M 

where Ei and E 2 refer to the energies of the two fragments, and M is the 

mass of the fissioning nucleus. However, consideration of the emission of 

neutrons leads to the conclusion that the resulting mass distribution cor

responds strictly to neither the pre- nor to the post-neutron mass distribu

tion. Application of the "universal" neutron yield versus mass relation

ship enables correction of these data to an approximate pre-neutron mass 

distribution. The reason the double-energy measurement does not give a 

clean I or II distribution is that the emission of a neutron almost always 

decreases the energy of the fragment because the mass is reduced, thus 

reducing the energy, even though the velocity averaged over many events 

remains unchanged. 

A direct determination of the pre-neutron mass distribution can be made 

by measuring simultaneously the velocities of both fragments, instead of the 

energies, as above, and using the above formula with V's replacing E*s. 

The emission of a neutron changes the velocity of a fragment in a symmetric 

manner; that is, the velocity is sometimes increased and sometimes decreased, 

but averaged over many events there is no net change in velocity. Thus a 

true unbiased pre-neutron mass distribution results, but "smeared" out by a 
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resolution function associated with the neutron emission. 

It is possible to determine the post-neutron mass distribution by-

physical means, but now both energy and velocity must be measured for one 

fragment for each event. The post neutron mass of one fragment is then 

obtained from the relationship E = MV2/2. We have chosen to measure, the 

energies of both fragments together with the velocity of one in the exper

iment to be described subsequently. By suitable treatment of the data to 

simulate a double velocity measurement, the pre-neutron mass distribution 

can also be deduced. 

The motivation for doing this is that in a hypothetically perfect 

experiment, it becomes possible to deduce the average number of neutrons 

emitted corresponding to each mass and energy. The "universal" curve 

gives the number of neutrons emitted for each mass summed over all possible 

energies. For many masses, yields occur from the highest to the lowest 

values of the total kinetic energy corresponding respectively to scission 

occurring at a time when the nucleus is only slightly distorted to the 

time when the nucleus is stretched out with a substantial "neck." Thus, 

considerable additional information can be obtained by the simultaneous 

determination of both pre- and post-neutron mass distributions. 

The "real world" measurements suffer from practical considerations such 

as (a) the solid state detectors, which are the best available for this 

purpose, have some dispersion in the relationship between pulse height and 

energy, so that a completely accurate determination of the fragment energies 

cannot be made; (b) there are limitations on the fragment flight time deter

minations imposed by existing equipment, noting that our time resolution was 

as 0.7 nanoseconds; and (c) attempts to get better timing by the use of 

longer flight paths are limited by intensity considerations. Nevertheless, 

we have carried out a set of measurements on the thermal neutron fission of 

U-235 and have obtained some interesting results. Because of resolution 

limitations, the differences between pre-neutron and post-neutron masses are 

not integral values corresponding to the emission of individual neutrons, but 



-34-

rather show continuous distributions such that even negative values occur 

as part of the distributions. 

The Fission Fragment Mass Distribution 

On the basis of both energetics and a simple liquid drop model, the 

fissioning nucleus is expected to break up into approximately equal mass 

fragments. Almost all of the mass distributions observed are startlingly 

different from this, indicating a double-humped distribution with very 

little yield at half the original mass (i.e. symmetric fission). 

• The existence of this asymmetric fission is thought to be determined by 

a resistance to breaking up of two doubly-magic substructures in the fis

sioning nucleus. -These are (1) Z=50, N=82 giving A=132, and (2) Z=28, N=50, 

giving A=78. It is seen in the mass distributions that most of the heavy 

fragment peak is confined to the region A=132 to A=M-78 and that most of- the 

light fragment peak is similarly confined to the region A=78 and A=M-132, 

where M is the mass of the fissioning nucleus, and neutron emission is ignored. 

In addition to this coarse structure, there is frequently observed to 

be some fine structure. Figs. (1) and (2) show the mass distribution in 

the case of spontaneous, fission of Pu-240^ . The results are somewhat 

unusual in that there is a rather large and broad peak near mass 134 and a 

broad shoulder between masses 140 and 146. However, this is only an exag

gerated version of features found in other isotopes; e.g. U-235 shows an 

unusually high yield at mass 134 as well as some additional fine structures. 

Fig. (1) includes the mass distribution in the thermal-neutron-induced 

fission of Pu-239 for comparison, showing a considerable difference. Fig. (2) 

includes the radiochemical data of Laidler and Brown . 

Variation with Mass of the Fissioning Nucleus 

The differences in mass distribution amongst the various fissioning 

nuclei have received considerable attention. (Since these effects are 

fairly large, the differences amongst the various mass distributions dis

cussed above may be ignored here.) The general observation is that the 

average mass of the heavy mass peak is almost the same (138-139) for all 
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of the fissioning nuclei for a large range of excitations as long as the 

double-humped distribution is the predominant feature. Thus for a sequence 

of isotopes, it is the average mass of the light peak which increases as 

the atomic weight is increased. 

We have added another observation on the low mass end. Fig. (3) shows 

the single-fragment kinetic energy distribution'for the resonance-neutron-

induced fission of Th-229 and U-235 taken recently with the Columbia synchro-
r 3") 

cyclotron used as a pulsed neutron source . Using the U-235 data to 

estimate the pulse-height defect of the solid state detectors used, we find 

the ratio of the average energies of the light and of the heavy fragment 

peaks to be 1.59 for Th-229. This ratio is the same as the ratio of average 

masses of the two distributions. Assuming an average emission of 2.2 

neutrons per fission, we find for the heavy mass peak an average mass of 

139.7, consistent with the general findings. 

Fig. (1) shows that the average mass of the heavy fragment in the case 

of the spontaneous fission of Pu-240 is again around 138. 

Mass Distribution as a Function of Fragment Kinetic Energy 

The mass distribution in fission has another dimension, that of the 

kinetic energies of the fragments, or probably more significantly, the sum 

of kinetic energies of the two fragments for each event. Since the total 

kinetic energy for each event is related to the separation of the fragments 

at the instant of scission, the mass distributions as a function of total 

kinetic energy give information about the conditions of the various states 

of elongation of the fissioning nucleus. Fig. (4) shows the mass distribu

tion in the case of thermal-neutron-induced fission of Pu-239 for 5 MeV 

slices of the total kinetic energy centered about the indicated values. At 

the high energy end, the two distributions are very narrow and centered 

about masses 105 and 133, with essentially no symmetric fission. This is 

the case of scission occurring very early in the elongation process so that 

the shell structure prevails. At the other extreme of low total kinetic 
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energy, the nucleus has survived so that some breakup of the shell structure 

has occurred, increasing the yield of symmetric fission. However, the bulk 

of the yield is still confined to the mass ranges indicated above, and in 

particular there is very little yield below mass 78. 

Primary and Post-Neutron Mass Distributions 

and the Emission of Prompt Neutrons 

As indicated above, we have made double-energy single-time-of-flight 

measurements of fission fragments in the thermal-neutron-induced fission 

of U-235 to obtain both pre-neutron and post-neutron mass distributions 

and details on the emission of prompt neutrons as a function of fragment 

mass and energy. The two resulting mass distributions are shown together 

in Fig. (5). The mass dispersion of the pre-neutron distribution is about 

2 amu FWHM, determined mostly by the effects of neutron emission. The 

mass dispersion for post-neutron distribution is about 1.9 amu at the center 

of the light-fragment peak and 3.8 amu at the center of the heavy-fragment 

peak, both being FWHM, determined mostly by the intrinsic resolution of the 

solid state detectors. 

Fig. (6) shows some representative mass distributions for 6 MeV intervals 

of total fragment kinetic energy at the high end of the peak, at the middle, 

and at the lower end of the total kinetic energy distribution. Examination 

of all of the data shows evidence for a slight preference for fission into 

mass pairs with heavy fragment masses of 134. 140, 146, and 153 mass units. 

The evidence here is that all of the structure in the mass distributions is 

already present at the instant of scission and not produced by neutron emission, 

although the latter may sharpen some of the structure. The opposite view has 

been expressed that the primary mass distribution is relatively featureless, 

and that the observed structure is the cumulative effect of the slow variation 
(131 

of neutron emission with mass . 
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Fig. (7) shows the average neutron emission as a function of primary 

fragment mass as determined in this experiment, while Fig. (8) shows the 

comparison with other data, all determined by the direct counting of neutrons. 

The best agreement is with the data of Maslin, Rodgers, and Core, with the 

largest discrepancy occurring near the doubly magic nucleus of mass 132, 

where we observe almost no neutron emission, a result which seems to us to 

be reasonable. 

It is difficult to present the data on neutron emission for all combina

tions of mass and energy in a meaningful way, so only representative data 

are presented here. Fig. (9) shows the neutron emission for selected pairs 

of complementary primary fragments integrated over all energies. Examination 

of all of the data shows that the light fragment yields peak at the emission 

of one or of two neutrons. For most heavy fragments below mass 140, the 

most probable number of neutrons emitted is zero, while above mass 140, the 

neutron distributions usually peak at one neutron, with some peaking at two 

neutrons and some having two peaks at two and zero. 

For the purpose of giving an indication of dependence on fragment kinetic 

energy, Fig. (10) shows the neutron number distributions for two selected mass 

numbers (96 and 140) for 5 MeV total kinetic energy intervals. As expected, 

the peaks shift to larger neutron numbers as the total kinetic energy decreases. 

Fig. (11) includes the average neutron emission as a function of total 

kinetic energy for selected complimentary mass pairs. 

Effect of Energy on the Mass Distribution 

When the energy of the incident neutron is increased, the extra excitation 

energy all goes into neutron emission, the average kinetic energies of the 

fragments will in fact slightly decrease. The position of the peaks in the 

mass distribution stays in the same place but the whole distribution broadens, 

with an increased symmetric fission as a consequence. 

In general there seems to be a tendency to have more symmetric fission 

with increasing excitation energy and this trend can be observed at MeV 
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energies. (One has to separate these effects from those of the onset of 
p and d wave fission.) On the other extreme the spontaneous fission has 
zero excitation energy (proceeds by barrier penetration) and thus has less 
symmetric fission, narrower mass distributions than thermal neutron fission. 

The fact that the average number of emitted neutrons is smaller for 
spontaneous fission than for neutron induced fission does affirm the trend. 
The fewer neutrons emitted from the fragments, the more structure is expected 
as the features of the primary division are more noticable. 

This has been also observed by Toraskar and Melkonian in the spontan
eous fission of Pu-240. The mass distribution is much narrower and also it 
shows more structure than the neutron induced fission of Pu-239. The sym
metric fission yield is quite low and so is the very asymmetric yield 
(Fig. 1). 

Radiochemical data on other spontaneously fissioning nuclei, U-238, 
Pu-240, Cm-242, also show the characteristics mentioned above and also 
indicate more structure in the mass distributions than in most thermal 
neutron induced fission. 

Variations of Mass Distribution with Spin and/or К Quantum Number 

In the previous section it was shown that the mass distribution can 
vary as the available excitation energy is changed. It has also been observed 
that the mass distributions can differ for different neutron resonances. To 
understand this effect one should recall that in a fission process most of 
the excitation energy is tied up in deformation and thus the nucleus is "cold." 
The effect of this is that the so-called transition states at the saddle 
point are few in number and are members of different low lying rotational 
and vibrational bands. The channel theory of fission assumes that the 
fission proceeds through these few open channels which lie between the deformed 
ground state of the compound nucleus and the fission threshold energy. Using 

(• 7 •) this knowledge, Wheeler ' predicted that the mass distribution could be 
different for the different spin states of the compound nucleus. 
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U-235, after capturing an s-wave neutron, could have 3 or 4 spin and 

thus could fission through the 3~ level of the K=0~ band, the 3", 4 members 

of the K=l" band or the 3~, 4_ members of the K=2~ band. A. Bohr pointed 

out that the 3~ levels going through the K=0" band would have more asymmetrical 

fission because of the symmetry properties of the band. Experiments based on 

these ideas were performed and spins of resonances assigned using ratios of 

symmetric to asymmetric fission . Other experiments determined spins 

directly through neutron scattering measurements or capture y-ray multiplic

ities. There is considerable contradiction between these findings. 

In Pu-240 the spin of the compound nucleus formed from Pu-239 by 
+ + + 

s-wave neutron capture is 1 or 0 . The ground state rotational band K=0 
+ + + 

has a J=0 , and a K=l band at around 1.2 MeV above ground state has a J=l 
spin state, both of which are definitely open channels (Fig. (12)). A 

+ + 

higher lying second K=0 band having J=0 spin state is possibly partially 

open. Thus in Pu-240 the levels divide quite nicely into two groups --

narrower levels having presumably J=l and wider levels J=0 . Both from the 

excitation energy and symmetry arguments, the mass distributions should show 

more symmetric fission for the 0 levels and less for the 1 levels. This 
( 8 ) 

has been observed by Cowan^ , who determined radiochemically the ratios of 

Mo-99 to Cd-115 corresponding to asymmetric and symmetric fission as a function 

of incident neutron energy. To test this hypothesis in more detail and also 

with physical means, an experiment was performed at Columbia by Toraskar and 

Melkonian . In this measurement, the kinetic energies and mass distribu

tions were obtained for the induced fission of Pu-239 by neutrons filtered 

through beryllium and through samarium. The beryllium filter enhances the 

negative level, and the samarium filter the 0.297 eV level. These two levels 

are known to have different spins, the negative energy level having spin 0 , 
+ 

the 0.297 eV level 1 . The results in Fig. (13a) and (13b) show that the 

mass distribution induced by the beryllium filtered neutrons has indeed a 

higher synuaetric fission yield as expected from the 0 spin. The ratio of 

the symmetric fission induced by the beryllium filtered neutrons to that of 

the samarium filtered neutrons is around 2. There are also smaller differences 
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in the most probable fission yields between the two levels (Figs. (15a) and 
(15b)), The total kinetic energies were also measured, of course, and 
they show a shift of 0.7 MeV, with the beryllium filtered neutron-induced 
fission lower than that of the samarium filtered neutron-induced fission 
(Pig. (14)). This is in line with expectations from excitation energy 
considerations. 

Studying these and other results, we feel that some of the inconsis
tencies in spin assignments are the result of the fact that the mass distri
butions are determined not so much by the spins of the transition states, 
but by the available excitation energy and thus they are correlated rather 
with the К values of the different rotational and vibrational bands ^ . 

Is there any possiblility of obtaining selection rules which would tell 
us which bands are more likely to be responsible for fission and thus predict 
the magnitudes of mass distribution effects? Let us assume that when the 
compound nucleus is formed, К is still a good quantum number. This would mean 
that the most favored fissions would be those where К varies least, and the 
least favored those with the largest change in K. The U-236 compound nucleus 
has 3 and 4 spins and assume it also has a certain distribution of К values 
from 0 to 4. The rule suggested above would minimize fission for the K=0~ 
band. The fact that measured differences in the ratios of symmetric to asym
metric fission in the U-235 resonances are very small would also argue against 
a transition through the K=0 band. 

There is added information about the capture y-rays in U-235 which sup
ports this argument. It has been observed that the probability of El transi
tion to the 2 and 4 members of the K=0 ground state band is very small. 
This was quite unexpected and an assumption that the compound nucleus level 
has a definite К value would help to explain this. К selection rules in 
Y-transition require AK«L where L is the multipolarity of the y-x&y. ДК = 2,3,4 
is thus highly prohibited. 

This is not the case in Pu-239 where some high energy transitions are 
observed, and members of ДК » 0", l" bands could be excited. 
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Radiochemical experiments done by Regier^ J on U-233 also indicate 
that the mass distribution might be quite different for different resonances. 
A simple experiment to test this and its possible effects on cross section 
measurements was performed during 1970, using the neutron beam from the 
Columbia synchrocyclotron. Single fragment kinetic energies and neutron 
time-of-flights were recorded and subsequently analyzed by taking selected 
cuts in the pulse height spectrum and calculating the corresponding resonance 
areas (Fig. (16)). Significant differences were observed between selected 

(3 ) resonances when the lowest energy fragments were compared to all fragmentsч 
The lowest energies correspond mostly to the heaviest fragments and thus 
give us the effects of the wings of the mass distribution. Looking again at 
the К bands in U-234, we can see that the ground state band K=0 has a J=2 
but no J=3 level; the K=2 band around 0.7 MeV and the K=l band at around 
1.4 MeV have both 2 and 3 levels. 

We expect three families of mass distributions in U-233 which would 
correspond to fissions through the K=0 , 1 and 2 bands respectively. As 
mentioned earlier the energy differences between different К bands are 
generally larger than between the two spin states within the same band. If 
the assumption of a definite К value in the compound nucleus is valid, we 
expect only few fissions to proceed through the ground state band. The mass 
distribution for the K=l band would have more symmetric fission than that 

+ for the K=2 band. The energy difference between these two bands in U-233 
is smaller than the differences in Pu-239 and thus the expected variation 
in symmetric fission from resonance to resonance is also smaller in U-233 than 
in Pu-239. Both Regier's radiochemical results and our experiment would 
confirm this assumption. 

Effects of the Mass Distribution on Fission Cross Section Measurements 

The measurement of mass distributions is important not only in under-
st nding the physics of the fission process itself, but also in the more 
"practical"realm of cross section measurements. As has been pointed out 
previously, the fission yields of the different neutron resonances depend 
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to a certain degree on the bias used in the fission fragment energy measure

ments. Certain techniques, e.g. ionization chamber measurements, can cut off 

the low energy fission fragments through biasing {as much as 10-30% of the 

fragments) and thus slightly distort the cross section measured at the different 
(31 resonances. The results of Felvinci and Melkonian would indicate this 

possibility in U-233. In Pu-239 this effect could be even more serious. Because 

the differences between the bands in U-235 are small, its cross section meas

urement would be affected least. Unfortunately, at higher energies, say above 

10 keV, p-wave fission becomes important and thus increased effects of this 

on the mass distributions and consequently on o- measurements cannot be ruled 

out. 
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MSCUSSION 

M. R. Iyer Has there been any measu remen t of neutron emiss ion 
a s a function of the charge of the fragment for the 
same m a s s ? We a r e in te res ted in the m a s s yield 
data for the spontaneous fission of Pu240. 

W. W. Haren« I do not know of any such m e a s u r e m e n t s . Prof. 
Melkonian has the data on the spontaneous fission 
of Pu^40 stored on magnetic tape. Write to him and 
ask him for the specific data you would like and if 
he has it available, I 'm su re he will be happy 
to send it to you. 

D. M. Nadkarni You showed evidence to suggest a dependence of 
m a s s distr ibution on the К quantum number of the 
saddle point nucleus, and a lso some influence of 
the shell s t ruc ture of the fission fragments . 
Do you think there is any contradiction in these 
two finding 5 from the point of view of finding 
where the mass distr ibution is decided during the 
fission p r o c e s s ? 

2. What were the values of the peak to valley 
ra t io of the m a s s distr ibut ions for the two 
different incident neutron energy c a s e s ? 

W.W. Havens Our t rea tment of the shell s t ruc ture of the nucleus 
i s not as detailed as your question impl ies . We 
invoked shell s t ruc ture to explain the g r o s s 
a s syme t ry of the m a s s distr ibution in nuclear 
fission. Our opinion i s that the К quantum 
number of the deformed nucleus jus t before the 
nucleus spl i ts appears to determine the g ros s 
m a s s distr ibution. Probably the final picture will 
r equ i re a combination of collective model theory 
for the deformed nucleus and the shell s t ruc ture 
of the f ragments . The peak to valley ra t ios for 

a re given in F ig . 131 a for Be filtered 
neutrons and in Fig. 13 b for Samarium fi l tered 
neutrons . The ra t ios were about 4 /1 for Be 
filtered neutrons and 8/1 for Samarium fil tered 
neutrons . 
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FISSION ISOMERIC STATE IN U-236* 

M. A. Derengowski, J . P . Felvinci and E. Melkonlan 
Columbia University 

• (Reported by W.W. Havens, J r . ) 

In a recent experiment at the Nevis cyclotron, we looked for 
evidence of an i somer ic state of U-236 in fission induced by resonance 
energy neutrons in a U-235 target . The neutron energies involved 
ranged from a few hundredths of an eV to about 3 keV. Thus, the 
excitation energies of the compound nucleus in this experiment were 
res t r i c ted to much lower values than in previous wor on U-236 
fission i s o m e r s , where the excitation energies ranged upto several 
MeV above the neutron binding energy. 

In this experiment, we used a t ime-to-amplitude converter 
(TAC) to measure the time interval between the detection of a fission 
event and a gamma ray associated with the fission. The fission 
detectors were silicon surface ba r r i e r detectors , and the gamma rays 
were detected by means of a 3 by 3 inch Nal crystal . The energy of 
the fission-inducing neutron was also recorded. 

We expected fission to be delayed with respect to the gamma 
ray in the case of a ( y , f ) reaction in which the nucleus decays to a 
state below the fission b a r r i e r pr ior to fissioning by b a r r i e r pene t ra 
tion. This should produce an exponential fission decay, which we 
would see superimposed on a prompt peak in the TAC spectrum. With 
our time resolution of 3. 4 nsec , the prompt gamma rays originating 
from the fragments would appear to take place simultaneously with 
fission, along with any ( T , f ) reactions to states above the b a r r i e r . 

The figure shows the TAC spectrum we obtained. We have 
made an effort to eliminate the possibility of an is t rumental origin for 
the observed asymmetry to the right of the peak. We have investigated 
and ruled out the effects of walk due to pulse-height variation, pi le-up 
due to high count ra tes in the gamma detector, gain drift in the photo
tube, instability in the phototube high voltage supply, and radio f re 
quency pickup from the cyclotron. 

The spectrum i s consistent with a half-life of l+\ nsec for the 
delayed fission. There is a suggestion of the presence of a longer 
half-life decay, but our statistics a r e not good enough to allow us to 
draw any conclusions about its lifetime. Previous work'*) on U-236 
has resul ted in half-life determinations ranging from 66 to 130 nsec . 
The ratio of delayed to prompt fission in our resul ts appears to be 
quite large. Our preliminary lower limit is 2% 
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M. К. Mehta I« there any further work planned on the 7 ns. 
isomer in " 6 U ? T h e r e a e o n w n y j a e k iB ц ^ 
in our work at Seattle and in the work of the 
Copenhagen group this isomer was not seen. We 
•aw the decay period of about 120 ns and did not 
•ее the 7 ns decay although the time resolution was 
good enough. Your delayed to prompt ratio of 2% 
also seems to be quite high. 

W. W. Haven» I think that Charles Bowman at Lawrence Livermore 
Laboratory expects to look for an isomeric state in 
Ü236 

with low energy neutrons. If he has not done 
all the experiments by the time our Cyclotron i s 
reconstructed we will redo these experiments with 
better resolution and intensity. We were using 
much lower energy neutrons than the Copenhagen 
and Seattle groups ада the 7 nanosec state may be 
confined to very low energy neutrons. Our total 
number of counts was not sufficient to say anything 
about the 46 - 130 nanosec state. 
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THEORY OF FRAGMENT MASS AND CHARGE 
DISTRIBUTION IN FISSION 

V. S. Ramamurthy 
Bhabha Atomic Research Centre 

Trombay, Bombay - 85 

The asymmetric division of fragment mass in low energy 
fission of heavy nuclei is one of those longstanding problems in 
Nuclear Physics which inspite of many detailed experimental investi
gations have defined all attempts towards a physical understanding of 
the process in terms of a simple theory. The Liquid Drop Model of 
fission which is the historical starting point of all fission theories and 
which has been quite successful in explaining qualitatively many known 
features of fission such as the limit of stability of naturally occuring 
nuclei against spontaneous fission and the existence of a fission thres
hold even for nuclei having a large positive Q-value for fission, has 
failed conspicuously in explaining the fission fragment mass asymme
try. It i s now known that thib failure ar ises mainly as a result of 
neglecting the internal structure of the nucleus. 

Considerable progress has been made in the last few years in 
our understanding of nuclear shell effects on the deformation energies 
of nuclei. On the assumption that the fission process is adiabatic with 
respect to the collective degrees of freedom such as elongation and 
rotation of the nucleus as a whole, compared with the individual nucleon 
motions, many calculations have been done for the deformation poten
tial energy surfaces of nuclei. These calculations have had remark
able success in explaining many of the pre-saddle point properties of 
fissioning nuclei, in particular the existence of a secondary minimum 
in the potential energy surface, which has strikingly changed the tra
ditional notion of the fission process . Extrapolation of these calcula
tions into the region of very large deformations of fissioning nuclei 
has also brought out another important feature, that is the preforma
tion of fragments during the last stages of the division process . it has 
been shown ear l ie rO) that considerable simplification can occur in our 
understanding of the division process of the fissioning nucleus if one 
recognizes the fact that during the last stages of the process , the 
fissioning nucleus can be well approximated by two nearly independent 
nuclei in close proximity; they interact through the exchange of a 
relatively small number of nucleons from inert cores of the nascent 
fragments. On the assumption that the fission process i s adiabitic 
with respect to the collective degrees of freedom of elongation and 
rotation, the process can be treated as a stochastic process . It is 
shown here that with certain simplifying assumptions regarding the 
structure of single particle levels in the nascent fragments the obser
ved distributions of fragment mass and charge in the fission of a wide 
range of nuclei as well as their dependence on the excitation energy of 
the fissioning nucleus can be explained quite satisfactorily. 
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The mathematical formulation used here i i essentially the same 
as that described in Ref. (1) and i s summarised below: 
If CO £j2 *8 t n e probability that the configuration of the fissioning 
nucleus is that with N neutrons and Z protons on the heavy side and 
PNZ, N'Z' IS the probability that a configuration with N neutrons and 
Z protons in the heavy side goes over to one with N' neutrons and Z' 
protons on the same side then one has 

^ W * = *o + A t) * % t ^ N ' Z - ( t = *o> P N'Z- , NZ 
• • A4 

If the nascent fragments are in equilibrium, 

^ N Z ( t = to + A t) = CJ N Z (t = to) 

That is 

W N Z =
 N< Z t N'Z' P N'Z' ,NZ 

By definition 

^ £ tJ. 

• • .(2) 

N NZ 

£ S to t _ . 
N» Z1 NZ.N'Z' " l 

If the unit of time ^ t is sufficiently small one can neglect multi-
nucleon transfers; that i s 

P N - Z \ NZ = ° N ' ^ N ' N±X 

Z' £ Z, Z+l 

The transition probabilities PKJI^I N Z
 a r e B*mply related to the nuclear 

transfer probabilities P» _*,ц and PJJ —=? т. where Рт_»н *8 ^ e P r o ~ 
bability of a nucleon transfer from the light to the heavy fragment and 
Р д _ ^ L is the probability of an inverse transfer. An estimate of the 
relative probability of nucleon transfer in a given direction can be 
made by using the expression 

PL-*H ^(*L<E> .*L<E> TL-WE> 2 H (E)£ l - f H (E) ;7 dE 

P H->L 

$ T (E) and ' н ( Е ) а г е ' п е s m § l e particle energy level deneitiee in 
the light and the heavy fragment respectively, -f- L(E) and 7 н(Е) are 
the Fermi-Dirac distribution functions. 
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The probability of a nucleon transfer from one fragment to an 
identical energy level on the other may be assumed to be equal and 
independent of energy i. e. 

T H - » L = T L - * H = C o n s t a n t 

The absolute values of Tj^ «^ JJ and T^j _ ^ ^ depend on the actual po 
tential energy profile in the region between the nascent fragments. 
However, the equilibrium probability distributions of fragment mass 
and charge are independent of the actual values of Т ^ _ ^ д and T» ^r 
A numerical evaluation of the nucleon transfer probabilities on the 
basis of Eq. (3) require only a knowledge of the nucleon single 
particle energy level densities g j jE) and gu(E) in the light and the 
heavy fragment and the corresponding Fermi-Dirac distribution functions 
fL(E) and fH(E). 

The distribution of single particle levels g-, (E) and gtr(E) in 
the light and the heavy nascent fragments respectively are model de
pendent and carry the nuclear information. If one neglects nuclear 
shell effects, g j , (E) and gu(E) are eimple functions of energy and c o r 
respond to an assembly of noninteracting fermions confined to a given 
volume. If, however, one has to take into account nuclear shell 
effects, the distributions are to be suitably modified. Also in the high 
energy limit, where the nucleons populate a large number of levels , 
nuclear shell effects are expected to have minimum influence on the 
nucleon transfer probabilities and therefore on the resulting distribu
tions of fragment mass and charge. In order to illustrate the details 
of the present mechanism, we first present an analysis without 
including nuclear shell effects. (The Liquid Drop Model l imit). For 
gL(E) and gir(E) we use the average single particle level densities 
obtained by Strutinsky-smearing(2) of the shell model single particle 
energy levels of Seeger and Perisho^3'. A value of 0.7ft W was used 
for the smearing parameter and is sufficient to remove all shell 
effects, as was shown by Strutins ky(2). For the case of protons, one 
has also to take into account the effect of the Coulomb self energy of 
the individual nascent fragments and also of the Coulomb interaction 
energy between the nascent fragments. Consequently, all the proton 
levels are raised by an amount (C3Z/Av' + kZ') where Z and Z' are 
the atomic numbers of the fragment pairs under consideration. C3 i s 
the Coulomb energy coefficient of the semi-empirical nuclear mass 
formula, к is a measure of the interfragment distance. Anestimate 
of к can be made from the measured average kinetic energy of the 
fragment pair under consideration. The Fermi-Dirac distribution 
function f(E) is given by 

f(E) = 
1 + exp ( E - yu ) / T 



-68 -

where уЦ is the chemical potential and T is the the г mo-dynamic t e m 
pe ra tu r e . T is determined from the condition that the in tegra l of 
f(E)g(E) over all energies should be equal to the total number of 
nucleons (protons or neutrons) on either one of the nascent f ragments . 
The assumption of s ta t is t ical equilibrium between the fragment pa i r s 
implies equal t empera ture for any fragment pa i r . We a lso make the 
further assumption that one can r ep re sen t the situation by an average 
t empera tu re T for all fragment pa i r s , T will be a measu re of the 
excitation energy of the fissioning nucleus near the sc iss ion point and 
therefore should a lso be simply rela ted to the initial excitation energy 
of the compound nucleus. With these assumptions we f i rs t present the 
r e su l t s of the calculations for the case of the high energy fission of 
the nucleus 210p o , ] ? o r nuclei in this region of mass number s , the 
m a s s division8! s known to be symmet r ic and the Liquid Drop Model 
descript ion of the fission p rocess has had reasonable success . '*) 
Because of the decisive role played the relat ive disposition of the che
mical potential of the pair fragments in deciding the direct ion of p r e -
frential nucleon t r ans fe r s , we have shown in Fig. 1 the proton and the 
neutron chemical potential of the pai r fragments for a m a s s rat io 
R = 1.625, (МЦ = 130; M L = 80). It i s seen that the point of equal 
chemical potential is very well defined for both protons and neutrons . 
Away from the point of equal chemical potential, their re la t ive d i s 
posit ions in the nascent fragment pa i r s a re such that there is always 
a tendency for a preferent ia l t ransfer of nucleons leading towards the 
point of equal chemical potential . Since this mass division is not the 
most probable m a s s division for the fissioning nucleus, the points of 
equal chemical potential for* the protons and the neutrons a r e different 
and the most probable charge division for this m a s s division can only 
be obtained by solving the equilibrium equation (2). It can be however, 
be immediate ly seen that the mos t probable charge division coincides 
ve ry near ly but not exactly with the predict ion of the unchanged charge 
Density (UCD) hypothesis . The heavy fragment acquires a somewhat 
l e s s e r charge density than the complementary light fragment. Fig. (2) 
shows the fragment m a s s distribution, obtained by solving Eq. (2). 
The calculation was ca r r i ed out with a value of 1.2 MeV for the average 
nascent fragment t empera tu re . Fig . (3) shows the corresponding plot 
of the mos t -probable charge v e r s u s the m a s s of the heavy fragment. 
As is cus tomary , the deviation of the most probable charge from the 
predict ion of the UCD hypothesis is plotted instead of the most p r o 
bable charge itself in o rde r to bringout the finer deta i ls , Fig. 4 shows 
a plot of the percentage yield of var ious fragment charges for the same 
fragment m a s s . It i s seen that distribution i s very near ly a gaussion 
with a width of about 1.5 charge uni t s . Similar calculations have also 
been c a r r i e d out for the case of the fission of heavier nuclei . It was 
found that in a l l cases the m a s s distr ibution was predominantly 
symmet r i c as expected on the bas i s of the Liquid Drop Model ca lcula
tions and should be associa ted with the high energy fission of these 
nuclei . 
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In low energy fission, the assumption of the complete absence 
of shell effects is not valid. Shell effects manifest themselves as a 
deviation of gjj(E) from a smooth dependence on energy. A p rec i s e 
knowledge of gi_,(E) and gj^(E) r equ i r e s the detai ls of the shape of the 
fissioning nucleus near the sc iss ion point. In the absence of such a 
p rec i se information we have c a r r i e d out ca lcula t ions on the bas is of 
some simplifying assumpt ions to bring out the essent ia l validity of the 
proposed mechanism of fragment m a s s and charge division. It is 
known that, in genera l , nuclei near closed shells possess extra r i g i 
dity against deformation whereas midshel l nuclei a r e more soft towarde 
deformation. Consequently, near the sciss ion point, nascent fragmente 
in the region of closed shell nuclei tend to re ta in their spherical shape, 
where as fragments in the region of midshell nuclei tend to get d e 
formed. The consequence of such a deformation is twofold: Though 
with increasing deformation there is always a formation of secondary 
shel ls , these secondary shells have in genera l a l e s s e r s trength c o m 
pared to spherical nuclei. Also because of the increasing Liquid Drop 
Model deformation energy, there is an overal l increase in the energy 
of the levels (neglecting shell effects, which might r a i se or lower any 
one par t icular level) with these qualitative r e m a r k s in kind, we i n t ro 
duce the following ref inements in the assumed spectrum of single 
par t ic le levels gT (E) and gpj(E) in the light and the heavy nascent 
f ragments . F ragmen t s in the deformed region defined by 

32 <: z < 46 

54 ^ Z ^ 78 

54 ^ N «̂  78 

86 ^ N <. 122 

a r e deformed further near sc iss ion and compared to spherical nascent 
fragments may be assumed to have li t t le or no shell effects. One can 
therefore use for these nascent fragments the shell independent single 
par t ic le energy level dens i t ies . Also for these fragments , all the 
levels near the F e r m i Level a r e ra i sed by an amount C. The exact 
magnitude of С depends on the deformation of the fragment and is 
t rea ted as a free pa r ame te r in the p resen t calculat ions. For nascent 
fragments near closed shel ls , one should use a shell dependent level 
density distr ibution. This was obtained from the shell model level 
scheme of Seeger and Pe r i sho by par t ia l ly smearing the levels to 
take into account the smal l deformations that these fragments might 
also possess and the splitting of levels due to the interfragment 
interact ion. A value of 0. 4 Hw for the emearing pa rame te r was found 
to be most suitable. Calculations were ca r r i ed out for the fissioning 
nuclei 2^"Ra a i u j 23&u for different nascent fragment t empera tu res . 
Fig. 5 shows the calculated fragment m a s s distr ibution in the fission 
of 2 2 6 R & for two nascent fragment t empera tu re s , T = 1.0 and T = 
1. 1 MeV. The pronounced t r iple peaked s t ruc ture is immediately seen. 
One can qualitatively understand this s t ruc ture in the fragment m a s s 
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dietribution as follows: For nascent fragment configurations in the 
region ПЗ^Г M ^ . ^ 1 2 5 , both the light and the heavy fragment a re in 
the deformation region. Consequently, those fragments have been 
assumed to have li t t le or no shell s t ructure and the resul t ing d i s t r i 
bution of fragment m a s s yield in this region is symmet r i c , as was 
shown to be the case when one neglects shell effects. However, the 
presence of a doubly closed shell in the region Mj^^ /130 , r esu l t s in 
an a symmet r i c peak in this m a s s region. The m a s s yield curves , the 
reference shows a tr iple peaked s t ruc ture , one centered around the 
symmet r ic division and the other around the asymmet r ic division. As 
the t empera tu re is inc reased , the shell effects tend to disappear , r e 
sulting in a relat ively sma l l e r asymmetr ic peak. At ve ry high 
excitation energ ies , shell effects completely disappear , and the mass 
distribution is completely symmet r i c . Fig. 6 shows the calculated 
fragment m a s s distr ibution in the fission of 236{j for t w o nascent 
fragment t empera tu re s , T = 0.5 and 0.75 MeV with С = 0. 2 MeV. 
Also shown in figure, is experimental post neutron emiss ion m a s s d i s 
tribution taken from Ref. (5). It is seen that the calculated distr ibution 
ag rees very well in shape and magnitude with the exper imental d i s t r i 
bution. An inc rease in the nascent fragment t empera ture tends to 
fill up the symmet r ic region, which is also consistent with the exper i 
mental r esu l t s that there is an increase in the symmetr ic \ i e ld with 
increasing excitation energy of the compound nucleus. Fig. 7 shows a 
plot of the most probable charge ve r sus the fragment m a s s . This 
shows that the genera l t rend is well reproduced, though the calculations 
tend to underes t imate the most probable charge consistently by about 
0.2 charge uni ts . The experimental points a r e from Ref. 6. 

It is thus seen that most of the systematics in the fission 
fragment m a s s distr ibutions a r e very well brought out by the proposed 
mechanism, with simple assumption regarding the distr ibution of 
single par t ic le levels in the nascent f ragments . The near absence of 
nuclear shell effects in all nascent fragments except those in the 
doubly closed shell region is consistent with the fact that most of the 
fragments a r e quite deformed near the scission point. It can also be 
said that secondary shells do not play any significant role in deciding 
the m a s s and charge dis t r ibut ions . The use of a more rea l i s t i c set 
of single par t ic le level dis tr ibution for the nascent fragments can 
also be expected to give a be t te r quantitative fit to the experimental 
data. 

It is of interest at this stage to ask the question "what is the 
relevance of the proposed model to the more fundamental approach 
taken by Nix where one writes down the Hamiltonian and solves the 
equations of motion". The present model assumes statistical equi
librium in the asymmetry degree of freedom, and has neglected the 
effects of dynamical motion in the rest of the degrees of freedom on 
the final mass asymmetry. This can be interpreted to imply that the 
effective m a s s in the asymmetry degree of freedom is quite small 
compared to the effective masses in the other collective degrees of 
freedom. Though a theoretical justification for this assumption is yet 
to be made available, it has enabled one to take into account in a simple 
way the influence of single par t ic le effects into m a s s division p r o c e s s . 

file:///ield
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1: Plot of the chemical potential v e r s u s the nucleon number for 
a given m a s s division (MH=130) in the fission of 210po. 
The t empera tu re of the nascent fragments i s taken as 1.2 
MeV and no shell effect have been included. 
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Fig. 2: Calculated fragment mass distribution in the fission of 
2 1 0 P o . Nascent fragment temperature T = 1.Z MeV. No 
shell effects have been included. 
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ment mass . As is customary, the deviation of the most 
probable charge from the UCD hypothesis value rather than 
the most probable charge itself is given in the y-axis . 
Nascent fragment temperature T=1.2 MeV. No shell effect 
have been included. 
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Percentage yield of various fragment charges for a given 
fragment mass . (MJJ=130) nascent fragment temperature 
T = 1.2 MeV. No shell effects have been included. 
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22°Ra for the nascent fragment temperatures. 
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Fragments in the doubly closed shell region are assumed to 
have shell dependent single particle energy level density dis
tribution, and С = 0.2 MeV. 
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Fig. 6: Calculated fragment mass distribution in the fission of 
23"U for two different nascent fragment temperatures 

T = 0. 5 MeV 
T = 0.75 MeV 

Fragments in the doubly closed shell region have been assumed to 
have a shell dependent single particle energy level density distribution 
and C=0. 2 MeV. The points give the experimentally obtained posi 
neutron emission mass die ribution in thermal neutron induced 
fission of 2 3 5 U . (Ref. 5). 
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Fig. 7: Calculated most probable fragment charge versus the 
fragment mass in fission of 23bu for the nascent fragment 
temperature T=0. 5 MeV. The points give the experimental 
results obtained into thermal neutron induced fission of 
2 3 5 U (Ref. 6) 
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DISCUSSION 

M. R. Iyer : Did you notice any odd/even effects in the form 
of fine structures in the calculated mass yield 
curve? 
Have you estimated the width of charge distribution 
as a function of mass? 
Don't you expect magic numbers to influence the 
width of the charge distributions? 

V. S. Ramamurthy: I have not specifically looked for this effect though 
our calculation gives this information. I can only 
say at the moment that no drastic odd/even 
effects are exhibited. 
The width of the charge distribution was found to be 
about 1. 8 charge units (full width at half maximum) 
in reasonable agreement with Wahl's value. Of 
course our value refers to the prompt fragments 
while Wahl's value refers to post-neutron emission 
distribution. 

The influence of magic numbers on the width was 
also observed. But the change in the width was 
not drastic as would have normally been expected. 
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DISTRIBUTION OF THE TOTAL FISSION WIDTH 

Nazakat ULlah 
Tata Institute of Fundamental Rosearch 

Bombay- 5 

ABSTRACT 

Some recent developments in the distribution of the total 
fission width a re presented. General express ions for the corre la t ion 
coefficients of the resonance pa rame te r s which take into account the 
effects due to unitarity a r e given. A two-resonance two-channel model 
is used to derive an express ion for the distribution of the total width. 

I. INTRODUCTION 

The react ions which go through the formation of a compound 
nucleus have been studied for a fairly long t ime. Compared to the 
direct reactions they occur much more slowly. What one usually 
observes in these react ions a re a bunch of resonances which a r e fitted 
using a Briet-Wigner amplitude. The resonance form of the scat ter ing 
mat r ix is derived ei ther using the R - m a t r i x theory* of Wigner and 
Eisenbud or the unified theory of nuclear reactions developed by 
Feshbach . So far as the fitting of the data is concerned both these 
theor ies give the same parameter ic form of the scattering mat r ix . 

Till very recent ly it was assumed that the resonances a re non 
interfering type and therefore the resonance pa rame te r s of the sca t te r« 
ing mat r ix a re the same as the ones of the R-mat r ix theory. Even 
within this approximation, it was knonw that the distribution of fission 
widths cannot be handled in a simple way since the fissioning p rocess 
may give r i se to corre la t ions among them. Lately the s tat is t ical 
theory has also been applied to the heavy ion reactions^, where the 
rat io of the average width to the average spacing is definitely not 
small . For such situations the theoret ical express ions have to be r e -
derived without any res t r i c t ion on the above rat io. 

The purpose of this paper is to present some of these general 
expressions without going into their derivations and reexamine the 
problem of corre la t ions and mean-square deviations of the total widths 
for this general situation. 

IL RELATIONS BETWEEN S MATRIX AND R MATRIX 

The unitary scat tering mat r ix S based on R matr ix theory or 
Feshbach 's unified theory can always be writ ten in the form 
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О J- y l . д* = / 

(1) 

where V is unitary and symmetr ic , / v _\ is a rea l vector in channel 
space. It is the R-mat r ix width amplitude. N is the number of 
resonances and /ПДдДге the ma t r ix e lements of the level matr ix , 
which are given by 

C/* )\M * (2) 

where £ д * г е the rea l eigenvalues of the compound nucleus Hamil-
tonian and^x.Vj j lenotes the scalar product of the vectors \ » and 

Хдд, in the channel space. ^ 

The pole resonance form of the scattering matr ix S is given 
by 

N Г Г s = vО - L ^ ** "7 и {3) 

where ^ - > a r e complex poles, 2 д — с д - £ - А д and ""̂  is now the complex 
width amplitude. Comparing express ions (1) and (3) we can express 
( ^ ; 2 ^ in t e r m s of R-ma t r ix pa r ame te r s Лд , £д . The view point 
which one takes is that the proper t ies of the R-mat r ix pa r ame te r s a r e 
fixed while those of S-matr ix can change but a r e completely determined 
by the relat ions which a r e provided by the identity in E. 

For non-interfering resonances A is diagnonal and we can 
immediately see from relat ions (1), (2) and (3) that S has the same 
pa ramete r s as R. When the resonances s t a r t interfering the para
me te r s £jn tiM become functions of both E ^ t X ^ g . We give some 
of these relat ions here . They a r e : 

Л/ л/ 

Ms, 

X ( £ I - J- Гм Г, ) * 2 E E jL£ ( *„сх,„ -Л *< 

£ (ЬЪ + ЪЪ) = £ лД ( z. ЕЛ 

(If) 
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In the next section we present various corre la t ion Coefficients, 
which can be worked out using relations (4), 

III. CORRELATION COEFFICIENTS 

The correlat ion coefficient С у т» between two total widths 
l Г» of the S-matrix is given by 

Сг г - - rv-/)"' (5) 
This is the same as the one which is obtained for the case of non 
interfering resoances . Thus unitarity constraint does not enhance the 
correlat ion between total widths. The same is not t rue for the c o r r e 
lation coefficient between f f . It is now given by 

M у А 

кмЛА
 Z <£J> 

It is easy to see from expression (6) that the corre la t ion -4 
coefficient C_£ g becomes -(N + 1 ) " for the non interfering //\ 
resoanances , as it should be. 

We next give general expressions for the t ransmiss ion coeffi
cient and the average co r s s section'*. 

IV. TRANSMISSION COEFFICIENT AND AVERAGE CROSS SECTION 

To analyse the heavy ion c ross sections one needs express ions 
which a re valid for all values of the ratio of the average width to the 
average spacing. The t ransmiss ion coefficient T is given by 

+" z_ 

с *Tr<ric>/zO T = 1 - exp (- 2-TT<lMC7/PJ (7) 

For small vaues of ТГ<£Т^СУ/Ь it reduces to its usual form 

—T~ 
The average c ros s section S&- , \ is given by 

(1) 
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which should be compared with the Häuser-Feshbach express ion 5 

<*£> - x . ЛЪ: С9з 
^ \ CC У |_ 2- -Г" a. T . 

which is derived for small values of T , T / . In expression (8), 
с (9) kc denotes the wave number in channel с 

V. JOINT DISTRIBUTION OF £ * t f i 

If one does not take the effects of nnitari ty into account, then 
one can derive an expression for the charac ter i s t ic function of the 
total fission width. In this section we would like to give the joint 
distribution of С — ( £, ~ £j_ J > I , ^ L^ for the case of two channels 
and two resonances which takes fully into account the unitarity 
constraint. This distribution is given by 

»r ic~i «>0 c^l + jrr--*•»'.»'^7 (lo) 

where Dc. , Dc? a re the eigenvalues of the correlat ion matr ix , the 
diagonal elements of which give the var iances of A'^c s and the 
off-diagonal element iß related to the corre la t ion of ХлС) and V^ 
and / j \ is the average of the spacing of the poles of R-mat r ix . •* 

у 
The distribution of the total width •*- is obtained by integrating 

over /L. and one of the widths in expression (10). It t u rns out to be 

р(Г) и- (^тг" ' )М,) [ r(i-r)-AL'] '-{»tMjlKM+Ki 
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Thie should be compared with the total d imene ion les s width of the 
R-matr ix which i s given by 

We find from e x p r e s s i o n s (11) and (12) that the effect of unitarity 
i s to broaden the width distribution. 
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DISCUSSION 

J.J . Schmidt : To my knowledge the non-diagonal e lements of 0 L ~ 
die out with increasing number of channels, because 
they a r e essentially products of reduced channel 
widths which can be assumed uncorre la ted and, 
because positive and negative signs of these widths 
have equal probability of occurrence (at best , one 
cannot a pr ior i decide about the sign; random sign 
approximation); Where did this random sign appro
ximation enter into your calculat ions? 

N. Ullah : No random sign approximation is used in the d e r i 
vation of our express ions . If one uses this appro
ximation, one has to examine higher t e r m s in the 
expansion of A \ , t ( s e e for example, A . M . Lane 
and R .G. Thomas', Revs. Mod. Phye. 3£, 257(1958)) 
before throwing them away. 
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PROMPT RADIATIONS EMITTED IN LOW ENERGY FISSION 

D. M. Nadkarni 
Nuclear Physics Division 

Bhabha Atomic Research Centre, Trombay, Bombay-85 

In this talk I shall p resent resul t s of some recent work 
ca r r i ed out at Trombay on prompt radiations emitted in fission and 
also briefly review some of the ea r l i e r work done he re . There a r e 
two main reasons why the study of prompt radiat ions emitted in f i s 
sion forms such an important pa r t of fission physics . One reason is 
that because these radiations a r e emitted at different stages of the 
post-saddle par t of the fission process they a r e perhaps the only 
probes available to learn about the post -saddle cha rac te r i s t i c s of the 
fission p rocess . The different stages of emiss ion of these radiations 
a re shown schematically in Fig. 1. As the nucleus passes past the 
saddle stage it quickly breaks up into two fragments at scission in 
about 1 0 " ^ sec. During the actual breaking p rocess or near about 
it, on r a r e occasions, a very high energy par t ic le , called the long 
range charged par t ic le (LRCP), i s emitted. The two nascent fragments 
produced get accelerated due to their mutual Coulomb repulsion to 
very large kinetic energies (*- 170 MeV) and each of these fragments 
has an excitation energy of about 14 MeV. A large fraction ( ^ 70%) 
of this excitation energy is emitted in the form of 2 to 3 neutrons in 
about 10" 18 to 10~14 sec and the remaining energy is ca r r i ed away by 
a cascade emiss ion of about 8 gamma rays in a t ime around 10 ^ sec . 
About 6% of these gamma t ransi t ions , mostly low energy t ransi t ions , 
a r e internally converted in the К shell with the consequent emission of 
conversion electrons and charac te r i s t i c К X - r a y s . After this stage the 
fragments produced being neutron-r ich and unstable, undergo 2 to 3 
beta decays and end as fission products . Thus, a study of these 
prompt radiations can provide information about these post-saddle 
stages of fission. The second reason is that the fission fragments 
a r e highly neutron rich and cover a large region of the nuclear pe r io 
dic table. (Fig. 2). Hence by examining the spect ra of radiations 
emitted from fission fragments of specific m a s s and charge very u s e 
ful spectroscopic information on nuclei far from the line of /3 - s t ab i 
lity could be obtained. 

The ea r l i e r investigations dealt with the emission of prompt 
neutrons and gamma rays emitted in thermal neutron fission of U " 5 
and were ca r r i ed out using the reac to r Apsara . The energy d is t r ibu
tion of neutrons, emitted along the direction of motion of the light and 
heavy fission fragments, as well as the angular distribution of neutrons 
of different energy with respec t to the light fission fragment direct ion 
were measured( l ) . The two main resul ts of this investigation were 
that (a) about 10% of neutrons a r e not emitted from moving fragments 
and (b) the energy spectrum of neutrons from each fragment is a 
l inear superposition of various evaporation spect ra corresponding to a 
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l inear distribution of temperatures upto a cer ta in maximum tempera 
ture TjfpfFig. 3). The angular distribution of gamma- rays with respec t 
to the direction of selected l ight-fragments was measur ed(2) for two 
gamma- ray energy groups (Fig. 4) and an anisotropy of about 10-15% 
was observed sugges t ing^ ' that fragments have a significant angular 
momenta corre la ted with their direction of motion. 

During the last several yea r s extensive investigations have been 
ca r r i ed out on К X- ray emission in thermal neutron fission of U " 5 and 
spontaneous fission of Cf^52 a n ( j | n most of these studies, high reso lu
tion Lithium-drifted silicon detector systems were used. The yields of 
К X-rays from U ^ " fission fragments of specified m a s s e s were de te r 
mined' ' in which the fragment m a s s e s were identified by recording the 
kinetic energies of both the fragments and in Fig. 5 these resul ts a r e 
compared with the previously measur К X-ray yields from 

c f 252 
fission fragments . The yield of К X- rays from each fragment depends 
on the average probability of creat ion of a vacancy in the К electronic 
shell which in turn depends on the number of transit ions and the energy 
and multipolarity of each of these t ransi t ions . F rom Fig. 5 it is seen 
that и^Зо fission fragments extend the data for fragment masse s l ess 
than 100 and that elsewhere, although the gross features of X- ray 
yields from 

c f 252 
and U ^ k fission fragments a re s imi la r , for m a s s e s 

g rea te r than 144 the abrupt increase in К X-ray yield observed in the 
former case was not observed in the la t ter case . These resul ts were 
in terpreted on the basis that the X- ray yield depends not only on the 
charac te r i s t i c s of low-lying states but also on the initial spin of the 
fragments. These studies were extended!") by determining the К X- r ay 
yields emitted in the time range of up to l/l sec by fragments of 
specified nuclear charges in thermal neutron fission of Tj235 (Fig. 6). 
The observed increase in X-ray yield as one moves away from the 
closed shell region of N=50, Z=50 and N=82 have been qualitatively 
cor re la ted with the expected proper t ies of the low-lying states in these 
neutron-r ich nuclei. 

In the study of К X- ray emission it is important to know the 
average X-ray emission t imes and their dependence on the nuclear 
species . This i s because the t imes of emission of К X- rays following 
fission a r e determined by the life t imes of the nuclear t ransi t ions 
being internally converted, since, once a vacancy is created in the 
K-shell , the atomic transit ions giving r i s e to К X- rays take place very 
quickly ( s>~> 10"!"sec) . In a recent investigation we have de te rmined^) 
the average К X- ray emission t imes from U^3o fission fragments by 
detecting the X- rays in the two cases of the emitting fragment moving 
towards and away from the X-ray detector in the time ranges of 
110 JX sec and l /<sec after fission. (Fig. 7). It was observed that for 
fragments in the region of N = 50 shell the X-ray emission t imes a r e 
of the order of 0. 1 nsec and the yields of К X-rays a r e very low 
suggesting the presence of widely spaced levels which give r i s e to 
faster decay and low internal conversion. For a few fragment charges 
43Тс, 5£Те and 58Ce comparatively l a rge r emission t imes were observed. 
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A predominantly delayed component of К Х-ггу was observed in the 
case of Tel ler ium which is consistent with the i somer ic gaxnma- t rans i 
tion observed recently by John et al* ' . For the remaining fragment 
nuclei the average emiss ion t imes were found to be around 1 nsec 
which shows the absence of any intense i so r re r i c t ransi t ions of long 
half life in these nuclei. 

Another important aspect of X- ray emission in fission is the 
multiplicity of К X- ray emiss ion from fragments of specified atomic 
number. Although for most of the fragment nuclei the yield of К X-
rays per fragment i s appreciably l ess than one, it is possible that in 
cer ta in cases more than one X- ray is emitted in a cascade . One can 
define a X-ray emission distribution function fz(n) which r ep resen t s 
the fraction of events in which n X- rays a r e emitted in a cascade 
from fragments of charge Z. The average yield of К x - r ays per f rag
ment is then equal to the f irs t moment of fx(n). In a recent inves t i 
gat ion ' ' ) we have determined both the f i rs t and second moment of 
fx(n) for Cf252 fission fragments and this was accomplished using two 
cooled Si(Li) detectors to measure the energies of coincident К x - r a y s 
emitted from fission fragments. Fig. 8 shows the normal К x - r a y 
yield per fragment as well as the yield of additional К X-rays per 
fragment when one К X- ray is known to have been already emitted 
from 

c f 252 
fragments of specified atomic numbers . The observation 

that for almost all fragment atomic numbers the probability of an 
additional X- ray emission is significantly large suggests that X- r ay 
emission i s , in general , a cascade p r o c e s s . In the case of some 
fragment charges the yield of additional x - r ays is g rea te r than unity 
indicating a fairly la rge probability of emiss ion of more than two К 
X-rays in these cases . The same feature is evident from the second 
moment of fz(n) shown in Fig. 9. This further implies that a la rge 
fraction of fiesion events do not lead to x - r a y emission. 

As was mentioned ea r l i e r , the emission of LRCP is perhaps 
the first of the se r i e s of radiations emanating from the fission p r o c e s s . 
It is known that r a re ly (once in about 500 fissions) a LRCP, usually 
an alphaparticle, is emitted. On the basis of the strong 90°-peaked 
angular correlat ion of the LRCP and fission fragments, the former 
were assum ed(9) to be emitted in a region between the nascent f rag
ments before the lat ter acquire any velocity. However the exact 
mechanism of emission of these par t ic les is not known and in view of 
the stage of fission at which they a r e believed to originate a detailed 
study of this radiation should provide invaluable information about the 
las t stage of fission p rocess . At Trombay we have investigated 
several aspects of the emission of LRCP in fission. One of these is 
the dependence of the yield of LRCP on the initial excitation energy of 
the fissioning nucleus. Fig. 10 shows the yield of LRCP per 10^ 
fissions obs e rved( 1 0 » 1 1 ) in the fission of U ^ 5 induced by the rmal , 2 - , 
3 - and 4 MeV neutrons. These measurements were made using the 
5. 5 MeV Van de Graaff acce le ra tor . It was observed that LRCP 
emission probability i s not sensitively dependent on the initial excitation 
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energy of the fissioning nucleus. If the probability of LRCP emission 
depends on the energy available for LRCP emission and on the configura
tion of the fissioning nucleus during the very last stages, as is assumed 
in some models , the data suggests that the energy available for LRCP 
emission as well as the shape of scissioning nucleus a re insensit ive to 
the initial excitation energy of the compound nucleus. In addition, the 
energy spectrum of LRCP emitted in 3 MeV neutron fission was found(n) 
to be s imilar to that emitted in thermal neutron fission and the 
average energy of LRCP in the two cases were equal within (+_. 4 MeV) 
thereby indicating a ra ther weak dependence of the average energy of 
LRCP on the initial excitation energy of the fissioning nucleus (Fig. 11). 
Measurements have also been made of angular anisotropy of both the 
LRCPO 1 ) and fission fragments 

(12) 
with respect to the incident 3 MeV 

neutron direction and it was observed that the former is forward-peaked 
(with an anisotropy r*s 32%) whereas the lat ter is 90°-peaked (with an 
anisotropy -*^s 10%). These observations were found to be consistent 
with the predictions of the evaporation m o d e l ( ^ ) of LRCP emission in 
fission. 

At Trombay some studies of emission of prompt radiations in 
LRCP-accompanied spontaneous fission of Cf252 have been made. The 
yield and energy spectrum of К X- rays emitted by Cf252 f i s s i on frag
ments in coincidence with LRCP have been measure and compared 
with that in the normal binary fission (Fig. 12). The observation of 
14-25% increase in the X- ray yield in the former case compared to the 
lat ter is consistent with the assumption that these par t ic les originate 
from the fissioning nucleus as a whole and not at the expense of 
nucleons from either of the fragment groups alone. In a m e a s u r e -
m e n t ( ^ / of yield of gamma- rays from normal binary fission and LRCP-
accompanied fission of C f " 2 it w a s observed that about 16% more 
gamma- rays a r e emitted in the former case compared to that in the 
lat ter case suggesting a slight change i n the gamma-de-exci ta t ion 
process of fragments produced in the two cases . 

Recently we have measure the energy spectrum of LRCP 
emitted at four average angles (90°, 46°, 27° and 11°) with respec t to 
the fission fragment direct ion in thermal neutron fission of 

U235 
and 

some of these spectra a r e shown in Fig. 12. F rom an analysis of these 
data the angular coreelat ion of LRCP and fission fragments and i ts 
dependence on the energy of LRCP were determined. In Fig. 14 is 
shown the width &" ( 0«< f) of the angular correlat ion ve r sus the energy 
of LRCP. It was found that the angular correlat ion (peaked at 90°) 
has nearly the same width for all energies from 11 to 20 MeV and 
then it s t a r t s broadening until at very high LRCP energies it becomes 
almost isotropic or even a distribution having a minimum at 90°. 
Similar resu l t s were observed in an ea r l i e r investigation!* w on LRCP 
emission. The las t observation suggests the need for considering the 
dynamic effects due to the possible motion of nascent fission fragment 
on LRCP emission. It was observed that for the overal l LRCP_ energy 
spectrum, many more LRCP a r e emitted near forward angles (Ö. = 11°) 
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than expected on the basis of a gaussian distribution which fits the 
data for the angular region (30 - 90°). This suggests that even 
at forward angles there exis ts an appreciable probability of LRCP 
emission which therefore seem to be emitted from regions of the 
fissioning nucleus other than the neck region connecting the nascent 
fragments. 

Although the bulk of gamma radiation is emitted in a t ime of 
the order of 1 0 - 1 " s e c , a number of i somer ic gamma transi t ions having 
half l ives ranging from 10~" to 10"4 sec have been reported. These 
i somer ic t ransi t ions a re of in te res t from the point of view of the s p e c t r o 
scopic information on these neutron-r ich high-spin fission f ragments . 
Recently investigations on i somer ic t ransi t ions from Cf252 fission f ra 
gments have been s tar ted at Trombay. Fig. 15 shows the spect rum of 
delayed gamma rays emitted between 300 and 800 nsec after fission 
from Cf fission fragments which was measure d(18) with a 30 с. с 
Ge(Li) detector and the assignment of fragment mass number to the 
various peaks has been made by comparison with the recent data of 
John et a l ( 8 ) . Fig. 16 shows the spectrum of prompt gamma rays 
recorded in coincidence with these delayed gamma rays where the 
assignment of most probable fragment m a s s e s giving r i se the var ious 
prompt g a m m a - r a y peaks have been made by comparison with the data 
of Watson et al* " ' . It may be noted that although the delayed gamma 
rays a re emitted from fragment masse s in the regions 96-99, 108-110 
and 133-137, in the coincident gamma spectrum only the lines from 
the 108-110 rnase group and their complementary fragments a r e 
observed. 
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DISCUSSION 

P. Ribon • For which purpose did you measure the prompt 
gamma rays in coincidence with the delayed 
gamma rays emitted in isomeric transition of frag
ments? 

D. M. Nadkarni : We measured the spectrum of prompt У - rays 
emitted in coincidence with the delayed ( 300 n 
sec. -800 n sec) f - rays from Cf2^2 fission 
fragments with a view to look for *Y - r ay t r a n s i 
tions which populate the level which is responsible 
for the isomeric transition. It is possible, in 
principle, to build up a level sequence for those 
fragments which emit delayed "Y - r ays . It i s 
found that a relatively small number of fragment 
nuclei, concentrated in a few regions of A, emit 
delayed gamma rays (300 nsec-800 nsec). At 
the moment, these measurements a re in p rogress . 

R. F. Taechek : What were the propert ies of the 10% of the neutrons 
which were not associated with moving fragments 
and how was it established that they were not 
correlated with moving fragments? 

D. M. Nadkarni : In answering your second question, it was found 
that the experimentally observed angular dis t r ibu
tion of neutrons, with respect to selected region 
of light fragments, shows a l e s se r correlat ion 
than that computed on the assumption of isotropic 
evaporation from the moving fragments. The 
extent of deviation from that calculated was pa r t i 
cularly large for high energy neutrons. This d i s 
crepancy could be removed if it is assumed that 
a small fraction (л /10%) of these neutrons a re 
not emitted from the moving fragments. As to 
your first question, these 10% neutrons were 
found to be emitted with an evaporation like 
spectrum having an average temperature of about 
1.6 Mev. It has been suggested these a re emitted 
just before or at scission before the fragments 
have acquired their full velocity by a mechanism 
similar to that proposed by Fuller or , alternatively, 
by a evaporation process during saddle to 
scission descent. 
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J. Rowlands : Have you measured the energy spectrum of the 
10% of neutrons emitted before scission? 

D. M. Nadkarni : Yes. The energy spectrum of these 10% of 
neutrons emitted before the fragments acquire 
their full velocity were obtained indirectly. This 
was done by finding the fraction of neutrons that 
must be deducted from the experimental angular 
distribution in order to get an agreement between 
the observed angular distribution and that compu
ted on the assumption of isotropic emission 
from fully accelerated fission fragments. This 
fraction was determined for neutrons of different 
energies and thus the spectrum of neutrons emitted 
before scission was determined. 
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RECENT STUDIES ON PROMPT NEUTRON AND 
GAMMA RAYS FROM FISSION 

H. Conde 
Research Institute of National Defense 

Stockholm, Sweden 

1. INTRODUCTION 

The paper gives a review of some recent experiments on 
prompt neutrons and gamma-rays from fission. Special attention 
is paid to V- values i . e . the average number of prompt neutrons 
emitted in fission and the energy spectra of the fission neutrons. 
Fur thermore , a summary is given of a measurement by ALBINSSON 
(1971a) of prompt gamma- rays from fission. 

Studies of prompt neutrons and gamma-rays give besides 
of nuclear data for reactor physics and shielding calculations also 
fundamental information about the fission process e .g . about energe
tics in fission and about type of excitation and decay modes of the 
neutron-rich highly excited fission fragments. However, a better 
understanding of the fission process is needed to interpret many of 
the resul ts experimentally observed in the measurements of fission 
neutrons and gamma- rays . 

2. ENERGY DEPENDENCE OF"P 

The dependence of V on the energy of the incident neutron 
has recently been measured with good accuracy for the neutron in
duced fission of 235y in the whole energy region from thermal to 
15 MeV (Ref. see figure 1). Therefore, it has been used here to 
i l lustrate general trends and problems in the measurements of V in 
the different energy regions and for different fissioning nuclei. 

From 2 MeV upto about 14 MeV the V energy dependence 
is with good approximation a straight line with a slope correspond
ing to 0. 14 n/MeV. This slope is expected if all added energy 
goes into the production of neutrons. 

However, around 6 and 14 MeV first and second chance 
fission s tar t to be energetically possible, i. e. the nucleus can under
go fission after separation of one or two neutrons. The expected 
steps in "у a re about 0 .1 -0 .2 and are also spread out over several 
MeV. The experimental resu l t s by SOLEILHAC et al. (1969) do 
also indicate a weak step at about 6 MeV (figure 1). 

If one compares "p -values for different isotopes of u r a 
nium in the energy region above 2 MeV, the v"-values all fall within 
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3% of the same line (figure 2). For other elements the "v-values 
a re quite different. Thus the Z-value seems to be the cr i t ical p a r a 
meter . 

Several experiments have indicated a structure in the 
energy dependence of 1? for 235y below 2 MeV (figure 1). Steps at 
400 and 1000 keV of about 1-3% in *y have been reported by 
SOLEILHAC et al . (1970), SAVIN et al. (1970) and NESTEROV et al . 
(1970), while BOLDEMAN et al . (1970) observed a l inear energy 
dependence with a slope of about 0.11 n/MeV. Ear l ier measure 
ments (see e .g. FILLMORE (1968)), also give a different slope (about 
0. 10 n/MeV) of the linear fit below 2 MeV than above this energy. 
A better theoretical understanding of the fission process is certainly 
needed to solve the problems with the structure in this energy region. 

For even-even isotopes like 232-рп> 23o,238u accurate 
measurements have been made of "v close to the fission threshold. In 
this region the fission c ross sections show a structure depending on 
subthreshold fission. A linear energy dependence of V is observed 
except for 232т п where ~V increases close to the threshold (figure 3), 

In the fission resonance region recent measurements have 
been made on "y of 235y for different resonances by WEINSTEIN 
et al. (1969), and RYABOV et a]. (1970) (figure 1). Small changes 
in v (1-2%) were observed going from one resonance to another. 
However for the induced fission of 239pu changes of 3-5% in V for 
different resonances were reported by the same groups. WEINSTEIN 
et al . observed the same у -values for ear l ier assigned 0+-
resonances and these V -values were about 3% higher than the cor 
responding values for the l + - r e sonances . Recently, the measure 
ments on 239pu were repeated by WESTON et al. (1971). Contrary 
to the ear l ier measurements this group could not see any differencee 
within £-1 % in у for different resonances. 

The ~\/ -value for the spontaneous fission of 23«u has 
recently been measured by CONDE and HOLMBERG (1971). In the 
energy dependence diagram (figure 1) this value corresponds to a 
point at - 6 . 4 MeV, which is equal to the neutron binding energy in 
23ou. Compared with the thermal value the change in "у" is 
A\7 = 0.51 and thus if the change is expressed in neutrons per MeV 
А у / Д Е = 0.08 n/MeV. This value of Д р / А Е is low compared to 
the corresponding value observed above thermal neutron energy. A 
similar resul t was also obtained for 240рц a n d 242рц where com
parisons can be made with neutron induced fission of 239pu and 
241 pu (CONDE et al . (1968)). 
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3. FISSION NEUTRON SPECTRA 

The experimental fission neutron spectra a r e very well 
fitted to distributions of the Maxwellian type N(E) ~ , / i f e - E / T . Thle 
general type of spectrum is expected if one assumes that the neutrons 
a re emitted from moving fragments. 

Another type of spectrum was calculated by WATT (1952) 
assuming a Maxwellian type of spectrum in the centre-of-mass 
system which resul ts in the following type of spectrum in the labo
ratory system 

N(E) ~ e _ E / T sinh i / E E f , 

where Ef is the average kinetic energy per nucleon of the fragments. 
As pointed out by TERRELL (1965) the Watt spectrum does not fit 
quite well if the energy Ef is given the actual average value, about 
0.75 MeV. This would be an indication that the centre-of-mas в 
spectrum is broader than a Maxwellian distribution and should be 
better represented by the sum of two Maxwellian distributions. This 
in turn would give the laboratory spectrum as the sum of perhaps 
four Watt distributions and the result of which would be close to a 
Maxwellian distribution. 

At higher neutron energies, around 6 and 14 MeV, it i s 
energetically possible, that the fission occurs after the evaporation 
of one and two neutrons, respectively. The neutron energy spectra 
measured for incident neutron energies above 6 MeV" will therefore 
have a low energy contribution caused by inelastically scat tered 
neutrons (HANNA and CLARKE (1961)). 

The existence of so called scission neutrons was suggested 
by BOWMAN et al . (1962) in order to explain their experimental 
results of fission neutron angular distribution from 252cf. They 
suggested that the scission neutrons a re emitted isotropically from 
tne fissioning nucleus at the moment of scission. BOWMAN et a l . 
estimated the number of scission neutrons for ^52Q{ J 0 ^ e approxi
mately 0.4 neutrons/fission. MILTON and FRÄSER (1965) estimated 
that the number of scission neutrons in the thermal fission of 233rj 
and 235-у might be a s many as 30%. In the fission neutron energy 
spectra no c lear evidence for the existence of scission neutrons have 
been reported. 

TERRELL (1965) also derived from evaporation theory a 
semiempirical relation between the average energy of fission 
neutrons, E, and the average number of neutrons emitted per fission "\7 

E = 0.74 + 0.65 ( ? + ! ) £ (MeV) 
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mos t ly v e r y heavy . Al l t he se p r o b l e m s have p robab ly h i n d e r e d a 
f a s t e r p r o g r e s s of the knowledge of p r o m p t f iss ion g a m m a rad i a t i on 
f rom the t h e r m a l - n e u t r o n induced f iss ion of 2 3 5 y f a n c j s o far m o s t 
s tud ies have c o n c e r n e d g a m m a - r a y s from f r a g m e n t s f o r m e d in the 
spontaneous f iss ion of 252Cf. 

M e a s u r e m e n t s of the p rompt g a m m a r ad i a t i on have been 
m a d e r e c e n t l y with Ge(Li) d e t e c t o r s on 2 5 2 C f ü s s i o n ( C H E I F E T Z 
et a l . (1970), WILHELMY et a l . (1970)), and a l s o on 2 3 5 0 f i s s i o n 

(HORSCH et a l . (1969)). The e x p e r i m e n t a l technique h a s been 
improved c o n s i d e r a b l y dur ing the l a s t five to seven y e a r s , for i n 
s tance by the in t roduc t ion öf Si(Li) d e t e c t o r s , with which К X - r a y 
energy s p e c t r a f rom the f r agment s can be r e c o r d e d in a s imple way. 
T h e s e X - r a y s a r e f o r m e d through conve r s ion of the p r o m p t g a m m a -
r a y s , and s tud ies of them can t he re fo re y ie ld c o m p l e m e n t a r y data 
to the knowledge of the p r o m p t g a m m a rad ia t ion . Recen t ly e x p e r i 
m e n t s have a l s o been p e r f o r m e d with X - r a y s and g a m m a - r a y s in 
co inc idence (RUEGSEGGER et a l . (1970)) , and so it i s now poss ib l e 
to d e t e r m i n e a few of the lower g a m m a - r a y c a s c a d e s in some m a s s 
r e g i o n s . 

The m a i n difference between the e x p e r i m e n t p e r f o r m e d by 
Alb ins son and mos t o t h e r s r e p o r t e d so far is the u s e of a c o l l i m a t o r 
to se l ec t different t ime i n t e r v a l s af ter the f i ss ion event . The study 
follows in ba s i c p r inc ip l e the ideas out l ined by JOHANSSON (1964). 
With the c o l l i m a t o r (see f igure 4) it i s poss ib l e to study the t ime 
d i s t r ibu t ion of the g a m m a rad ia t ion , such a s decay c u r v e s of the 
i n t e g r a l r ad i a t i on f rom a l l f r agmen t s o r f rom c e r t a i n f r a g m e n t s , 
and a l s o to r e c o r d g a m m a - r a y energy s p e c t r a f rom c e r t a i n f r a g 
m e n t s during different t ime i n t e r v a l s af ter the f i s s ion event . Th i s 
means that g a m m a r a d i a t i o n of different ha l f - l i ves a s a function of 
f r agment m a s s can be s tudied (figure 4). Another i n t e r e s t i n g p a r a 
m e t e r in these inves t iga t ions i s the to ta l f r agment k ine t ic ene rgy . 
Th i s m e a s u r e m e n t w a s r e p o r t e d s e p a r a t e l y (ALBINSSON (1971b)). The 
data acqu i s i t i on s y s t e m w a s a t w o - p a r a m e t e r a n a l y z e r , so that t h e r e 
i s no poss ib i l i t y to add m o r e p a r a m e t e r s to the two whose i n t e r 
r e l a t i o n s w e r e s tudied: g a m m a - r a y ene rgy and f ragment m a s s . 

It is s o m e t i m e s poss ib l e to u s e m o r e than one exis t ing 
mode l in n u c l e a r phys i c s for the i n t e r p r e t a t i o n of f i ss ion da ta . One 
often u s e d model is the co l l ec t ive mode l , the r e a s o n being of c o u r s e 
that the f i ss ion p r o c e s s i s r e a l l y a co l l ec t ive , m a n y - p a r t i c l e p r o 
c e s s . Some e x t r a p r o b l e m s a r i s e , however , a s the f r a g m e n t s , j u s t 
af ter t h e i r fo rmat ion , a r e v e r y n e u t r o n - r i c h , and it m a y be difficult 
to c o m p a r e r e s u l t s of f iss ion g a m m a - r a y s tudies with those of o the r 
n u c l e a r r e a c t i o n s . Of g r e a t i n t e r e s t for p u r p o s e s of c o m p a r i s o n 
a r e the data f rom p r o m p t neu t ron e m i s s i o n s tud ies , and quite a lot 
of the d i s c u s s i o n f rom t h e s e s tudies can be adopted for the i n t e r 
p r e t a t i on of p r o m p t f i ss ion g a m m a rad ia t ion . Unfor tunate ly the 
s i tua t ion su r round ing p r o m p t neu t ron e m i s s i o n is far f r om c l e a r , and 
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The experimental values for the thermal fissions of 235JJ and 239pu 
and for the spontaneous fission of 252cf seem to indicalte a more 
rapid change in E with "y than given by the above relat ion (SMITH 
(1970), JEKI (1971)). 

There exists through the years a lot of measurements of 
fission neutron spectra using different experimental techniques (see 
e .g . CONDE and DURING (1965)). A typical feature for many of 
the measurements is that one claims a very good accuracy compared 
to the spread in the Maxwellian temperatures obtained from different 
experiments. This might be due to systematic e r r o r s which have 
not been correct ly accounted for (JEKI et al . (1971)). The difficul
t ies might be, just to point at some of them, to convert a continu
ous time-of-flight spectrum to an energy spectrum correc ted for 
elastic and inelastic neutrons, delayed gamma-rays etc. or they 
might be to convert a continuous pulse-height spectrum to an energy 
spectrum, taking into account the response function, efficiency, 
multiple scattering etc. 

Especially the fission neutron spectrum for the thermal 
fission of 235y h a s been deduced recently from measured spec t ra l -
average c ross sections utilizing activation detectors (GRUNDL (1968), 
FABRY (1967)). The resul ts from these measurements give about 
15% higher E-values than ear l ier microscopic measurements and a re 
not strictly described by Maxwellian distributions (McELROY (1969), 
SMITH (1970)). The reason for the difference between the macrosco
pic and microscopic data is not quite well understood but there migtft 
be problems associated with the calculation procedure and the dif
ferential c ross sections used in the first type of measurement . 

4. PROMPT FISSION GAMMA-RAYS 

A summary is given of a measurement by ALBINSSON 
(1971a) of prompt gamma-rays from the thermal fission of 2 3 5 U 
made at the reactor RZ, Studsvik. 

It is of interest to study prompt gamma radiation from 
fiesion fragments for two reasons . Fi rs t ly , a knowledge of this 
radiation should be of value for any detailed theory of the fission 
process , and secondly, it can provide information for designing 
shielding around a reac tor . 

The gamma-ray energy spectra a re very complicated owing 
to the many nuclei (fragments) which emit this radiation. F u r t h e r 
more , these nuclei can s tar t emitting their radiation from states in 
a rather wide energy range depending on the way in which the frag
ments were formed. Studies of gamma rays from fragments formed 
in a fiesion process induced by neutrons from a reactor often involve 
experimental difficulties, because the background at a reactor is 
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1t в е е т е as If more effort will have to be put into the studies of 
the prompt decays of the fragments. 

The gamma radiation studied by Albineson is the part which 
Is characterized as prompt. Somewhat arbi t rar i ly the radiation is 
usually divided into two par t s , namely a prompt part whose compo
nents have half-lives shorter than 1 ns, and a delayed par t with 
longer half-lives. This division is further justified by the fact that 
the experimental techniques for study of the two par t s differ and 
that the propert ies of the radiation in the two cases show a distinct 
difference (JOHANSSON (1964)). 

In the experiment by Albinsson a special technique was 
adopted, namely that of using time-of-flight discrimination between 
the prompt neutrons and the fission gamma radiation. This was done 
by placing the gamma detector about 70 cm from the fission foil. 
This technique has not been ueed extensively so far, probably be 
cause of the small solid angles involved and, as a consequence, the 
low counting ra tes in the gamma detector. 

CONCLUSIONS 

Studies have been performed of the gamma radiation from 
fission fragments in slow-neutron induced fission of ^^1]. Gamma-
ray energy spectra were recorded as function of mass and time 
after fission (figure 5, 6, 7). The main conclusions from the invest i
gation may be summarized as follows: 

1. The gamma-ray energy spectra vary in shape with time after 
fission. 

2. The gamma-ray energy spectra vary in shape with mass within 
each time interval, the variation being stronger the la ter the time 
interval studied. 

3. When a time interval is selected in which half-lives of the 
radiation of 50 ps and more a re enhanced, there is strongly m a s s -
dependent yield of 1200 keV photons, which might come late in a 
cascade of gammas. 

4. There is a very etrong dependence on mass of the yield of pho
tons of a few hundred keV in the time interval in which half-live в 
of 50 ps and more a re enhanced. 

5. The relationship between the average gamma-ray energiee and 
the associated half-lives gives a strong indication that the bulk of 
prompt photons from fission fragments a r e of the quadrupele type. 



-119-

6. Yield c u r v e » of the photone a s function of главе can be i n t e r 
p r e t e d on the b a s i s of a mode l Including the p r o p e r t y of the va ry ing 
r e s i s t a n c e to de format ion of the nucle i , depending on w h e t h e r they 
conta in nucleons of magic n u m b e r s o r not. 
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A.H.W, Aten 

H. Conde' 

1. Are not the maxima and minima in Solheilac'e 
curve for у" of 235u+n. suspect, because 
practically all of them consist of a single point? 

2. If V for 2 3 5U+n. is represented by a curved 
line is it not possible to draw such a line in such 
a way that all у values lie on it, and also the 
y* value for spontaneous fission of ^^"U at an 
energy value of -6 .4 Mev? 

1. A least square fit to the experimental data 
givee a curve with two steps at approximately 
0.4 and 1. 1 MeV. 

2. Of course a curved line can be drawn through all 
the points and be used for data needs, but so far 
the fission theory only predicts a straight line 
dependence all the way down to zero excitation 
energy. 

S. Cierjacks Have you carried out a statistical significance test? 
Looking on your data it seems to me that the data 
with these uncertainties do not show a significant 
deviation from a straight line. 

H. Conde• I referred to the data by Soleilhac et al. and they 
have carried out least square fits to their data which 
show a nonlinear dependence. 

J .J . Schmidt (Comments) : The statistically best available 
measurement of Jf (E ) on U^-" in the same energy 
range in which Soleilhac et al. measured, is due 
to Boldeman, from Lucas Heights, Australia. It 
does not show the deviation from a linear energy 
dependence as observed by Soleilhac. As a 
consequence, weighted least squares fitting of all 
availabley(E ) data for U ^ 5 a e carried out by the 
Nuclear Data Section of the IAEA in the last weeks 
does not yield any significant structure in ")f (E~. ) 
(lj235) an<j gives very nearly a straight line. 





- 1 3 1 -

RADIATIONS EMITTED IN FISSION 

P i e r r e RIBON 

SUMMARY -

We briefly examine the p roper t i es of the various par t i c les which a r e 

emit ted during or after the fission p rocess . Their emission can occur at 

th ree different s tages : 

1- «i^^js js^^j>^n_time_. They a r e mainly a pa r t i c les and other light 

pa r t i c l e s ; the r e su l t s for these emiss ions a re numerous and coherent, and 

allow to obtain informations on the scission configuration. On the cont rary , 

the neutron emiss ion is not well enough known. 

2- by the fission f ragments . These ones desexcited themselves mainly 

by neutron emission; never the less , if they have hight spin values (I A/1 5), the 

Y - r a y emiss ion is expected to compete strongly with the neutron emiss ion. But 

some very recent resu l t s give lower spin values (Irv7). 

3-^^^h^_ßs_sJ.oji_pj^d^uc_ts. The delayed neutron p r e c u r s o r s a r e now 

quite well known, and the in te res t i s turning more and more upon their energy 

spect ra . The calculations which have been done to fit the previously known 

spect ra does not descr ibe the s t ructure of the most recent r e s u l t s . 
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The radiations emitted during or after the fission processus can be 

classed in 3 categories according their time of emission : 

1- the scission particles, which are emitted at the time of the scission 
18 event, i. e. in l e s s than 10" s. 

2- the radiations emitted by the fission fragments, which are highly 

deformed and excited nucleus; the charac te r i s t i c time of this emission varies 
-14 -11 

from a few 10 s to about 10 s. 

3 - the radiation emitted by the fission products , which a re radioactive 

nucleus lying above the ß stability line. 

It has been t reated of these radiat ions at the two conferences on 

" Phys ics and Chemistry of fission " [ l , 2 J . I will try to give a brief idea 

of the status of their knowledge, with emphasis on information obtained since 

the Vienna Conference f 2J . 

I - RADIATIONS EMITTED WHEN THE SCISSION PROCESS OCCURS. 

I- l .The light charged par t ic les a r e the best known of these radiat ions. 

The table I, a recent compilation by ASGHAR [3j , gives the main resu l t s 

obtained up to now for the relat ive intensity, for the most probable energy 

end for the width at half maximum of the energy distribution. The general 

consensus that these charged particles are emitted at the time of scission 

and near the scission point is based on their angular distribution (which is 

markly peaked in a direction perpendicular to the fragments direction), on 

the variation of their angular distribution with the fragment mass ratio and, 

according to Halpern [4J , on the non agreement of a statistical evaporation 

interpretation with the experimental yields. 

It i s generaly accepted that the properties of the fission fragments 

in the binary fission without the emission of light charged particle and of 

these fragments when this binary fission i s accompanied by charged particles 

are the same. This interpretation is based on the similitude of the mass and 

energy distribution of the fission fragments and of the emitted neutrons, on 
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the equality of the total kinetic energy, etc. . . In his review [5 j Feather 

conclude that " the a par t ic les accompanied t e rna ry mode develops out 

of the binary mode only when the total deformation excitation energy of 

the nascent binary fragments i s , on average , some 10 MeV grea te r than 

the mean value for binary modes generally ". 

The proper t i es of these kinds of fission events a r e the best known 

when the light par t ic les a r e a . The proper t ies of the other light charged 

pa r t i c l e s a r e not so well known; never the less , Feather concluded that 
11 with some slight reserva t ion in respec t to protons, it appears that the 

r e l ea se p rocess is of the same charac te r for al l charged par t ic les ". 

This r e s e r v e has been confirmed by r e su l t s from NARDI et al [6] 

who show that the value of the correla t ion between the kinetic energy of 

the two fragments and the kinetic energy of the light par t ic le may be 0 

in the case of protons, while it is worth about - 0 . 4 for t r i tons or alphas* 

They constitute a usefull tool to study the configuration of the 

2 fission fragments at the scission point. Many t ra jec tor ies computation 

have been performe d [7 to 12] . But many quantities a r e involved in these 

calculat ions, such as : 

- the initial position of the light par t ic le 

- i ts initial energy and angular velocity distr ibutions 

- the initial energy of the fragments and their initial distance 

- the m a s s ra t io R. 

According the different authors , some of these p a r a m e t e r s a r e fixed 

by some hypothesis, the others being adjusted to fit a set of experimental 

data - which is not always the same. As a resu l t , it appears a great d i spe r 

sion of the p a r a m e t e r s : the initial energy of the a par t ic les va r ies from 

0. 5 MeV ( FONG, 1970 - [12] ) to 3 MeV ( BONEH , 1967 - [7] ) and 

the initial distance of the fragments l ies between 20 fm [l2J and 26 fm [7, 11 

But the definition of the initial t ime is ambiguous, and may explain 

a pa r t of these d iscrepancies ; for instance, the r e su l t s a r e a s if the initial 

t ime for FONG was ea r l i e r that for BONEH. 
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F u r t h e r m o r e , KROGULSKI and BLOCKI [ l l j could descr ibe the same 

data by the same methods and with the same hypothesis except for the scission 

configuration: they used successively separation distances of the fragments 

equal to 26 fm (elongated configuration) and to 20 fm (compact configuration). 

1-2. Neutron emission '. To our knowledge there a r e no new resu l t s 

since that Feather considered, in 1969» that " the most convincing evidence 

for the existence of these " central " neutrons comes from the pre 1965 

investigation of BOWMANN and al [ lbj with 2 5 2 C f ". 

Different exper iments have concluded more or less direct ly to the 
252 existence of such a component, ra ther important for Cf ( A / 0 . 4 central 

,-. . v 236TTi |\ л T 240^ 4Г,Р1 234ТТ*Г, Л 239„T *Г, J neutron per f iss ion) , U [14, 15J , Pu [15J , U [l6J , Np [17J 

( 17 MeV excitation - луО. 28 +_ 0. 26 centra l neutron per fission'after subs-

tract ing the prefission neutron evaporation), while such a centra l component 
О О О ^ 

was not found for Th [l8J . 

Though theoret ical calculations have shown that it may exist with an 

important yield | l 9 j , this kind of neutron emission, which would be of the 

same origin that the charged light pa r t i c les , is not proved with enough confi

dence, and some more exper iments , very difficult indeed, a r e necessa ry . In 

1969 Feather concluded that " there would be added confidence, perhaps , if 

under the same experimental conditions the description of prompt neutrons 

from one mode of fission were to be found not to need the cent ra l component 

for i t s full descript ion, whilst the distribution relat ive to another mode 

requ i red such a component ". But this suppose that this centra l component 

does not always exist , if it does. 

II - RADIATIONS EMITTED BY THE FISSION FRAGMENTS. 

They a r e essential ly neutrons and у - r a y s . 

I I -1 . Neutrons. We shall not consider the ^ value, but will give some 

attention to the number of neutrons emitted by the fragments as a function of 

their m a s s number. The most recent resu l t s a r e those obtained by BOLDEMAN 

et al [20] on U* (fig. l) . They agree very well with those of MASLIN et al[2l] 
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and show the same general t rend a s was previously obtained by APALIN et al [22J 

and by MILTON and FRÄSER [23] - but they don't obtained evidence for the 

s t ruc ture which was claimed by these las t authors . 

They obtained a very straight l inear variation of >? , ve r sus the 
d E t 0 a l 

total fragment kinetic energy with a slope —=• = - 0. 167 MeV/n, and deduced, 
d V 

from the MYERS-SWIATECKI m a s s formula [24j , a value from the variation 
— d E * 

of excitation energy of fission fragments with V : —-= = 9. 5 MeV/neut ron; 
this resu l t confirms the value previously obtained by NIFENECKER et al [25J . 

These values a r e g rea te r than the л/6. 6 MeV/n value for emission of a 

neut ron; this difference is in terpreted ae due to the у - r ays emission. 

II-2. The у - r ays emiss ion may be studied from two points of view : 

a- The f irst one concerns the identification of the у - r a y s and of their 
235 origin. For the thermal neutron induced fission of U, HORSCH [26] reso lves 

54 g a m m a - r a y l ines and, for about 35 of t h e m , identifies the emitting nucleus; 
252 7 of these identifications a g r e e s with previous resul ts obtained for Cf by 

BOWMAN, WATSON et al [27J . 

b - The other point of view concerns the study of the angular distribution 

of these у - r ays which r e su l t s of the alignment of the spins of the fission frag

ments . These spins can be deduced from the experimental angular distribution 

if one does some assumpt ions , such a s their complete alignment. 

At the 1969 Vienna Symposium, both ARMBRUSTER et al [28] and 

JEKI et al |29| concluded that the average spin value was of the order of 

1.5; this value is much grea te r than the previously quoted ones : 7,8 or 10 

according various physicist [31j . F rom this one may deduce that there i s an 

important competition between у - r a y s and neutron emiss ions . 

But in a recent paper [32 J ARMBRUSTER et al give their final r e su l t s 

from which they concluded tha t : 

* Some very recent r e su l t s from Columbia University have been presented by 

Professor W. W. Havens at this topical conference. 
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- the average decay t ime i s of the order of 0. 5 to 1 10 e, the shor tes t 
-12 life t ime being 10 s 

- the average energy of the у - r a y s is of the order of 0. 8 MeV 

- dipole e lec t r i c t rans i t ion a r e not poss ible , and desexci ta t ion 

occur8 only by quadrupole t rans i t ion - E2 -

- that the s ta t i s t ica l model for desexcitat ion, which would give 

I ro 16, does not predic t severa l of the exper imenta l r e s u l t s , which, on 
the con t ra ry , would be explained if one suppose a desexci tat ion by a collect ive 

E2 cascade 

and they concluded that I could not be g r ea t e r than 8 or 9 and is probably worth 

6 to 8 (varying from 5 to 10 according the fission product ra t io) . 

It has to be noticed that this was the value given by VAL'SKII et al 

(_33j in 1969 in in terpre t ing the energy spectra and the angular an iso t ropy 
252 of the у - r a y s accompanying the fission of Cf from simple cons idera t ions . x 

III - DELAYED RADIATIONS -

They a r e the different radia t ions emitted by rad ioac t ive nuclei : 

ß - r a y s , у - r a y s , . . . We shall jus t say a few words about the Y - r a y s emiss ion . 

A special emphas is i s given to the delayed neutrons . 

For a long t ime the descr ip t ions of these 2 kinds of radiat ion were 

not detailed but gave some empi r i ca l law such as the Way Wigner law for 
-1 .2 d e c r e a s e of у - r ay emiss ion intensity (l<vt ' ). All these informations w e r e 

reviewed in 1965 by KEEPIN [34] . Since that t ime efforts have been devoted 

to the study of the par t icu lar radia t ions outgoing from specific emit t ing nuclei . 

III. 1. - Delayed у - r a y s . The most completed work on individual delayed 

у - r a y s is probably the one by GUY for Cf [35J . He resolved 144 l ines 

with energ ies from 90 to 2860 keV, with per iods from 5 ns to 3 ps , and 

identified the emitting nucleus for most of them. The energ ies of these у - r a y s 

a r e l e s s than 400 keV, except for a few of them ; among o the rs , а у - r a y 
134 with energy of 1180 keV, probably emitted by Те, was repor ted at the 

Vienna Conference [36j and DIETRICH [37J pointed out that it could be i n t e r 

p re ted a s a possible t ransi t ion between oblate and prola te s ta tes . 

More recent ly , a paper by AJITANAND [38J confirms a pa r t of 

GUY's r e s u l t s . 

± The same resu l t is obtained by Nifenecker (private communicat ion) . 
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Ш. 2. DelaY^d neutron. 

•t - P r e c u r s o r s identification. In a recent r e po r t TOMLINSON [39j 

reviews the data concerning the delayed neutron emi t t e r s . He identifies 

38 of them (21 for the light group of fission fragments , 17 for the heavy 

one) and sete 10 other fission fragments as possible e m i t t e r s . There a r e 

still some d iscrepancies between the calculated yields and the experimental 

values, but the knowledge of these ones have very much p r o g r e s s in the 

recent y e a r s . 

The fact that there exis ts at least 38 delayed neutron emi t t e r s does 

not mean that, in reac tor kinetic studies, one has to take in account 38 

(or more) per iods because many of these radionuclei have the same p r e 

c u r s o r s , or contribute only for a very few to the total delayed neutron yields ; 

but the old 6 groups classification has to be improved. The s-••• ond group 

(7J = 22 ) for instance is mainly composed by 88 Br (77 = 15. 9 ") and by 
1 3 7 I (7J= 2 4 . 4 " ) . 

One of the remaining problems was the existence of a long period 

for delayed neutrons (?JT > 55 ) ; some evidence for the existence of such 

a per iod was previously repor ted |,40J • But at the 1969 Vienna Conference, 

TOMLINSON and HURDINS [4l] repor ted a careful study from which they 

concluded that there a r e no t rue delayed neutrons with a period grea te r than 

55 , but that there exist some "pseudo delayed neut rons" with periods of 

3. 1 , 1.7 and 111 minutes, which a r e due to prompt neutron occuring from 
p o o -> о с 

the photofission of U and U, due to high energy g a m m a - r a y s emitted 
by some fission products . The yield of these pseudo delayed neutrons 

-8 depends very much on the total amount of mater ia l used ; i t ' s worth nj6. 10 

n/f iss ion for the 3 mn period with 3. 5 kg of natural U. 

2 - Energy spectrum. The in teres t is turning more and more on the 

energy spect rum of the delayed neutrons. In fact, the theor ies predicting 

this spect rum also predicte the emission probabil i t ies . The most sophist i

cated study i s probably the one by GAUVIN and de TOURREIL [42] which 

allows a satisfying description of the old experimental data [43| (fig. 2). But 

according the recent r e su l t s from CUTLER and SHALEV [44] , the energy 

spect rum of the delayed neutrons shows much more s t ruc tu res than were 
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previously obtained by BATCHELOR (fig, 2). Similar resul t s have been 

obtained in Sweden 145J and in USA 1461 

It has to be emphasized that the knowledge of this energy spec t rum 

is not only useful for reac tor application but that it gives information on the 

excited level of the neutron emitting nucleuB. In their calculations GAUYIN 

and de TOURREIL treated these levels by a stat is t ical method ; this p roce 

dure is sufficient to explain the absence of detailed s t ruc tures in the theor i -

tical curves . 

CONCLUSION -

1 - There is a good knowledge of the light part icle emission at the 

sc iss ion stage but it seems that we need something else to allow us to 

obtain valuable information on the sc iss ion p roces s . 

2 - There a r e great improvements on the Vand n emiss ion, but the 

interpretat ion of the V-rays distribution seems to be uncertain, and it 

follows a misunderstanding of n and Y-ray emission competition. 

3 - The knowledge of the delayed neutron p r e c u r s o r s is nearly solved ; 

now it is necessa ry to study experimentally their energy spect rum, and to 

elaborate pract ica l theories which would allow us to descr ibe these spect ra 

and the emission probabi l i t ies . 
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" Exp - [ 4 3 j (1956) 

I I 

1 1 Г ] 1 r 1 1 1 Г 

Exp - [ 4 4 ] (1971) 

I I I I 
1 MeV 
235 Fig . 2 - Energy spectra of the delayed neutrons for the U induced 

fission; the Y-ax i s graduations are arbitrary. The theoritical curve 
represents the spectra of the 2nt* groups of delayed neutrons; the expe
rimental curves , which correspond mainly to this group, show the 
resolution improvement. 
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DISCUSSION 

J.J. Schmidt: (Comment«): On the basis of R. Keepin's wellknown 
results reactor physicists are accustomed 
Jto using six delayed neutron groups. 
According to the recent Argonne results 
of Tomlinson et &1. this seems to be 
much too coarse a picture, the number 
of detected precursors being as high as 
38. 
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PISSION BARRIER HEIGHTS, ENERGY RELEASE, AND FRAGMENT 
ENERGY PARTITION PROCESSES FROM THE VIEWPOINTS OP THE 

NUCLEAR STRUCTURAL MODELS 

A. CHATTERJEE 
Oaloutta University and Saha Institute of Nuclear Physios, Caloutta 

1. INTRODUCTION 

In this talk, I wish to make a brief summary of the 
theoretical work done in the Saha Institute oh various aspeota of 
the nuclear fission phenomena. I must mention the efforts of 

1-4 Ramanna and his associates to develop a fission model. The 
consequences of their postulate that fission is a combined result 
of nucleonic Brownian motion and the magic shells (50 and 82 nuoleo 
configurations) were studied by applying the theory of random 
flights (Markov process ). The free Fermi gas model was used ' 
to understand the fragment mass distributions as a function of 
fissioning mass and excitation energy, and also charge distriba-

4 5 
tions . Another шве of the Permi gas model has been made to study 
the vanishing of the shell structure effects with excitation. 

I. MICROSCOPIC MODELS 

There have been recent serious attempts, after Strutinsky's 
major breakthrough work , to attempt mioroscopio descriptions of 
the fission phenomena. Most notable among these are the work of 

7 8 
Nilseon and hie associates and the work of Mosel and Greiner • 
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F»r the first time, ae a combined result of these works» a 
eystematio study of the fission barrier heights Eg and the 
energy release E~ has been possible, and the stability of super
heavy nuclei against spontaneous fission has been examined. 

In Calcutta (SIN?), a series of studies since 1966 was 
undertaken to understand the energy transformation and energy par-

9—12 
tition processes in fission ' The work relies heavily in deve
loping a suitable interaction-modified form of a model of a nuclear 
Fermi gae (called the renormalised Permi gas model - the RGM) and 
connecting this up with the potential energy surface concept (the 
PES concept). The model is shown schematically in Pig, 1. The PES 
energy expansions used in our work were as these of M0sel and 
Greiner . It has been possible to write out an energy balanoe 

о 
equation containing the intrinsic energies and the Coulomb inter
action terms of the fragments expanded as functions of respective 
deformations. We were thus able to solve for the fission barrier 
height Eg from the condition of energy minimisation at the saddle 
point and the respective oritioal deformations at the saddle and the 
scission points. The energy release E_ was solved directly from the 
energy balance equation itself. The partition of available energy 
into the kinetic and excitation energies of the fragments (T_ and 
и,) was directly obtained from the terms used in the combined RGM-
PES expansions. 

3. OUR RESULTS 

The consequincee of the simple elementary approach outlined 
above may be compared with many relevant experiments. The 
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miorosoopioally detailed predicted energy partitions are eh own. 
in Figs. 2(a - d) for 233U+n, 236U+n, 239?аЧЙ and 2B20f/ where 
comparison has been made with the experimental data on kinetio 
and excitation energies. Extention of the work to another 
ten nuolei, in the mass range 226 4$ A ^ 266, predicts the energy 
partitions and the systematic behaviour of the fission harrier 
heights Eg. This predicted trend of Eg is shown in Pig. 3. and 
is compared with the liquid drop predictions and the experimental 
measurements* Since our procedure does not depend, at any stage« 
on the use of a mass formula, it is instructive to oompare the 

12 systematics of energy release . This is ehown in Pig. 4. It la 

observed that while the fit and the general trends agree around 
mass 236 - 242 region, some systematic differences exist in the low 
and heavy mass fissioning regions. 

Other detailed applications of the model have been in the 
study of the prompt gamma-deoay processes in U+n and Of 
(Pig. 6) and the partition of energy in an excited fissioning 

11 233 230 22ß 

nucleus , e.g., in U+n, Th+tt , and Ha+p, at different 

projectile energies (Pig. 6). Fairly satisfactory agreement of 

the predictions has been obtained in All oases with the experimental 

data. 

4. CONCLUSION 

It appears that the studies in fission phenomena has reaohed 

a stage of maturity in the sense that on the one hand, excellent 

fission models are being considered and developed, and on the other, 

sufficiently detailed microscopic nuolear structure information are 



-148-

being plugged in. such models to understand the trends and syste
matica of this complex many-body transformation process» 
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10 fig. 6. Caloulnto* prompt genna-ray yield» fro* prompt fragnont» tot 

flatlon of (•) 8 3 60 «mo (Ъ) 88*Cf shown a» triangle» M e co«-
pared with the experimental date (oleok dot» with error bar»). 
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Fig. 6(a): Number of prompt neutron« emitted from ftaalo* 
of 2 2 7 Ac ae a function of prompt fragment ma.». 
Number* at different excitation« of the fle.lonlcj 
nuclei are compared »ith different eete of 
e*p*ritn«i.t» (вее Ref. 11). 
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DISCUSSION 

S. Mukherji : How do you justify equating the quadrupole 
interaction energy to the Y - d e c a y energy? 

A. Chatterjee : I took term« of the type di«cussed in Wilets ' 
Book and assumed that the quadrupole interaction 
term g ives the 7^~ e n e r 8^ e s * 
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CONCLUDING REMARKS 

R. Ramanna 
Bhabha Atomic Research Certre 

Trombay, Bombay 

This topical conference on fission has certainly been one 
of the highlights of the INDC meeting, where it was made clear 
by various speakers that nuclear fission is still continuing to be 
as exciting as it was when it was just discovered and that the 
investigations of the physics of the fission process a re important 
not only for the understanding of the nuclear structure of highly 
deformed nuclear configurations, but also for a reliable systema-
tisation of the nuclear data needed for reactor design. 

Nuclear fission indeed represents the changing fashions 
in physics. Many years ago when I had just started working in 
this field, one had to think in terms of the liquid drop model alone 
to explain everything about fission. This was so because there was 
not much choice. Over the years we have seen a rapid progress 
in our theoretical understanding, and today we see that most of the 
observed features in fission are infact the consequences of the 
single partible and other quantum effects. One of the landmarks 
on the thecretical side was the introduction of the transition state 
by A. Bohr in 1955. At the first IAEA Nuclear fission symposium 
held at Salzberg in 1965, the transition state was the subject of 
lot of discussions with regards to detailed theoretical fits to the 
various angular distributions and other experimental data. In the 
recent years , however, most of this earl ier work has been over
shadowed by the experimental and theoretical consequences of the 
discovery of a double-humped barr ier by V. M. Strutineky, as was 
also reflected by the proceedings of this conference. Double-humped 
barrier is just one consequence of the present theoretical under
standing of the nuclear shell effects in spherical and deformed 
nuclear configurations. The other consequence, which I believe 
has been even more exciting, i s the prediction of the possible 
existence of an island of stability of the superheavy nuclei around 
Z = 114 and N = 184. Dr. Bhandari's investigations of the tracks 
in the moon rocks seemed to fit the idea that these superheavy 
nuclei might have been present at some stage. However Dr. Kapoor's 
talk made us feel that it is going to be very difficult to produce 
these nuclei by heavy ion reactions for at least one important 
reason that the shell effects quickly disappear with excitation energy. 

I do not know how many of you a re convinced about the 
existence of these nuclei which is just one of the many problems 
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in fission which have eluded a solution so fa r . Another such 
problem is the m a s s d is t r ibut ion in f ission and Prof. Haven ' s ta lk 
showed the impor tance of the K-quanturn number in th i s connect ion. 
In 1963 we had also c a r r i e d out some work in T r o m b a y to i nves t i 
gate the effects of K-quantum number on m a s s d i s t r ibu t ion by 
studying a poss ib le co r r e l a t i on between aniso t ropy and a s y m m e t r y 
in the 4 MeV neutron induced f iss ion of lj235# v/e did obse rve 
a co r r e l a t i on which, I bel ieve, is cons i s ten t with Prof. Haven ' s 
obse rva t ions . However, the re have been one or two o the r e x p e r i 
ments which have not shown the same r e s u l t s . I feel that this is 
an impor tant p roblem and m o r e exper imen t s need to be c a r r i e d 
out to de te rmine how far the m a s s d i s t r ibu t ions a r e affected by 
the t rans i t ion s t a t e s . Dr. R a m a m u r t h y ' s paper on the s tochas t ic 
na ture of the f iss ion p r o c e s s finds further support f rom the con
cept of a double-humped b a r r i e r . F o r , h i the r to , it was v e r y much 
doubted whether the t ime from saddle to sc i s s ion was enough for 
s tochas t ic equi l ibr ium but now with the p r e s e n c e of one o r m o r e 
humps in the potential surface it is poss ib le for the f issioning 
nucleus to get stuck in the val ley making the p r o g r e s s to sc i s s ion 
r a t h e r slow. 

The detai led and accu ra t e r e s u l t s of m e a s u r e m e n t s of the 
va r ious a spec t s of the rad ia t ions emit ted in f ission a r e na tura l ly 
of g rea t i n t e r e s t to the delegates of the INDC meeting because of 
the ro le of such data in va r ious nuclear energy p r o g r a m m e s . I can 
see an urgent need of m o r e and m o r e a c c u r a t e m e a s u r e m e n t s on 
the average numbers and spec t r a of neut rons as a function of 
neutron energy in fast f ission, for the design of fast b r e e d e r s . 
The re is a l so a lot of in te res t ing physics in the s tudies of these 
rad ia t ions namely neu t rons , gamma r a y s , convers ion e l ec t rons and 
К x - r a y s , and the occasionaly emi t ted alpha p a r t i c l e s s ince s eve ra l 
quest ions concerning physics of the fragment de exci tat ion p r o c e s s 
s t i l l do not s e e m to be sa t i s fac tor i ly reso lved . I noted with i n t e r e s t 
that the Questions asked at the t ime of the Salzburg conference 
concerning p re sc i ss ion neut rons a r e s t i l l being asked . A d i s t in 
guished sc ient is t once said about nuc lea r spec t roscopy : "Give me 
a hundred sc ien t i s t s and a hundred y e a r s and I can produce any 
number of p r o b l e m s " . If this i s t r ue of an old subject l ike nuclear 
spec t roscopy then how much m o r e is this so for the re la t ive ly 
young field of nuc lear f i ss ion? 

Before closing this meet ing , it is my p leasan t duty to thank 
the c h a i r m a n and the s p e a k e r s of the va r ious s e s s i o n s of th is v e r y 
in te res t ing and fruitful conference on the Neutron induced f ission, 
which was organised as p a r t of the INDC meet ing held h e r e . I 
pa r t i cu la r ly thank the IAEA sponsors for having decided to hold the 
INDC meeting a t Trombay . I have no doubt that by holding euch 
meet ings at p laces like Trombay a l a r g e number of m e m b e r s working 
in this field a r e able to benefit . It i s for this r e a s o n that in a l l my 
dealings with the IAEA, I have been urging them to give u s the chance 
gf hosting m o r e such meet ings and confe rences . 


