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FOREWORD

The Kernforschungsanlage Jiilich is among the leading nuclear research
centres in the world. It provided a suitable and hospitable meeting-place for
the Fourth International Symposium on the Physics and Chemistry of Fission,
held from 14 to 18 May 1979.

Previous symposia in this series (Salzburg 1965, Vienna 1969, and
Rochester 1973) had set the pace for these IAEA-organized meetings, which
summarize the important advances in the field during the last twenty years.
From one symposium to the next the scientific emphasis is shifted, new ideas
and new experimental approaches being assimilated from year to year, such that
it has become difficult to accommodate all the different lines of research under
the roof of one meeting. To make the working hours at the Fourth Symposium
acceptable, approximately two-thirds of the submitted papers could not be
accepted for oral presentation; they were made available at the Symposium
in the form of extended summaries. These are included in the Book of
Extended Synopses made available to all the participants. Further copies can be
obtained from the Physics Section, Department of Research and Laboratories,
TAEA.

Many pages in the present Proceedings are taken up with review papers,
on the assumption that in this way a more complete and unbiased coverage of
many different orientations in fission research could be obtained. The contri-
buted papers have been selected to illustrate or complement the extensive
reviews.

The interest in the 1979 Symposium, the number of excellent contribu-
tions and the lively discussions during the meeting demonstrate the vitality of
fission research. Both theoretical and experimental studies reported at the
symposium indicate that fission studies have provided many valuable solutions
to problems, but clearly other problems are still open and much work remains
to be done.



EDITORIAL NOTE

The papers and discussions have been edited by the editorial staff of the International
Atomic Energy Agency to the extent considered necessary for the reader’s assistance. The views
expressed and the general style adopted remain, however, the responsibility of the named authors
or participants. In addition, the views are not necessarily those of the governments of the
nominating Member States or of the nominating organizations.

Where papers have been incorporated into these Proceedings without resetting by the Agency,
this has been done with the knowledge of the authors and their government authorities, and their
cooperation is gratefully acknowledged. The Proceedings have been printed by composition
typing and photo-offset lithography. Within the limitations imposed by this method, every effort
has been made to maintain a high editorial standard, in particular to achieve, wherever practicable,
consistency of units and symbols and conformity to the standards recommended by competent
international bodies.

The use in these Proceedings of particular designations of countries or territories does not
imply any judgement by the publisher, the IAEA, as to the legal status of such countries or
territories, of their authorities and institutions or of the delimitation of their boundaries.

The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.

Authors are themselves responsible for obtaining the necessary permission to reproduce
copyright material from other sources.



CONTENTS OF VOL. II

MUON-INDUCED FISSION (Session E)

Muon-induced fission (IAEA-SM-241/E1) .cooriomciriiinrcemiiiriineciniiiiinnicaenens
S. Polikanov
DISCUSSION vvreviienrienriineiintrentiinriessetnreensienssnsssenrssssrsnnsssnssanrsonssanrssrossssasssann
Fission probabilities and time distributions in p-induced fission of #3*Th,
233, 235U, and 238U (TAEA-SM-241/E2) woeeuriierecnecceeereee e
H W. Reist, A. Griitter, HR. Von Gunten, D. Jost

FRAGMENT PROPERTIES AND PARTICLE EMISSION (EXPERIMENTS)
(Session F)

Experimental approach to the dynamics of fission (IAEA-SM-241/F1).......

H A. Nifenecker, J. Blachot, J.P. Bocquet, R. Brissot, J. Crangcon,

C. Hamelin, G. Mariolopoulos, C. Ristori

DISCUSSION 1eeiviiieiiiiieirieirieieiiirienstiaasrentenerennsiansennssennsnrnsnnnssssesnnrsnnssssnnnnnsnn
Detailed study of the nuclide yields in 2SU(ny,, f) and their relation

to the dynamics of the fission process (IAEA-SM-241/F2)....cccccceernnannne

H-G. Clerc, W. Lang, H. Wohlfarth, H. Schrader, K.-H. Schmnidt

DISCUSSION L.iivviceeriiiiiieeesieertiie et s ererraeacsse s reeareeansosreaerearsssssansesenesasssnanse
Fission fragment energy correlation measurements for 2! Am(ny,, f)

and shell effects in thermal-neutron-induced fission

(FABA-SM-241/F3) ottecieeieieecrieeirieeiteseserrereseseae s senseecssesaseesesnsesnssenassenan

M. Asghar, F. Caitucoli, P. Perrin, G. Barreau, C.R. Guet, B. Leroux,

C. Signarbieux

DISCUSSION weevveeiiraiiinreienin ettt ereeaenaees
Kinetic-energy distribution for symmetric fission of 236U

(TAEA-SM-241/F4) c.receiinriieiinieeerievaeeesems e e eenerie s enaaeesesns e e insasesssnnn e ene

R. Brissot, J.P. Bocquet, C. Ristori, J. Crancon, C.R. Guet,

H A. Nifenecker, M. Montoya

DDSCUSSION cevviarericriiaerieiriiireeeetinriansieeessettnsseneeasaseesasntnnssssesemnennssnneseesennns
Possible viscosity effects in neutron-induced fission of 232Th and

28] (FABA-SM-241/FS) oot ea e e eeemneaeeseen

J.E Gindler, L.E. Glendenin, B.D. Wilkins

DASCUSSION .eueiiieiiieeiiee et sttt ce st rarteesstaeeeraanerasnrasernnsiessesnnenrernnsssnranesesss



Viscosity effects at low excitation in the neutron fission of 23°Pu
(TAEA-SM-241/F6) c.ooeeeeieeeieiieeeeerieecieeeeeiine s sentaes s eevvne s sesbana e aitvaeseserens
R.L. Walsh, J.W. Boldeman, M.E. Elcombe
DSCUSSION . 1iteiietiieei et eee e e e et iesie e e vt e e st s esaraaasasmneensarnrasaasannseerenns

Fission fragment mass and energy distributions for the neutron-induced
fission of 23°Pu as functions of the resonance spins
(TAEA-SM-241/FT) et eeeeiereee s sctreeries s eeesentvveneae s s sessasreveneeseesnsnnns
CM.C Wagemans, G. Wegener-Penning, H, Weigmann, R. Barthelemy
DISCUSSION «evvvriiiriicmiicrieeneeriierenrrrereen st eereereceeeaeaeeaseasaseenesentenseraneansesnens

Distribution of nuclear charge and angular momentum in chains
132137, 99, and 102 of 25U(ny,, f) at various kinetic energies
and ionic charge states of the fragments (IAEA-SM-241/F9) ......c...........
H O. Denschlag, H. Braun, W. Faubel, G. Fischbach, H. Meixler,

G. Paffrath, W. Porsch, M. Weis, H. Schrader, G. Siegert,

J. Blachot, Z.B. Alfassi, HN. Erten, T. [zak-Biran, T. Tamai,

A.C. Wahl, K. Wolfsberg

DISCUSSION weeerrieriieieeeeiertiatier s e et ettt saes s e e eecereenbiassasasseesennansesasesansans

Effect of fragment kinetic energy on the supply of isomeric states in
236(J fission (JAEA-SM-241/F10) coeeeeirecriecieereeeieeeeeeeeeeeeeeeeaeereeeeneeennan
J.P. Bocquet, F. Schussler, E. Monnand, K. Sistemich
DHSCUSSION ..ueeieereeiiee et ettt ee ettt et e ee e eree s s tenbbmn e reeeseeassnnnannnsansan

Polar emission in fission (JAEA-SM-241/F11) ccciimvieeiiiiiiieeeeeeeeeeeee e
E. Piasecki, L. Nowicki
DHSCUSSION .eeiiieiiiiiieeeietititiieiieeeaecereetntianeeaaseeesanannnssaaessarssmssnnnsanesnssentonn

A multiparameter investigation of the 3H and *He emission in the fission
Of 252Cf (JAEA-SM-241/F12) oo
D.E. Cumpstey, D.G. Vass _
DISCUSSION .ottt et e s eeteeeeeic s aaaneen e eemraneaansaesoanns

On the compatibility of LRA fission distributions with compact scission .
(JAEA-SM-24T/F 13) ceeiiereieeeieeieereeiecaertnereseieeveaciaessesessseasesenssesssssssaserenns
C.R. Guet, H A. Nifenecker, C. Signarbieux, M. Asghar
DIASCUSSION «oveiitiiiiiiieeni et ee et te e s e e b e eeete s sammra s venssaeeecansaesrannscesen

Yrnoeoe pacnpenerneHie U ud bepeHInaibHLIE FHEPreTHYECKHE CIIEK TPbI
HEHTPOHOB CIIOHTAHHOTO deneHus >2Cf
(TAEBA-SM-241/F44) ..eorreeeiiee ettt et eeee st ee e ertne e e e ee e s esbtneaa s
O.U. Barenwos, M. B. Baunos, B. A. Butenxo
{ Angular distribution and differential energy spectra of spontaneous
252Cf fission neutrons: 0.1 Batenkov, M. V. Blinov, V.A. Vitenko) .

Fission properties of very heavy actinides (IAEA-SM-241/F14) .................
D. Hoffman .

DISCUSSION iivitiiiiiiee et e e e e eareioeeesaarss teeanaanssinseessaannssesannsssornnnee



The spontaneous fission of 25°Md (IAEA-SM-241/F15) ccveevceevieccneireeanren. 299
E. K. Hulet, J.F. Wild, R W. Lougheed, P.A. Baisden, J. H. Landrum,
R.J. Dougan, M. Mustafa, A. Ghiorso, J.M. Nitschke

DISCUSSION cieiieeieieieieieeerieereeeteerrree st eereceresenseneeesasaesesenesessaasesansseansaansenesaens 309
Evidence for the occurrence of new shoulders in low-energy-fission mass
distribution (JAEA-SM-241/F16)...cccccviiiiacieiineiiiecniineeeriineeansaneeanaens 311
R.H. Iyer, V.K. Bhargava, V.K. Rao, S.G. Marathe, S,M. Sahakundu
Discussion .....cccccceeeeerinnnenns eeeereeemeeeneueaeererrannraereranetnaneeeenetennasnnesaaatane 328
Fission of light and medium-heavy nuclei induced by 600-MeV protons
(TAEA-SM-241/F1T) cieieeeiieeeeeteeveeciivee e s v e seesesinessssrness sesntessenntrasssnsrans 329

G. Andersson, M. Areskoug, H-A. Gustafsson, G. Hylten,
B. Schrdder, E. Hagebd ’
DASCUSSION . eeieeeiiieiiieriiirite e eeeeeiteiieeeererisaren v resseranrsssanasonerrensssnssasseeansenrs 34]

FRAGMENT PROPERTIES AND PARTICLE EMISSION (THEORY) (Session G)

Estimate of odd-even effects in nuclear fission (IAEA-SM-241/G1)............ 345
G. Schiitte :
DASCUSSION «eevvnnniirnnnieieeeioereennreennserseessessssnsssenssnssesntoassssnsssevennssessennsannsense 351

Studies in the statistical theory of nuclear fission and explanation of
fragment mass asymmetry in terms of nucleon-exchange mechanism

(TABA-SM-241/G2) crveeiiieeecieeiieeereeeeeeenreereeaeeraerennseseesssssnssssssesnssnsnsnrs 353

M. Prakash, V.S. Ramamurthy, S.S. Kapoor

DHSCUSSION ..ceieiiveeieicieei e et ee e e eer e e e e e eae e e e raesreossa s n s re st samsaeasbanesans 370
New perspectives of the statistical theory of fission (IAEA-SM-241/G3)..... 373

P. Fong _

DiSCUSSION «..veeveeeeriereeeerieieenreneeerereeesenenees e eerrerrreeeeereaaaranrraeseeeraanrrraeanens 382

DYNAMICAL THEORIES OF FISSION (Session H)

TDHEF, a self-consistent description of fission — present and prospective

(TAEBA-SM-241/H1) reeriieiiieeiecercirriinreesesesrennneassaassscrensesaanessssssmserassssens 387

H. Flocard

DISCUSSION .cviierieiiireiiieiieeetetnrer e eesereatiaesreseceeransreaeaeesenessonnssaseensssassnnnsaans 395
Quantum corrections to potential energy surfaces and their influence

on barriers (IAEA-SM-241/H2) .ooovveeeeeeieeereeieeiienrieeneeeesesisenssteesesenaseees 399

P-G. Reinhard, K.W. Goeke
DISCUSSION ceevuvrriiirieeiiieeererrerrinserensenesessssaessereesssasecessensssereansssansonssenrssnnee 410



Semi-classical description of nuclear deformations from saddle to scission
(TAEA-SM-241/H3) ceevreeeinriemiiinreeesnreeesieaessaraanasesssesssasssansssnssesssasssssosans
C.R. Guet, R. Bengtson, M. Brack i
Discussion ......c.eeeeeveerenas eereeremeentesaeeeesernrert unnniesresateastinratnssstestnntinnsarerernns

A linear-response-theory treatment of the fission viscosity tensor
(TAEA-SM-241/HZ) ..uvreereeeeieeeeereeeeeteeeeesreesessssssssnssatessessasnsesmnsasessnsnsnnsens
A.S. Jensen, K. Reese, H Hofmann, P.J. Siemens
DISCUSSION ... ceeiieeiiuniiareeerrrerreeesensaeirineaesess e secsennssncoseressasnnnsonnsssemeansannnnas

Dynamics of the late stages in fission (IAEA-SM-241/H5) ......cccocenerennnne.
F. Dickmann
DS CUSSION L .eeereeieiririreitruaereenniereraersanseasseceransssnssssssrenssnsennsssaessnseeansansons

TD_JHF single-determinantal reaction theory and the description
of many-body processes,including fission (IAEA-SM-241/H8) ................
J.J. Griffin, P.C. Lichtner, M. Dworzecka, Kit-Keung Kan
DiISCUSSION . evveriedsieiincrccenceieaerrerreeses s esi s s s ss ssesn s ssnnnsansann

SUMMARY OF THE SYMPOSIUM

Summary of the SYMPOSIUML.c.uceuieriiiaiiirieiiririel e e
H.J. Specht ‘

Chairmen OF SESSIONS ...vvivvveeveirierireeeeerieetseeseessreseaerraessessaessesssssernessarsessens
Secretariat of the Symposium ................ ' T
List of PartiCipants w..cccccvieeeceersiereimreciiieceseiecs e s sieeeeasiecosaeanne reeeenreens
AUTHOT INAEX cieirei i ece s caeaseneasee e s s e s s e s sscmmrs s e ae e e annronsane

Transliteration INAeX .....uevvviiievieiiiiiierecieereieie e arreaeereranas errereneernernreeraaanee



MUON-INDUCED FISSION
(Session E)



Chairman

E. CHEIFETZ
Israel



IAEA-SM-241/E1

MUON-INDUCED FISSION

S. POLIKANOV

The Niels Bohr Institute,
University of Copenhagen,
Copenhagen, Denmark

Abstract

MUON-INDUCED FISSION.

A review of recent experimental results on negative-muon-induced fission, both of
238(J and 232Th, is given. Some conclusions drawn by the author are concerned with muonic
atoms of fission fragments and muonic atoms of the shape isomer of 2%3U.

Since the family of elementary particles was discovered,
a study of many exotic phenomena appeared_to be possible. Some
of the elementary particles (u~, 7, ¥k, p, L7, = ,Q7) are
stable enough to be slowed down by ionization to the velocity
A~ ac and from the continuous spectrum to enter into the dis-
crete one replacing an electron. After that atomic transitions
with the emission of Auger electrons and x-rays occur, and fi-
nally hydrogen-like atoms are formed. Because of the larger
masses in comparison with that for the electron, the atomic or-
bits for the particles mentioned are placed much closer to the
nucleus than electron orbits. But only in the case of a nega-
tively charged muon which we can call a "heavy electron", a
rather stable atom is formed living hundreds of nanoseconds.
Due to the strong interaction, all other elementary particles
are absorbed by nuclei in a short time. For heavy elements
they cannot even enter the orbit 1S being captured from orbits
with higher n.

In heavy muonic atoms the muon disappears mainly in the
process -
p+u +n+v
Most of the energy released is taken away by the neutri-

no. However, the residual nucleus is excited up to an energy

of about 20 MeV. As a result, neutron emission or fission will
take place. The muon absorption by a nucleus goes through the
weak interaction and the typical lifetimes for fissile elements
are close to 80 nsec.

It can happen, however, that during the atomic de-excita-
tion the energy of a transition will be transferred into the nu-~
cleus without X-ray emission. The possibility of such a radia-
tionless transition was pointed out firstly by Wheeler [1].
The theory was later developed by Zaretsky et al [2]. Until
now radiationless transitions are not explored with good accu-
racy. Balatz et al [3] observed that the probability of a
2P-1S radiationless transition is close to 20% for Th and U.
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FIG.1. Fission barrier rise in the presence of a negative muon.

In this work the decrease of the intensity for X-rays was de-
termined by comparison with lead. The energy for the 2P-18
transition is about 6 MeV for fissile nuclei and fission can
take place. In fact, we can consider that as photofission in
the presence of a negative muon. In the early experiments of
Diaz et al [4] fission induced by radiationless transitions was
observed.

Since then not too many physicists have been interested
in studying muon-induced fission. 1In the 60's the main atten-
tion was paid to the investigation of the effects connected with
the two-humped fission barrier [5,6]. Charged particles (p,d,a)
beams of high quality available at the electrostatic tandem-
generators as well as y-rays were used in many laboratories. A
lot of information was accumulated and the Strutinsky theory was
strongly supported by many experimental facts. It is hard now
to doubt the role of shell effects at large deformation of nu-
clei. There are still some groups working in this field and the
results obtained so far are concerned with the spectroscopy of
the states in the second well.

The improvement of old accelerators as well as the ap-
pearance of "mesic factories" with higher intensities of nega-
tive muons made it possible to perform some new experiments on
muon-induced fission.

In my further considerations I shall follow the lines
which were of main interest in the last few years:

1) Muonic shape isomers
2) Muonic fission fragments.

The investigations mentioned stimulated the consideration
for the possibility of fission due to nuclear excitation in the
B-decay of the muon in the 1S orbit. Rather poor experimental
date on these subjects are available now and I would like to
start with the Dubna group experiment on the search for muonic
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atoms of 238my [7], These experiments were initiated by the
work of Bloom [8] who suggested that a muonic shape isomer of

U can be formed with a rather high probability. The main
idea was based on the difference in the measured half-lives for
electrons from muon B-decay and fission mode. Later, more
precise measurements have shown the difference to be not so
large.

Before talking about the experiments it is useful to re-
fer to the theoretical work done by Leander and MSller [9]
where the influence of a negative muon sitting in the 1S orbit
on the fission barrier was analysed.

Fig. 1 shows how the fission barrier is changed by the
presence of a negative muon. It is necessary to remind one-
self that the whole change is explained as due to the electro-
magnetic interaction of the muon with the nucleus. Some con-
clusions can be drawn from a study of Fig. 1.

First of all the height of the fission barrier is in-
creased. A comparison of the known date on muon-induced fission
with those for photofission [10] supports this conclusion. The
fission probability is suppressed in the preseggf of the muon.
Especially strong suppression takes place for Th. One can
understand that because of the large height for the outer bar-
rier in this case. )

One can also see that the properties of the shape isomer
should be changed enormously in the presence of a muon in the
1S orbit:

1) The isomeric shift is expected to be about 0.5 MeV.

2) The probability for y-decay will be increased.

3) The probability for spontaneous fission will be de-
creased.

In the experiments carried out by the Dubna group a target of
38y was irradiated by negative muons. Both X-rays and nuclear
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yY-rays were registered by a 60 cm? Ge-Li detector. The experi-
ments have shown the presence of delayed y-rays of very low in-
tensity. The half-life was estimated to be about 12 nsec. In
similar conditions for 232Th target only y-rays due to nuclear
muon capture were observed. The results obtained gave rise to
a suggestion for possible evidence of muonic atom for U shape
isomer. Because of the extremely poor statistics, that state-
ment is not very strong. The energy of the isomeric level was
estimated to be 3.1 Mev. It is about 0,6 MeV higher than that
for the well known 238U shape isomer [11]. The half-life mea-
sured in the Dubna experiments is 20 times shorter than the one
known for 238U. That fits nicely with what one can expect for
y-decay of muonic 238y shape isomer. Similar experiments were
done earlier by Kaplan et al [12] but only an upper limit for
the effect was established. To some extent confusing is the
high probability for the population of the state identified.

It is close to 1% per u~-stop in the target. ggathe conclusion
concerning the existence of a muonic atom for ™y is right,
one has to think about guite a special mechanism for isomeric
state population.

A further development of the experiments on muonic atoms
of 238y took place at the CERN synchrocyclotron. There some
experiments with the equipment produced partially in JINR (Dubna)
were done. Fig. 2 shows schematically the last version of the
equipment which was used.
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As a target the multiplate ionisation chamber was used.
About 20g of U were put on 100 electrodes. The fission frag-
ments were detected by using this chamber. For muon detection
a conventional telescope was used. To eliminate the electrons
in the muon beam a plexiglas Cerenkov counter was incorporated
into the telescope. By a moderator the admixture of pions was
minimised. The resolution time (FWHM) was about 4 nsec.

The ionisation chamber was surrounded by two plastic
detectors and a plexiglas Cerenkov counter to detect the elec~-
trons emitted by the B-decay of a muon.

Fig. 3 shows the u—stop-fission time distribution
measured by the equipment described [13] . One can see clear-
ly both the prompt fission due to radiationless excitation and
the exponent due to nuclear capture of a muon.

As a first step of the CERN experiment the B-decay of
muonic atoms of fission fragment was studied. One can expect
that in the scission process the muon will be transferred to
the 1S orbit of one of the fission fragments. Later this
muonic atom will decay by nuclear capture or by muon B-decay.
In the experiments prompt fission induced by radiationless
transitions was detected and the time distribution for the
electrons emitted by B-decay of the muon was measured [14] .
Both 238U and 232Th targets were used. Fig. 4 shows the time
distribution observed. It is necessary to mention here that
the amount of material between the targets and Cerenkov counter
implied a threshold for electron registration of about 10 MeV.
The decay curve presented in Fig. 4 was measured by using one
plastic detector in combination with a water Cerenkov counter.
By adding a second plastic detector the efficiency for electron
detection was decreased by not more than about 10%.
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FIG.7. p-stop-fission time distribution for delayed fission-electron events.

There is seen clearly from Fig. 4 the presence of two com-
ponents. The same was observed for the 232Th target where the
lifetime of the short-lived components was found equal to
132 + 7 nsec. The short-lived components both for 238U and
2329 can be explained as due to B-decay of a muon sitting in
the 1S orbit of one of the fragments. At the separation of
the two fragments the muon can be bound either to heavy or
light fragments. The experiments do not allow to answer in a
direct way how the process proceeds. However, by using the so
called Primakoff plot one can draw some conclusions. The
Primakoff plot presenting the dependence of muon capture rate
on the value N/2A is shown in Fig. 5. The shaded areas
correspond to heavy and light fragments. It shows certainly
that the muon appears mainly attached to the heavy fragments.
The long component indicates that muon conversion takes place,
because fission fragments are highly excited. The muon con-
verted is absorbed by light elements (Al, C, H) forming muonic
atoms with rather long lifetime. The long-lived component
contains about 1% of all prompt fission when the measured
number of events is corrected for the large difference in muon
absorbtion rate.

When discussing the properties of muonic atoms of
fission fragments one also has to refer to the results of the
Rochester group [15] on neutron emission from actinide muonic
atoms. They indicate clearly that the main mode of the decay
is nuclear capture of the muon. For the neutrons at the
irradiation of 238y by negative muons the exponential
corresponding to the lifetime 78.3 nsec is due to nuclear
capture of muons by 238U. At the same time the presence of a
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longer lifetime is evident. It apparently corresponds to
nuclear capture of negative muons by fission fragments.

As mentioned earlier the Dubna group indicated the
possible evidence of muonic shape isomer for 238y. some
attempts to observe the fission branch for such an isomer
were done at CERN. By doing these experiments one has to
keep in mind that this branch should be very weak. The signa-
ture of this process has to be as following. After delayed
fission a muonic atom of fission fragment will be formed.

This atom will decay partially by electron emission with the
lifetjime 134 nsec.

The results obtained at CERN make it pgisible to esti-
mate only an upper limit which is equal to 10 per muon stop.

At the same time delayed fission with a lifetime of

about 10 nsec (Fig. 6) was observed when the electron de-
tector was triggered in prompt coincidence with fission [16] .
Both 10 nsec and 80 nsec components are seen. For comparison

also the results obtained by using negative pions are shown

in Fig. 6. Here only a clearly defined peak was observed with
a FWHM equal to about 4 nsec. Fig. 7 represents the prompt
fission peak (with the same FWHM) due to radiationless tran-
sitions. 1In this case again no indication for the 10 nsec com-
ponent was obtained.

To understand better the origin of the_events presented
in Fig. 6 an ionisation chamber containing a 252cf source was
used. The prompt coincidences fission-"electron" were detected
here with an efficiency ~ 103, That shows that the "electron"
detector is sensitive to some extent to y-rays and probably neutrons
accompanying fission. The 80 nsec component as well as the
prompt peak for pions are to be explained in the same way.

By the addition of a second plastic detector the
efficiency of the "electron" detector to y-rays and neutrons
emitted in spontaneous fission of 252Cf is suppressed by a
factor ~ 5. Both the 10 and the 80 nsec components were also
suppressed but less efficiently than for 252cf, 1t follows
that delayed fission is not accompanied by high energy elec-
tron emission in muon B-decay. An excess of events for the
80 nsec component as compared to that for 252¢cf might be ex-—
plained as due to the difference in the multiplicity and energy
spectra for y-rays and neutrons.

It might also be treated as an indication for the possi-
bility of fission induced by the "shake-off" effect (the sudden
change of the Coulomb field following the f-decay of a muon}.
However, at this moment it is more safe to talk only about an
upper 1limit for this effect. 1In_accordance with very rough
estimates it is close to 3 x 1073 fission/p-decay. The ex-
periments carried out indicate certainly the presence of a
short-lived (v 10 nsec) component for fission which is not seen
in Fig. 3. That means it is accompanied by some radiation
which triggers the "electron" detector with a higher effi-
ciency than by muon nuclear capture. It is surprising that the
half-life coincides with that measured in Dubna for delayed
y-rays.

To understand the origin of the 10 nsec component some
additional experiments are needed. One cannot exclude com-
pletely that it might be connected with the formation of muonic
atoms of hydrogen in the ionisation chamber filled by CH4, and
the subsequent transfer of the muon to 238y,
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DISCUSSION

D. HOFFMAN: What is the intensity of the muons in the latest experiment
you have carried out?

S. POLIKANOV: 1 cannot quite remember the number of muon stops in
the target. I can tell you, though, that by using the new meson producers one can
attain much higher muon stop density. So the fission due to transfer from (uH)
molecules or atoms could be studied for highly exotic radioactive fissile isotopes.

K.M. DIETRICH: First, a comment on your suggestions that the fission of
a hypernucleus, such as hyperuranium, should be investigated. In this connection,
I have come to the conclusion that the main advantage of this process would be
that the A particle would be located in the heavy fragment only if the passage
from saddle to scission were slow, compared with the period of a bound A particle;
in the opposite case we would find it in both fragments with heights proportional
to the nuclear volumes. To ensure a clear-cut situation we would need to be sure
that the A particle was in its lowest possible state. This could be done by looking
only at events where the initially-formed hypernucleus had an excitation energy
close to the fission threshold. It would be possible to attain this by measuring
the energy of the pion that is emitted in the formation process (N + K—~A+n).
Hence my question is, are the present-day kaon beans sufficiently intensive for
an experiment of this kind?

S. POLIKANOYV: Yes, I think they are adequate for the study of K-induced
fission.
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Abstract

FISSION PROBABILITIES AND TIME DISTRIBUTIONSIN y-INDUCED FISSION OF
232Th, 233 U, 235U, AND 238U.

In a counter experiment, the probabilities of g ™-induced fission of 232Th, 32U and
235U were measured relative to that of 233U, and the time distributions of the muon fission
were determined for 22Th, 22U, 25U and 22U, Using the previously measured absolute
fission probability per muon capture for 2384 the prompt and delayed fission probabilities
were derived. The delayed-muon-fission probabilities follow the I'y,/T's systematics. The
prompt-muon-fission yields per radiationless transition probability suggest a contribution of
fissions induced by higher-order radiationless transitions. The relatively small amount of
fissions due to radiationless K -transitions can be explained by an increase of the fission barrier.

Introduction

The interest in y -induced fission was stimulated by the possibility to
improve the understanding of the fission process of heavy nuclei. When

a muon 1is captured by an atom it cascades down through the atomic orbitals,
hereby emitting X-rays or exciting the nucleus by inverse internal conversion,

The muon may be captured by a nucleus from the 1s orbital with a mean life

of ~ 75 ns. Thus, the nucleus is excited to 15 - 20 MeV and may undergo
fission. In actinide nuclei the 2p - 1s muonic transition energies are of

the order of 6 MeV, and higher order transition energies approximately 10 MeV.

13
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FIG.1. Detection system:

1) Double-parallel-plate fission chamber; 2) targets; 3) mylar window; 4) Faraday cage;
5—8) scintillation counters 1, 2, 3, 4 {u” stop signal: 1 - 2-3-4); 9) Be-degrader;

10) polyethylene collimator.

Hence, in muon-induced fission, besides the delayed a prompt fission mode occurs
as a result of a radiationless energy transfer of a muonic transition

to the nucleus. During the prompt fission process the muon remains in
the ground state orbital. Leander and Moller (1) calculated the decrease of
the binding energy of a muon in its 1s orbit with nuclear deformation. This
can be interpreted as an increase of the fission barrier. Thus, by comparing
the prompt muon fission probability to the photofissility, one may Tearn about
the deformation of the fissioning nucleus.

The present investigation was motivated by the considerable scatter of
the available data on the fission probability of the u -induced fission

(2 - 7). The most recent results differ by more than a factor of 4 for

238U and by more than a factor of 6 for 235U. In a radiochemical experi-

238

ment (6) the mass distribution and the fission probability of “ U were

determined. Here we report on a counter experiment performed at SIN,

Villigen, Switzerland, in which the muon fission probabilities of 232Th

233U and 235U were measured relative to that of 238U. Also measured were

232Th, 233U, 235U and 238U.

s

the time distributions of the muon fission for
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Experimental

The detection system consisting of a fission chamber and a counter telescope

is shown in figure 1. The fission chamber was a fast, double paraliel plate
ionisation chamber with aluminized mylar windows (1 mg-cm-z) and a poly-

styrene frame. In order to keep the number of false muon stops and the

neutron background as small as possible the target materials (0.1 to 0.5 mg-cm_z)
were electroplated back-to-back onto aluminium foils of 6 mg.cm-2 thickness.

The investigated isotopes were deposited on one side and as reference 238U

on the other. The deposits were converted to oxides at 500 °C. Fission counter,
targets and telescope-counter # 3 amounted to totally 61 mg-cm-z. A faraday
cage reauced the electronic noise to a negligible amount and served also as

a light sight protection for the counters #3 and #4.

Negative muons with a momentum of 85 MeV/c were further degraded with
beryllium to maximize the muon stop rate in the targets. The width of the
stopping distribution (FWHM) was 1.1 g-cm_2 of beryllium. Behind the

degrader a polyethylene collimator limited the beam spot to the size of

the targets (6 cm dia). The fission chamber was turned a couple of times

during each measurement in order to diminish systematic errors. Equal

amounts of data were accumulated for each target in both positions. The

T contamination at the target position was below the 10'4 level for the
investigations with the uranium isotopes, The high contamination of electrons

(~ 10 times the u -intensity) in the beam had no effect on the measurements
as was shown by varying the thickness of the degrader. The measurement with

232Th/238U was performed under different beam conditions with a pion

contamination of < 107°.

The fission fragments were registered with an efficiency of at least
97 %. This was deduced from discriminator curves which were measured for

each target under experimental in-beam conditions.

Table I presents the isotopic composition of the uranium targets. Several
targets were prepared for each uranium isotope. Thorium was measured only
once. After the irradiation the uranium~ and thorium-oxyde targets were
dissolved in nitric and sulfuric acid, respectively. The amount of
uranium was determined by isotope dilution techniques, thorium was assayed
by colorimetry.
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TABLE I . ISOTOPIC COMPOSITION OF THE U-TARGETS (%)

233, | 234, 235, | 236, 238,
233 97.06 1.91 0.3 0.04 0.7
235 0.004 | 1.6 97.48 | 0.08 0.84
238, 0.003 0.005 0.24 0.01 99.74

As the yields of prompt fission events are only 5 to 20 % compared to the
delayed fission yields, a good time resolution was essential. The muon
stops were counted with a four element telescope (1.2.3‘5) using conven-
tional fast electronics. The signal of the counter # 3, fed into a
constant fraction discriminator, determined the time of a muon stop. Two
identical fast systems, also working in the constant fraction regime,

were used to develop the fission chamber signals. A fission pulse
started a time-to-amplitude converter (TAC). The muon stop signal provided
the stop pulse after passing alow attenuation delay line of 750 ns. A pile-
up generator rejected events with more than one muon stop during the

acceptance time.

The specified integral linearity of the TAC was < 0.1 % and its differen-
tial linearity was < 2 %. The TAC/ADC-system was calibrated with a time
calibrator. The 680 ns interval of the TAC enabled a simultaneous
measurement of the time distribution and the random event background.

The channel contents of the ADC's were read out on magnetic tape in

intervals of 103 seconds.

Several times during each run data were also collected for a short time
on T -induced fission. The measurements with the w -beam gave the
possibility to control the stability of the timing system and to analyse

independently the response curve of prompt coincidences for every run.
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Analysis of the data

The measured time distributions were analysed by a least squares method.

The procedure was split up into four steps:

a) An exponential curve of the form
y= A] exp (- At) + B
was fitted to the delayed fission part of the time spectrum to get the
muon-disappearance rate. The constant background was taken from the

125 ns-wide negative part of the time spectrum.

b) The time spectra of the 7 -induced fission were fitted with an asymmetric
Gaussian function
y=h e (- (t-t)?/(2 (0+80)?)) 5 0 *hofor (t-t) 20

The dispersion o, the asymmetry parameter Ac and the peak position t,

were treated as free parameters.

¢) The fit function was the sum of an asymmetric Gaussian function and- its

convolution with an exponential function.

y=Agexp (- (t-t)° / (2(0+80)%))

+ A { exp (-)\(u-t0)) - exp (—(t-u)z/(2(0+Ac)2)] du + B
to
The parameters obtained in steps a) and b) were used to determine the
ratios of the areas under the prompt and delayed parts of the spectra.

d} A11 the parameters were optimized by a least squares fit with the

function given in step c).

Care was taken to obtain a linear convergence of the least squares proce-
dure in order to have reliable values in the diagonal elements of the
coefficient matrix for the variances of the fitted parameters.

The x2/2~probabilities with respect to the number of degrees of freedom
were normally higher than 0.6 for all the fits. The asymmetry parameter

Ao was usually negligibly small compared to o.
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This fitting procedure gave the life-times 1 = A'] of the muon in the 1 s

232Th and the three uranium isotopes and the ratios of the

orbit for
spontaneous to the delayed muon induced fission as well. The results
represent the weighted means of the different measurements. The

u  fission probabilities of 232Th, 233y and 23% relative to that of 238y
were obtained by summing up the simultaneously measured spectra, correc-

ting for the detection efficiencies and the weights of the targets.

Results

Two examples for measured time distributions of the 7 -induced fission
are given in fig. 2. The stability of the prompt peak was usually

better than 0.5 ns. The  dispersions of the symmetric Gaussian
time distributions amounted to ~ 1.2 ns for 238U, ~ 1.4 ns for 235U and

233U. The latter reflects the influence of the more than
233
u.

~ 2.5 ns for
104 times higher alpha activity of

Fig. 3 and 4 show two representative time spectra of the u -fission of 238U
and 233U, respectively. The spectra of 235U are similar to those of 238y, In
order to present the distributions of the prompt fission clearly only the
first part of the spectra is shown. The investigation of the spectra up to
450 ns after the prompt peak did not indicate different background values
than those found for the negative parts of the spectra.

The events on the left hand side of the prompt peak in fig.4 are again a
consequence of the high alpha activity of 233U which caused some pile-up
effects of alpha pulses with prompt and delayed fission pulses. These
events were evaluated by a fit function which described the sum of two
shiftet fit functions of the form given‘above.The amount of these

shifted events was about 1 % of the total.

The results for the muon capture mean lives and the ratios of the prompt-
to-delayed fission probabilities are presented in tables II and III to-
gether with the results of other authors. The agreement for the reported
muon lifetimes is considerably better than for the prompt-to-delayed ratios.

The latter scatter by more than a factor of 2. '

The qudted uncertainties include statistical errors and errors due to the
instability of the detector system, the calibration and the differential and
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TABLE 11 . 4 - CAPTURE TIMES IN 2327w, 233y, 235 anp 238y
Mode of
232 233 235 238
Th v v v Detection Ref.
78.5+2.0 | 68.5+0.7 | 72.8+0.6 | 77.740.6 f present work
74.245.6 - 66.5+4.2 | 75.6+2.9 f (8)
- 61.7 65.3+2.8 | 74.1+2.8 | ~ f (9)
87 +4 - 75.642.3 | 76.0+1.0 f (5)
84.0+4.5 - - - f (10)
77.3+0.3 - - 77.140.2 f n
- - - 88.0+4.0 e (12)
80.4+2.0 - 78.0+44.0 | 81.542.0 e (13)
79.2+2.0 - 75.4+1.9 | 73.5+2.0 e (14)
- - - 79.140.5 v (15)
- - - 78.6+1.5 Y (16)
80.1+0.6 - 75.040.7 | 78.341.0 n (17)

f: Fission fragments, e: Decay electrons, vy: Fission gamma rays,

n: Fission neutrons.

integral non-linearity of the TAC/ADC. An additional uncertainty caused by a

small asymmetry in the prompt muon fission peak was taken into account for

the ratio for 238U. A pion contamination corresponding to the upper limits

of 107% and 107°

respectively, would influence the prompt-to-delayed fission ratio for all the
targets by less than 0.7 %. The contribution to the capture times of 233U and

235U by 234U with its unknown muon capture time was estimated to be ¥ 0.1 %.

for the measurements with the uranium- and thorium targets,

The constant background did not affect the errors.
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TABLE III . PROMPT-TO-DELAYED FISSION YIELD RATIOS
2327, 233, 235, 238 Ref.
-2 -2 -2 -2 |-
( 5.1+0.8)x107° | (20.540.8)x10™° | (11.5+0.5)x10 “ | (7.9+0.6)x10 ° | This work
-2 -2 -2
( 6.4+2.2)x10 (11.142.1)x10°° | (7.2+1.4)x10 (8)
-2 -2 -2
4.6x10 ( 6.3+2.5)x10°° | (4.8+2.5)x10 (9)
-2 -2 -2
(13.041.2)x10 (17 +1 )x107° | (7.1+0.3)x10 (5)
13x1072 0
4.9x1072 1x107 8x1072 a)

a) For comparison: prompt-to-delayed neutron emission yield ratios of Ref (17).

TABLE IV . i - FISSION PROBABILITIES RELATIVE To 238y
232 233, 235, Ref
.16 +0.02 2.69+40.16 2.07+0.C8 This work
.139+0.003 1.19+0.03 (5)
375 a) 1.667 a) (7)

a) Delayed u -fission only.



24 REIST et al.

The y -fission probabilities of the investigated nuclides relative to that

of 238U are listed in table IV. Test measurements were also performed with

238U against 238U resulting in a ratio of 1.0 ¥ 0.04. This shows the absence

of an asymmetry between the two detection systems.

232

The relative fission probability for Th agrees with the one reported

in (5) whereas a clear discrepancy is observed for the values of 235U.

As the uranium isotopes were all in the form of U308 with possibly a small
amount of UO3 mesochemical effects did not influence the relative muon
capture rates. Thorium was in the chemical form of Th02. A recent in-
vestigation (19) gave as capture probabilities per atom relative to
oxygen 3,57 t 0.5 for ThOp and 4.99 t 0.64 for U30g.

Zinov (20) reported for UO3 a value of 6.0+0.5. Thus, mesochemical
effects implied differences in the relative muon capture rates of ~ 10-2.

The errors gquoted in table IV include uncertainties in the target thicknesses

(2x10_2) and registrations efficiencies (2x10-2) and the statistical errors.

Discussion of the fission probabilities

Prompt and delayed fission probabilities per muon capture were calculated
for the investigated nuclides using the fission probability per muon
capture for 238U of 0.15+0.03 as determined in our previous work (6).
They are presented in table V together with published muon fission yields.
The large differences in the published muon fission probabilities are
noticeable. However, ignoring the results of (5) the scattering is smaller.
With the exception of 232Th the muon fission probabilities of this work

are compatible with those of (7).

a) Delayed muon fission

Fig. 5 presents the delayed fission probabilities per captured muon,
the fission probabilities taken from the I /T¢ systematics (21, 22)

and calculated muon fission probabilities (23). The fissility para-

meter was taken from Nix (24).

The delayed muon fission can be described in terms of the I'n/I'f systematics
as a first approximation.
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TABLE V . FISSION PROBABILITIES PER CAPTURED 11~
Nuclide prompt delayed total Ref.
2821 | (1.2+0.3)x107% | (2.340.6)x102 | (2.440.5)x107% | This work
(1.8+1.2)x1072 | (18
-4 -3 -3
(5.041.2)x10 (3.840.9)x10 (4.341.0)x10 (5)
5.9x10"° 4.5x1072 5.1x1072 (7
233 (6.9+1.4)x107% | (3.340.7)x107) | (4.040.8)x10™" | This work
235 (3.240.6)x107% | (2.8+0.6)x107) | (3.140.6)x10™" | This work
-3 -2 -2
(5.1+1.2)x1073 | (3.240.8)x1072 | (3.7+0.9)x10 (5)
-1
2x10 (7)
238 (1.140.2)x1072 | (1.440.3)x10"" | (1.5+0.3)x107' & This work
(1.510.6)x10-]
J ©
(7+3)x1072
-2
(7.040.8)x10 (4)
-3 -2 -2
(2.03+0.45)x10™> {(2.90+0.65)x1072 | (3.140.7)x10 (5)
-1
1.2x10 (7)
Co . 238
a) Fission probability for ““°U from Ref. (6).
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FIG.5. Comparison of measured delayed muon fission probabilities and fission probabilities
deduced from the Uy [Ty systematics. The I'y/(T's+ 'y ) values are based on an excitation
energy of 18 MeV. The fissility parameter is taken from Ref. [24].

The excitation energy of heavy nuclei amounts characteristically to

15 - 20 MeV after a muon capture. Some neutrons are emitted directly,
before the nucleus reaches an equilibrium state carrying away, on the
average,an energy > 5 MeV. About 85-90 % of the neutrons are evapo-
rated from the equilibrium state. The I'y/r'¢ systematics can be applied
to this part of the emitted neutrons. The fission probabilities taken
form the r,/T's systematics are based on an excitation energy of 18 MeV
and include first and second chance fission. Due to the uncertainties
in the extrapolations only a rough agreement between the systematics
and muon fission can be expected. Nevertheless the agreement between
our measurements and the fission probabilities deduced from the I /Ts

systematics is remarkably good.
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b) Prompt w_ fission yields per radiationless transition probability

The prompt muon fission yields per radiationless transition probability
and photofission probabilities are plotted in fig. 6 as function of

the fissi]ity‘parameter. The radiationless transition probabilities

per muon capture were derived from experiments (25 -28) and from

theory {29 -31). Butsev et al. (25) measured absolute muonic X-ray
intensities in 232Th and.238U, but could not settle the populations of

the 2 p levels. Cascade calculations are unreliable because they do not
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reproduce the different measured transition intensities in 232Th and

238U with a single starting condition. Thus the fraction of missing
X-rays can only be estimated by assuming that the populations of the
2p levels in 232Th and 238U equal the known populations in Pb or Bi.
With a population of 0.92 and a 2 p -15s X-ray emission probability of
0.55 the radiationless transition probability for K, - transitions is
0.37 per muon capture. Theoretical calculations (29 - 31} on the
radiationless conversion coefficient for E1 transitions ended up with
Fp/Ty = 0.6-0.9. Based on measured relative intensities of muonic
X-rays (28} r.,/T, values have been estimated for E1 and E2 transi-
tions as 0.5 and 0.17,respectively. With 0.6 and 0.17 and a population
of .87 for the 3d level (29) the probability of higher order radi-
ationless transitions is ~ U.02 per muon capture. Hence,the total

probability for radiationless transitions in 232Th and in 238U amounts

to 0.39 per muon capture. This value agrees with the one in 232Th

reported by Zglinski (7).

In the foilowing the prompt muon fission is compared with photofission assuming that the
nuclear excitation in radiationless muonic transitions proceeds by the
same interaction as the photoabsorption. With the photofission and photo-
absorption cross sections taken from (32 - 35) the weighted photofission
probabilities (W,) at energies corresponding to the muonic transition
energies were calculated and are included in fig. 6. The weights are the
relative intensities of the radiationless transitions. The relative inten-
sities of the Ka]- and K >
232y

photofissilities for
range of 9~ to 12 MeV the relative intensities of the higher-order radi-

-transitions were taken from (25, 27). As the

s 235U and 238U are energy-independent in the

ationless transitions are insignificant.

The given ranges for the weighted photofissilities mark the fissilities

with all the radiationless transitions being either K ,-transitions (upper

232Th, 238U and lower limit for 235U) or higher-order transi-

232Th, 238U and upper limit for 235U).

1imit for
tions (lower limit for

233

Since no cross-section data could be found for U, the discussion is
232 235 238

restricted to Th, U and U. The striking feature of fig. 6 is the
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steep dependence of the prompt muon fission yield (wu) on the fissility
parameter X, while the photofission yield (wo) is almost independent of it.
This indicates a contribution of higher order radiationless transitions
due to a reduced fission yield of the Ka radiationless transitions. The
photofissilities at higher-order transition energies (lower limit given

r 232Th, 238 235U) also show a strong depen-

U and upper 1imit given for
dence on the fissility parameter, while the photofissilities at Ka-energies
are almost independent on it. Because the higher-order transition energies
are far above the fission barriers they contribute fully to wu. On the
other hand the energies of the Ka—transitions are close to the fission
barrier heights. Hence only a small increase of the fission barrier by

the muon (1, 31) reduces the potential contribution of the K, radiation-

less transitions to wu considerably.

With a photofissility of 0.05 for 23°Th at 9-12 MeV (34) the fission
yield due to higher-order rad1at1on1ess transitions (W h) amounts to
2.5x1073. 232
pletely due to higher-order transitions.

Thus the prompt muon fission yield for Th is almost com-

The relation between wu and wo can be written as

By comparing w to wo the diminution factor § was determined to be

< 1.6x10 -3 s 5. 4x10'2 and 2.4x10” -1 for 232Th s 2"BU and 235U, respectively.

In the following the observed diminution factor is explained by an in-
crease in the fission barrier due to the presence of the muon in the 1s-
orbital. Fission barrier parameters deduced from photofission measurements
(32, 36) of 23271 and 238y were used. 23U has been omitted since no such
barrier parameters could be found for it. The fission barrier was in-
creased by steps and the ratios of the penetrabilities of the increased
and undisturbed barriers were calculated. Based on (1) the increase of the
inner barrier, the valley and the outer barrier was chosen to 7.5x10-3 MeV,
2x10-2 MeV and 5x10-2 MeV, respectively, for each step. The penetrability

of a double humped fission barrier was calculated according to (37). Seve-

ral sets of barrier parameters resulted in an increase of ~ 0.6 MeV for
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238U. Both, the relative and absolute intensities of the radiationless

muonic transitions are not well known. For 238

U an uncertainty in the
relative intensities of the radiationless transitions is not critical
(fig. 6). A change of + 50 % in the absolute radiationless transition
probability per captured muon implies a change of + 0.1 MeV for the
barrier increase. For 232Th only an upper limit for the diminution factor
can be given. The corresponding lower limit for an increase of the

fission barrier is (0.6 +0.2) MeV.

Conclusions

The measured delayed muon fission probabilities follow roughly the Tn/T
systematics. The dependence of the prompt muon fission yields per radi-
ationless transition probability on the fissility parameter indicates a
contribution of higher-order radiationless transitions. The

fission yields obtained by muonic radiationless K, -transitions are lower

than the photofissilities at equal emergies. For 238y, this can be explained by
an increase of v 0.6 MeV of the fission barrier. Theory predicts a comparable
increase due to the deformation of the fissioning nucleus with a muon in the 1s
orbit. Muon-induced fission could improve the understanding of the fission process

further if a better knowledge of the relative and absolute radiationless transition

intensities were available.
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Abstract

EXPERIMENTAL APPROACH TO THE DYNAMICS OF FISSION.

{t is shown that the preference for the formation of even-Z fragments in low-energy
fission implies that the fission mode is weakly coupled to quasi-particle excitation. This
contradicts the statistical model. Existence of even-odd effects on the kinetic energy of
the fragments also implies that the number of time-even quasi-particle excitations is vanishing
or small. However, the variations of the kinetic energy of the fragments with excitation
energy and the analysis of light-charged-particle-accompanied fission show that fission is a
slow process, in contrast to what the liquid-drop theory of fission stipulates. The thermo-
dynamical model of fission is compatible with the existing experimental evidence. It is,
however, possible that the different distributions are determined at different times during
the process. A minimal duration for the process of 1072 s is derjved from the widths of the
isobaric distributions.

The dynamical properties of nuclear matter have come to the foreground
with the multiplication of heavy-ion accelerators.Meanwhile spontaneous or
light particle induced fission remains, and is more and more, a rich source
of information on these praperties. This is due to some unique features of
the fission process.

In spontaneous or low energy fission the nuclear system goes past a
definite quasi-stationary saddle point which may be used as a well defined
starting point for dynamical computations. In particular the excita-
tion energy of the nucleus at the saddle point can be precise-
ly controlled and, for instance, the svstem may be prepa-
red in a superfluid state. Therefore only fission allows a study of large
amplitude motions of superfluid nuclear matter as well as the transition
between superfluid and normal dynamics.

In the following we shall try to review some of the fission related
experimental results which may tell us something about nuclear dynamics.
Doing so»we want to be as free as possible of nuclear models. It is clear,
however, that some frame is necessary to interpret the experimental results.
As a compromise we have chosen to make qualitative comparisons between ex-
periment and some basic features of the most current models of nuclear
fission. It will appear in the following that a satisfactory quantitative

* Also U.S.M. Grenoble.
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theory of fission does not exist at the moment. It is even questionable
that a satisfactory qualitative theory exists. It is our hope that nature
herself may tell us what basic ingredients should be put in such a theory.
The clarity of the message obviously depends on the completeness of the
experimental results. We shall therefore try to pin-point the holes in our
experimental knowledge of fissioh in so far as they are relevant to the
understanding of the dynamics of fission.

The fission process may be divided into three phases. In the first one
the nucleus proceeds to the first saddle point. The second phase corres-
aonds to the transition between the first and second saddle. The last is
the descent to scission. Although some information on the dynamics of fis-
sion can be and has been [1] obtained from the widths of the vibrational
states in the second well we shall concentrate on the third phase of the
fission process. This is by far the shortest. This circunstance means that
it is there that damping or frictional effects may be best studied if they
are strong. There is also a chance that, on such short time-scale, a hier-
archy of characteristic times similar to that introduced in H.I. reactions
may be established.

In section 1 we shall examine the fission fragments charge distri-
butions. We hope to show that these distributions give a very direct clue
on the extent to which nuclei remain superfluid during the fission process.

_In section 2 we shall examine the variations of the fragments' kine-
tic energies as a function of the excitation energy of the fissioning

nucleus. Such results have implications on the amount of damping of the
fission mode. )

In section 3 we discuss the possible use of L.R.A. fission to obtain
a description of the scission configuration.

Finally in section 4 we examing if it possible to say at what stage
the different mass and energy distributions are determined.

1. FRAGMENTS'CHARGE AND CHARGE-RELATED DISTRIBUTIONS

Here we shall concentrate 0N the so-called even-odd effect observed
in certain fragments' charge distributions. We shall come back in section
4 on some aspects of charge distributions Tike the value of the widths
of the isobaric distributions.

1.1, Even-odd effects in elemental yields
1.1.1. Experimental status

The enhancement of even Z fragments has first been suspected from the
observation of fine structures in the mass distribution of U?35 slow neu-
tron induced fission [2,3,4]. It was then confirmed by evaluation of
radiochemical data [5,6]. J.P. Unik et al.[7] made a systematic survey of
fine structures in mass distributions observed both in slow neutron indu-
ced and spontaneous fission for a wide range of nuclei between Th???® and
Fm25€. Here again, when present, the fine structures were nicely correla-
ted with a probable enhancement in the production of even-Z fragments.
From this survey it appears that the relative intensity of the fine struc-
tures depends markedly on the nature of the fissioning system. Two main
trends show up for even-Z fissioning nuclei.

The fine structures are usually more apparent in spontaneous than in
induced fission.

They tend to vanish when the mass of the fissioning nucleus increa-
ses.
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FIG.1. Selected elemental yields from ¥3%5U and ***py thermal-neutron-induced

fission. The rectangles are estimates of the yields from the mass distributions on the
assumption of no even-odd effect. The dots and error bars correspond to the measured values.
‘The measured element is indicated. Owing to the binary character of fission, measurement

on one element is equivalent to the measurement on the complementary element.

It should be pointed out,at that point that J.P. Unik et al. used the
double-energy method to obtain pre-neutron emission fragments'masses.
This method suffers from a rather modest mass resolution which worsens
when the number of neutrons emitted by the fragments increases. To some
extent the two trends mentioned above might have reflected a mass resolu-
tion effect since, as a rule, the number of emitted neutrons is larger
for induced than for spontaneous fission and for heavy than for Tight
fissioning nuclei. Therefore, a direct confirmation of J.P. Unik et al.
results where nuclear charges of the fission fragments would be directly
measured was needed. It has been partly obtained in the recent years.
Along the lines of Wahl [5] and Amiel [6] radiochemical methods have been
used to obtain elemental yields in a number of fissioning systems. Fig.1
shows an example of the data which have been obtained [64]. It is clear, on
the figure, that the even-odd effects which are prominent for the two
Uranium isotopes are barely visible for the two Plutoniums. These findings
are in agreement with what can be deduced from the mass distributions pre-
sented by J.P. Unik et al. From Fig.l the authors deduced an average am«
plitude of the even-odd effect as shown in Table T. Similar values have
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TABLE 1. AMPLITUDE OF THE EVEN-ODD EFFECTS (ENHANCEMENT
OF THE EVEN ELEMENTS WITH RESPECT TO THE ‘NORMAL’ ONES)
(from Brissot et al. [64])

Fission process B5U(ng) 23U (ngy) 9Py (ng,) l 2py(ng,)

Even-odd effect 1.25£0.05 1.23 £0.05 1.034 £0.05 . 1.04 £0.05

TABLE [I. AMPLITUDE OF THE EVEN-ODD EFFECT FROM WAHL [9]

Fission process B5U(ny,) B3U(ngpn) 9Pu (ngy) 25208 (sf)

Even-odd effect on
charge yields 1.26 £ 0.02 1.30£ 0.05 1.07+£0.03 1.00£0.05

been obtained for U23% and U%3? by Amiel [8] from an evaluation of radio-
chemically determined independent yields of fission fragments. More
recently Wahl [9] obtained the results shown on Table ¥,

Here again the results agree with the trends found by J.P. Unik et
al.

It is only recently that direct physical methods have become ayaila-
ble for obtaining fission fragments' charge distributions. These methods
take advantage of the variation of the specific energy loss of fission
fragments with their charges. A charge resolution better than one unit has
only been obtained on mass and velocity selected fission fragments [10,11].
This limitation is related to the fact that solid mediums seem to have bet-
ter charge resolution capabilities than gases. In the first case charge
resolution as good as 1/55 [12], have recently been reported while the
best results obtained with gas ionization energy loss chamber range around
1/38 [13,14,15]. Because of the necessity of preselection of the fragments
in mass and velocity only the slow neutron induced fission of U?35 has
been studied at the moment [16,17]. The elemental and isotonic distribu-
tions obtained by Clerc [17] are shown on Fig.2 and 3.

Even-odd effects are clearly visible in both distributions but are
much more pronounced in the elemental distribution. It is worth noting,
here, that this distribution is not modified by the deexcitation of the
fission fragments while the isotopic distribution is. It may even be that
the neutron evaporation alone explains the even-odd effect on the isotonic
distribution. For this matter we shall only discuss the charge distribu-
tions from now on.

Even if AE-E systems using ionization chambers cannot provide a clear
charge separation in the fission fragments domain they may be used in con-
Junction with an unfolding technique to obtain charge distributions. For
unfolding the AE-E arrays it is necessary to know the arrays which corres-
pond to each individual charge. We have recently been able to apply this
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amplitude is defined as:
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= (_ l)Z+ 1
— 3 [Log(Z+2)— Log(Z+1)]

Sz+1s

technique to the spontaneous fission of Cf2°2 [18]. The individual respon-
se functions were determined by means of a complementary experiment where
the X-rays emitted by the fission fragments were detected in coincidence
with the fragments entering the E-AE counters. The X-rays were used to se-
Tect the fragments'charges. The E-AE array obtained without the X-ray
coincidence requirement was then unfolded providing a new Z-E array where
the energy bins were 1 MeV wide. Summing over the energies the elemental
yields in Cf23% fission were obtained as shown on Fig.4. Although still
present the even-odd effect is reduced to a value of approximately 8%. It
is also possible to compute an even-odd parameter for each even charge
from third order difference in the logarithms of the yields [19]. The re-
?u1t of such a computation is shown on Fig.5 both for Cf2°2(sf) and U?3®
nf).

The charge yields of Cf?%9%(s,f) and Cf2“®(nf) have been obtained from
those of Cf2°*(s,f). This was done by comparing the X-ray yields observed
in the three cases. The ratios of the X-ray yields of Cf%%° spontaneous
fission and of Cf2*® thermal neutron induced fission to those of Cf252
spontaneous fission are shown an Fig.6. Due to the possible selectivity
of the X-ray emission process it may be misleading to use the values of
Fig.6 quantitatively. However the qualitative picture suggested by the
figure is clear. The even-odd effects are similar in both spontaneous
fission of Cf2%2 and Cf25°, The odd Z fission fragments increase in yield
significantly in the neutron induced fission of Cf2*°.
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Studies of the variation of even-odd effects in charge yields of
fission fragments as a function of the excitation energy of the fission-
ning nucleus are very scarce. Amiel [20], from an evaluation of existing
data, found an 8% even-odd effect when the fission of U?3° was induced
by fission neutrons. This figure shows a sharp decrease as compared to
the 25% effect observed for slow neutron induced fission. We have measu-
red independent yields obtained [21] in U%®° fission induced by 3 MeV
monochromatic neutrons. Fig.7 shows a number of isobaric distributions
obtained for slow and 3 MeV neutrons induced fission. It is clearly visi-
ble that the even-odd effects are drastically reduced at 3 MeV. On the
figure curves corresponding to Wahl's assumptions forZ, and o?(Z) are
also reported. They correspond to the distributions wighout even-odd
effects. They seem to agree closely with the 3 MeV distributions.
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Summarizing this section we find that the production of even-charge
fragments is favored in low energy fission. This enhancement is the ori-
gin of the fine structures observed on the mass distributions. The magni-
tude of this so called even-odd effect depends sensitively both on fissi-
1ity parameter and the excitation energy of the fissionning nuceus.In par-
ticular an increase of the excitation energy by two to three MeV above the
fission barrier decreases the effect by a factor of 3 to 5.

1.1.2. Significance of the even-~odd effects

Even~-odd effects and fine structureswere first related [2] to energy
balance considerations. On the average fissions of even Z nuclei which
give a split into two even-Z fragments are 2 A, (2.7 MeV approximately)
more energetic than those which give a split into two odd-Z fragments.
However although energy considerations may be useful they are unable to
account for the fast variations of the even-odd effects with the excita-
tion energy and nature of the fissionning system. As seen above, an in-
crease of 3 MeV in the total excitation energy of the fission fragments
suffices to destroy the even-odd effects. Such a limited variation is
certainly unable to make energy balance considerations lose their rele-
vance, if they have some.

It is possible to make this point more quantitative in the frame of
the statistical model introduced by P. Fong [22]. In this model a scis-
sion configuration may be defined by the neutron number N, the charge Z
of one of the fragments and a set of deformation coordinates {&} . Each
scission configuration is characterized by a potential energy

v(zE, N, {a})
The free energy of the configuration may be defined as
X (Z,N, {a}) : QC&,N) -V (2, N, {a})
where QUCZ,N) is the Q value of the reaction and is calculated as :
Q(-z>N)= H(2T:NT)‘M(an)"M(21~Z,NT-N)
M(Z,N) beeing the masses of the nucleus Z,N.

The probability to observe a given scission configuration is then
equal to

X
w(Z,N, {a}):= f P, (&) p(x-€) ds
-]

Y and Py beeing the level densities of the two nascent fission fragments.
In “ Fong's theory p is taken as a standard level density namely.

p: expYace-A(N)-A(E)

Here A(N) and A(Z) are the neutron and proton pairing energies when
N or Z are even and O when they are odd. In the following we only consi-
der the effect of a change in the parity of Z and therefore omit N. When
Zy (and Z,;) are odd we write

Xo = Qo-V
and

Xo
W.(»K,{d})s }exp Vo & expyaz(x-¢c) de
-]
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if Zi(and Z,) are even then
Xe*Xo+ Ayt with

Ay ACEY) Ay A(Z2)

Xe
We (%,{2})« } expy/ ey Ce-80) explony (Xotdg-t) de
-]

if we write ws t- Ay
then

and

Xo+ 82

WeCE, o)) [ exp /oy exp /@ Cxo o) duwy

oA‘
it is known [22]that the integrand has a sharp maximum around

[ oy [ aa {
p— 3 Rora———. 3 e
Wy (Ko ~tyg) T

and the contributions to the integrals of regions close to the Timit of
integration are small. Thus if one restricts oneself tou > o

Xo
we(Z)#jexpVa,u,‘ expl/ oty (Xo-thy) dty = Wo (Z)
Q

Therefore the statistical theory does not predict any significant
even-odd effect as long as there is no even-odd effect on V(Z,N, {a}).

This result comes from the introduction of the effective excitation
energies

u=g-A4
which compensate the increase in the Q of the reaction for even-even
splits.
Let us 1ift the constraint that
Uus=ce¢-~A4
and assume that the effective excitation energy is
u=e- kA
then x
Woe (X): ] expy ot expy o (xn-t) de

-]
xedi+ Ay

We Li)'jelp/q'(g-k6|) Q%PVGQ,( K*Ai*ﬁ;‘hAl'l) de

Here again the maximum of the integrand for we(Z) is obtained for :
ot § - Q2
&-ka, T oxedrAa-kayt
The maximum of the integrand is the n equal to

exp WGi‘“x) x (14 CaHAY) (-‘—;i))

Then assuming that the ratio of the integrals is equal to that of the
maximum of the integrands

cz
Wel®), exp[ Y (Reranc iy (A-M;)('T“-‘.D) - (arsaa)rx ]

WolZ)
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a .
Let us first assume that (‘—k)(é-'—;—l) <<i

then

::e c(:i # CXP[‘/ QA+ R (Ai"Aa.) (1- k)]
°

or [lo w.(z)]z_ (g + Q) (A.#Az)l“_k)L
Wo (%) ) x 4

For slow neutron induced fission the experiment gives
wWelZ)
—_— i3
wo (Z) #

while at 3 MeV excitation energy

We (X) < L2
Wo (X

With these values one obtains
X = 0.32 MeV
k = 0.95
The condition that (As+&a)Ct-k)/X<&Llis barely fulfilled. However

we do not need an exact solution. It can be seen that the total excita-
tion energy X obtained is very small and would certainly not justify the
statistical model approach.

The values obtained for k and X can be understood qualitatively as
the result of a competition between two effects.

The small values of the even-odd effect for 3 MeV neutrons shows that
the "effective energy" approach for level densities is valid to a large
extent.

If the effective energy approach is approximately valid the only pos-
sibility to obtain the strong even-odd effects observed in slow neutron
induced fission is that the excitation energies of the fragments be close
to the pairing gap.

The alternative explanation of the even-odd effects and of their va-
riations is provided by the consideration of pair-breaking.

We consider an even-Z nucleus at saddle. Let us assume in first appro-
ximation that no pair is broken during the fission process. If the nucleus
is completely paired (ground state band) at saddle only fragments with
even Z will be produced. If, on the other hand, one pair at least is bro-
ken in the fissionning nucleus at the saddle point, the celibatary nu-
cleons will behave independently during the fission process. 0dd Z and
even Z splits will be equally probable and no even-odd effect will be
left. This very simple model therefore explains qualitatively the very
fast variation of the magnitude of the even-odd effect with neutron ener-
gy. I1 also may explain, in part, the variations of the even-odd effect
with the charge (mass) of the fissionning species. It is known that the
energy of the second saddle point, which is probably relevant here, de-
creases with A(or Z). Therefore even-odd effects in slow neutron induced
fission are expected to decrease with A, as observed experimentally.
Along the line of the model it is also clear that the very existence of
important even-odd effects implies that the probability of pair breaking
during the fission process is small. In itself, this fact is far reachinq
with respect to the dynamics of the fission process. It should be pointed
out, however, at this point,that a small probability for pair breaking
is not equivalent to a small probability for gquasi-particle excitations.
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The possible importance for fission of 2 quasi-particlesexcitations in
time reserved states has been noted several times [23,24,25]. In the
BCS formalism such states are defined as

a: afk|BCS>

Such excitations lead to the localization of the two quasi particles
in the same fragment. However a small perturbation is, in principle,
sufficient to break this pair.

The small probability for pair breaking is also related to the
microscopic conservation of the k quantum number as well as of the
axial symetry during fission.

The production of odd-Z elements in spontaneous fission shows evi-
dently that the assumption that no pair-breaking occurs during the
fission process is oversimplifiing., Do these pair breakings occur at an
early stage during the descent from saddle point or at the very late
scission stage ?

Effects such as even-odd effects on the kinetic energy of the fragments, or the
variations of the magnitude of the even-odd effects an fragment yields as a function
of the charges of the fragments may give a clue to it.

1.2.Additional aspects of the even-odd effects

1.2.1 Experimental status

Using the X-ray charge assignment technique [26] even-odd 7 effects
were found on the fragments'total kinetic energies and excitation ener-
gies. The effect on the kinetic energies was estimated to be

AE, = 1.6 MeV
and that on the excitation energy was almost entirely related to y-ray
emission and amounted to 0.7 MeV. No effect was found, at that time,on
the neutron emission.

The selectivity of the X-ray emission process might havebiased these
results. We have therefore used the AE-E shape analysis described above
to study even-odd effects on kinetic energy distributions. The E-AE array
was subdivided in 1 MeV wide kinetic energy bins. Each bin was then ana-
lyzed in terms of charge yields. Fig. 8 shows the yields so obtained for
some energy bins.

It may be seen on the figure that the even-odd effects increase with
increasing kinetic energy. Also seen on the figure is the dramatic chan-
ge of behavior of the yield-curves around Z = 42, From these spectra one
obtains the average kinetic energies as a function of charge. These are
shown on Fig.9(a) where the values obtained with the X-ray technique
have also been reported. The agreement between the two types of measure-
ments is very good. However, the derivation of the magnitude of the kine-
tic energy even-odd effect suffers from some ambiguity. The sudden
change of behavior of the kinetic energy around Z = 42 which may be re-
lated to closure of the neutron deformed shell N = 60,62 does influence
the calculated values of the even-odd effect. This is shown on Fig.9(b)
where the even-odd effect was computed from the second order difference
of the kinetic energy curve. The discontinuity of the curve around
Z = 42 produces an exceptionally high even-odd difference for Z = 42,43
[17] of more than 2 MeV. For the other charges the effect lies around
1 MeV. At this point it is worth noticing that the magnitudes of the
even-odd effect on the kinetic energies does not appear to be correlated
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FIG.8. Charge yields from the spontaneous fission of 2‘52Cf for several kinetic energy bins:
x 114*3 MeV
® 1063 MeV
O 99+ 3 MeV.

with those of the charge yields as they appear on Fig.5 for Cf252. The
even-odd effect is also apparent on the variances of the kinetic ener-
gies as shown on Fig. 10. This observation agrees with the hypothesis
made in Ref.26.

Summarizing we find that kinetic energies do show an even-odd effect
in Cf2%2(s,f) the magnitude of which, however is difficult to define
precisely . In any case it is at least of order 1 MeV.

In their very detailed study of U2%%(n,f) Clercet al. [27] have also
found an even-odd effect on the kinetic energy of the fission fragments.
Their results is shown an Fig. 11(a). On Fig. 11(b) we have calculated,
as in the Cf2%%, the magnitude of the even-odd effect on E, as a func-
tion of fragment charge. It can be seen that U23%(n¢p,f) iS very simi-
lar to Cf2%%(s,f) as far as the even-odd effect on kinetic energies is
concerned.
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(a) Lower part: Average fragment kinetic energies as a function of charge:

® from the AE—E measurement;

O from the X-ray measurement [26].

(b) Upper part: Even-odd effect on the total kinetic energies. The total kinetic energy was
computed from the fragment kinetic energy by

EX(Z) = EF(Z) x
98-Z

and the even-odd effect from the second-order difference:

EKIZlK K K
52 =;Cﬁ tHERKz-1) - 28%(2) + ER(Z+ 1))

1.2.2 Implications for the dynamigs of fission

We now examine the origin of the even-odd effect on the kinetic
energies. Any such effect is accompanied by a complementary effect on
the excitations energies

s E* = g - aEf
e-0 e-0 e-o0

The difference AQﬁ_o being approximately 2.7 MeV [261. This diffe-

ec

rence is related to t ondensation energy of the ground state of
even-Z nuclei.
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FIG.10. Kinetic energy variance (*2Cf sf) as a function of fragment charges.
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FIG.11. Same as Fig.9, for 25U slow-neutron-induced fission, from Clerc et al. [17].

Let us first consider an even fissioning nucleus, highly excited
at the saddle point. Many pairs are broken under these conditions. This
is also true for the two fragments, just after scission. It is clear
that, on the average, during the deexcitation process, even-Z splits
will gain the condensation energy of one pair more than odd-Z splits.
Therefore, for high energy fission one expects even-Z fragments to have
a total excitation energy 2.7 MeV approximately higher than odd-Z frag-
ments. Consequently, no even-odd effect should appear on the total kine-
tic energy.
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A similar conclusion can be reached if a pair is broken Tong before
scission. By this,we mean a time long enough for each member of the pair
to behave independently at scission. The probability that both members
of the former pair end in the same fragment is then equal to that they
end up in different fragments. Even and odd splits have the same proba-
bility

Y =Y
e 0
and the even-odd effect is only apparent on the excitation energy
ex  _
bEasp = 20,
K
A Ee-o =0

Unfortunately we have no experimental data to test the validity of these
considerations. Such data on the even-odd effects on kinetic energies
and/or excitation energies for moderate energy fission would be extreme-
ly interesting. In the following we shall assume, in the absence of such
data, that the considerations just presented are valid. Along this line
the existence of an even-odd effect on the kinetic energies both in(Cf®52
spontaneous and in U%%® slow neutron induced fissions implies that the
number of broken pairs at scission is small. In that respect time even
two quasi particle states af of~ |BCS > such as those considered by
Schiitte and Wilets [24] are similar to other two quasi particle states
since it requires no energy to break the time-even pair. Such states
may give even-odd effects on the fragments yields but not on the kinetic
energies.

The even-odd effects on the kinetic energies have received two dif-
ferent explanations. In the first, due to S. BjornhoIm [1], the fully cor-
related fissionina ground state band has different dynamical properties
from bands where pairs are broken. More pre-scission kinetic energy is
gained in the first case, thus givingrise to the observed difference in
fragments kinetic energies. Clerc et al. [27] have used a similar idea
for analysing their data together with the assumption that the energy
necessary to break the pair comes entirely from the pre-scission kinetic
energy. Assuming that only one pair at most is broken one may, then,
derive a relationship between the even-odd effects on the fragments'
yields and on their kinetic energies. Let p the probabily for pair
breaking and 1-p the probability for the system to remain in the ground
state band. Then

Podd = —Yodd  _p
Yeven * Yodd 2

Peven = _Xeven = . E
Xevan + ¥Yodd 2

Eler » [ B J o C1omCElias0d/C D]

K - -
BN+ a0-R/C-5)
Let
5 Peven ~-Podd

Peven + Podd

. 23
AB, o = 8 i3

= 4{-p
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For example, for an even-odd effect of 25% on the elemental yields one

obtains
3 =_1_-_2§_;Z_QJ§.= 0.25

and A Eé—o = 0.4 A # 1.08 MeV in close agreement with the results of

Clerc [27]. The agreement is much worse in the Cf2%2(s,f) case where one
finds that the calculated value of less than 0.5 MeV for AEg-o is, at
least, a factor of two less than the experimental one.

It is worth noting that S. Bjornholn [1] and J.B. Clerc hypothesis
[27] may lead to two different behaviors when the excitation energy of
the fissioning nucleus above saddle increases. If the even-odd effect on
the kinetic energies is related to different dynamical behavior of the
ground state band and of 2-q particle states one expects a strong decrea-
se of pre-scission kinetic energy as a function of excitation energy
since states with 4-q particle or more should have an increased viscosi-
ty. We shall see that experiment does not show such a behavior. On the
other hand,along Clerc's hypothesis, the probability of pair breaking
during the descent from saddle to scission is directly connected to the
viscosity of the fission process. As said above this viscosity leads to
a decrease of pre~scission kinetic energy which is entirely converted
into 2 g-p excitation. The increase of excitation energy of the fissio-
ning system would not necessarily imply an increase of viscosity.
Clerc's hypothesis, therefore, is not in contradiction with the results
on kinetic energy we shall examine in the next section.

The failure of Clerc's apgroach to account for the even-odd effect
on kinetic energies in the Cf?5%(s,f) case leads to an alternative hypo-
thesis. It was suggested [26] that pairs may be broken at scission in a
highly correlated way such that, in first approximation, only odd splits
would be accompanied by pair breaking. In such case,part or all the ener-
gy necessary to break the pair would be provided by the potential energy
of the dinuclear system prior to scission. Part of the potential energy
is of Coulomb origin and appears as ultimate kinetic energy of the frag-
ments.One would, then, expect the magnitude of the even-odd on kinetic
energy to be independent of the pair breaking probability. The compari-
son between the Cf2°%(s,f) and the U*3%(ngy,f) seems to favor this assump-
tion. The hypothesis that, at least,a sign1¥icant fraction of the pair
breakings occur at scission has the additional advantage to leave room
for the observed strong variation of the elemental-yields even-odd effect
with fragments'charges. In effect, if the pairs are broken long before
scission one would not expect any correlation between the probability of
that breaking and the charge of the fragments. If, on the other hand, the
pair breaking occurs at scission its probability should depend, to some
extent, on such properties of the preformed fragments as their deformabi-
lity,deformation, level density etc. From the U23%(n,f) and Cf252(s,f) re-
sults its seems that the probability for pair breaking decreases close
to magic nuclei with N = 50, 82 or Z = 50. This may be attributed to a
level density effect.

Summarizing this section we conclude that the existence and variation
of even-odd effects on fragments elemental yields and kinetic energies
show that the probability for pair breaking during fission is small. It
may even be that most of these breakings occur at scission. The super-
fluidity of nuclear matter {s thus conserved during the fission process.

2. VARIATIONS OF FRAGMENTS'KINETIC ENERGY WITH INITIAL EXCITATION ENERGY

Since the work of R.Nixand W. Swiatecki [28] it has become usual to
associate a fission degree of freedom to the pre-scission kinetic energy.
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The total final kinetic energy of the fragments is then equal to the sum
of the pre-scission kinetic energy and of the Coulombic repulsion between
the two fragments,at scission. According to Nix and Swiatecki the fis-
sion degree of freedom is the only unstable degree of freedom in the
saddle configuration. In the frame of the hydrodynamical model, and in the
absence of viscosity, most of the potential energy gain between saddle
and scission should appear as pre-scission kinetic energy. For instance,
one expects low energy induced fission to yield a total kinetic energy
larger than that of spontaneous fission by approximately the height of
the fission barrier. On the other hand,the increase of excitation energy
above the barrier is expected to increase the viscosity. According to
the hydrodynamical model [29] the increase of viscosity leads to a de-
crease of the fragments'total kinetic energy due to :

a) the increase coupling of the fission mode to other modes,

b) more elongated scission shapes. As we have shown in the preceding
section that,at low energy, the fissioning nucleus remains basically su-
perfluid one expects the above predictions of the low viscosity hydrody-
namical model to be at least,qualitatively valid. We now review some re-
levant experimental results.

2.1.Spontaneous versus induced fission

Very few new results have been obtained since the Rochester Confe-
rence concerning the comparison of fragments' kinetic or excitation ener-
gies in spontaneous and induced fission. At that time well documented
results were presented for the cases of Pu?“? [30], Cm2“® [7], Cf2%° [71
The kinetic energies observed in induced fission were larger than in
spontaneous fission by quantities ranging between 0.3 MeV (Cm2“%) and
2.1 MeV (Cf25%). In all cases these excesses were smaller than the
second fission barriers height. The increase, when it existed, was mass
dependent. For instance, in the case of Cf?%° the increase in total kine-
tic energy for the induced over spontaneous fission was limited to the
heavy fragment masses Tighter than 140. Such an increase, as will
be discussed below, may be related to the influence of shell
effects in the fragments'deformabilities. The case
of Cm2"® is especially interesting since fine structures in the mass dis-
tribution are present both in spontaneous and induced fission. We have
shown above that these structures were probably caused by even-odd
effects on tne charge yields and were evidence for a small probability
for pair-breaking during the fission process. The fissioning Cm2%® is
therefore in the same ground state band at scission in the spontaneous
and induced cases. It is interesting to note that, it is precisely for
Cm2“® that the difference in kinetic energy between the two cases is smal-
lest (0.3 MeV). From these data it seems reasonable to conclude that less
than one quarter to one fifth of the fission barrier height appears in
extra kinetic energy of the fragments in the case of induced fission.

A strong coupling of the fission mode to other modes in the first
part of the descent from saddle to scission is therefore suggested by
the experimental results just recalled.

Isomeric fission has also been studied [31,32,33]. Both in Am2"2% and
Pu?*? it was found that isomeric fission is more energetic by about
2-3 MeV than Tow energy induced fission. The sign of the difference is
contrary to what could be expected from the simple potential energy con-
siderations. Here again the differences observed depend markedly upon the
mass of the fragments pointing to possible shell effects.

Finally only one experimental result appears to be in clear contra-
diction with the assumption of a strong coupling between the fission
degree of freedom and other modes. This result has been reported by



TAEA-SM-241/F1 53

Lashkar et al. [34]. These authors found that at 4.63 MeV excitation in
Pu2*® the total kinetic energy of the fragments was about 5 MeV higher
than in spontaneous and slow neutron induced fission for all mass splits.
This result led [35] to the hypothesis of two possible dynamical modes of
fission, one superfluid and the other normal. This distinction seems
difficult to maintain inviewof the analysis given in the preceding sec-
tion about even-odd effects.

One must, therefore, admit that Lashkar et al. result remains unex-
plained. The confirmation of this result as well as the search of simi-
lar cases in other nuclei would be of great interest.

2.2.Varijations of total kinetic energy with excitation energy above
saddTe point

In their study of the Pu??®(dpf) reaction Specht et al. [36] first
found that
- The kinetic energy of the fission fragments decreased with increasing
excitation energy.

- This decrease of the kinetic energy was only significant in a mass ran-
ge between around125 and 140.

Similar behavior was found in the proton induced fission of Uranium
isotopes [37]. The decrease of the kinetic energy in a limited mass range
was associated with a selective increase of the excitation energy of the
heavy fragment [381. For systems lighter than Uranium such as Th?®*2(n,f)
[39]1 the variation of kinetic energy with excitation energy is reversed
at least for neutron energies varying between 2 and 5 MeV. However, here
again, the variations are localized in the mass range 125-140. Although
the difference between the Thorium case and the other is not completely
understood it seems clear that the above-mentioned behaviors of the frag-
ments' kinetic and excitation energies reflect the washing out of shell
effects with increasing excitation energy [40]. These effects seem to be
small for masses of the heavy fragment larger than 140. Here the kinetic
energies of the fragmentsis remarkably insensitive to the excitation
energy of the fissioning nucleus.

It follows that, apart from shell effects, both the scission
configurations and pre-scission kinetic energies are almost 1ndependent
upon the excitation energy of the fissioning system. Since one would ex-
pect a fast increase of normal two-body viscosity with this increase of
excitation these results appear to be in complete disagreement with the
expectations of the viscous liquid-drop model [29].

At this point we may temporarily conclude that experiment suggest that
the fission mode is weakly coupled to quasi-particle excitations but stron-
gly coupled, to other, probably collective, modes and thus strongly damped

The thermodynamical modelof W.N&renberg[40] alone incorporates such
features. The one-body friction model of W.S. Swiatecki et al. [41] could
also incorporate them if it were extended to the consideration of super-
fluidity. The question wether strong coupling may lead to statistical
equilibrium between the collective modes as suggested by N. Noremberg
remains to be examined. Before doing so we very briefly come back to the
question of the magnitude of the pre-scission kinetic energy by reviewing
some recent results and analysis on LRA fission.

3. LIGHT CHARGED PARTICLE ACCOMPANIED FISSION (LRA FISSION)

LRA fission was firs invoked [42] as a proof for large pre-scission
kinetic energies, in agreement with the 1iquid-drop calculations. More
specifically, the width of the angular distribution of the o particles and
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the anti-correlation between the energy of these a and that of the frag-
ments appeared as the main arguments favoring a large (around 40 MeV) pre-
scission kinetic energy. Since the first experiments and analysis progres-
ses have been made on both sides. Better angular resolution have shown
that the angular widths had been largely overestimated. The latest of the
FWHM of the angular distributions fall around 18° both for Cf25%(s,f) and
U23S(n,f). The experimental results have gained in precision and complete-
néss. Of special interest is the finding that the angular width is a de-
creasing function of the fragments kinetic energy [43].

This result has been interpreted as showing that the variations of
fragments' kinetic energy reflects variations of the fragments® interdis-
tance at scission rather than fluctuations of the pre-scission kinetic
energy.

The analysis of LRA fission has become more refined by incorporating
two basic features.

- The finite dimensions of the two fragments which allow o reabsorption
[4b].
- The distribution of the interfragment distance [45].

With these improvements C. Guet et al. [40] have analysed a large
body of data on o and He® accompanied fission.They obtain excellent fits
with a fragment kinetic energy of around 8-10 MeV in agreement with that
derived by Reiajopalan et al. [471, Katase et al. [48].

This value is an upper value for the pre-scission kinetic energy sin-
ce the o particle may be emitted some time after scission. Such result
seems to be compatible with the strong coupling hypothesis. Furthermore,
the very great similarity of the results for Cf25%(s,f) and U2%*(n,f) also

" shows that the scission configurations are similar in both cases, at va-
. riance with the liquid-drop model which predicts higher pre-scission ki-

netic energy in the Californium case.

We may therefore conclude this section in agreeing with P. Fong et
al. [45] who claim that LRA fission results do not exclude compact

scission configurations and small pre-scission kinetic energies.

4. ENERGY, MASS AND CHARGE DISTRIBUTIONS

In the following section we shall briefly adress ourself to the ques-
tion of when, in the fission process, are the energy, mass and charge
distributions determined. We shall nottry to be complete and refer to the
work of Wilkins et al. [49] for verythorough discussion of experimental
results and predictions of the thermodynamical model which, as stated abo-
ve, appears to be one of the best existing approach to fission.

The different types of distributions we want to consider need not be
determined at the same time during the process. It is clear that, for
example, thecharacteristic time associated with the mass degree of free-
dom becomes very large just before scission, since the possibility of

., mass exchange between the twonascent fragments becomes very small. The

system will therefore not have time to adjust to possible rapid change in
the potential energy along the mass degree of freedom.

Such consideration do not apply to the deformation modes (stretching
and distorsion assymetry) whosecharacteristic frequency is not directly
connected to the nucleonic exchange between the fragments. Indeed,the
liquid drop calculations of R. Nix [28] show that the phonon energy of
the mass assymetry mode vanishes at scission while the stretching and
distortion assymetry modes phonon energies converge to approximately
1 MeV. The charge equilibration mode is of special interest since its
characteristic frequency spans the largest range of values during the
fission process.
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4.1, Isobaric distributions

The charge to mass equilibration degree of freedom for fixed mass
asymmetry of the fission fragments was first considered by Updegraff and
Onley [50]. This mode has the desirable feature that the relevant poten-
tial energy is dominated by the 1iquid-drop isospin-dependent term so
that single- part1c1e effects have only limited influence.

Close to scission the potential energy may be approximated by that
of two spheroids in contact. Near the equilibrium charge the potent1a1
energy may be approximated by a harmonic function of Z where Z is, for
example, the charge of the 1ight fragment for fixed mass. Using Green and
Engler [51] mass formula, Berlanger et al. [52] obtain a stiffness coef-
ficient Kz for the charge to mass equilibration mode

YN

-
KZ McV/(cbu.tgc u'ni'l)" t 1.39( Ay +A, )+

1 .14 &R
1%6.2% ( =~ ¢ -
* (Al ) |2Q(A"+A;")

which for symetric fissfon of U235 yields
K; = 3.49 MeV/(charge Unit)?
In other words the potential energy may be written as
Lkg (Z-%p)%= 135 (2-2p)°
wher Z, is the most probable charge.

The width of the charge distribution must be equal to or larger than the
minimum width allowed by the uncertainty principle or alternatively the
energy in the charge equilibration mode must be higher than 1/2 fiw where
w is the characteristic frequency of the mode.

One obtains the condition that

oct(z:a)> hwyg/2Ks

or hwz € ¥ otCz:A)

According to Wahl [9] a good value for o(Z : A} is o(Z : A) = 0.54
thenfiw, < 2.04 Mev

The width of the charge distribution has been interpreted [48] in

terms of a temperature
T= K; x oZ(Z : A) = 1,02 MeV

This interpretation is only valid if T >> ﬁ?Z. It is doubtful that
this condition is fulfilled.

The condition that‘ﬁwZ < 2.04 MeV is not as straight forward to un-
derstand as it first seems? The characteristic frequency wy is in fact a
function of time during the fission process. If Bz is the = inertia cor-
responding to the charge equilibration mode then

wg =/ Kz/Ba

While the value of K; does not depend very much upon the shape of the
fissioning nucleus,tﬁat of Bz does. In particular Bz increases indefini-
tely near scission. From the work of Brosa and Krappe [53] one can ex-
tract a value for s AT g
. an D
Bz 4 3 T M ZN ¢
where ¢ is the radius of the neck joining the two nascent fragments A, Z,
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N are the mass, charge and neutron number of the fissioning nucleus
ro = 1.16 Fm and m the average nucleonic mass
For U233 one obtains
7 < where ¢ is expressed in Fermi and the
time unit is 1.10722 sec.

Therefore wy 8 /e x 0.5

If we assume that, near scission, ¢ goes linearly to zero then

wg # ) ug (1) =05

The change of w, in one period 2M/gis then

2n dwzl . _n
wy dt ’ (tsc’t)
This change should at most be equal to wz itself for the width of
the charge distribution to adjust to the motion so that
n

— z 0. V -t
it s Wz 0.s Uc({tc )

which yields finally

dc,2/3 . . c'l_c.
c> 3.4 () with v, i
For smaller values of c¢ the charge distribution cannot adjust it-
self any more.
The limit on'ﬁmZ obtained from the width of the charge distribution
reads
Hw; = h 0.52 Ve < 2,04 Mev
or
¢ < 0.36 Fermi

a very small value, even less than the nucleonic radius. It is, therefore,
doubtful that the condition

Fu,
T>> ==

is fulfilled since this condition would lead to even smaller values of c.

One also obtains

& < (5% <003

meaning that the rate of change of the neck radius should be less than
0.3 Fermi/10-2! sec. This means that, even in its final phase, the fis-
sion process is slow. If one assumes that the necking starts at c # 4
Fermis one obtains a time for the fission process of order 1072° sec. and
even more. The above considerations are very approximate. The time depen-
dent equations for the charge equilibration degree of freedom should be
solved to improve this crude analysis. However the basic result that fis-
sion is a slow process is not expected to be affected by a more exact
treatment. It is not surprising that, in course of such a slow process,
the probability for pair breaking remains small.

4.2. Energy distributions

The characteristic frequencies of the two main deformation modes,
stretching and distorsion asymmetry,are comparable to that of the charge
equilibration mode close to scission. It is, therefore, plausible that the
fragments' deformations may adjust to the potential energy variations al-
most down to scission. The sawtooth shape of the average excitation enerqy
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of the fragments as well as the dip in the total kinetic energy near Syme-
tric masses were first related to the deformabilities of the nascent frag-
ments in the two spherofd model of Vandenbosh [54]. Dickmann and Dietrich
[55] showed that the Strutinsky shell correction applied to the scission
geometry provided a justification to Vandenbosh's approach. More systema-
tically, Wilkins et al. [48] have obtained a very striking correlation
between the calculated deformations of the fragments and their measured
excitation energy. Mass and charge distributions {56,57] have been obtai-
ned at very high kinetic energies. These measurements show without ambi-
guity that the spherical shells with Z = 50 and N = 82 are responsible
for the maximum in the kinetic energy curve. In this conference [58] it
is shown that as soon as the Z = 50 shell is broken the kinetic energy
decreases abrubtly. These new results confirm that the fragments' defor-
mations are determined at the very late stage of the process.

4.3 Mass distributions

The stiffness coefficient of the mass degree of freedom is approxi-~
mately 500 times smaller than that of the charge equilibration mode whi~-
le its moment of inertia 1is only two times smaller. This last result
is obtained simply by considering that, in the charge equilibration mode,
for each proton going from fragment 1 to fragment 2 a neutron goes from
fragment 2 to fragment 1. The mass associated with one charge unit change
is therefore two nucleonic masses while that associated with a change of
one mass is obviously one mass.

It follows that the characteristic frequency associated with the
mass degree of freedom, for the same value ¢ of the neck radius is approxi-
mately 15 times smaller than that of the charge equilibration mode. One
can therefore write the condition

-t
n o
w = 3.3 .4 <
FrmE € Wm 2330
1./3

<2 20 ('3—:)

if we take the maximum value of %9 = 0.03 found in section 4.1
We find a minimum value of E = 2 Fermis

This corresponds to a rather compact shape. Of course, if the veloci-
ty of the necking is decreased the mass distribution may be determined la-
ter in the fission process ; however it is plausible that the mass distri-
bution is determined at rather early stage in the descent from saddle
point. In fact the question wether mass distributions are determined at
the saddle point or close to scission remains open. Both approaches [48,
49] have success in predicting qualitatively the features of mass distri-
butions. Both explain, for instance, the behavior of the Radium and Acti-
nium isotopes with their transition from assymetric to symetric fission
through the intermediate stage of the triple humped mass distribution. It
is possible that the mass distributions of the Polonium and Fermium isoto-
pes favor the hypothesis of a late determination of the mass distribu-
tions. This is suggested by the calculations of Mosel et al. [60] in the
first case and of Mustafa [61] in the second.

and

5. SUMMARY AND CONCLUSION

The existence of even-odd effects on the charge distributions of fis-
sion fragments as well as their variations led us to the conclusion that
the fission mode(s) is{are) weakly coupled to the quasi-particle degrees
of freedom. This agrees with the thermodynamical model [39] assumption.
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Similarly the study of the variations of the total kinetic energy with the
excitation energy of the fissioning nucleus leadsto the conclusion that
the fission degree of freedom is probably strongly damped. It should be
noted, here, that this conclusion is based on the old parameterization of
R. Nix [28] which defined a center of mass motion identified to the fis-
sion mode. Furthermore the kinetic energy associated with this mode was
equalized to the pre-scission kinetic energy. It would be useful to reexa-
mine these two assumptions. The justification of the strong coupling hypo-
thesis made in the thermodynamical model may depend on this reexamination.
Finally it is not clear if the statistical equilibrium between collective
degrees of freedom is achieved. The zero-point oscillations and quantiza-
tion of the collective modes should certainly be taken into account as
have done Mahrun et al. [63] for the bending mode.

Many of the conclusions we have reached are based on too weak experi-
mental grounds. Systematic experimental work on charge distribution and kine-
tic energy variations should be actively pursued.
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DISCUSSION

H.O. DENSCHLAG: I should like to make some comments with regard to
your finding that the exchange of the nuclear charge between the fragments
formed occurs even when mass exchange has stopped. Fischbach, Weis and myself
have studied this problem using the independent yield distribution for 233U (ny, f)
and have reached the same conclusion.

To demonstrate the point, we have plotted the parameter AAp (= Ap — Aycp)
against the nuclear charge (Z) for heavy (s) or light (£) fragments, as can be seen in
the lower part of Fig. A. The way we obtained AA’p from A'p, the most probable
(fragment) mass of each element, and from Aycp, the mass calculated on the
assumption of unchanged charge density, is shown at the top of Fig. A.

When AA’p is obtained as the maximum of a plot of the (experimental)
absolute independent yields, the points shown on the left-hand side of the figure
at the bottom are the result. The marked variation in the AA}, values with Z is
difficult to understand.

However, when AA'p is obtained by plotting fractional independent yields,
the points shown at the bottom of Fig. A on the right are the result. Here the
fractional yields are calculated by dividing each independent element yield by the
corresponding mass yield.

Figure B is intended to show that the AA}, values based on absolute indepen-
dent yields are biased by the decreasing chain yields of both sides of the mass yield
curves. For this purpose, we show a contour diagram of the absolute independent
fission yields within a display of the nuclear charge (Z) against the neutron number
(N), in a manner similar to a nuclide chart. In addition, Zycp, the nuclear charge
calculated on the assumption of ‘unchanged charge density’ and Z;, (= Zycp — 0.5)
are shown for the heavy mass peak.
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FIG.A. Experimental AA'p values as obtained from absolute (left) and fractional (right)
independent yields by fitting a Gaussian curve to the corresponding yield values and by

subtracting Aycp, as shown at the top of the figure.

Two cuts through the contour diagram are shown:
(1) A cut along a constant mass axis (‘A = const’ in Fig. B) enables us to

read off Z;
(2) A cut along an axis of constant nuclear charge (‘Z = const’ in Fig. B)

enables us to obtain Ap.

It is clear from the figure that the cut ‘Z = const’, as opposed to the cut
‘A = const’, becomes asymmetric on the wings of the mass yield curve, and that
its maximum shifts towards Zycp (the heavy side), or away from Zycp (the
valley side of the mass yield curve). This bias would evidently disappear if we
applied the cut to a contour diagram of fractional yields. The fact that the use of
fractional yields (decoupling mass and charge distribution) gives a better
description than the use of absolute yields indicates, in our opinion, that mass
and charge distribution in the scission process must also be decoupled under

natural conditions.
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FIG.B. Schematic representation of absolute independent fission yields in a contour diagram
and cuts through the diagram along the lines of constant nuclear charge (Z = const) so as to
illustrate the bias ofA;_., values on the basis of absolute yields {A;,{IN}) with respect to the
values based on fractional yields (A'p(FI}}.

Consequently, we interpret this result as an indication that the final charge
distribution is decided at another — and presumably later — time than the mass
distribution.

This finding is in full agreement with your conclusions and also with the
result that the charge exchange takes place ‘faster’, i.e. over longer distances, than
mass exchange in heavy-ion collisions.

P. FONG: With regard to the statistical-theory prediction of the even-odd
effect, there are, in my opinion, two issues involved. First, we must ask ourselves
whether the statistical principle is correct. And second, we must ask whether the
method of calculation is correct. That the previous statistical theory failed to
predict the even-odd effect is not a feature of the statistical theory itself, but rather
of the particular level density formula used for the calculation. That formula was
designed to eliminate the even-odd effect completely. It seemed appropriate at
that time to use a formula of this kind following the Bethe and Fermi discussions.
A more sophisticated formula would enable the even-odd effect to survive a few
MeV of excitation, after which, for higher excitation, it would be washed out.
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This formula, applied to the statistical theory would predict the observed even-odd
effect and its absence at higher excitation. One conclusion that follows from this
is that the existence of the even-odd effect in fission distribution does not preclude
the possibility of energy dissipation, since the statistical theory, based on energy
dissipation, can predict an even-odd effect.

H.A. NIFENECKER: I am interested to hear your view, but to me,
personally, the main difficulty presented by the even-odd effects within the
framework of the statistical theory is their rapid variation with excitation energy.
If we estimate that the total intrinsic excitation energy of the fragments at
scission is of the order of 10 MeV for thermal-neutron-induced fission, then for
3-MeV-neutron-induced scission it would be around 13 MeV. I doubt whether this
30% increase in excitation energy (15% increase in temperature) would suffice to
explain the washing out of the even-odd effect with any realistic level density.

G. SCHUTTE: You have shown us that the passage from saddle to scission
is slow, with the result that excitation energy is high, while the viscosity is low
since statistical equilibrium is not attained. The question is, therefore, how is the
excitation energy introduced into the system without inducing statistical
equilibrium?

You have linked the gap parameter A with the kinetic energy difference
between even and odd fragmentation. But the only place where the gap
parameter comes into play is in the energy difference between the ground state
and the lowest excited state at each deformation, which is always a pair excitation
and not a broken pair state. Since the fissioning nucleus is excited during the
fission process, I do not see any relationship between A and the odd-even effect
in the excitation energy from a theoretical standpoint.

H.A. NIFENECKER: Regarding your first point, I would agree that we have
to try to understand why a selective excitation of collective states at the expense
of 2-qp states occurs in fission. The even-odd effect by itself does not exclude the
occurrence of pair excitation in time-even states.

In order to understand the link between the even-odd effect and the kinetic
energy it is easier to think of the excitation energies. After scission the same state
in terms of the number of gqp excitations will give rise to even splits that are more
excited than odd splits by the additional condensation energy of one pair,
namely 2A.

J.R.T. GALIN: It strikes me that there is something of a contradiction
between fission and heavy-ion-induced reactions as far as the degrees of freedom
of mass and charge are concerned. If I have understood you correctly, in the case
of fission the mass asymmetry degree is equilibrated more rapidly than the charge
" asymmetry degree of freedom, whereas the opposite is observed in the deep
inelastic collision of heavy ions.

H.A. NIFENECKER: No, I do not think there is any contradiction here.

In fission one starts with an equilibrium situation at saddle point. The potential
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energy then changes during the descent from saddle to scission. The faster modes
are the ones which follow the potential for a longer time. The charge-to-mass
degree of freedom is faster than the mass degree of freedom, which is why the
isobaric distribution may be determined later than the mass distribution.

P. DAVID: First let me say that I agree with your statement that
fission is a weakly dissipative process. As regards the pairing gap, in the paper [
presented (see SM-241/C6 of these Proceedings) I showed a consistent set of total
kinetic energy TKE data which indicate that the behaviour of TKE when plotted
against E4 is different when excitation energy in the interval of ~ 1.5 MeV above
the highest barrier (B¢, Bf + 1.5) is compared with the one in the interval
(Bs + 1.5, Bps). We do not know the exact location of the Ex points where the
pairing gap at the saddle is to be found, but the slopes dTKE (Ay, Ex)/0Ex indicate
such behaviour quite clearly. It is best expressed in the case of the light nucleus
232Th and is less pronounced for heavier nuclei. Since deformation also plays a
role, the separation of the effects seems hardly possible in practice.

H.A. NIFENECKER: What you observe may be due to change in the
deformation potential surface caused by 2-qp excitations. An interpretation in
terms of change in pre-scission kinetic energy through change in the dynamic
behaviour of the fissioning nucleus creates two difficulties:

First, how is it that the spontaneous-fission kinetic energies are not
significantly lower than induced-fission energies, just above the barrier, and second,
what is special about 2-qp excitations at the saddle, compared with more 4-qp
excitations? One would expect the decrease in TKE to continue above the 2-qp
threshold. So I have no explanation to offer for the effect observed.
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Abstract

DETAILED STUDY OF THE NUCLIDE YIELDS IN #*U(n,, , f) AND THEIR RELATION
TO THE DYNAMICS OF THE FISSION PROCESS. -

The fission product mass spectrometer ‘Lohengrin’ of the Institut Lape-Langevin in
Grenoble was used to determine yields of light fission products as a function of A, Z, the
kinetic energy E and the ionic charge state g. The nuclide yields summed over all ionic charge
states are given for five kinetic energies between 88,5 and 108.0 MeV. — From the measured
isobaric nuclear charge distribution the pre-neutron emission variance ai of the isobaric Z-
distributions was determined to be independent of the total excitation energy. This may be
an indication for quantum-mechanical zero-point motion. The kinetic-energy distributions
for odd-Z elements are shifted towards lower kinetic energies by 0.4 MeV with respect to
even-Z elements. The weak dependence of the proton odd-even effect on the kinetic energy
of the fragments leads to the conclusion that the energy dissipation between saddle and
scission is almost independent of the asymptotic kinetic energy. Furthermore, it can be
estimated that in about 25% of all fission events all protons remain in a paired state.

* Supported by GSI.
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1. INTRODUCTION

The distribution of the nucleons between the two frag-
ments and the kinetic energy of the fragments are observable
quantities which permit conclusions about the fission process
in its late stage beyond the saddle point. Particularly in
the case of low energy fission quantummechanical phenomena
such as shell effects or the superfluidity of nuclei or zero-
point oscillations, are expected to have a strong influence
on the fission process.

In the gresent investigation of the thermal-neutron-induced
fission of 235y a report on yield measurements in the light fis-
sion product group is given. In particular with regard to the
dependence of the yields on the fission product kinetic energy,
these measurements are more comprehensive than the data avail-
able for any other fissioning nucleus let alone those for deep
inelastic heavy ion reactions. Part of the results were publish-
ed previously [1,2,3]}. In the present paper the discussion of
the data is extended to some aspects not considered in our pre-~
vious publications.

The widths of the isobaric element distributions in deep
inelastic reactions have recently aroused considerable interest
[4]1. In the case of low energy fission this problem may be in-
vestigated at very low temperatures.

Another point of interest has been the question of single
particle excitations of the system between saddle and scission
and their dependency on the kinetic energy of the fragments. In
the fission of nuclei with almost zero excitation energy at the
saddle point this problem is experimentally accessible.

2. EXPERIMENTAL PROCEDURE

The measurements were performed at the mass spectrometer
"Lohengrin" [5] of the Institut Laue-Langevin in Grenoble. The
absolut mass yields were measured in the mass range 80< A <110
[3,6]. The relative nuclear charge distributions for a given
mass number A were determined by measuring the fission product
energy loss in a carbon absorber by a time-of-flight technique
[7,8]. The isobaric nuclear charge distributions were measured
at five different kinetic energies between 88.5 and 108.0 MeV.

It should be noted that Lohengrin separates the fission
products according to their A/g~ and E/g-values, with A being
the mass number, g the ionic charge state and E the kinetic
energy of the fission products. The ionic charge distributions
of several nuclides are strongly influenced by the internal
conversion of excited nuclear state [9]. Therefore the depen-
dence of the yields on g was determined, and the A- and Z-
yields summed over g could be obtained. Finally the A- and Z-
yields were combined to give the nuclide yields for the light
group of the fission products as a function of the kinetic
energy as listed in table ]. Because of the short analyzing
time (¥ 2 us) of Lohengrin the yields in table 1 are those
before the emission of delayed neutrons and before B-decay.
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Open points connected by dashed line: Measured post-neutron emission values at constant
post-neutron mass number A, averaged over the mass range 94 < A < 97, and corrected for
the proton odd-even effect.

Solid line: Corresponding variance of the pre-rieutron emission Z-distribution at constant
pre-neutron emission mass number A', averaged over the mass range 95 <A < 98.



TABLE 1. INDEPENDENT YIELDS FOR THE THERMAL NEUTRON INDUCED FISSION OF 235U AS A
FUNCTION OF THE KINETIC ENERGY OF THE FISSION PRODUCTS?

A z E = 88.5 MeV 93.4 MeV 98.3 Mev 103.1 Mev 108.0 Mev y E D)
c)
g0 3 .010 + ,003 .010 ¢ .004
32 2099 + .015 090 + .013
33 .011  .003 .015 & .004
81 3 .004 £ .002 .005 * .003
32 J133 = .023 J121 + 014
33 .069 + 013 069 + .008
34 .004 * .003 S008 * .002
82 31 .002 * .001
32 .146 + 011 J127 & .013
33 J181 + .012 L1671 & 011
34 .039 + .009 043 + .008
83 32 .062 £ .012 .064 & .014 .053 + .007
33 .363 + .024 353 + .037 314 + .024
34 225 + .021 J166 + .024 241 * .023
35 033 + .015 - 2025 + .010
84°) 32 .003 £ .003 005 + .005 ,005 * .005 .003 * .003 .005 + .003
33 .202 + .045 0223 + .025 .218 + .035 .094 : .016 .205 + .017
34 .784 + .083 .755 = .035 .657 + .056 .358 + .048 .703 + .029
35 S110 + .028 L067 + .026 2019 = .019 021 + .016 L065 + .013
85 33 .097 + .027 .106 + .037 L119 & 022 .140 + 026 .054 £ .015 .16 £ .014
34 2797 & .064 1.036 + .093 1.125 + .044 930 + .072 725 + ,082 1.003 * .035
35 .441 + .063 .474 = .060 286 + .034 .160 + .037 027 £ .017 281 + .022
36 L1155 1 042 .094 = .042 029 + .010
86 33 .020 * .020 .017 + .017 .028 + .023 .016 + .016 .005 £ .005 .020 + .010
34 .70+ .10 989 + .094 1.336 + .091 1.25 % .11 98 % 11 1.175 + .052
35 .80 % .12 838 + .089 656 + .090 .461 + .081 .185 + .066 1613 + .046
36 48 o+ .12 .256 + .055 J111 & .030 J032 + .018 131 + .018
87 34 454 + .062 .576 + .099 627 + .062 664 = .066 .509 * .059 .609 * .038
35  1.085 : .097 1.51 + .14 1.507 + .077 1.017 + .085 524 + .061 1.273 + .050
36 943 + .098 .83 : .12 .580 + .064 1278 + .065 116 = .026 1533 + .041
37 .158 + .098 J081 + .045 .047 + .030 043 + .016
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88

89

90

21

92

93

94

34
35
36
37

34
35
36
37
38

35
36

38

35
36
37
38

36
37
38
39

36
37
38
39

36
37
38
39
40

.22
1.17
1.84

.44

.029
.71
3.14
.78
.090

.082
3.01
1.73

.29

.017
1.86
2.68

.98

.61
2.75
2.39

.43

.37
2.11
3.73

.72

.054
.849
4.94
.86
.082

4+ 1+ I+ 1+ 1+ 1+ I+ I+ i+ 1+ I+ 1+ 1+ I+ &+ I+ 1+ I+ I+

W+ I+ 1+

o+ I+

.12
.14
11

.029
.13
.20
.16
.09%0

.082
.20
.18
.12

.017
.15
.17
.11

.23
.22
.21
.15

.10
17
.21
19

.054
.090
.20
.14
.082

.21
1.29
2.39

.21

.033
.89
3.97
.55
.022

.35
4.12
1.68

.164

.037
2,85
2.83

.52

1.01

3.48

2.03
.126

.340
2.67
3.68

.25

.065
1.31
5.11

.77

I+ 1+ 1+ 1+ I+ 1+ 1+ 4

4+ 4+

I+

W

O

I+ 4+ 1+ 1+

12
.14
.18
.10

.033
.11
.23
.11
.022

.11
.25
.16
.082

.037
.21
.21
.10

.11
.19
.15
.087

.098
.20
.24
.10

.036
.13
.27
.12

.323
1.57
1.84

116

.027

.98
3.99

.34

.42
4.76
1.13

.046
3.55
2.66

+274

1.53

3.36

1.17
.080

.42
3.17
2.89

.193

.091
1.79
4.84

.31

M+ I+ I+

+ 1+ I+ + 1+ 1+ 1+

W+ 1+ 4+

WO

I+ 1+ 1+ 1+

o+ 0+ 1+

.073
11
12
.081

.027
.12
.16
.12

.14
.21
.16

.046
.19
.19
.098

.14
.15
.11
.055

.10
.18
.18
.093

.035
.19
.22
.12

.279
1.248
1.307

.076

.016
1.03
2.88

.168

.41
4.83
.46

.076
3.49
1.77

.115

2.06
2.97
.503

.602
3.40
1.66

127

. 106
2.11
4.26

.14

+ i+ 1+ I+ I+ i+ I+ o+ 1+ 1+

O+ I+

[T

I+ 1+ I+ 1+

+ 1+ 1+ 1+

.048
.092
.098
.050

.016
.10
.16
.058

.11
.23
.11

.033
.19
.14
.055

.14
.16
.059

.068
.19
.14
.070

.040
.21
.26
.11

176
.857
.657

.012

.902
2.06

.108

.29
3.88
.19

.099
3.42

.099

2.25
1.70
.265

.399
2.12

.72

.063

.066
1.19
2.36

.048

I+ 1+ 1+ H+ 0+ I+ i+ 1+ 1+ 1+ 1+ 1+ I+ I+ I+ I+

+ 0+ 1+ I+

+ 1+ I+ I+

.028
.083
.068

.012
.092
.16

.065

.14
.26
.11

.036
.22

.063
.18

2081

.063
.16
.12
.060

.030
.14
.18
.048

.269
1.341
1.724

.133

.024
.955
3.481
.342
.009

.375
4.49
1.021

.051

.055
3.28
2.312

.305

1.573
3.123
1.165

.078

.450
2.994
2.595

.203

.086
1.684
4.56

373

.004

+ 0+ 0+ I+ I+ O+ 1+ i+

I+ 1+ 1+ 1+

I+ 1+ 1+ 1+

+ i+ I+ 4+

I+ 1+ I+

(S E R

.041
.058
.067
.040

.013
.059
.094
.054
.007

.066
.12

.076
.020

.021
.10

.095
.046

.072
.086
.057
.029

.047
.099
.096
.046

.019
.091
.13

.061
.004
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TABLE I (cont.)

A 2 E = 88.5 MeV 93.4 Mev 98.3 MeV 103.1 MeV 108.0 MeV yE D)
95 37 .25 & .15 .327 + .07 .524 + .088 .717 + .089 .807 * .087 .543  .045
38 3.15 & .27 4.01 : .25 4.46 : .18 4.92 & .23 3.77 + .22 4.38 : .11
39 2.63 : .26 2.35 :+ .20 1.61 + .14 .94+ .13 537 ¢ .081 1.555  .079
20 .60 :+ .14 .278 + .091 .128 + .061 .138 + 031
96 37  .013 ¢ .013 .025 + .025 .087 + .044 .109 = .077 A2+ L1 .078 £ .029
38 1.48 & .22 2.29 x .19 3.24 x .19 4.81 & .23 5.25 * .28 3.54 + .11
39 3.33 : .26 3.19 o+ .21 2.64 + .18 1.44 & .13 .78 = .10 2.315 + .091
0 1.66 = .21 .800 * .089 .275 + .087 .058 + .058 087 * .056 .385 x .042
a1 .160 = .087 .045 + .045 .018 + .011
97 38 .77 : .16 .84 : .16 1.47 + .19 2.28 : .22 2.68 : .21 1.62 * .10
39 3.09 : .23 3,38 & .23 3.24 : .20 2.87 & .22 1.91 + .17 3.06 * .11
0  2.30 & .21 1.81 x .17 1.11 = .15 47+ .14 .298 + 089  1.082 * .079
41 .28 + .19 A2+ .12 .041 & .029
98 38  .277 : .087 .276 + .085 .55 2 .12 1.15 & .22 1.83 * .32 .742 + .083
39 1.74 = .18 1.73 = .17 2.10 & .17 2.54 : .26 2.41 + .28 2.15 * .11
0  3.74 1 .24 3.40 + .24 2.92 & .18 1.98 & .21 1.21 % .17 2.67 * .11
41 .84 + .22 .23+ .16 .119 + .080 .116 + .070 .100 ¢ .072 177 + .052
99 38  .037 & .037 .027 + .027 .059 + .030 .154 = .059 .335 ¢+ .093 .098 + .022
39 .82 = .10 1.03 = .11 1.54 =+ .14 2.77 + .24 3.43 * .29 1.884 * .093
40 3.78 = .20 3.66 =+ .21 3.96 + .18 4.18 + .28 3.60 + .31 3.92 & .12
41 1.51 = .16 .704 + .088 .374 + .089 .227 + .096 26 & 1% .453 + .048
42 .094 : .094 .044 + .044 .015 % .011
100 38 .021 + .021 .045 & .045 .009 + .007
39 .131 & .079 165 + .072 .243 + .085 43 : 11 .73+ .14 .310 * .048
40  3.13 : .36 3.55 + .36 4.16 * .37 5.38 + .44 7.32 t .57 4.56 + .21
41  1.78 = .38 1.31 & .33 1.20 & .38 1.04 =+ .41 .77+ .53 1.18 = .20
42 .19 = .12 .18 = .082 .045 = .045 .055 + .055 .063 * .063 .073 ¢ .030
101 39  .046 : .046 .048 + .037 .093 + ,044 .188 + .052 .403 * ,082 L1317 ¢ 024
40 1.14 = .18 1.59 = .17 2.24 x .15 3.30 : .24 6.27 : .40 2.64 * .10
41 2.26 = .33 1.76 =+ .18 1.93 1+ .14 2.00 : .20 1.94 =+ .22 1.928  .091
42 1.1 & .47 .28 & .20 5+ .15 21+ .21 .34 % .33 .257 + .099
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102 40 .598 + .092 .84 + .11 1.255 £ .092 2.57 + .17 6.15 + .36 1.870 + .071
41 1.68 =+ .13 1.37 = .13 1.444 = .086 2.08 =+ .16 4.35 = .31 1.836 = .068
42 1.47 + .12 .95 = 11 .717 £ .070 .583 + ,092 .55 ¢ .19 .755 = .047
43 011 = 011 .010 = .010 .014 + ,014 .021 = .0o21 .10 £ .10 .021 £ .011
103 40 .127 + .056 .120 + .038 .297 + .044 .625 + ,093 1.45 =+ .22 .428 + ,036
41 .747 = 081 .858 + .085 1.124 + ,075 1.57 =+ .13 3.32 = .27 1.336 ¢ ,055
42 1.59 =+ .10 1.31 = .11 1.068 + .075 .98 =+ .11 1.59 =+ .22 1.161 + .052
43 .076 = .043 .066 + .040 .072 £ .044 .095 = .062 .064 + ,064 .077 = .026
104 40 .025 + .025 .036 = .016 .056 + .023 .131 + ,038 .256 = ,046 .086 + .015
41 .274 = ,081 .260 = .049 .330 + .047 .704. £ .071 1.52 + .13 .507 £ .031
42 1.30 =z .10 1.096 = .099 1.164 + .062 1.319 = .099 1.56 =+ .14 1.229 = .045
43 .079 = .045 .058 = .039 .060 = .042 .067 + ,051 .037 + .034 .061 + .,023
105C) 41 116 £ .023 .221 ¢ .039 .400 + .072 .156 £ .021
42 .600 = .034 .975 + ,089 1.52 =+ .14 .753 £ .044
43 .044 £ .024 .054 + .030 .051 £ ..051 .050 + ,017
106 ©) 41 .013 + ,007 .017 £ .007
42 .306 + .032 .386 £ ,030
43 .019 = 011 .029 £ ,013
1079) 41 .002 * .001
42 .089 + 013
43 .016 * .006

a) The independent yields are normalized to 100% for each energy. To obtain the energy distributions for the nuclides, the
yields must be multiplied by the following factors: .04815 + .00022 (E = 88.5 MeV); .2280 + .0029 (E = 93.4 MeV);
.3610 + .0011 (E ="98.3 MeV); .2891 + .0039 (E = 103.1 MeV); .0737 z .0010 (E = 108 MeV) .

b) The independent yields summed over the kinetic energy (] E) have been obtained by summing the independent yields at the dif-
ferent kinetic energies multiplied by the normalizing factors given in footnote a).

c) The ngc]ear charge distributions of the masses A = 80, 81, 82, 83, 84, 105 and 106 have not been measured at all kinetic
energies. To obtain the independent yields summed over E the missing charge distributions have been estimated and combined
with the corresponding mass yields.

d)

The independent yields for A = 107 have been estimated from a measurement of the nuclear charge distribution at a kinetic
energy of 104.5 MeV .
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3. RESULTS AND DISCUSSION

3.1 Widths of the isobaric Z-distributions

Fig. 1 shows the rms-widths o¢; as a function of the
average nuclear charge number <Z> of the corresponding iso-
bar. The most prominent feature of fig. 1 is the strong modu-
lation of oz at all kinetic energies. The maxima and minima
in o, are located at odd and even <Z>-values, respectively.

This modulation is a conseguence of the odd-even effect in the
element yields which is discussed in section 3.2. Apart from
this modulation, the general trend in ¢z before neutron eva-
poration as a function of the fragment excitation energy is of
particular interest. Therefore, the influence of the proton
odd-even effect on ¢, was eliminated by correcting the mea-
sured yields in such a way as to obtain zero odd-even effect.
Furthermore, a neutron evaporation calculation was performed
[10] by which the known number of neutrons evaporated per
fragment [11] was reproduced, and primary nuclide yields were
fitted to the measured nuclide yields after neutron evapora-
tion. The r?sulting dependence of the pre-neutron emission
variance o¢% on the total fragment excitation energy is shown
in fig. 2. The measured variances for the corresponding post-
neutron emission isobaric Z-distributions are shown for compa-
rison. These results refer to a selected mass range centred at
the most probable mass split. Evaporation calculations for
other mass splits are in progress. The striking result of this
analysis is the fact that the pre-neutron emission variance
has a constant value of about 0% = 0.35 even at the lowest
total fragment excitation energy of only 12 MeV 1investigated
here. In the range of lower excitation energies where neutron
evaporation is only of minor importance, already the post-neu-
tron emission values show this tendency. It may therefore be
concluded that the details of the assumptions entering the
evaporation calculations do not influence this result.

In the framework of the semi-gquilibrium model as proposed
by Norenberg [12,13], the isobaric nuclear charge distribution
ig determined by the collective temperature Tcoll as follows:
oz = Teol11/¢ . The collective temperature characterizes the
thermal egquilibrium between the collective degrees of freedom
of the fissioning nucleus. The constant c¢ is given by the de-
pendency of the ligquid drop potential energy at scission on
the deviation of the nuclear charge number Z from its most
grobable value Zp at fixed mass split: V = c/2 (Z—Zp)2 . For

38y different mass formulae give a value of about c=3.2MeV.
The collective temperature may thus be determined from the
pre-neutron emission variance ¢4 to be Tgoll = 1.1 MeV .
With about 10 collective degrees of freedom or more [13] this
temperature corresponds to a collective excitation energy of
at least 11 MeV . In the case of a total excitation energy of
12 MeV this seems to be an unrealistically high value. It
must thereby be taken into consideration that a few MeV of ex-
citation energy are bound in single particle excitations as
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FIG.3. Kinetic energy distributions of the elements bromine (Z = 35) and krypton (Z = 36).
The measured yields were normalized to 100% in both cases.
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FIG.4. Moments of the kinetic energy distributions of the elements as a function of the
nuclear charge number Z.

Upper part: average kinetic energies (E) ;

Lower part: rms-widths og.

may be taken from the appearance of fragments with an odd pro-
ton number even at high kinetic energies. Furthermore, some
energy may also be bound in fragment deformation. We therefore
conclude that the isobaric element distributions can not be
explained by the semi-equilibrium model [12].

It was stated [4,14,15]) that guaptummechanical zeropoint
motion should put a lower limit on oz which is given by the
relation c% = hwu/2c . Here hw is the phonon energy of the
degree of freedom which determines the charge to mass ratio.
For nuclear temperatures with T << hw the variance oz is
thus expected to have a constant value independent of the ex-
citation energy. Since experimentally it was found that o%
is independent of the excitation energy, it may be possible
that the effect of zeropoint motion is indeed observed here.
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From the experimental value for 0% a phonon energy of

fw % 2.2 MeV 1is determined. At present there is no theoreti-
cal value for #Hw for a fissioning nucleus at scission avail-
able for comparison. The calculation of the variance of the
isobaric nuclear charge distribution on the basis of zeropoint
motion should thus be considered as a task of future theoreti-
cal work.

3.2 The proton odd-even effect in the kinetic energy and in
the yields

The kinetic energy distributions of even-Z elements are
shifted by about 0.4 MeV to higher kinetic energies with
respect to their odd-Z neighbours, see figs. 3 and 4. This
shift corresponds to a shift of about &§E = 0.7 MeV in the
total kinetic energy. In addition to the odd-even effect, the
average kinetic energy is generally enhanced by shell effects
in the region 40 < Z < 42 . We shall now concentrate on the
region which is not influenced by shell effects and propose
the following very simple picture for explaining the observed
energy shift between even-Z and odd-Z elements: We assume
that it is due to the breaking of a proton pair, and that
this energy for breaking a pair is taken from the prescission
kinetic energy. Experimental estimates [16] of the pairing
gap at the saddle point indicate that the energy necessary to
break a pair should amount to about AE = 1.7 MeV . In order to
explain the observed energy shift, we assume that two compo-
nents contribute to the even-2 yield, see fig. 5: One compo-
nent which contains one broken proton pair, and the other, a
superfluid component, where not a single proton pair is bro-
ken. If one proton pair is broken anywhere between the saddle
and the scission point, we assume that the two unpaired pro-
tons will be distributed statistically on the two fragments.
Therefore the even-Z yield component with one broken pair is
equal in amplitude to the odd-Z yield, and the energy distri-
butions are expected to be the same, too. In contrast, the
superfluid component of the even-Z yield is shifted to higher
kinetic energies by the pairing energy. For simplicity the
shape of the energy distributions of the two components of
the even-2 yield are assumed to be equal. Now the amplitude
of the superfluid component is adjusted to reproduce the ob-
served energy shift of 0.7 MeV between the total even-Z
yield (dotted curve in fig. 5) and the odd-Z yield. In the
following we shall examine the consequence of this simple
model.

According to fig., 5, the proton odd-even effect in the
yields, which is defined as the difference between the yields
of even-2 and odd-~Z elements, is given by the superfluid com-
ponent which has to be equal to 6E/AE/(2-8E/AE) = 26% in
order to reproduce the observed odd-even effect in the kine-
tic energy. This value is in good agreement with the measured
energy integrated proton odd-even effect of (23.7x0.7)% .



TAEA-SM-241/F2 75

0.7MeV

41
/ : \/totul even
\

\ one pair broken

Yield —

Total Kinetic Energy —

FIG.5. Schematic model (not drawn to scale) for explaining the proton odd-even effect in
the kinetic energy and in the fission product yield. The even-Z yield is assumed to consist
of two components which are shifted against one another by the pairing energy.
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FIG.6. Proton odd-even effect in the light-fission-product yields as a function of the fission
product kinetic energy. The proton odd-even effect is defined as the difference between the
yields of even-Z and odd-Z elements in percent. The dotted curve is the energy dependence
of the proton odd-even effect as predicted by the simple model sketched in Fig.5.

Fig. 6 shows the dependence of the proton odd-even ef-
fect on the kinetic energy. The odd-even effect is signifi-
cant (18%) even at the lowest investigated kinetic energy of
88.5 MeV which corresponds to a total fragment excitation
energy of about 38 MeV . The energy dependence as predicted
by our model is seen to be in good agreement with the data.

The even-Z kinetic energy distributions are expected to
be slightly broader than the odd-Z energy distributions,
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FIG.7. Neutron odd-even effect in the light-fission-product yields as a function of the fission
product kinetic energy.

since the even-Z yield is made up of two components of dif-
ferent kinetic energy. This effect seems to be born out by
the data in fig. 4, which show an odd-even effect in the
rms-widths of the kinetic energy distributions of the ele-
ments. ’

Thus it seems that the simple model explained in fig. 5
allows a consistent interpretation of our data. It may be
concluded that in fact in about 25% of all fission events
all protons remain in a paired state. Furthermore, the prob-
ability for the pair breaking processes does not strongly
depend on the kinetic energy.

In the case of the fission of 230Th, the odd-even ef-
fect in the total kinetic energy may be estimated from the
experimental data in ref. [17] to be about 6E = 1 Mev . If
this value is used to calculate the proton odd-even effect
in the yields in the same way as for 236U, a value of 42%
will be obtained. For the fission of 233Th, a proton odd-
even effect of (38%#13})% was determined for the yields
[18]. Since the odd-even effect in 230Th and 233Th may not
be expected to be very different, the agreement with the
odd-even effect in the kinetic energy is good.

Nifenecker et al. [15] reported an energy shift between
even-Z and odd-Z elements of about 6E ¥ 1 MeV for the.
spontaneous fission of 252Cf, If the above reasoning is ap-
plied to 252Cf, the expected proton odd-even effect in the
yields will be 42%, and this value is in sharp contradiction
to the measured small odd-even effect for 252Cf of only
(5£4)% according to ref. [19] or (0t5)% according to ref.
[20]. Further measurements are necessary to clear up the
contradiction between the measurements for 236y and 230,233 7Tp
on the one hand and for 252Cf on the other hand.

3.3 Neutron odd-even effect in the yields

The neutron odd-even effect in the energy-integrated
yvields was measured to be (5.4%.7)% . The neutron odd-even
effect increases almost linearly with the kinetic energy,
see fig. 7. Unfortunately it seems impossible at present to
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draw any definite conclusion on the primary neutron odd-even
effect from these measurements. Neutron evaporation calcula-
tions have shown that a possible primary neutron odd-even
effect will be masked completely by the neutron evaporation
process, and the extraction of a primary neutron odd-even
effect will, therefore, depend on the details of the assump-
tions that have to be made in the evaporation calculations.

4.

CONCLUSIONS

a)

b)

The widths of the pre-neutron emission isobaric z-~
distributions are independent of the total fragment
excitation energy even at very low fragment excita-
tion energies. This seems to be an indication of
zeropoint motion.

The single-~particle excitation energy of the frag-
ments at the scission point seems to be almost in-
dependent of the fragment kinetic energy. Further-
more the fraction of the fission events in which no
proton pair is broken is estimated independently
both from the odd-even effect in the kinetc energy
and from the odd-even effect in the yields, to be
about 25%. This supports the view that low energy
fission is a weakly dissipative process.
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DISCUSSION

W. REISDORF: You have measured o2 as a function of the excitation energy
at infinity. On the basis of the statistical model one would have to know the
excitation energy before scission in order to establish a possible non-dependence
of 62 on temperature. 1, therefore, feel that your conclusion regarding the
predominance of zero point motion may be somewhat premature.

H:G. CLERC: We find 0% = 0.35 even at the lowest total asymptotic fragment
excitation energy, which is only 12 MeV. This energy therefore constitutes an
upper limit for the excitation energy of the system at scission. The variance o2
observed in our experiments is too high to be explained by a statistical model
without taking zero-point motion into account, even if the excitation energy at
the scission point were to reach this limiting value of 12 MeV.

K. SISTEMICH: Could not the odd-even effect in the most probable
kinetic energies that you observe also be explained by different deformability
of odd-mass and even-mass nuclei?

H:G. CLERC: Yes, we cannot rule out that explanation, which would
certainly lead to very similar conclusions, namely that there are two components
in the even Z yield, one of which is superfluid, indicating low damping, and that
the rms widths of the kinetic energy distributions of the elements could be
expected to show an odd-even effect, as is found experimentally.

However, the magnitude of the energy shift between the two components
would be unknown and the consistency of the observed energy shift with the
magnitude of the superfluid component could not be checked.

K.M. DIETRICH: I do not understand why you excluded a statistical
explanation for the observed magnitude of 0, and the constancy of this quantity
as a function of the excitation energy. If the temperature (kg) T is small compared
to the photon energy corresponding to the (N—-Z) degree, then the Boltzmann
distribution would predict that only the zero point mode of this degree of freedom
can be occupied. Thus, as long as the temperature remains low, as compared to
the photon energy, o2 is only given by the zero point mode and is not therefore
dependent on the excitation energy. The magnitude of 02, too, is determined only
by the zero point wave function.

H:G. CLERC: I would agree that an interpretation of o, as determined by
zero point motion still lies within the framework of a statistical model. What I
wanted to say, however, was that the experimental result whereby a high o, is
not dependent on the excitation energy seems to indicate that o, may, in fact,
be determined by zero-point motion. So the procedure usually adopted in
theoretical calculations based on some kind of statistical model, namely calculation
of temperature from the observed variation using the relationship T = co2, ¢ being
determined by the liquid-drop asymmetry energy (¢ =~ 3.2 MeV), is no longer
justified in low-energy fission; it yields unreasonably high temperatures and
therefore unreasonably high excitation energies.
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Abstract

FISSION FRAGMENT ENERGY CORRELATION MEASUREMENTS FOR ”’Am(nth,f),
AND SHELL EFFECTS IN THERMAL-NEUTRON-INDUCED FISSION.

Fission fragment mass and kinetic-energy distributions and mass-versus-energy correla-
tions were measured for the sub-barrier ! Am (ny;,,f) using the strong thermal neutron beam
available at the Grenoble high-flux reactor. The results are compared with the even-even and
the other odd-odd fissioning systems to have, among other things, some information on the
saddle-point-to-scission-point dynamics. This comparison shows that in an even-even fissioning
nucleus most of the pairs are broken somewhere after the freezing of the structure of the
nascent fragments and most probably just before and/or in the act of scission. As to the shell
effects in the thermal-neutron-induced fission fragment global-mass distributions and the
distributions for high-kinetic-energy events, it is found that, up to ' Am at least, the neutron
spherical shells at N = 82 and N = 50, and the neutron deformed shells at N 2> 60 and N = 88
play an important role in determining these distributions.

1, INTRODUCTION

We have been studying systematically the fragment mass and kinetic
energy distributions and mass-versus-energy correlations of odd-odd sub-
barrier fissioning systems resulting from thermal neutron capture [1, 2].
Generally, these nuclei have very low fission cross sections compared
with the neighbouring even-even fissioning systems. However, the strong
thermal neutron flux available at the Grenoble high-flux reactor makes
such measurements quite feasible.

In this paper we present our results on 24l p (of = 3.15 b). Further-
more, we join our results on the different odd-odd fissioning systems with
those for the even-even nuclei resulting from thermal neutron capture,

* At present at CEC Joint Research Centre, Ispra-Establishment, Italy.
** Département de recherche fondamentale, CEN-Grenoble, France.

T Centre d’études nucléaires de Bordeaux-Gradignan, Université de Bordeaux, France.
TT Centre d’études nucléaires de Saclay, France.
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either measured by us or taken from the literature. Here the aim was to
look for shell effects either in the global mass distributions or in the mass
distributions resulting from high fragment kinetic energies.

2. EXPERIMENTAL SET-UP, DATA PROCESSING AND RESULTS

The experiment was carried out at the inclined cold neutron beam
hole (IHI) of the Grenoble high-flux reactor. The circular neutron beam
was collimated to 1 cm diameter a few cm before the fission target with
an enriched “Li collimator placed inside the vacuum chamber evacuated
to » 1077 Torr. The equivalent thermal neutron flux at the target pos1t10n
was $th ™ 5 x 10 n/cm?,s with ¢t2/¢£ast » 5x 104 (calc. ). A 3.23 ug/enf
241AmOZ target and a 4,04 pg/cm U30g (93% enrichment in 235 U) cali-
bration target were used. Each of these targets was evaporated onto a 110
,u.g/cm2 nickle backing.

The coincidence complementary fragment pulse heights were mea-
sured with two ORTEC 1 cm? gold-silicon surface-barrier detectors. These
detectors were collimated with appropriate diaphragms to avoid edge
effects. They were placed symmetrically on both sides of the fission tar-
get with » 3 cm between the centre of the target and each detector. Fast
and slow coincidence gates of ~ 16 ns and =~ 2 ps respectively were used.

In addition to the two complementary fragment pulse heights, the
time -of-flight difference AT (ATa5) Was also recorded between the two
fission fragments, when they reach their respective detectors.

This three-parameter information was recorded event by event on a
magnetic tape with a Multi-8 data recording system and 2048 channels
were allocated for each of the three parameters. Altogether =1, 56 x 10°
fission events were recorded and analysed for 241Am. The data were ana-
lysed with a PDP-10 computer. The fragment pulse heights were conver-
ted into fragment kinetic energies and provisional (pseudo-) masses
through an iterative procedure using the mass-dependent energy calibra-
tion method of Schmitt et al. [3], the mass and momentum conservation
relations and the 235U calibration data. Furthermore, the difference 6 T
between AT neas and AT calculated (AT 5)c) from the experimental frag-
ment kinetic energies and the flight paths corresponding to the two fission de-
tectors has a normal distribution about T = 0 [4] , as shown in Fig. 1.
The FWHM of the 6 T distribution of 280 ps reflects the effective time
resolution of the set-up. This good time resolution helps us to use effec-
tively this coherence condition (between AT_ ... and AT ,].) for our com-
pact geometry. A window is put on this distribution (see Fig. 1) such that
the events within this window are accepted as being good with a high pro-
bability. This coherence test leads to the elimination of a relatively high
proportion of events in the symmetric and the far-out asymmetric regions
which are, in fact, predominantly contaminated by scattered and poorly
measured high yield events. Thus this method of selecting data helps one
to obtain significant results in the low yield regions.
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FIG.1. The 8T = [AT , — AT eq | distribution. Also shown is the window around the
0T peak to eliminate the events that do not satisfy the coherence test.

Figs. 2,3,4, 6 and 7 show the results on the various distributions
for 241Am and compare them with the corresponding 235U data. These
distributions have not been corrected for neutron emission and are presen-
ted as a function of provisional (n} masses. Furthermore, the energy dis-
tributions < EK> (ugg) and <E> (p) have not been corrected for the loss due
to neutron emission. Moreover, the data have not been corrected for re-
solution effects. Table I summarises and compares the results on 241Am
with those on 2357, )

3. DISCUSSION OF RESULTS: MASS DISTRIBUTIONS AND MASS-
ENERGY CORRELATIONS

Fig. 2 shows the mass distributions for the odd-odd sub-barrier
fissioning 242Am nucleus and for 235U, As far as we know, our results
are the first on the thermal neutron-induced fission of 241 Am, The global
mass distribution for 241 Am is rather smooth and structureless and quite
similar to the mass distribution for 239Pu (Fig, 13), The experimental
peak/valley (P/V) ratio of mass distribution is 117 + 10 against 554 + 31
for 235U, When corrected for the mass resolution effects, one gets a
value of 137 + 12, This value should be compared with 151 for botk 239Pu
and 237Np, and 155 for 245Cm [16] . It is interesting to see a decrease
in P/V of a factor of ¥4 as one moves up from 235U and, thereafter, a
plateau with P/V = 150 up to 245Cm. In fact, this constancy of P/V for
these nuclei, whether even-even or odd-odd fissioning systems, reflects
the similarity of their mass distributions (Fig. 13),
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TABLE I. MEAN VALUES, ROOT-MEAN-SQUARE WIDTHS AND OTHER
RELEVANT QUANTITIES FOR THE THERMAL NEUTRON FISSION OF
241Am AND 235U

41 235
2 Am(n , £) U(nth' f)
(provisiona mass
quantities)
<Ep > (MeV) 179.7 + 0.4 171.0 + 0.4
181.6 + 0.4 a) 172.7 + 0.4 a)
o (MeV) 11.7 10.7
Ex
<E;> {(MeV) 103.4 100.4
og; (MeV) 5.9 5.1
<Ep>  (MeV) 76.4 70. 6
c (MeV) 8.5 7.6
Ey
P> (amu) 102.6 97.2
o (amu) 6.5 5.7
AL :
<Py {amu} 139.4 138.8
c (amu) 6.5 5.7
p’7w{r 117 4 10 554 4 31
137 + 12 ¢)
= > -
AEK <EK max
< EK>sym. fission
(MeV) 9.6 + 2.1 21,8+1.1
8.6 +2.1 a) 20.6 + 1.1 a)
neutron binding energy
B (MeV) 5. 54 6. 536
barrier heights (MeV) V, 6.5 5.63 b)
5.7 5.53

Vg

a) corrected for neutron emission with <¥.> for 22l Am taken to
be the same as for 235U: < V> = 2,44;

b) [22]; c) normalised to the rad1ochem1cal value (650) through the
present P/V results for 235U,
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4, KINETIC ENERGIES

The various quantities of interest for 24l Am and 235U are presented
in Table I The rms widths ogy, o and op  for 24lAm are higher than
the corresponding values for 23 UL The dip AEg in the average total
kinetic energy, defined as the difference between the maximum value and
the value at symmetry, is 8.6 + 2.1 MeV for 241Am compared with
20.6 + 1.1 MeV for 235U, Our previous work on the other odd-odd fission-
ing such as 231p,a and 237Np, and 239py gave 14.8 + 4.2 MeV, 14,1 + 3.5
MeV and 18,6 + 0.4 MeV, respectively {1, 2, 5] . As discussed below,
these low values of AEk for the odd-odd fissioning nuclei compared with
the neighbouring even-even fissioning systems seem to result partly
from the flattening off of the € Eg> (pyg) distributions in the ppyx125 - 135
mass region. However, in the case of Am a major part of this decrease
in AEg comes from an important increase in < Eg> in the symmetry region,
where it is 819 MeV higher than the corresponding value for 235U, The cal-
culations of Wilkins et al. [12] foresee such an increase in the Am and Cm
region,

In Figs. 3, 4 and 6 we compare the <E>(p), <E>(py) and o (py)
distributions for 241 Am and 235U. We notice that the < Eg> () distribu-
tion (Fig. 4) for 241Am in the mass region of uy ¥ 125 - 135 is flatter than
for 235U and it is shifted upwards by only » 6.5 MeV; however, for pny 2135
this shift is ~10 MeV, Similar behaviour was observed in the case of 231Pa
and 237Np [1, 2] . We believe that, to a large extent, this difference is a
consequence of the presence of two unpaired particles (one proton and one
neutron) right from the beginning and at the saddle point in the odd-odd
fissioning systems such as 241Am, 237Np and 231p, [1,2] . Similar flat-
tening off of <Ex> (jupg) in the pgy~ 125 - 135 region is observed for the even-
even fissioning systems such as 239Pu, when the excitation energy of the
fissioning system is increased {6]. One can understand at least qualitati-
vely this flattening off in the ppg = 125 - 135 mass region with the help of
the Nérenberg model based on the molecular model of fission (7). In this
model the dependence of the different features of fission on the compound
nucleus excitation energy comes through the number of quasi-particle ex-
citations (qp) at the saddle point. Moreover, the scission point distance
depends strongly on the deformability of fragments which, in turn, is a
function of the number of quasi-particle excitations; this effect will entail
a change in the fragment mean kinetic energies which are mainly deter-
mined by the Coulomb energy at the scission point. According to this mo-
del, the quasi-particles will strongly perturb the fragments with masses
in the magic region around mass 132 and render them less stiff and more
deformable. However, the fragments with masses outside this region will
be much less disturbed (see also [12] ).

One can go farther and try to understand something about the fission dyna-
mics in the saddle-point-to-scission-point region. For example, we know
that in the case of 239Pu(nyy, f) (an even-even fissioning system), one ob-
serves a very low preference for proton and neutron pairing in the mass
distribution - only (11 + 9)% [8,9] , compared to an average value of~22%
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for 235U(n,;h, £) [10,11] . We want to know as to where along the saddle-to-
scission path are most of the proton and neutron pairs broken and gp ex-

~ cited? Furthermore, where and when along this path are the qp excited
with respect to the formation of nascent fragments ? We have seen just
above that if the qp are present at the saddle point as in an odd-odd fis-
sioning nucleus or in the MeV neutron-induced fission of an even-even
fissioning system, such as 235U and 239Pu, there is a strong interaction
between these gp and the formation of the fragments, which manifests it-
self in the flattening off of the <Ex> (jyy) distributions in the pyyv125 - 135
mass region. However, the <Eyk>(py) distribution shown in Fig. 5 for
239Pu(n¢, f) does not seem to show this flattening off. Hence these results
on odd-odd and even-even fissioning nuclei lead us to the conclusion that
most of the pairs are broken in 240Pu and probably in other even-even
nuclei, too, somewhere after the freezing of the structure of the nascent
fragments and there is not much interplay between them and the gqp before
their separation. This is possible only if these pairs are broken just be-
fore and/or in the act of scission [12,13] .

In Fig. 4 we also see that the <EK>(py) for 241 Am increases
rather suddenly by »2 MeV for ppy 2 153. Most of this increase goes to the
complementary light fragments (Fig, 3). This feature is common for the
fissioning systems heavier than 235U that we studied and is probably rela-
ted to the relatively stable but deformeqd heavy fragments with masses in
the rare earth region. The o (p.H) for 241 Am, shown in Fig, 6, diverges
from and is higher than for 2357 for By 2 125. However, unlike 235U, the
oEk(py < 125) for 241Am has a tendency to go up; the data on 245Cm(ny,, f)
show a similar behaviour [14]. Wilkins et al. [12) explained this behaviour
in terms of deformed shells which cause the presense of more than one con-
figurations with different deformations but comparable contributions for
mass ratios in this region. However, since the mass yield, the neutron
emission and the < Ex>(py) change quite rapidly in this region, this, com-
pounded with the resolution effects, might lead to some singularities in
OEk(pp) behaviour in this part. But why should these resolution effects on
the O'EK(uH) distributions in this region be different for nuclei up to 239Pu
- where one observes a sort of a peak around ppy * 123 - from the nuclei
such as 241Am and 245Cm which seem to show a different behaviour?
Hence, these experimental effects alone might not be sufficient to explain
this behaviour in this mass region. Furthermore, the increase in
OEk (P 2 153) might be partly due to the above effects and partly to the
rather sudden increase in <Eg> (pg 2 153).

In Fig. 7 we give the coefficients of dissymmetry (c.d.) or skew-
ness of Ex(py) and E(p) defined as c.d. = u3z/63, where u3 is the third
moment and 6, the dispersion of Ekg and E. Since we eliminate effectively
the poorly measured events which manifest as low energy tails of frag-
ment energy distributions, we think that the c.d. (upy) distributions are
significant. These distributions for 241 Am and 235U are quite identical.
Furthermore, one observes that the dissymmetry is low for the symme-
tric and the far-out asymmetric fission. The c.d. is the highest for



IAEA-SM-241/F3 : 89

mi ¥ 130, which roughly corresponds to the highest value of Ex(py) and
it decreases smoothly as pp; goes up. However, as discussed above, the
rapid changes in mass yields, fragment energies and neutron emission
{close to symmetry) convoluted with an experimental mass resolution of
% 4 amu (FWHM) may result in a rapid change in the values of c.d. in
this region as observed. These effects may also have some influence on
the far-out asymmetric region. However, we feel that Eg(pyg), Er(ng,)
and EH(uH) in the high yield regions have low energy tails produced in
the figsion process itself. These data are consistent with the results of
Wohlfarth [15] for 235U. He used the Lohengrin mass separator to mea-
sure the energy distributions of light fragments in a limited mass range
of 96 to 106. These low energy tails may result from a simultaneous con-
tribution, for a given mass ratio, from (at least) two different configura-
tions for which the nascent complementary fragments have different de-
formations resulting in different final Ex values [12] .

5. SHELL EFFECTS

It seems that the structure of potential energy surface determines
mostly the profiles of mass distributions for different fissioning systems
in low energy fission. This structure results from shell effects for differ-
ent fragment masses and for different fragment deformations [12]. We
have investigated these shell effects by studying the systematics of global
mass distributions and the mass distributions resulting from high kinetic
energy events in thermal neutron-induced fission of odd-odd and even-
even fissioning nuclei.

5.1 N x 88 deformed shell and N = 50 spherical shell

In Fig. 8 are shown the mass distributions for 2297h, 231P;,,
2337 and 235U [16, 2, 5] . One observes that the higher edge of all these
distributions remains stable and fixed at pgy ¥ 145. Although the neutron
number in the complementary light fragments is close to the N = 50 neu-
tron spherical shell, the stability of this edge over this range of nuclei is
most probably due to a combination of some influence of this shell and the
deformed N = 88 neutron shell in the heavy fragment with ppy =145 as pre-
dicted by the static scission-point model calculations [12] . Furthermore,
the strong structure at upy » 145 for 229Th is possibly due to the closeness
of the N = 50 spherical and N » 88 deformed shells in the light and the
heavy fragments respectively and proton pairing l16].
Further evidence for this shell comes from the mass distributions derived
from the high kinetic energy events for 235U and 231Pa shown in Figs. 9
and 10, In both the cases one notices an enhancement of yield for the
By * 144-146 mass region. The 231Pa data are from the double fragment
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kinetic-energy events.

energy measurements [2). However, the 235U results of Fig. 9 were ob-
tained with the time-of-flight difference method [17] , which allowed us to
separate completely the different fragments in the high fragment kinetic
energy region. Notice that for 235U with a window of E; =115 - 117 MeV,
the yields of masses 134 and 146 are about the same.

It has been thought since a long time that fission becomes asymmetric because of the N = 82 and
Z = 50 spherical shells (Section 6.3). These data show, however, that this idea is not correct. The
fission becomes asymmetric because of the combined effect of the N = 88 deformed shell and the
N = 50 spherical shell.
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FIG.10. The mass distribution for 2P as a function of the heavy-fragment mass for high-
kinetic-energy events.

Furthermore, it is interesting to observe that for ?35U with this Ep window, the binary
fragments 134/102 and 146/90 are produced in fission with less than 2 MeV total excitation
energy. These are examples of cold fragmentation in fission (see also Ref.[5)).

5.2 N = 82 spherical shell and N > 60 deformed shells

One observes in Fig. 8 that, as the mass of the fissioning nucleus
increases, the mass yield corresponding to the shoulder with ppy +134
goes up, Furthermore, the mass distribution for 2357 for high kinetic
energy events show an enhanced yield for upy = 134, Figs., 9 and 12 a,s,
17-20] . However, no such enhanced yield for high kinetic energy events
was observed in the existing data on 233U [18]. This increase in yield for
235U was thought to be due to the N = 82 spherical neutron shell in the
BH = 134 heavy fragment and the N = 62 deformed neutron shell in the
P11, = 102 light fragment {18]. And the absence of this increase in yield
for 233U was explained by assuming that 60 neutrons in the py, = 100 light
fragment do not show a shell property. However, the recent data show an
enhanced yield for high kinetic energy events also for 233y [23}. Does this
mean that this enhanced yield is caused only by the N = 82 spherical shell
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FIG.11. The mass distributions for 2INp and U as a function of the heavy-fragment mass
for high-kinetic-energy events.

which is common to both these fissioning nuclei? Or does the deformed
neutron shell start from and include 60 neutrons? The experimental results
on the energies of the first 2% state seem to show a sudden onset of defor-
mation in the even-A isotopes of Sr, Zr, Mo and Ru, when the neutrons
increase from 58 to 60 {21} . These results might also explain the rela-
tively weak shoulders around py * 134 for 22974 and 231Pa in F1 . 8 here
the respective light fragments with ny, = 96 (3g5r) and py, = 98 (39‘.() with
58 and 59 neutrons, are probably not deformed, because the deformed neu-~
tron shell does not reach down to them.
Furthermore, the results on the fragment energy correlations for 2*"Np (ny,f) — an odd-odd
fissioning nucleus — provide evidence for the effect of the N = 62 deformed shell [1]. Figure 11
shows the mass distribution for high kinetic energy events for 2*’Np, where the py = 136 shows
an enhanced yield. Here the light fragment with g = 102 has quite probably 62 neutrons. As
discussed before, the presence of two unpaired particles (one proton and one neutron) in an odd
fissioning system strongly disturbs and reduces the shell properties of the N = 82 spherical shell
in the odd-odd fissioning systems. Probably this is the reason here for the lack of enhancement
of yield for uy = 134. Moreover it is possible that the complementary odd-odd light fragment,
% Nb,;, may not be deformed. Furthermore, there is some evidence for the influence of the
N = 62 deformed shell in the global mass distribution with a relative enhancement of yield for
=136 as Fig.8 shows [1]. There is also a yield enhancement at uy = 135 for 2*Pu (Fig.12)
for high energy events [5). This is probably again due to the N = 82 spherical shell and a
deformed isotope of %Mo with N = 63 [21].
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in each of them.

5.3 N = 88 and N = 60 deformed shells

We can combine the different shells to create structures in the mass distributions.
In Fig.13, we show, as an example, the mass distributions for 2*3Am (our recent data),
25Cm (nyy, 1), *Cm (5,£),2*8Cm (s,f). The edge at py = 145 in these distributions in a result of
the N =~ 88 and N = 60 deformed shells in the heavy and the light fragments, respectively.

5.4  Variations of global mass yield distributions

As the mass of the fissioning nucleus increases beyond 235U, the
shoulder at up = 134 does not move up very much.Moreover, the stability
due to the py = 145 deformed shell does not hold any more and the mass
distribution becomes suddenly more asymmetric, Fig. 13, with the hea-
vier fragment masses reaching the deformed nuclei in the rare earth
region. The mass distributions for 237Np, 239Py, 24l Pu (not shown) and
241 Am in Fig., 14, are quite similar and not much different from one an-
other. Moreover, as we noticed before (section 3), the P/V jumps to =150
and is the same for all these nuclei. Furthermore, as we noticed in the
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FIG.13. The global mass distributions for **Am, ®5Cm (ny,, f), ¥ Cm (5,f) and **Cm (s,f).

case of 241Am, Fig. 4, there is a sudden increase in EK(PH) of +1.5 -
2 MeV for pyyz 153. This feature seems to be common for the fissioning
nuclei heavier than 235U and is probably due to the relatively stable, but
deformed heavy fragments with masses in the rare earth region.

This sudden change of ‘phase’ beyond 235U (as manifested in the change of mass distributions)
may have some interesting implications. This could be the reason why the fissioning systems
lighter than 235U show relatively weak dissipative effects compared to the systems heavier than
2357] (see, e.g. Gindler et al., these Proceedings). This could also explain the presence of the
shoulder at ug; — 172 — 177 seen in the mass distribution yield of 2381J(n,f) and its absence in
235U (n,f) (see Iyer et al., these Proceedings).

6. CONCLUSION

The results on the sub-barrier 24lAm(nth, f) and the systematics of
the global mass distributions and those for the high kinetic energy events
resulting from the thermal neutron-induced fission show the following prin-
cipal characteristics:

a) The mass distribution is smooth, structureless, but more asymmetric
than for 235U,
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b) The < Ex> (py) distribution for py~ 125-135 is flatter than for 235U
and it is shifted upwards by only »6.5MeV; however, for py> 135, this
shift is %~ 10 MeV. This difference is mostly due to the presence of
two unpaired particles at the saddle point in the odd-~odd fissioning sys-
tem.

¢) The<Eg>(pp) increases rather suddenly by 2 MeV for Py % 153. Most
of this increase goes to the light fragment. This feature is common for
the fissioning systems heavier than 235U, and is related to the relative-
ly stable but deformed heavy fragments with masses in the rare earth
region.

d) ogy(pH) also shows an increase for py % 153, and unlike 235y, where
Op,. decreases as one approaches the symmetric fission, it seems to go
up close to the symmetric fission as in the case of 245Cm [12].

e) The dip AEy at the symmetric fission is 8.6 + 2.1 MeV against 20.6 +
1.1 MeV for 235U,

f) The peak/valley ratio of mass distribution is 117 + 10 against 554 + 31
for 235y,

g) The comparison of the even-even and vdd-odd fissioning systems shows
that in low energy fission of even-even nuclei, the saddle-point-to-
scission-point motion is such that most of the pairs are broken some-
where after the freezing of the structure of the nascent fragments and
most probably just before and/or in the act of scission.

h) We find that the neutron spherical shellsat N = 82 and N = 50 and neu-
tron deformed shells at N> 60 and N = 88 play an important role in de-
termining the mass distributions for the fissioning systems discussed

in this paper.
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DISCUSSION

M. MONTOYA: At Saclay we have simulated the thermal-neutron-induced
fission of 235U, 233U and 2*°Pu using a Monte-Carlo method. We have shown that
(M), Ex (M) and Y(M) curves produce structures in oex (i) curves. We have shown
that eg (u) and Y(u) are very different from EK (M) and Y(M) curves. Hence I think
one should be extremely careful when analysing the quantities obtained by double
energy without adequate correction.

D. HOFFMAN: Dr. Asghar, can you see the kinetic energy difference between
fragments arising from spherical and from deformed shells? In the deformed case
the energy would presumably be lower.

M. ASGHAR: The global mass distributions show structures due to the
N = 82 (spherical shell) and N = 60 (deformed shell), and N = 88 (deformed shell)
and N = 50 (spherical shell) for fissioning systems approximately up to plutonium.
These configurations become more visible for fragments with high excitation
energies. Furthermore, the N = 88 (heavy fragment) and N = 60 (light fragment)
deformed shells show structures in the Y(M) of 24*Am and Cm isotopes, which
will not show up at high fragment energies.
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Abstract

KINETIC-ENERGY DISTRIBUTION FOR SYMMETRIC FISSION OF 4.

Fission fragment kinetic-energy distributions have been measured at the Grenoble high-
flux reactor with the Lohengrin facility. Spurious events were eliminated in the symmetric
region by a coherence test based on a time-of-flight measurement of fragment velocities. A
Monte-Carlo calculation is then performed to correct the experimental data for neutron
evaporation. The difference between the most probable kinetic energy in symmetric fission
and the fission in which the heavy fragment is ‘magic’ (Zy = 50) is found to be =30 MeV.
The results suggest that for the symmetric case the total excitation energy available at scission
is shared equally among the fragments.

1. INTRODUCTION

A striking feature of the fission process is the fragments mass-asym-
metry observed for low-energy fission of nuclei in the Actinides region.
The liquid drop model cannot account for this result, which is commonly
attributed to shell structure effects favoring, at an appropriate stage of
the fission process, deformations deviating from reflection symmetry [1].

It is also well known that for fissioning nuclei close to Uranium, the
kinetic energy release shows a pronounced dip near the symmetric mass divi-
sion together with a greater number of evaporated neutrons. The absolute
value of ‘the energy difference between symmetric and asymmetric fission has
been measured in several experiments [2,3,4] but the results are in con-
flict between each other. All these data are obtained by the double frag-
ment kinetic energy method which suffers from a poor mass resolution
(f.w.h.m % 3 - 4 a.m.u.) and for which the contamination by spurious high
yields events is very difficult to overcome. .

In the case of fissioning nuclei around the Actinium, the mass dis-
tribution shows triple humps and this feature is considered as an evidence
for two different fission components : a symmetric fission behaving like a
Tiquid drop and the asymmetric component which is considerably dominant
for the Uranium fission.

i Experiments carried out at Institut Laue-Langevin, Grenoble, France.
* And USM/Grenoble, France.
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FIG.1. Time-of-flight or velocity spectrum measured for mass 118/19 at Lohengrin. The
fragments with the normal speed (corresponding to the field settings) fall inside the gate and
represent only a small fraction of the total spectrum.

There is still another open question for Uranium symmetric fission :
do the nearly symmetric masses correspond or not to symmetric deformations
of the two fragments ? In order to answer to such problems the kinetic
energy distribution of masses around symmetiry has been studied taking
advantage of the high mass and energy resolution provided by the separator
Lohengrin. Furthermore the width of the kinetic energy distributions, which
is directly correlated to the distribution of the scission shapes, repre-
sents a very crucial test of changes in the scission configurations.

2. EXPERIMENTAL METHOD

2.1. Technical details

The separator Lohengrin éinsta]]ed at the Institute Laue-Langevin)
nrovides fission fragments of a given A/q (mass over ionic charge),
at the collector of the instrument. Along the collector the fission frag-
ments are distributed according to their velocity.

Unfortunately, the kinetic energy distribution measurement is not straightforward,
when one is interested in low counting rate events, due to the fission fragments background
of the instrument. The surroundings of the target are coated with uranium and thus emit
fission fragments which are collected with a different velocity. This background becomes
critical for the very low counting rates characteristic of symmetric fission in U236,
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FIG.2. a) Ungated energy spectrum from the solid-state detector showing that the expected
peak for mass 118/19 is completely hidden by the background,

b} energy spectrum gated by the time-of-flight (Fig.1) showing the expected peaks for masses
118/19 and 130/21 (nearly the same Ajq).

In order to eliminate these spurious events, the speed of the frag-
ments was analysed by a time-of-flight system. The secondary electrons
emitted by a carbon-foil, located in the focal plane of the instrument,
were collected on channel-plates, thus providing a very fast "start"
signal (80 psec.). After a flight path of approximately 30 cm, the ions
were stopped into a silicon surface barrier detector, which was givingthe
"stop" signal and the kinetic energy measurement of the fission fragment.
The two parameters (time T and energy E) events are then recorded on a ma-
anetic tape correlated to a M-20 {Intertechnique) data acquisition device.
The final resolution of the time-of-flight was around 250 p.s. due to the
geometrical arrangement of the carbon foil (45° angle with the beam direc-
tion). A typical time-of-flight spectrum is shown in Fig.1l, for which the
spurious events proportion is very large. The corresponding ungated energy
spectrum is shown Fig.2 a)together with the same spectrum,b) gated by a time
window. The expected peak for mass 118/19 which is completely hidden by the
contamination in the ungated spectrum, shows up very unambiguously in the
qated one. Some other peaks are present in the gated spectrum but they cor-
respond to a normal interference from masses for which the A/q ratio is
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FIG.3. Most probable kinetic energy Ep as a function of the final mass m:
O experimental data;
® Monte-Carlo simulation.

equal or very close to 118/19 (87/14, 93/15, 130/21). The correct assign-
ment of all peaks present in the gated spectrum, represents a very good
crosscheck of the efficiency of the background reduction.

2.2. Target thickness correction

The target thickness was 100 ug/cm? of U0, coatedwith a thin Tanta-
Tum film to slow down the burn up of the target. The average energy loss
in  the target, together with the dispersion of the distribution have
been measured for two approximately complementary (90-144) (high yield mas-
ses). The energy loss and dispersion corrections can thus'be tésted with
the conservation laws. The measurements of Wohlfarth [5] at Lohengrin have
been used to calculate the average energy loss:42 1 MeV, This result can
reasonably [6] be considered as independent of the charge and energy at
least for the values characterizing the fission products. The dispersion
introduced by this energy Toss corresponds to an additional variance of
6 MeV? for mass 144, This variance depends upon the mass and energy accor-

ding to the law : . . E(Ai
, R )
°target<A1) “ °target<144) X EZIH%)

and the true variance cih of a given mass Ai is calculated from the measu-
red one oéxp by the relationship :

oih(Ai) = céxp(Ai) - Oiarget(Ai)
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FIG.4. Root-mean-square width of kinetic energy distribution as measured at Lohengrin
{m represents the final mass}. Notice the strong increase of ¢ form = 108.

O© experimental data;

® Monte-Carlo simulation.

3. EXPERIMENTAL RESULTS

3.1. Most probable kinetic energy and distribution variances

The most probable kinetic energy Ep is plotted in F1g 3 as a function
of the mass m of the final fragment (these experimental values are not
corrected for the neutrons evaporation). Two striking features emerge from
these results :

- the sudden fall of the most probable kinetic energy when going towards
symmetry.
- the low energy obtained for symmetric masses.

The root-mean square width o of the kinetic energy distributions are
indicated in Fig.4 as a function of m. The average value of ¢ for Symme-
tric fission is 5.3 MeV, but very large values have been obtained for
masses 108-110, corresponding to fwhm values around 20-22 MeV.

3.2. Monte-Carlo simulation .

If one wants to deal with the initial values of the measured quanti-
ties (mass, energy, variance), the neutron evaporation must be taken into
account. Therefore the neutron evaporation has been simulated using a
lionte~Carlo code, in order to compare our results to other measurements
{obtained by a double energy method for instance}, for which the effect of
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FIG.5. Most probable kinetic energy as a function of the pseudo-mass. The experimental
data are taken from Ref.[3}
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neutron evaporation might be completely different. The data inputs used
for the simulation were as follow :

- the total kinetic energy of both fragments as a function of their ini-
tial masses ;ET(M;,M2) = E; + E;

- the dependence of the root-mean square width opy(Mi,M.) with initial
mass.

- the average number of evaporated neutrons as a function of initial
mass [7] g :

~ the primary yields for the initial masse Y(M}).

: The results of the procedure was then written-on a magnetic tape
event by event, each of them beeing characterized by :

- initial masses and total energy : M;,Mz,ET

~ final masses and energies : mi, mz2, €1, €2

In a first step, the simulated events have been selected according
to their final masses, in order to check the compatibility of the imput
data with the energy distribution.of final masses as measured at Lohengrin.
During a second step, the data analysis procedure which is commonly usei
in the double energy method [7] has been applied to the simulated events.
Thus for a fission event simulated with masses M;, M, and final energies
€1, €2 the pseudo-masses y; and u, are calculated by : g; u; = g2 W2
(w1 + w2 = 236).

Finally the simulation is considered to be satisfactory when the
initial energy distribution ET(M,,M;} reproduces at one and the same time
the experimental results obtained at Lohengrin, those resulting from the
double energy method and the final masses distribution y(m).

The agreement of the Monte-Carlo simulation with the distribution of
energy measured at Lohengrin is shown in Fig.3 and with the recent re-
sults of Asghar and al. [8,9]1 in Fig.5 (double energy method). To per-
form this last comparison the correction for the resolution of the
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detector had to be introduced at the end of the simulation since it was
affecting the slope of the experimental curve. The difference between
simulation and experience remains in all casessmaller than 2MeV for total
energy.

Another interesting point is the peak observed in the final or va-
Tues obtained at Lohengrin, for masses 108-110 (Fig.4). The simulation
reproduces the peak although the initial dependence opy(Mi,M2)was a
smooth curve. This sudden rise of the final width of tLe kinetic eneray
distribution is then originating exclusively from the neutron evapora-
tion process. The re?1on around masses 108-110 is indeed characterized
by : - a sudden fall of the kinetic enerqy with mass number,

- a large number of evaporated neutrons. Therefore a given final
mass m results from several contributions of initial masses M, M+l, M+2,
M+3, each of them corresponding to a very different value of the most
grobable kinetic energy, thus broadening considerably the final distri-

ution.

3.3. Total kinetic energy .

For a given mass division the total kinetic energy E7(Mi,M2), neces-
sary to calculate the total excitation energy, has been obtained from the
simulation, together with the variance opy, as described in the preceding
section. The dependence of Er(Mi,M;) and op; with the heavy fragment mass
is represented in Fig.6 (ful{circleQ. For comparison the total kinetic
energy as deduced directly from the measurement of the final energy of
the Tight fragment (opencircles) and of the heavy ones (open triangles)
are also indicated. As a matter of fact the total energy is commonly cal-
culated by the relationship ¢

E e 1
1 (ng + »(my)) = ey < mL) — )

and a similar one for the 1ight fragment.

As can be seen in Fig.6 these last evaluations do not agree with
each other, the main discrepancy arising around mass 129 (about 10 MeV
of energy difference). The reason for these differences can be unders-
tood easily : the final mass 128 is located in a region where the mass
yield is increasing very rapidly, therefore the initial masses 129 and
130 will contribute significantly to the final mass 128. It
is necessary that masses 129 and 130 evaporate respectively one and two
neutrons, though their most probable excitation correspond to about 0.3
neutron evaporated in the average. Thus the fragments of mass 129 and
130 which contribute to mass 128 will have an excitation energy higher
than the average. The kinetic energy measured for the final mass 128 is
then lower than the average due to the important contribution of masses
129 and 130. The same effect works in the opposite direction for the fi-
nal mass 106 to which, due to their very low yields, masses 107 and 108
contribute very little. The events of mass 106 which do not evaporate
neutrons correspond, thus, to lower than the average excitation energy or
ligher kinetic energy. Therefore, equation (1) cannot be used in
those regions where the mass yields vary rapidly; it would lead to an
underestimation of the total energy if the heavy mass energy is used and
the contrary for the light mass.
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FIG.6. a} The root-mean-square widths of the total kinetic energy introduced into the
Monte-Carlo simulation.

b} Total pre-neutron kinetic energy E+ as a function of heavy-fragment mass. The vertical
arrow indicates symmetric fission.

O Ep calculated from the light fragment kinetic energy measurement (relation (1));

A Eq calculated from the heavy-fragment kinetic energy;

® initial values of the Monte-Carlo simulation.

4. DISCUSSION

4.1. Evidence for symmetrical shapes in symmetrical fission

The absolute value of the dip in the total kinetic energy was until
now estimated to 22 MeV [8,9]. The result of the Monte-Carlo simulation
correspondsto a AE = 30 £ 4 MeV difference between the total energy for
the mass 129 and for the mass 118. This apparent discrepancy, can be at-
tributed for an important part to mass resolution effects which Tower the
maximum around mass 129 and raise the minimum at symmetry.
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FIG.7. Energy release Q and total excitation energy of the two fragments E .

Nevertheless the kinetic energy for asymmetric fission is very low
indicating a symmetrical share of the excitation energy among the frag-
ments. This assumption is supported as follows :

The observed kinetic energy corresponds to a distance of 19.5 fm
between the fragment centers at scission (assuming punctual charges and
a purely Coulombian energy), therefore each fragment should have a defor~
mation corresponding to B > 0.8. As the spherical radius for mass 118 is
only around 6.5 ¥m, thus it seems unrealistic to attribute the vhole
deformation to one fragment alone.

Another point leads to the same conclusion : the values of opy (Fig.6)
are maximum around masses 124-125, corresponding to the maximum cEange of
the kinetic energy with mass. This mass region represents then a shape
transition from the asymmetric region around mass 129 to the symmetric
shapes around mass 118 and the large distribution of shapes explains the
maximum of OpT-

4.2. Excitation energy : influence of the 50 protons shell

The total excitation energy Ex corresponding to a given fission event
can be deduced from the total energy release by :
Ex = 0 - ET (kinetic)

The result of this calculation (Fig.7) shows a very large value
{~ 40 MeV) for the excitation energy of symmetric fission, in agreement
with the estimated value of Wahl [7] for the number of neutrons evapora-
ted at symetry (vT(118) > 4).

The minimum value for the excitation energy is obtained at mass 129
rather than mass 132, in coincidence with the 50 protons shell in the hea-
vy fragment (the influence of the 82 neutrons shell would occur around
mass 134). The lack of completion of the 50 protons shell is also respon-
sible for the sudden fall in the kinetic energy around mass 106 (Fig.3),
since for masses higher than 106 the complementary fragment is no longer
spherical.
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5. CONCLUSIONS

The kinetic energy distributions for symmetric fissijon, together
with the simulation of the neutron evaporation process lead to the follo-
wing conclusions.

The kinetic energy dip for symmetric fission js larger than previous-
1y measured (AE ~ 30 MeV).

The mass dependence of the kinetic energy exhibits a very sharp fall
near symmetric fission.

The Monte-Carlo calculation can explain the peak in the widths of
the experimental distributions measured at Lohengrin and has shown that
it was not possible to calculate in a straightiorward manner the initial
kinetic energy (see section 3.3.). This work has also shown the strong
influence of the 50 protons shell in the kinetic energy distributions.

Finally, the assertion that symmetric fission corresponds to a sym-
metric share of the excitation energy seems reasonable and could be
strongly supported if one could measure an isotopic distribution in the
neighbourhood of charge 46.

We are grateful to P. Bisenius, M. Bolore, J. Girard, R. Joly,
C. Mazur, M. Ribrag, C. Signarbieux (DPh-N/MF, Saclay), for their help
in the initial stage of the experiment.
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DISCUSSION

H:G. CLERC: I am glad to see that, according to your data, the Z = 50 shell
produces the largest average total fragment kinetic energy. This tallies well with the
data given in the paper which I presented today (see SM-241/F2 of these Proceedings).

My question is, which isobaric Z distribution did you assume in order to
be able fo calculate the Q value and average fragment excitation energies?
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R. BRISSOT: The mass values Ap, and Ay result from the superposition of
different Z values close to the 2p value of the charge distribution. Hence to obtain
the most probable Q value for a given mass split we have to obtain a weighted
average of the masses of the different elements on the basis of their estimated
independent yields.

M. ASGHAR: Do you consider that Ex around mass 130 can be reduced
by more than 5 MeV merely by resolution effects? Furthermore, do you feel
that the 25U Monte-Carlo calculations can explain the op, (ugp) results for other
nuclei, such as 2 Am, 2*Am or 2*Cm?

M. MONTOYA: Eg is reduced not only by the energy resolution effect but
also by the Y(M), »(M) and Ex (M) curve effects.

We have carried out Monte-Carlo calculations for 233U, 235U, 239U and 252Cf.
For these nuclei the results can explain the OBy {uy) curves. I feel that we can
also explain the og, (1) results for other nuclei.

H.A. NIFENECKER: Further to this question, I should point out that mass
resolution effects not only attenuate peaks in the average kinetic energy curve,
but also interfere in events with masses corresponding to low kinetic energy but
high yields. This is why the difference in maximum average kinetic energy
amounts to 53 MeV in the Monte-Carlo calculation and the double energy measure-
ment.

H.J. SPECHT: The surprising fact that we have come back to a difference of
30 MeV kinetic energy between the symmetric and highly asymmetric fission of
2361J should delight Dr. Fraser and Dr. Milton at Chalk River. Their early double-
velocity experiments yielded a figure of that order, but it fell into disfavour after
the semi-conductor detector groups had discussed the point at great length during
the Salzburg Symposium in 1965 and concluded that the figure was an overestimate.

P. ARMBRUSTER (Chairman): Dr. Brissot, what is the accuracy of the
procedure used to relate primary and secondary masses?

R. BRISSOT: I think that Dr. Montoya can best answer that question.

M. MONTOYA: The accuracy depends on the number of neutrons emitted
and the Y(M) shapes. So it is not the same in all mass regions. In the region of
most probable mass the figure is ~ 0.5 mass units.

There is, however, a general comment I would like to make. The Monte-Carlo
calculations performed at Saclay (MONTOYA, M., SIGNARBIEUX, C.,
DAKOWSKI, N., to be published.) and presented by Dr. Brissot require, as the
input data, the total energy Eg, mass yield Y, neutron multiplicity » and assumed
energy dispersion og, as functions of the primary mass M. The results of subsequent
neutron evaporation are not very sensitive to the details of og, . We have shown that
for different fissioning nuclei, even those with a constant Og, (M), the interplay of
input functions is such that we produce high peaks and valleys in o selected as a
function of pseudo-masses u or secondary masses m.
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These peaks should not be confused, on account of neutron evaporation,
with possible peaks indicating shell effects.

M. ASGHAR: In view of the fact that your experimental data show Ey as
derived from Ej, and Eg to be quite different, I should like to ask Dr. Clerc, who
obtained Ex from only the Ej, experimental values, how they would be altered
by this difference.

H:G. CLERC: The different average TKE values obtained by Dr. Brissot
for Ey, and Ey may mean that the average neutron numbers vy, and vy emitted
per fission product and used to calculate the TKE are not quite correct.
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Abstract

POSSIBLE VISCOSITY EFFECTS IN NEUTRON-INDUCED FISSION OF #?Th AND %y,
Fission yields induced in the 238U(n,f) and 23}I‘h(n,f) reactions have been determined

as functions of the incident neutron energy (E,,). The ratio of '*5Cd-to-1*°Ba yields as a function

of B, is analysed in the present paper by means of the equation Y, /Y, = exp{2 a;(E + El)ll2 —

—2aE,t+ E2)1/2] to give values of a;, the level density parameter, and E;, the excitation

energy for E = 0. The energies E, are interpreted on the basis of the liquid-drop model with

shell and pairing corrections. Values are deduced for the energy dissipated by viscosity effects

in the descent from the saddle point to the point where masses are fixed in the fissioning nucleus.

These values are 1.7 MeV for 23?Th(n,f) and 4.8 MeV for 2%U(n,f). These values are consistent

with the experimental observation that ¥, is ~0.6 neutron greater for 2>°U fission than for

233Th fission and that strong odd-even (nucleon pairing) effects are found in the fragment total-

kinetic-energy distribution for #°Th fission but not for 2*U fission. The low dissipation

energy values together with the low values of pre-scission kinetic energy and compact shapes

deduced by Guet et al. [Nucl. Phys. A134(1971) 1] indicate a shorter path from the saddle

point of the fissioning nucleus to scission than is generally assumed in theoretical calculations.

1. INTRODUCTION

One of the most perplexing problems in fission today is the degree of
adiabaticity in the descent of the nucleus from the saddle point to scis-~
sion. That is, how much of the potential energy release from saddle to
scission appears as nuclear dissipation energy and how much appears as
pre-scission kinetic energy? Dynamic calculations [1-3] give a wide range
of values for the two energies depending on the initial assumptions made
concerning the dissipation mechanism, i.e., two-body viscosity, one~body
viscosity, etc. The problem remains since the scission configuration
cannot be uniquely determined from experimental measurements of total
kinetic energy and excitation energy which are measured at essentially
infinite distances between the fragments.

Another experiment that in principle should provide information on
the amount of energy dissipated is the measurement of near-symmetric fis-
sion yields as a function of incident neutron energy (E,). Analyses of
such ylelds have been made previously but with different objectives: to
measure the effect of angular momentum [4], the effect of excitation

* Work performed under the auspices of the Office of Basic Energy Sciences of the
US Department of Energy.
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FIG.1. Neutron-shell corrections calculated as a function of -deformation and neutron
number. The (-parameter is defined in terms of the semi-major (c) and semi-minor (a) axes
of a prolate spheroid with ¢ = krod 1B (g +28/3)and a = kro A 3 (1_B/3), where k is a volume
conservation factor. The contoursare plotted as 1-MeV intervals with the black regions
(representing the strongest shells) containing all values less than —4 MeV and the inner white
region (representing the weakest shell corrections) containing all values greater than +2 MeV.
From Ref.[10}

energy [5)}, or the effect of the level density parameter [5,6]. The
measurement of such yilelds is part of a broader program to determine the
post-neutron-emission mass distributions for fissile and fertile nuclides
as a function of E, underway at Argomne National Laboratory for the past
several years. Experimental results are presently available for 2380(n, £)
[7,8] and 2®%Th(n,f) [9] with neutron energies from 1.5 to 8 MeV.

In view of the success of the quasistatistical scission-point model
of fission [10] in interpreting mass and total kinetic energy (TKE) dis-
tributions for a wide variety of fissioning systems, it is proposed that
the variation of the near-symmetric fission yields for 239y and 2%*%thH
compound nuclei be explained in terms of such a model. It is assumed
that fission masses are fixed at some point between the saddle and scission
points and that a quasistatistical equilibrium is attained at this point.
Assuming the level density to be described by a Fermi gas, the density of
excited states to which the fission yield is related is given by [11]

N = k(E*) exp(2vaE¥) 1)
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FIG.2. Proton-shell corrections calculated as a function of $-deformation and protorn number.
Contour strengths are described in the caption for Fig.1. From Ref.[10]

where E* is the excitation energy at the point where masses are fixed and
a is the level density parameter. The ratio of two fission yields is then

N1/¥2 = (ki (ED) /ka(E2)) exp(2/ArEY - 2/a7ED) @

The use of Eq. (2), which is also that used by Fong:{11] in his statisti-
cal approach to nuclear fission, does not necessarily imply a situation of
complete damping in the descent of the nucleus from the saddle to the
point at which masses are final. Rather, it is assumed that a weak cou-
pling exists between collective and intrinsic states as described by
Norenberg [12].

The excitation energy EI is defined as

* 2
Ej =E, +B = Bg - B gy + Eppg + 8By, exp[-(T,/T )" 3

The first three terms are respectively the kinetic energy of the neutron,
its binding energy in the compound nucleus, and the fission barrier height
of the compound nucleus. All of these terms are known for 239y and 2?'Th
[13]. The 1liquid drop term Eppi 1s the energy required to form a pair of
fragments other than the symmetric pair since the latter is the favored
configuration in the liquid drop model. The value of this term is ob-
tained from liquid drop calculations. The quantity Epyg represents the
unknown amount of dissipation energy at the point where masses are deter-
mined. The AES i term includes the microscopic single-particle corrections
for shell and pairing effects. The magnitude of the shell correction
determined in the scission-point model of fission is shown for neutrons
in Fig. 1 and for protons in Fig. 2 [10]. Although these corrections
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FIG.3. Neutron-shell corrections at fixed deformation (3= 0.65) calculated as a function
of the temperature of the nucleus. From Ref.[10].

are for independent fragments, they are comparable to the single-particle
shell corrections obtained with the two-center model [14]. The shell

corrections shown in Figs. 1 and 2 are for Ej=0. The variation of the
shell correction with intrinsic temperature of the nucleus is shown in
Fig. 3 for neutrons at a fixed (0.65) f-deformation [10]. These functions
were calculated with the approximation described by Jensen and Damgaard
{15]. The more simplified temperature dependence, exp[—(Ti/To)Z], given
in Eq. (3) is ong suggested by Ziegenhain, et al., [16]. In this expres-
sion T = (E;/ai) and T, = 1.5 MeV. Although the pairing correction
exhibits a different temperature dependence [17] than do the shell cor-
rections, the latter are generally larger in magnitude. Therefore, since
one will not be able to distinguish between pairing and shell corrections,
the temperature dependence suitable for the latter is applied.

Because of the temperature (or E;) dependence of AESPi(T) and its
unknown relationship with E,, the excitation energy Ei as defined in Eq.
(3) is some convoluted function of itself. Therefore, a series of
equations of the form of Eq. (2) cannot be solved explicitly for EI. If,
however, AEgp,(T) varies slowly over the E, range of the analysis, then a
least~squares fit to the data should yield reasonable values of E; and,
consequently, Epjg. In the present paper we have assumed this slow
variation and that the values of AESPi(T) obtained are most relevant to the
mid-point of the E, range or V4.5 MeV.

2, EXPERIMENT

The experimental method is described more completely in Ref. [7].
Metallic foils of thorium or uranium were irradiated with essentially
monoenergetic neutrons produced by the 7Li(p,n)7Be or 2H(d,n)aﬂe reactions.
The induced fission product activities were analyzed by means of y-ray
spectrometry or radiochemical techniques. After applying appropriate
corrections for chemical yield or y-ray abundance, detection efficiency,
decay, genetic relationships, and degree of saturation, absolute yields
were calculated by normalizing the resulting mass distributions to 200%
total yield.
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FIG.4. Fission yields and cross-section O for fission of BEy by monoenergetic neutrons as
a function of neutron energy. From Ref.[7]

The results of these measurements for near—sgmmetric fission masses
are shown in Fig. 4 for 299y and in Fig. 5 for The results of
Ford and Leachman [4], Borisova, et al., [5] and Adams, et al., [18] are
also shown in Fig. 4. The results of Turkevich, Niday and Tompklns [19],
Ford and Leachman [4] and Dubrovina, et al., [6] are also shown in Fig. 5.
An average value of the 14-MeV neutron yields given by Crouch [20] and
Meek and Rider [21] is plotted in Fig. 5.

The yields (Y) of the near—symmetric fission masses increase rapidly
with E, for both 2%°U and 2*3Th with those for 2%°Th 1ncreasing more
rapidly initially. The onset of second-chance fission in 239y is marked
by a pronounced change in slope of the Y vs. E, curves and perhaps by a
slight dip. 1In 2337h a definite dip occurs at those energies where
second~chance fission becomes possible., The onset of third-chance fission
in both fissioning systems is marked by another change in slope of the Y
vs. En curves. In Fig. 6 the Y vs. E, curveg of the valley fission prod-
uct 1'5cd are compared for both Z3?Th and u.
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FIG.7. Fission yields of asymmetric masses for fission of BTy by monoenergetic neutrons
as a function of neutron energy. The yields of complementary masses are shown assuming
three neutrons are emitted per fission event.

In contrast to the near-symmetric fission mass yields, those of
asymmetric masses near the peaks in the mass distribution decrease
slightly with increasing E, for 289y, This is shown for *°Mo inm Fig. 4.
The yield behavior with E, of the corresponding masses for 233Th is more
complex as seen in Fig. 7. This shows that the yields of masses more
asymmetric than the peak-yield masses increase sharply at the onset of
second-chance fission; whereas the yields of more symmetric masses decrease
sharply.

3. ANALYSIS

In analyzing the data, first-chance fission yields were calculated
for neutron energies at which both first- and second-chance fission could
occur. This was done by use of the measured fission cross sections (OF)
for 2%%Th [22] and 2%°U {23] as shown in Fig. 6. The measured yields at
these energies may be written as

g o]
- JF-1 F-1I _
Y(En) = o, YI(En) + oy YII(En sn) (4)

where the subscripts I and II refer respectively to first~ and second-
chance fission. The second-chance fission yield Yyy is evaluated in the
first-chance fission energy region (E,-€,), where € (V6 MeV) is the sum
of the binding energy and kinetic energy of a neutron emitted from the
compound *%*Th or 2%°U nucleus prior to figsion. This analysis assumes
that the fission yield from an excited **2Th or 2°%U nucleus is the same
as that from an excited ?%3Th or 2°%U nucleus at the same incident neutron
energy, (E,-€,). Values of Op-j were obtained by extrapolating horizon-
tally the fission cross section Op vs. E, curve just prior to the onset of
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FIG.8. Ratio of symmetric-to-asymmetric yields for first-chance fission of **Th and U as
a function of neutron energy. Circles are present data and represent the ratio of '5Cd-to-"**Ba
yields. Open circles are for yields measured in the energy region for which only first-chance
fission occurs. Solid circles are for yields deduced by the method described in the text. Open
triangles are the data of Ref.[6] and represent the ratio of 15Cd-10-258r yields. Solid triangles
are the data of Ref.[S]and represent the ratio of 1'5Cd-to-4% (”Mo + 14')Ba} yields. The solid
curves are fits to the present data by means of Eq.{5).

second-chance fission. This gives values of 0.14 barn for 2?3Th and 0.56
barn for 2?°U. Such a procedure is fairly straightforward for 23%)y since
the fission cross section curve is a fairly flat plateau in the energy
region where only first-chance fission occurs. However, the fission cross
section curve for 2%°Th exhibits some structure in the energy region for
which only first-chance fission occurs. There 1is, therefore, some
ambiguity associated with the value of 0.14 barn used for Op.y. Values
of op_y7 were deduced by subtracting Op-y from Op. Values of Yy were
then calculated by substituting the above quantities into Eq. (4). The
dashed curve in Fig. 6 indicates the calculated first-chance 115¢4 yield
for 233Th.

The ratio of ''°Cd-to-’"°Ba ylelds for first-chance fission of the
thorium and uranium systems are shown as circles in Fig. 8. Open circles
are the result of measured first-chance fission yields. Solid circles
are the result of first-chance fission yields deduced by means of Eq. (4).
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TABLE I. PARAMETERS OBTAINED FOR Eq.(5) IN ITS FIT TO
FIRST-CHANCE FISSION DATA

Parameter 23274 (n, £) 238y (n, £)
¢y 9.59 amu/MeV 9,59 amu/MeV
<, 11.35 amu/MeV 11.35 amu/MeV

a1=Af/c1 24.3 Mév—l 24.9 MeV'-1

ay=aclc, 20.5 Mev ' 21.0 Mev
E1 ~0.5 MeV 2.4 MeV
E2 2.6 MeV 6.8 MeV

For comparison the results of Dubrovinai et al., [6] for 11504-to-%%sr
yields are given as open triangles for Th. The results of Borisova,
et al., [5] for llst-to—%(ssMo + l"“’Ba) yields are given as solid tri-
angles for 23%y. Since the ratio of '“°Ba-to-?%sr yields averages 1.15

in the region where onlz first-chance fission occurs for 2%*Th [6) and

the ratio of ?Mo-to-'*®Ea yields averages 1.13 in the corresponding
region for 238y [5), the present data are seen to agree very well with the
data of Refs. 5 and 6.

Although Eq. (2) applies to yields of pre-neutron-emission fission
fragments, it is assumed that the yields of the post-neutron-emission
fission products 118¢4 and '“*®Ba represent well the yields of pre-neutron-
emission progenitors which are assumed for simplicity to be respectively
'17ph and '“'Xe. The respective complements of these fragments are 118K
and %%Kr for 232Th(n,f) and lzzAg and ?%sr for 238U(n,f).

In applying Eq. (2) to the data shown in Fig. 8 it was assumed that
the pre-exponential factor kl(ET)/kz(E ) was equal to one. The level
density parameter was defined as ay=Ag/cj, where A¢ is the mass of the

fissioning nucleus, and cj is a constant %10. The values of cj were
constrained to be the same for both 23%Th and 2°°U. This is reasonable
since, for T4lye (the 140p, progenitor), the shell effects are the same
for both fissioning systems (point H in Fig. 1) and the complementary
fragments are found at a f-deformation of 0.4 (near point B in Fig. 1)
{10]. sSimilarly, for 117gn (the ''%¢d progenitor), the shell effects are
the same for both fissioning systems at a B-deformation of 0.7, and the
complementary fragments are found at the same deformation (to the right
of point D in Fig. 1). The larger deformations for the near-symmetric
fission fragments is indicated by the dip in the total kinetic energy
near symmetry observed in the fission of both 2327h [24] and 2%°U [25,26]
by energetic neutrons, assuming a small pre-scission kinetic energy. Re-
writing Ei as En + Ei’ Eq. (2) then becomes

Yl/Y2 = exP[Z((Af/CI)'(En+E1))% - 2((Af/c2)-(gn+ﬁz))%1 5)



TABLE II. ENERGIES USED IN Eq.(6)

GINDLER et al.

Energy 2327h (n, £) 238y (n, £)
(MeV) (MeV)
B 4.955% 4.783%
n b b
B 6.44 6.15
c e
E 0.01d 0.06f
E o 2.72 1.91
Elg -0.5 2.4
g
E, 2.6 6.8
EprsBEgp (T 0.995 3.83
Eprs~2EgpoT ) 6.805 10.08
1
BEgp; (T)-8Egp, (T) 5.81 6.25
k|
E P1(T)j .69 1.19
AE,(T) -5.62 -7.78
(T)-AE g, (DF 6.31 8.97
BEgpy P2 . .

%Values determined from experimental masses given in
Ref. {13].

Experimental values given in Table II of Ref. [13].
Calculated for a 117/116 mass split in ?33Th.
Calculated for a 141/92 mass split in 2%3Th.
€Calculated for a 122/117 mass split in 239g,
fealculated for a 141/98 mass split in 23°U.

Byalues from the present work assumed valid for E &
4,5 MeV.

hCalculated by means of Eq. (6).

Calculated by subtracting values of EDTS Pi(T) for
a given fissioning systen.

o

c

[=})

jValues based on the scission-point model of fission
described in Ref. [10].

kCalculated by subtractlng values of AESPi(T) for a

given fissioning system.
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TABLE I1II. TEMPERATURE-CORRECTED AND NORMALIZED VALUES
OF THE SINGLE-PARTICLE CORRECTION ENERGIES

Energy 2320 (n, £) 238y (n, £)
{MeV) (MeV)
Temperature-corrected values

AESPfT) 0.64 1.04

AESPéT) -4.79 -6.06
AESPfT)—AESPZ(T) 5.43 7.10
(calculated)
AESPI(T)_AESPZ(T) 5.81 6.25
(experimental)

Values normalized to the experimentally

derived value of AESPl(T)-AESPZ(T)

AE_ . (T) 0.68 0.92

SP1

A (T) -5.13 -5.33

Esp2

Application of Eq. (5) simultaneously to the uranium and thorium data
gave the preliminary least-squares best fits shown by the solid curves in
Fi§. 8. Values of the parameters c4, aj, and E; obtained for 2339h and
239y are given in Table I. The values of ai, a2, Ei, and E; determined
for 23%y are significantly smaller than the respective values of 31.%,
27.4, 3.6, and 7.1 obtained by Borisova, et al., [5]. Their energies,
E:1 and Ez, are reported as "corresponding to the fission threshold of
238y, that is, for E,=1.5 MeV." Substituting their values into Eq. (5)
does not give a good fit to the data. The least squares fit to the level
density parameter, ay, gives quite reasonable values of Af/9.59 and Ag/11.35
for the symmetric and asymmetric mass splits, respectively.

Since Ei = Ei - En’ Eq. (3) can be rewritten to give

By = By + B+ Eppy = Eppg ~ BBy (D) (6)

The measured or calculated quantities on the left-hand side of Eq. (6)
are listed in Table II. The values of Epyg-AEgp;(T) at E, V4.5 to 5 MeV
are also given in Table II. The values of AEgp, (T)-AE p2(T) listed in
the table are obtained by subtracting the two values o§ Ep1s~AEgp; (T) for
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a given fissioning system. To determine Epyg an estimate of AEgpi (T) is
needed. Values were taken from data described by the scission~point model
of fission [10] and are listed below the dashed line in Table II. However,
these calculated values are appropriate for Ej=0. (The experimental values
are for E] = 4.5 + Ej MeV.) Therefore, the calculated values were cor-
rected to correspond to the experimental excitation energies. The
temperature-corrected values, AEgp;(T) and AEgp, (T)-AEgp, (T) are given

in Table III. The calculated and experimentally derived values of
AESP1(T)'AESP2(T) agree to within 7% for 2%37h and 12% for 23%y, This
agreement is rather gratifying in view of the uncertainties in the
Strutinski method for calculating shell effects for deformed nuclear
shapes [27] and the use of an independent fragment model [10] for their
derivation. To bring the calculated values of AEgp,(T) into agreement
with the experimental values, the former were normalized to give the
experimentally derived values of AEgp, (T)~AEgp,(T). These values are
listed in Table III. Adding the normalized values of AEgp; (T) to the
values of Eprg—AEgp;(T) given in Table II yields Eprg values of 1.7 MeV

for 23%Th and 4.8 MeV for 239y, a difference of 3.1 MeV.

4. DISCUSSION

A number of assumptions have been made in the above analyses that
affect the accuracy of the deduced Eprs values for the 2%®Th and 2%°U
compound nuclei. Certainly one may question the applicability of the Fermi
gas level density at such low values of Ej. Nevertheless, the data canmnot
be fit with large values of Eprg. Therefore, the picture of complete
damping between the saddle point and the point where masses are fixed
appears to be eliminated. The values obtained for are also consistent
with the discussion on pairing in the scission-point model [10] which
attributes the strong odd~even effect observed in the TKE distribution for
the fission of 2%°Th with thermal neutrons, shown in Fig. 9 [28], to the
very low scission-~point temperature expected in thorium systems.

The difference of 3.1 MeV between values of Eprg for 22°U and 2%3Th
is much less sensitive to the assumptions made and can, in fact, be seen
directly in the data before analysis (see Fig. 6). The 3.1 MeV Ep;g
difference between 23°U and 2%3Th is also consistent with the difference
between V, for the two nuclides, which is ~0.6 neutron for a given inci-
dent neutron energy [29]. Since the number of neutrons emitted per fis-
sion is a measure of Epyg plus_the avera§e fragment deformation energy and
the difference in V_ between 23°U and 2%%Th is accounted for by the dif-
ference in Ep1g, one may conclude that the deformation energles at the
scission point for these two fissioning systems are approximatelg equal.
Guet, et al., [30] in a study of long-range alpha particles in 235y(n, £),
decide that only a compact scission shape with relatively low pre-scission
kinetic energy (<10 MeV) is consistent with their data. If pre-scission
kinetic energy is small, then the total kinetic energy is dominated by
the post-scission kinetic energy. The latter can be approximated by

2
(TKE)post = leze /D (7
where D is the distance between the charge centers at scission. Since
the total deformation energy is shown to be equal for 2337h and 390,
then D should also be nearly equal for systems which are so similar. One
may therefore calculate the expected TKE differences for the most probable
charge divisions (Z = 54 and 38 for 233y and 7 = 54 and 36 for zaaTh).'
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This amounts to a 5.67% difference or V9 MeV for compact scission shapes
deduced by Guet, et al., [30]. Experimental values of TKE are V172.5

MeV for 2%y [26] and ~163 MeV for °’Th [24], a 5.8% difference or 9.5
MeV. The 0.5-MeV difference between the calculated and experimental
energles indicates very little difference in the pre-scission kinetic
energy for the two fissioning systems. Since all dynamic calculations
that predict appreciable amounts of pre-sc}ssion kinetic energy indicate

a strong dependence on the parameter z2/A'/? in the actinide region of the
elements [31), one concludes that the pre-scission kinetic energy is
small, i.e., less than 10 MeV, consistent with Guet, et al. [30].

In view of the experimental evidence we conclude that fission occurs
with small amounts of dissipation energy, small amounts of pre~scission
kinetic energy, and compact shapes at the scission point. Such a situa-
tion is incompatible with current dynamic calculations. Original one-body
viscosity calculations yield compact shapes but large amounts of Eppg and
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FIG.10. Contours in the Q-n plane of the microscopic-macroscopic potential energy of 677
with zero spin-orbit interaction, in units of MeV. The scission point suggested in the present
paper is denoted by an X. From Ref.[3]

essentially no pre-scission kinetic energy [3]1. Two-body viscosity cal-
culations give very extended shapes with varying but always large amounts
of pre-scission kinetic energy [2,3]. In Fig. 10 is shown the potential
energy surface for 238y 45 a function of neck conmstriction and total
elongation of the system. This figure was taken from the recent paper by
Negele, et al., [3] on fission dynamics. Two valleys in the potential
energy surface are apparent in the figure. The upper valley is quite
flat descending from the second saddle point and exhibits stability
against constriction of the neck. This valley leads to the extended
shapes at scission predicted by the two-body viscosity calculations. The
lower valley is associated with approaching fragments in heavy ion reac~
tions. It exhibits little stability against neck constriction and can
lead to more compact shapes at scission. A small rid§e separates the two
valleys. At elongations greater than 17 fm (“2.25/ARJ units). the poten-
tial energy of the lower valley becomes less than that of the upper
valley. Also, the upper valley is very flat in the region of 17-18 fm,
exhibiting a slight saddle point. This is similar to the scission saddle
described by Noremberg [12] where the attractive forces of the neck
balance or even over-balance the repulsive Coulomb force. Davies, et al.,
[31] show that rupture occurs for neck thicknesses of ~2 fm. Previous
calculations assumed that scission occurs for zero neck thicknesses.

The experimental evidence of small dissipation energy, small pre-scission
kinetic energy, and compact shapes together with the 2-fm neck thickness
indicate that scission occurs at 1 % .68 and Q% 2.4, indicated by an x in
Fig. 10. This corresponds to a separation between charge centers of 17-18
fm. The approximate energy release from the second saddle to this scission
position for 238y i5 Vg MeV, in good agreement with the presently pro-
posed sum of dissipation energy and pre-scission kinetic energy for 239y,
It is suggested that dynamical calculations be undertaken to determine
whether the fissioning system can be diverted from the upper valley in
the region of the third saddle point, i.e., 17-18 fm, to the lower valley
where scission can occur with parameters more consistent with those
derived from experiment.
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DISCUSSION

H.J. SPECHT: This may be an appropriate point to take up again the discussion we
had following Dr. David’s paper (see SM-241/C6 in these Proceedings). Dr. David found,
in full conformity with your conclusion regarding only weak dissipation in 232Th + n, that
there was a surprising increase in the total kinetic energy with excitation in 2?Th(«, &).
I have just been told by Dr. Bauer of Livermore that there are now data by Caldwell
and co-workers on 7 in 232Th (v, f) clearly showing that ¥ decreases, or at least
remains constant, up to about 8 MeV, thereby supporting Dr. David’s results.

R.W. BAUER: Yes, the new photofission data referred to have been obtained
by Caldwell, Berman and co-workers as a result of collaboration between Los
Alamos and Livermore. Figure A is taken from a paper recently submitted for
publication in Nuclear Science and Engineering.

P. DAVID: The data show that there are steps at the same excitation
energies at which we observed steps in the TKE for the 232Th (*He, *He'f) reaction.
We will use these new data to calculate further TKE. I have no doubt that the
positive slope 9TKE/9Ex =~ 1, indicating the pairing gap, as I showed in my paper,
will still hold good.

A.F. MICHAUDON: It is most interesting to see these new data from
Livermore on v for photofission of 22Th. The decrease, followed suddenly by an
increase in v versus photon energy, is unexpected. But, of course, when comparing
such data with those for the 32 Th(n, f) reaction discussed earlier, one has to bear
in mind that the two fissioning nuclei are different in each reaction, as already
pointed out, and that the incident photon, or neutron, energies should shift by an
amount equal to the neutron separation energy. I should like to ask Dr. David
whether his kinetic energy data for the 232Th («, o/f) reaction show a change in
slope at the energy where the v variation with incident photoenergy for 232Th (v, f)
presents a change in sign.

P. DAVID: Yes, the decrease in 7 with E, changes to a positive slope at
the same excitation energy at which the TKE shows the opposite behaviour: the
slope 0 TKE/9Ex changes from about + 1.5 to about 0. If we include the new data
from Caldwell et al. in our analysis, we can bring down the slope 9TKE/9Ey over
the excitation energy level (Bf, Br + 1.5 MeV) to about unity, which is then a
strong indication of the pairing gap at the saddle.
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H.A. NIFENECKER: I think a word of caution is needed with regard to any

interpretation of localized variation in kinetic energy with excitation energy as the
result of purely dynamic effects. In his paper, Dr. Asghar (see SM-241/F3 of these
Proceedings) showed how much kinetic energy may depend, in the long run, on
the nature of the fissioning nucleus. Change in potential energy with quasi-particle
excitations may be responsible for kinetic energy variation. Further, in the case of
thorium very compact shapes may be suppressed at low energy and become
available at higher energies when the phase space increases.
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M. ASGHAR: Dr. Gindler, don’t you think that the different behaviour of
232Th and #**U might be due to the sudden change in phase beyond 23U that I
discussed this morning (SM-241/F3)?

J.E. GINDLER: Itis difficult to say how the dissipation energy behaves,
since we have only two cases to deal with. We need at least a third case in order
to determine any trends. We are currently working with 233U and may be in a
position to establish some sort of pattern after completion of the work.
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Abstract

VISCOSITY EFFECTS AT LOW EXCITATION IN THE NEUTRON FISSION OF %Py,

The dissipation of the collective energy at the saddle point for 239pu(n,f) has been
investigated by a measurement of fragment kinetic energies and mass yields. Significant
disagreement exists in previous studies. Measurements were made at E;, = 0.296, 0.081 and
0.033 eV, a region where the relative fission contribution from individual (J,K,n) collective
channels can be calculated. A triple-axis spectrometer was used to provide a monoenergetic
neutron beam. The data were analysed by direct comparison of the raw pulse height distributions
at the three neutron energies and also by the usual surface barrier calibration procedure. The
measured average total kinetic energy difference between E;, = 0.296 and 0.033 eV was
|AE k! = 185 £ 75 keV. From the mass yield measurements it was shown that mass yield changes
contributed only 15 keV of this difference. The measured Eg variation confirms the known ¥
variation in the same energy region. The present data imply an EK difference between pure
J=0"and 1* levels of 430 + 180 keV. One interpretation of this result is that viscosity effects
in the °Pu system are significant. .

1.  INTRODUCTION

Significant progress has been made in calculating the potential energy surfaces
of fissioning nuclei [1]. However, to fully describe the fission process, the dynami-
cal effects of collective inertia and viscosity in the descent from the saddle point
to scission must also be known. Experimental data on fragment properties can
provide such dynamical information. For example, there is the question of how
the collective energy of the compound nucleus is dissipated between the saddle
point and scission. For 233U(n,f), discrete changes in the collective energy have
" been observed directly as discrete changes of the same size and direction in the
average total fragment kinetic energy Eg [2]. Further, the average number of
prompt neutrons emitted per fission, Fp, was observed to show the same variation
as Eg but of opposite sign [2], as expected from energy balance considerations.

* Also University of Wollongong, Wollongong, NSW, Australia.
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FIG.1. Collective levels at the saddle point for 0py, for resonance energy [ission.

These data provide strong evidence that, for 233U (n,f) at low excitation energy,
the collective energy at the saddle point is only weakly coupled to the single-
particle degrees of freedom during the barrier descent. A similar conclusion for
the system 235 U(n,f) was reported in Ref. [3]. That is, these systems are essentially
adiabatic (low viscosity).

For the case of 23°Pu(n,f), however, the question of collective energy dissi-
pation has remained unanswered, mainly because of conflicting experimental
results. The situation can be illustrated by reference to Fig.1. This shows the
collective levels at the saddle point for 24°Pu. For resonance energy neutrons,
fission occurs via J = 0* and 1* levels only. The nice feature of the 2**Pu(n,f)
system at resonance energies, a feature which makes the system close to unique,
is that all the J = 1" strength occurs through the K = 1* band shown, and 90% of
the J = 0" strength through the K = 0* ground-state band. Thus it is possible to
isolate effects related to unique (J,K,7) channels. This is not possible with most
other (n,f) systems, unless beam polarization or target alignment methods are
used. The remaining 10% of the J = 0" strength occurs through a ‘double-gamma’
vibrational band 1.0 MeV above the ground-state band (not shown in Fig.1). Data
used to estimate the energies of the collective bands are presented below Table II.

If the coupling between collective and single-particle degrees of freedom is
weak for 23°Pu(n,f), as it is for 233U(n,f), then Ex for fission through J = 1" levels
(i.e. the K = 1* band) should exceed Ex for J = 0 levels (the K = 0* ground-state
band) by 1.25 MeV. Experimental results for this Ex difference are summarized
in Table I. The data of Ref. [4] were obtained from a direct fragment kinetic
energy comparison, using filtered neutron beams. Ex for the large J = 1* resonance
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TABLEI. SUMMARY OF PREVIOUS RESULTS FOR Ex 0=1%—
Ex (J = 0") FOR ***Pu(n,f) AT RESONANCE NEUTRON ENERGIES

Ex(J=1Y—-Exd=0%
Method
etho (MeV)
Kinetic-energy measurements [4] 1.5+0.12
) - system non-viscous

v measurements [6] 0.40 £ 0.10
- system viscous?

v measurements [7] 0.11 £0.05
- system viscous?

3 The value reported in Ref. [4] of 0.75 % 0.05 MeV must be increased to take account
of the J = 1” contribution in the Be-filtered events.

at Ep = 0.296 eV was compared with Eg for Ep ~ 0.005 eV, where the bound
J = 0" resonance [5] below the neutron binding energy gives a significant contri-
bution. The 1.5 + 0.1 MeV value found for Ex (J = 1*) — Eg (J = 0%) implies that
the system is non-viscous. However, two measurements of » in the resonance
region [6, 7] obtained for the difference ¥ (J = 0%) — v (J = 1*) values of 1.8 and
0.5% of v, respectively, after correction for the small (n,v f) effect [8]. Converted
to Exg differences (via 0.13 n MeV™!), these are equivalent to 0.40 = 0.10 and
0.11 £0.05 MeV. Although in mild disagreement with each other, both these
values suggested that the discrete nature of the collective levels at the saddle point
(Fig.1) is not preserved after scission, e.g. that the system is viscous.

To examine this problem we have measured fragment kinetic energies and
mass yields for 23Pu(n,f) in the resonance region.

2. EXPERIMENTAL METHOD

The measurements were made at neutron energies E, = 0.296, 0.081 and
0.033 eV, an energy region similar to the kinetic energy study of Ref. [4]. The
J = 1" resonance for 2**Pu(n,f) at E, = 0.296 eV is shown in Fig.2. For decreasing
energies below 0.296 eV, the proportion of J = 0" fissions (associated with the
bound level) increases. Table II shows the proportions of fissions occurring
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FIG.2. Neutron fission cross-section gy¢ for *°Pu. The arrows show the energies used for
the present measurements.

through the (J,K,n) channels open at each neutron energy studied, calculated

from the Breit-Wigner single-level formula and from the data of Ref. [9]. In this
calculation, no assumptions are made concerning the resonance parameters of the
bound J = 0% level. The accurately known resonance parameters of the J = 1* level
at 0.296 eV give absolute values forone (J = 1%). The total fission cross-section

is also known accurately [11]. Therefore, their difference gives ons (J = 0*). The
experimental procedure was to measure fragment kinetic energies at E, = 0.296
and 0.033 eV, to see how much the kinetic energy changes owing to changes in

the relative J = 0* and 1* contributions. A measurement at E, = 0.081 eV provided
an intermediate value.

A standard double-energy configuration was used, with two surface barrier
detectors operated in coincidence viewing a thin 23°Pu target, of isotopic purity
99.97%. The detectors were positioned at 2 and 4 cm from the target. The >*Pu
thickness was 12 ug-cm™2, over an area of 1.3 cm?. The target backing was
15 ug-cm™ VYNS and 12 ug-cm™ gold. Figure 3 shows the fragment pulse height
distribution measured in a single detector. The good peak-to-valley ratio (7:1) and
the absence of a tail in the low-energy peak confirm the quality of the 23°Pu target.

A monoenergetic neutron beam was provided by a triple-axis spectrometer,
in association with the 10 MW reactor HIFAR. A single scatter of the beam from
a germanium monochromator was used. The energy resolution and energy accuracy
of the beam are given in Table III. The odd index planes of the germanium were
used, as these produce no A/2 or A/6 background components of the main reflected
beam (A). For the runs at E, = 0.033 eV, a 2*°Pu filter in the beam was used to
eliminate the A/3 component. (0.033 eV X 9 =0.297 eV, almost exactly the
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TABLE II. PROPORTIONS OF FISSION THROUGH EACH (J, K, 7)
CHANNEL

Relative (J, K, 7) strength, %
Eq
(V) (1,1,4) (0,0,+) (0,0,+)
E. = 1.25 MeV? E.=1.0MeV E. =0.0 MeV
0.296 92 0.9 7.1
0.081 59 4.7 36.3
0.033 46 6.2 47.8

& E, = collective energy of specific K-band.
E, for K = 1* band from data of Ref. [10].
E, for upper K = 0" band from data of Ref. [9] (Negs = 0.13), in reasonable agreement
with data of Ref. [10].

energy of the large ons resonance. Thus, the A/3 is absorbed.) The total contri-
bution from all background components was measured independently at each
neutron energy by a second scatter from pyrolitic graphite. The total background
contribution was < 2% of the main A-beam. Relative flux measurements using
thin gold foils showed the beam intensity distribution across the target to be
uniform, at each neutron energy.

Since the measured changes in Eg were expected to be small, < 0.5 MeV,
considerable care was taken to ensure the electronic stability of the measuring
system. This stability was 1 part in 2000 over two to three days. Movement of
the spectrometer to change the neutron energy produced no observable effect
on the stability.

Data were monitored on-line with a PDP11/10 computer and recorded
event-by-event on magnetic tape for off-line analysis with an IBM 3031 computer.
The measurement procedure was to do repeated runs at E, = 0.296 and 0.033 eV
in sequential fashion. Data were recorded at E, = 0.296 eV (~ 16 h), then at
0.033 eV (6—8 h), then at 0.296 eV again (~ 16 h) to check the system stability.
Data at E;, = 0.081 eV were compared with data at E; = 0.296 eV in similar fashion.
About 77 000 coincidence events were obtained at E, = 0.296 eV and about
35000 at each of E;; =0.033 and 0.081 eV.
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TABLE III. ENERGY RESOLUTION AND ENERGY ACCURACY OF
NEUTRON BEAM
E, A Energy resolution Accuracy of E,
(&V) A) (%, FWHM) (%)
0.033 1.58 4.2 +0.6
0.081 1.01 6.8 +0.9
0.296 0.528 6.8 +0.9
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FIG.3. Fragment pulse height distribution for one detector.
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FIG.4. Total pulse height distribution from two complementary fragments.

The data were treated by two methods: (i) The raw data (in channel numbers)
were used to calculate the mean position of the fragment total pulse height distri-
bution (Fig.4). This distribution is formed by summing the pulse heights from
complementary fragments, event-by-event. The change in position of this mean
between runs at different neutron energies was then determined. The energy scale
was calibrated from the positions of the light and heavy fragment pulse height
peaks and the data of Ref. [12].

(ii) The usual surface barrier detector calibration equation [13, 14] was used
to calculate fragment kinetic energies and masses. For each event, an iterative
procedure is used, as described in Ref. [15] Correction for the energy loss of
fragments in the target and backing and in the dead-layer of the detectors is inherent
in the calibration procedure [13]. The correction for neutron emission uses the
v (m) data for 23°Pu(n,f) of Ref. [16]. For each fragment mass m, the kinetic
energy dependence of » (m) is then incorporated by using the d»(m)/0Eg data
for 23U(n,f) of [17]. The pre-neutron emission masses were calculated for mass
groups 2 amu wide.
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FIG.5. Measured differences in EK between the two neutron energies 0.296 and 0.033 eV,

3. RESULTS AND DISCUSSION

Figure 5 shows the results for the fragment kinetic energy comparison
between E,, =0.296 and 0.033 eV, Each data point shows the change in position
of the peak of Fig.4 between the run at E, = 0.033 eV and the average of the
‘before’ and ‘after’ runs at E, = 0.296 eV (method (i) above). Thus each data
point represents one complete cycle. The points are plotted at equal distances
along the abscissa in Fig.5; however, they are not necessarily equally spaced in
real time. The average shift of the peak was

AEx = Ex (0.033 eV) — Eg (0.296 eV) =~ 185 £ 75 keV

The shaded region shows this average value and the error. The analysis by

method (ii) gave a value of AEg which agreed with the above value to within

7 keV. From method (ii), Ex for E, = 0.033 eV was found to be

Ex = 177.2 £ 2 MeV, in good agreement with the value of 177.7 = 1.8 MeV

reported by Ref. [13] in a similar measurement for 2**Pu(n;y,,f). The variances

of the total pulse height distributions were very similar, for each neutron energy.
The lower dashed line to the right of Fig.5 shows the AEK result that would

have been expected from the present measurement according to the data of

Ref. [4]. Clearly, there is significant disagreement. The upper dashed line shows

the AEg result expected according to the ¥ data of Ref. [7]. This 7 data were
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FIG.6. Present Ex data converted to v data and compared with direct v measurements [6].

obtained for 7 <E; <400 eV. There is smaller disagreement here. The result
expected according to the » variation of Ref. [6],

AEg ~ 0.026n/0.13 nMeV~! ~ 200 keV

isin good agreement with the 185-keV value above. For the EK comparison between
En = 0.296 and 0.081 eV, the measured value was AEK =—145% 75 keV.

In Fig. 6 the present EK differences measured are shown converted to v
differences and are compared with the direct ¥ data in the same energy region [6].
The normalization is at the 0.296 eV point. The continuous line is that suggested
in Ref. [6] to describe the ¥ trend. The present Ex work confirms the 7 variation.

Of course, part of the AEK measured is due to the change in the mass yield
distribution. It is known from radiochemical measurements [18, 19] that fission
through J = 0* levels gives a larger amount of symmetric fission than fission
through J = 1* levels. This correction can be calculated as follows: The measured
pre-neutron emission mass yield distributions for E, = 0.296 and 0.033 eV are
shown in Fig.7 (uncorrected for mass resolution). The two curves are almost
identical, except near the symmetric region and near the peaks. The symmetric
region is shown in detail in Fig.8. The peak-to-valley ratio for E, = 0.296 eV is
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FIG.9. Total fragment kinetic energy versus mass for neutron energies 0.033 and 0.296 eV.

477:1 and for E, =0.033 eV is 164:1. The factor of ~ 3 difference agrees with
the radiochemical data [18, 19]. Figure 9 shows the measured fragment-total-
kinetic-energy-versus-mass curve, Ex (m). Again the data for E, = 0.296 and
0.033 eV are very similar, with the 0.296 eV data (open circles) tending to lie
slightly higher in energy. The data of Figs 7 and 9 agree closely with the
239Pu(ny,,f) data of [14]. Using the mass yield data Y (m) and the Eg (m) data,
we have

Mass vield correction = 2 Ex (m)l X Y(m)‘ — Z Ex (m)l X Y(m)|

to AEk m 0.296eV 0.033e¢V m 0.296 eV  0.296 eV

=15 keV

compare — 185 keV measured for AEk
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Thus, only 15 keV of the kinetic-energy change measured can be attributed to
the change in the mass yield distribution. Incorporating this correction, and also
a correction of —18 keV due to the reduced mass of the fragments from neutron
emission, gives a corrected value of —152 * 75 keV for the Eg change between
En =0.296 and 0.033 eV. Consideration of the relative change in the J = 0*

and 1* contributions at these two energies (Table II), gives a value of 365 = 180 keV
for the Ex difference between pure J =0*and J = 1* levels. A further correction
to account for the (n,yf) reaction [8] (0.011 n in 0.062 n ~ 18%) gives a final Ex
difference of 430 + 180 keV between pure J = 0* and J = 1* levels. That is, only
~ 35% of the discrete 1.25 MeV energy difference between the K =0 and

K = 1* bands at the saddle point appears after scission in the fragment kinetic-
energy mode.

One interpretation of this result is that the coupling between collective and
single-particle degrees of freedom is strong, i.e. the 2*°Pu system is significantly
viscous. An alternative interpretation is that mixing of K-values occurs between
barrier A and barrier B [20]. This interpretation is perhaps less likely, however,
as the difference in heights of barriers A and B for 2*°Pu is only 0.3—0.5 MeV
[21,22]. If the viscosity interpretation is correct, then a viscous ?*°Pu system may
be contrasted with the lighter uranium systems, which are essentially adiabatic.
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DISCUSSION

H.C. BRITT: On the basis of theoretical calculations and analysis of fission
probability data we believe that the first peak of the fission barrier is most likely
to be triaxial. This will cause mixing of K at the first barrier and may possibly
lead to a more complex prediction for the expected difference in TKE for 0*
and 1* states.

R.L. WALSH: If K mixing does occur, then it is not clear whether it occurs
more at the first barrier, in passing across to the second barrier, or even later.

In each case, however, the effect of the mixing is to reduce the amount of the
1.25 MeV energy difference between the saddle point K = 0* and K = 1* bands,
which may appear after scission as a fragment kinetic energy difference.
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A.F. MICHAUDON: I would like to stress the advantage of measuring EK
for several 3°Pu resonances with pure J quantum numbers, as compared to
measurements in the thermal neutron region ‘where there is a mixture of
J=0%*and J = 1* contributions. In the case of the 23?Pu(n, f) reaction, the fission
cross-section for thermal neutron energy also includes a contribution by a negative
energy resonance with poorly known parameters. Even if a good fit to the cross-
section is obtained, it is not unique. An equally good fit could also be obtained
with other parameters and, consequently, different 0* and 1* contributions. This
illustrates the ambiguities associated with the thermal neutron energy region,
where several quantum numbers are involved.

R.L. WALSH: You make the point that a possible error in the resonance
analysis of the neutron fission-cross-section for 2*°Pu might produce an error in
our value for the kinetic energy difference between pure J=0*and J=1*
resonances. In particular, such an error might account for the large discrepancy
between the vy results from ORNL, RPI and Battelle Northwest and our own EK
result, and the data from Saclay and Mol (see SM-241/F7 of these Proceedings).
But I do not think, in fact, it could. The shape at the fission cross-section in the
vicinity of the 1* resonance at 0.296 eV is very well known, as shown in the paper.
Therefore the contribution of this resonance to the total fission cross-section
between 0.01 and 1.0 eV can be accurately obtained. The total fission cross-
section is also accurately known (WIN, R., et al., ORNL 4707 (1971)). Hence
the J = 0% contribution, which is just the difference between the two, can be
accurately found. The calculation is made independently of the resonance
parameters of the bound state J = 0" resonance. The contribution of higher
energy J = 0* and J = 1* resonancesis negligible in the energy region of our
experiment. We stress once again that the data for the very low energy resonance
region in the case of 23°Pu(n, f) differ from the data in the resonance at higher
energy. )

C.M.C. WAGEMANS: I agree with Dr. Michaudon’s comment. I should
point out, in addition, that in my opinion the most important result of your
measurements is the measured kinetic energy difference of = 170 £ 75 keV. Your
calculated difference of =~ 0.5 MeV between the 0% and 1* channels is subject to
several assumptions, which make it an indirect result that should be considered
with caution.

H.A. NIFENECKER: It is important to note that while the channel analysis
of the 23°Pu fission cross-section refers to states at the first saddle point, the
dynamic properties observable are affected by states at the second saddle point,
which is lower in the case of 23Pu. We cannot take it for granted that the 0*
states fission through the ground state band at the saddle point. The washing
out of even-odd effects in plutonium may even be an indication that the nucleus
fissions through two quasi-particle states at the saddle point.
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Abstract

FISSION FRAGMENT MASS AND ENERGY DISTRIBUTIONS FOR THE NEUTRON-
INDUCED FISSION OF 2**Pu AS FUNCTIONS OF THE RESONANCE SPINS.
Measurements were performed at 8-m flight-path of GELINA to study the fission
fragment mass and energy distributions for 2*°Pu (n,f) as functions of the neutron energy.
A 2"“’Pu-layer on a transparent backing was mounted in a vacuum chamber and bombarded
with neutrons of energies from 2 X 102 eV up to about 10% eV. The pulse height spectra
of coincident fission fragments were measured with cooled-surface barrier detectors. With
the mass and momentum conservation relations, and using the Schmitt-Neiler calibration
method to convert the measured pulse heights into energy, fission fragment mass and energy
distributions were obtained as functions of the neutron energy. With the same apparatus,
also the spontaneous fission of 2**Pu was measured during a one-month stop of GELINA.
The average pre-neutron emission total kinetic energy is found to be (0.8 = 0.3) MeV higher
for thermal-neutron-induced fission of 2**Pu than for spontaneous fission of %0py. The
mass distributions for both fissioning systems are similar. However, the fine structure is
more pronounced, the peak-to-valley ratio is larger, and the peaks are narrower for spontaneous
fission. In the neutron resonance region, finally, only small fluctuations in the average total
kinetic energy E g from resonance to resonance are observed. However,no difference is
observed between the mean E g-value for the 0" and the 1* resonances. This is discussed in
terms of the channel theory of fission.

* Research sponsored by NFWO, Belgium.
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1. INTRODUCTION

The fissioning system 240Pu is a very suitable case to study the
influence of the fission channels on the fragment mass- and energy
distributions. Indeed, the spontaneous fission %ﬁ 240py (zero exci-
tation energy) passes completely through the J° = 0 ground-state
channel, whilst in the resonance neutron iqpuceq_ fissign of 239py
(6.5 MeV excitation energy) well separated J =0 and 1 states are
available. In addition, the study of the fissioning systems mentioned
above can give some information on the dynamics of the fission process
since very different excitation energies are involved.

To investigate these phenomena, we carried out two series of double
energy measurements at the Central Bureau for Nuclear Measurements
(Geel). In a first series of measurements resonance neutrons produced
bg the Geel Linear Accelerator (Gelina) induced fission reactions in a
239py target. Secondly the spontaneous fission of 240py was compared
with the thermal neutron induced fission of 23%°Pu under almost identi-
cal experimental conditions.

2. EXPERIMENTAL PROCEDURE

A 23%uy-layer on a transparent backing was mounted in the center of a
vacuum chamber, which was installed at an 8-m flight-path of GELINA.
Fission reactions were induced in this target by bombardment with
neutrons with energies from 2.1072eV up to about 10%eV. The pulse-
height spectra of coincident fission fragments were measured with two
large surface barrier detectors, which were cooled at a constant
temperature in order to realize a good long-term stability of the
measuring chains. The mass- and momentum conservation relations and
the Schmitt-and Neiler [1] calibration method were used to convert the
measured pulse-heights into energy. Using the fission neutron emis-
sion data as a function of the fragment mass as obtained by Milton and
Fraser [2], pre-neutron emission fission fragment mass- and energy
distributions and mass-energy correlations were obtained as a function
of the energy of the bombarding neutrons. The advantages of this
measuring procedure are that it contains an intrinsic calibration at
thermal neutron energy, and that the data are obtained for all neutron
energies Ssimultaneously, which allows an accurate intercomparison.
In addition, the spontaneous fission of 2%0Pu was measured during a
one month St%P of GELINA with the same apparatus. For comparison
purposes a 23%uy (n_ ,f) measurement was performed with the same
detectors and strictly maintaning the geometrical configuration. The
spontaneous fission data were analysed in the same way as described
above.

However, no fission neutron emission distributions as a function of
the fragment mass are available for the spontaneous fission of 240py,
We therefore used the 23%Pu (n h,f) fission neutron data of Milton and
Fraser [2] multiplied by the ratio v 240Pu (s.f) /¥ 23%pu (ng,,f) as
given by Mughabghab and Garber [3]. This can be done sincé it is
well known that for all fissioning isotopes the general features of
these v (m*)-distributions are very similar.
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TABLE 1. CHARACTERISTICS OF THE PLUTONIUM SAMPLES USED

ISOTOPE 23%y 1 239y 11 240p,,
CHEMICAL FORM Puo, PuF, PuF,
ENRICHMENT 96.023 % 99.956 % 98.35 %
PREPARATION METHOD spraying evaporation evaporation
LAYER THICKNESS 40 ug/cm? 65 wg/cm’ 93 ug/cm?
LAYER DIAMETER 60 mm 20 mm 20 mm
BACKING vyns poly-imide poly-imide

" B. THICKNESS 50 kg/cm’ 20 pg/cn’ 20 ug/cm?
TOTAL MASS Pu 1.13 mg 204 pug 292pug

The targets used were prepared by the CBNM Sample Preparation Group.
Relevant details of these targets are summarized in Table I.

3. RESULTS AND DISCUSSION

3.1. Spontaneous fission measurements

For the study of the spontaneous fission of 24%Pu and for the thermal
neutron induced fission of 23%py, very similar targets were used, both
prepared by evaporating plutonium-fluoride on two identical poly-imide
backings (see Table I). The pre-neutron emission mass-distributions
obtained using these targets are shown in Figure 1. In both distribu-
tions a definite fine-structure is present, which is more prominent in
the spontaneous fission case. More fine-structure appears when win-
dows are put on the energy of the light fragment (E;) or on the total
kinetic energy (E,), as already discussed elsewhere”[4,5]. Moreover,
for spontaneous fission the peaks are slightly narrower and, although
the measured yield for symmetric mass divisions is strongly affected
by the experimental resolution, we also observe a considerably larger
peak-to-valley ratio. This higher peak-to-valley ratio in the case of
spontaneous fission fits with the picture of two different barriers
for symmetric and asymmetric fission [6,7].

The main characteristics of the 24%Py (s.f) and 23%pu (n,,,f) pre-neu-
tron emission mass- and energy distributions obtained in these meas-
urements are summarized in Table II. From this table it is clear that
the average total pre-neutron kinetic energy is (0.8 + 0.3) MeV larger
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FIG.1. Fission fragment mass distributions for the thermal-neutron-induced fission of
29y, and for the spontaneous fission of 2 Pu,

TABLE II. MAIN CHARACTERISTICS OF THE 2%°Pu (s f) AND
23Pu(ng, , f) PRE-NEUTRON EMISSION MASS AND

ENERGY DISTRIBUTIONS
240py (5. ) B0pu(n,, »f)
EK* 177.30+ 0.202) Mev 178.10 + 0.10 2)  Mev
gt 103.59 + 0.13 ) ey 104.33 + 0.08 ©)  Mev
[ 73.66 + 0.13 °)  mev 73.73 + 0.08 ®)  Mev
i * 100.32 + 0.13 ®)  amu 100.44 + 0.08 ®)  amu
" 139.68 + 0.13 P} amu 139.56 + 0.08 ®)  amu
peak/valley 100 + 35 27 + 4

a) statistical error plus error on the gaussian fit.
b) statistical error,
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for the thermal neutron induced fission of 23%Pu than for the sponta-
neous fission of 2%4%Pu. This difference is almost completely due to
different E¥-values. Furthermore, the present Ej-results are consis-
tent with %he difference in fission fragment ‘excitation energies,
which may be inferred from the respective V -values. Indeed, the
difference in initial excitation energy between both fissioning sys-
tems is given in good approximation by

AEeXC = (A\?t) Bn + (Avt) E, + AEi“i

Av. being the difference in the prompt fission yields of both

systems, B_ being the mean neutron binding energy and E., being the
mean kinefic energy of the fission neutrons. With the present
AE%-value this energy balance is in equilibrium, which was not the
cale with the data of Toraskar and Melkonian [11].

The present results are in good agreement with those of Deruytter and
Wegener-Penning [4], but due to improved experimental conditions we
obtain a significantly better mass-resolution. Our results generally
agree with those of Laidler and Brown [8] and Mostovaya [9,10], but
they contradict the data of Toraskar and Melkonian [11%. A critical
evaluation of all these results indicates that the additional 6.5 MeV
excitation energy available in the thermal neutron induced fission of

Pu only leads to an additional fission fragment kinetic energy of
about 1 MeV compared to the spontaneous fission of 24Pu. This is an
important result since this value was one of the basic data used by
Lachkar in his dynamic approach to the fission proces [12].

3.2. Neutron induced fission measurements

In order to obtain a significant statistical accuracy in the neutron
resonance region, the sample denoted by 23%Pu I (see Table I) was
used, since it contained the largest amount of fissile material.
However, this resulted in a poorer mass-resolution and peak-to-valley
ratios of about 15. With this sample about twenty resonances were
studied in the energy region 1-100 eV (Fig. 2). GELINA was operated
at a repetition frequency of 400 Hz with a burst width of 11 ns.
These data were calibrated to the thermal fission of 23°Pu during
short runs at 100 Hz repetition frequency. The results are summarized
in Table III. Since all these data were taken simultaneously, only
the statistical errors have to be considered for an intercomparison.
From this table it is clear that the mean mass of the light and the
heavy fission fragments do not vary from resonance to resonance. Also
for the mean total kinetic energy only small fluctuations are present.
If we calculate the weighted mean of E¥ for each group of spins,
taking into account the spin-values recomiended by Derrien [13] which
seem to be the best ones at present [14], following results are ob-
tained :

177.99 MeV £ 0.09 MeV

Ex J=0)

(J = 1) = 178.04 MeV * 0.03 MeV
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Obviously, no difference is present, which seems to be in contradic-
tion with the results of Melkonian and Mehta [15] who observed a
difference of about 1 MeV between the E%-values for J = 0 and J = 1
resonances. Their conclusions were based on the 23°Pu spin values
available in 1964. However, if we recalculate the weighted mean of
their data, also using the spin values of Derrien [13], following
values are obtained after normalization :

EK (J = 0) = 178.00 MeV and EK (J =1) = 178.01 MeV

in perfect agreement with our results. Anyhow, in this respect the
recent warning by Keyworth and Moore [14] that several 23%Pu spin-
assignments remain questionable is very important and a reason for
precaution.

An additional measurement was performed in the energy region below 1
eV, using the 23%u II sample which yielded a better resolution but a
lower counting rate. Preliminary results indicate a thirty percent
higher peak-to-valley ratio for the 0.296 eV resonance compared to the
thermal value. This result is in qualitative agreement with the
radiochemical data [16-18]. .

We will not enlarge upon this low-energy region since it is treated in
detail by Walsh at al. [19].



TAEA-SM-241/F7 149

TABLE III. MEAN TOTAL KINETIC ENERGY AND MASS VALUES
FOR THE ?**Pu(n,f) RESONANCES

E, (eV) J E X (MeV) ﬁL* o
7.82 1 178.13 + 0.07 ©) 100. 74 139.26
10.93 1 178.00 + 0,07 100.85 139.15
11.89 1 178.06 + 0.13 100.94 139.06
ﬁgé} 1 178.06 + 0.09 100.79 139.21
15.46 0 178.01 + 0.18 100.73 139.27
17.66 1 178.10 + 0.13 100.84 139.16
26.24 1 177.93 + 0.15 100.78 139.22
32.31 0 178.21 + 0.26 100.88 139.12
4.5 ) 1 177.97 + 0.10 100.77 139.23
47.6 0 177.79 + 0.21 100,97 139.03
50 2 1 178.06 + 0.13 100.91 139.09
57.44 0 178.02 + 0.14 100.83 139.17
59.22 1 178.00 + 0.19 100.99 139.01
66 2 1 178.04 + 0.10 100.87 139.13
75 ) 1 177.99 + 0.12 100.64 139.36
gs 29 | 178.26 + 0.12 100.76 139.24

a) poorly separated resonances; the spin of the dominating resonance
is taken into account.

b) - statistical error.

Finally, we will discuss how the present results fit in the frame of
the channel theory of fission. For 23%Pu (n,f) several fission char-
acteristics have been studied in the resonance region. A large chan-
nel effect has bgen observed for the I .-values, which yield I'c(o) =
2.27 eV and T (17) = 0.035 eV [20] resulting in very differgnt values
for the egjec ive number of open fission channels : N (o) = 1.48
resp. N (1) = 0.07. Also for the peak-to-valley ratio in the mass-
distribution [21] and for the ternary fission yield [22] channel
effects have been reported. Very interesting results on the mean
number of fission neutrons and on the mean energy of the fission
gammas EY were obtained by Shackleton [23], who observed a small but
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significant channel dependence of V. His v and E_ data resulted in a
small difference in the excitation energy of the fission fragments for
both fission channels :

E (") - E (17) = (109 t 43) keV

f.exc. f.exc.

Our results on the fission fragment kinetic energy are in agreement
with these data : for both spins the subdivision of the total
available energy into fragment kinetic and excitation energies is the
same within about 100 keV, which seemed not to be the case for the
former data of Melkonian and Mehta [15].

4. CONCLUSIONS

The present work confirmed that the additional 6.5 MeV excitation
energy available in the thermal neutron induced fission of 23%Pu only
leads to an additional fission fragment kinetic energy of about 1 MeV
compared to the spontaneous fission of 240py,

For the 23°Pu (n,f) resonances no significant channel effect on the
mean total fission fragment kinetic energy was observed, although some
precaution is required here due to the uncertainty on the 239py
resonance spin assignments. Nevertheless, taking into account all the
fission characteristics reported up to now, the channel theory seems
to be verified for the 23°Py (n,f)-resonances, although the amplitudes
of some effects are smaller than expected. This attenuation might be
due to the interactions and the energy transfers taking place between
saddle and scission points.
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DISCUSSION

Yu.M. TSIPENYUK: Can you say anything about the J dependence of the
mass distribution?

C.M.C. WAGEMANS: In the neutron energy region studied (5—100 eV) we
observed no significant difference in the mass distributions for both spin groups.
However, such differences are mainly to be expected in the symmetric fission
region. On account of the relatively large 2*°Pu target used in our measurements
the experimental resolution was rather poor in this region and did not permit
observation of differences in the peak/valley ratio.

R.L. WALSH: I would like to make two comments. First, whereas your
value of AEg ~ 50 keV between the J = 0* and J = 1* levels agrees with the vp
data obtained by Fréhaut and Shackleton, it does not tally with the value of
AEK ~ 500 keV implied by the v}, data from RPI, ORNL and Battelle Northwest.
The higher value of AI_EK is in agreement with our own result.
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Second, it would be worthwhile including the kinetic energy dependence of
vp(m) in your calculation of the neutron emission correction. In other words,
you should use a matrix of values of v (M, Ex ), where Eg is the total kinetic
energy for a given mass split. Values for the 3»p/9EK |m=const dependence can be
derived for 2**Pu(n, f) from data on other nuclei, for example, 233U(n, f).

C.M.C. WAGEMANS: Idid not consider the kinetic energy difference
implied by the American data on v that you quote, since they relate to the lower
energy region (< 0.5 eV). Since our own Ex measurements cover the resonance
region from 5 to 100 eV, the obvious v data to use are Shackleton’s which were
also calculated in this region.

With regard to your second point, I do not think that the use of v,(m)
instead of v(m, Eg) would significantly alter our results. Indeed, since the same
correction for neutron emission has been made for all resonances, the relative
behaviour of EK for these resonances should not be affected.
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Abstract

DISTRIBUTION OF NUCLEAR CHARGE AND ANGULAR MOMENTUM IN
CHAINS 132-137, 99 AND 102 IN %U(ny,, f) AT VARIOUS KINETIC ENERGIES AND
IONIC CHARGE STATES OF THE FRAGMENTS.

The fission product yields of the members of the decay chains 132—-137, 99, and 102 in
235U(nth, f) are measured at various kinetic energies and ionic charge states of the fragments
using the mass separator for unslowed fission products ‘LOHENGRIN’, The results are discussed
with respect to four aspects:

(1) A preferential formation of neutron-rich chain members found at high kinetic energy
of the fragments is predominantly due to decreasing prompt-neutron evaporation. A particularly
large effect in chain 132 is attributed to the double shell closure in 328n.

(2) The persistence of an even-odd pairing effect in the yields throughout the range of
kinetic energies studied leads to the conclusion that the high internal excitation energy of the
fragments is tied up mainly in the form of collective energy (e.g. deformation energy) rather than
single-particle excitation.

(3) Inchains 132, 134, 135, and 137, the yield distribution at constant kinetic energy
was found to be invariant with the ionic charge state of the isotopes separated. Deviations from
this behaviour found in chains 99, 102, 133, and 136 are interpreted as being due to Auger
events following a converted transition in the decay of ns isomers taking place in the vacuum
of the separator.

(4) A pronounced variation of the independent formation ratio of individual isomeric
states with the kinetic energy of the fragments provides direct information on the controversial
topic of the change of angular momentum of fission fragments as a function of deformation
(scission distance).

l. Introduction

Radiochemical yield measurements have been a useful tool in
the study of nuclear fission, providing some information on
nuclear temperatures and angular momentum at the scission
point through determination of even-odd factors and of iso-
meric yield ratios.

Radiochemical measurements generally supply information on
quantities averaged e.g. over the kinetic energy. Correction
for the emission of prompt neutrons (or y-rays) is possible
only in terms of their average values thus producing a some-
what blurred picture of the initial conditions.

The mass separator LOHENGRIN [1,2,3] may be used to improve
this situation as it allows the separation of fission pro-
ducts according to their initial kinetic energy. The total
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energy of a fission into two given products is constant. In
consequence, the kinetic energy of fission fragments is in-
versely correlated to their internal excitdtion energy, and

a fission fragment pair of particular kinetic energy will
possess a well defined total excitation energy and will
therefore emit a particular number of neutrons and/or y-rays.
A particular kinetic energy 1s also presumably connected to

a well defined distance of the charge centers at the scission
point, i.e. a particular scission configuration.

Measurements of the yield distribution of the light-wing
fission products have been carried out.at LOHENGRIN using
various kinds of dE/dx-detectors [4-11] for the elemental as-
signment of the isobars. These measurements concentrated on
the mean kinetic energy of the fission fragments, but some
measurements at other kinetic energies were included [7,8,10].
The most recent survey will be given in these proceedings(11].
Unfortunately, this method is limited to the light-wing
fission products because of resolution problems. Therefore,
the study of the heavy-region fission products presented in
the following is based on a radiochemical method. This method
has the disadvantage of depending on the decay characteristics
of each individual nuclide measured. In consequence, it is
much more laborious than the physical methods. It has the
other drawback that nuclides near stability cannot be measured
with high accuracy. It has, however, the advantage that the
yields of individual isomers can be differentiated. The possi-~
bility of measuring the independent yields of individual iso-
mers has induced us to include light-wing chains 99 and 102

in our programme.

2. Experimental

Due to space limitations only the principal approach will be
described here, and further details will be given in separate
papers [12].

The fission products were produced inside the mass separator
LOHENGRIN of the Institut Laue-Langevin in Grenoble. UO o=tar-
gets with a thickness of 40 or 100 ug/cm were used. In some
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of the experiments they were covered with a nickel foil of
0.5 pum thickness. In all cases the energy loss of the frag-
ments was determined experimentally by measuring the fragment
beam intensity at various kinetic energies and comparing the
maximum of the distribution with the most probable kinetic
energy of the same mass as obtained by Schmitt et al. [13].
The values of kinetic energies given in this paper have all
been corrected for energy loss in the target and due to
prompt neutron emission.

The beam of fission products separated according to mass,
ionic charge state, and kinetic energy was stopped in a fast
transport tape outside the separator. The collection of ac-
tivity was restricted to a length of 200 mm of tape (as com-
pared to the total length of 720 mm of the exit slit) in or-
der to maintain an energy resolution of + 1.5% (ca.l MeV) and
to have a uniform deposition profile along the collection
length. The collected fission products were transported to a
shielded and absolutely calibrated counting position (Ge{Li)
detector and zig-zag mechanism) either'continuously or in a
start-stop mode, and the y-rays associated with their B-decay
were counted. The velocity of transportation was chosen ac-
cording to the half-lives of the nuclides studied. Appropri-
ate corrections for growth and decay during collection,trans-
port, and counting, and for detection efficiency allow the
calculation of the number of atoms of the individual chain
members produced. The fractional yields were obtained by two
methods:

a) They were determined from the absolute activity of a des-
cendant with a fractional cumulative yield nearly equal
to unity (e.g. 1341,137Xe,99m+ng, and 135Xe). Descendants
too long-lived for on-line counting (e.g. 78 h - 132Te,
20.8 h—1331, and 9.35 h-135Xe) were (partly) collected on
a strip of aluminium foil (generally 25-50 mm wide) main-
tained fixed in front of the moving tape system during the
whole experiment., The activity on this collector strip
was measured after the on-line experiment using a well
shielded Ge(Li) detector.
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b) In chain 136 this method could not be used due to the
stability of Xe. Therefore, the total number of fragments
was counted directly by inserting a surface barrier de-
tector into the beam of fragments inside LOHENGRIN.

Method a) is preferred over method b) as it is less sensitive

to impurities in the separated masses.

Generally, the limited count rates required a fair detection

efficiency (source-to-detector distance ca. 2 cm). This in

turn made necessary a careful correction of summing loss

[14,15] both in the calibration of the detectors and in the

actual measurements. !

The evaluation of the data relies on the decay properties

(half-lives, absolute y-line intensities, conversion coeffi-

cients, branching ratios, etc.) of the nuclides measured. In

many cases these values were not known and had to be deter-
mined in separate radiochemical experiments. Space does not
allow the description of these measurements here. The values

used are, however, given in Table I.

3, Results and Discussion

The fractional independent yields obtained will be presented
and discussed in two sections. The first section will deal
with the influence of the ionic charge state of the fragments
on the yields observed. In the second section the variation
of the yields with the kinetic energy of the fragments will
‘be treated.

3.1, Fractional independent vields at various- ionic charge
states of the fragments

In chains 132, 134, 135, and 137, the yield distribution at
constant kinetic energy was found to be invariant with the
ionic charge state of the isotopes separated. An example of
this type of behaviour is shown in Fig. 1 for chain 134.

In chains 136, 99, 102, and 133, however, a marked dependence
of the yields on the charge state of the ions is observed.
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TABLEI. DECAY PROPERTIES USED IN THE EVALUATION OF

THE MEASUREMENTS?
nﬂiﬁZr Nuclide Tl/z[s] EY[keV] IY Py P,
99 Y 2.3(1.6) 122 0.41
Zr 2.0 468 0.58
546 0.46
Nb[1/2"] 168 253 0.079 0.29
351 0.059
Nb[9/2*] 15 137  0.90(0.0214) 0.71
Mo 66.0[{h] 1
102 b Zr 2.2 600 0.075
Nb[high] 4.3 L46 0.10 0.33
Nb[low] 1.3 400 0.12 0.67
Mo 690 1
132 Sn 40 247 0.417
sb[87] 252 150 0.658 0
so[4t] 168 974 1 (1) 1
696 0.69(1)
Te 77.8[n] 228 0.88 1
133 Sb 2.34[m] 1096 0.32
Te[11/27] 55.4 [m] 912 0.62 0.29
Te[3/2Y] 12.45[m] 312 0.70 0.71 0.16
I 1248 [m] 530 0.89 0.84
134 Sb 11 297 0.97
1279 1
Te 2508 211 0.248
767 0.297
I[87] 228 27z 0.79
1[4t] 3156 847 0.956 1 1
884 0.654
135 Te 18 603 0.254
1 6.59[h] 1260 0.286
Xe[11/27] 15.3 [m] 526 0.799 0.147
xe[1/2%]  9.17[n] 250 0.902 0.853 1




TAEA-SM-241/F9 159

TABLE I (cont.)
136 Te 17.5 332 0.36
I[57}  46.0 381 1.0
I[27] 83.0 1313 0.67(1) 1
1321 0.25
Xe stable 1
137 Te 3.5 243 0.15
I 24,7 1219 0.134
Xe 229.8 455 0.31
a Tl/2 Half-life of isotope.
EY Energy of y-ray(s) evaluated.
I Absolute line intensity of y-ray (value in
¥ parentheses refers to the feeding of the
same y-ray in the decay of an isomer).
P1 Fraction of B-decay to isomer indicated.
P2 Fraction of decay of isomer to nuclide in-

dicated.
Values from [16] or [17] when available, other-
wise [12].

Preliminary data, further radiochemical studies in
progress.

The results of the first three chains mentioned are shown in
Figs. 2 - 4.

Similar effects were observed by Siegert et al. [18] and by
Clerc et al., [7,19] for the 1light-wing fission products. They
were explained as being due to the emission of Auger elec-
trons following converted y-ray transitions of nanosecond
(ns) isomers taking place while these isomers are flying
through the vacuum of the separator before entering the mag-
netic and electric fields (time period from 10-14 s until
2-10'6 s after fission). The increase in the mean ionic
charge due to the Auger effect will lead to an increased
yield of a nuclide with such an isomeric state at high ionic .
charge states as is observed for 1361[5_] and 136I[Z']
(Fig.2), 9zr (Fig.3), 1%%np[1%] (Fig.4), and for 17°0+8re
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FIG.2. Fractional cumulative (Te) and independent (I, Xe) yields in chain 136 at various
ionic charge states of the fragments. Spin and parity of iodine isomers indicated in brackets.
Ey = 75.2 [MeV].

{(not shown). The fact that fractional yields have been plot-
ted leads to seemingly decreasing yields for the other un-
(136 136 : 99, - 5 102
affected isotopes (~~~Xe, ” Te in Fig.2, “°Y in Fig.3, " “Zr,
1024y n] in Fig.4). The yields of the isomers of 2°Nb (Fig.3)
appear to be practically constant. This could be interpreted
as indicating the presence of another - less effective -
isomeric transition in that chain feeding the two isomers and
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FIG.4. Fractional cumulative (Zr) and independent (Nb) yields in chain 102 at various ionic
charge states of the fragments. Assumed spins and parities of Nb-isomers indicated in brackets.
Ex = 102.5 [MeV].

compensating for the expected decrease in yield. In this con-
text it is interesting to note that in chain 102 the ns iso-
mer seems to be feeding only the low-spin isomer of Nb where-
as in chains 99 and 136 both isomers are apparently fed to
nearly the same extent. It should be stated here that the re-
sults - concerning chain 102 require further confirmation as
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TABLE II. NANOSECOND ISOMERS POSSIBLY RESPONSIBLE
FOR HIGHER-THAN-AVERAGE IONIC CHARGES
OF FISSION PRODUCTS IN LOHENGRIN

Fission Pro-
duct of High Nanosecond Isomer [20]
Tonic Charge
992r & 15 ns - 99er
0300 ns - 99er
99Nb 7 ns isomer of mass 99 and unidentified Z
100 ns isomer of mass 99 and unidentified Z
102Nb 271 ns isomer of mass 102 and unidentified Z
<4 ns - 10275 ¢
133Te 85 ns isomer of mass 133 and unidentified Z
750 ns isomer of mass 133 and unidentified Z
136I 3 ns - 136mI

they are based on preliminary information concerning the de-
cay characteristics (see Table I). In the present examples,
as in the cases identified in Refs. [18] and [19], ns isomers
that could be responsible for the effect have been detected
independently by Clark et al. [20] (Table II).

However, the identification of these isomers is not fully
conclusive as numerous additional ns isomers have been de-
tected [20], in particular in chains 132, 134, 135, and 137.
These chains, however, have shown no dependence on the ionic
charge state.

It seems desirable to give additional support to the inter-
pretation given above, e.g. by measuring the half-live of

the parent assumed responsible for the increased ionic charge.
This can be done by introducing into LOHENGRIN a thin foil
which will re-equilibrate the ionic charge of the ions in
flight. A 're-equilibration' prior to the decay of the iso-
mer will not affect the increased average charge while a re-
equilibration after decay will remove the effect. Therefore,
the measurement of the average ionic charge as a function of
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the target-to-foil distance will allow the calculation of the
desired lifetime as the velocity of the ions can be calcu-
lated from their energy. .

3.2. Fractional independent yields at various kinetic ener-
gies of the fragments

The yields measured for the various fission product chain
members and kinetic energies are given in Table III.

The yields indicated refer to the cumulative yield of the
last chain member shown. This yield can generally be assumed
to be identical with the chain yield. In some cases, however
(e.g. in chain 133 at low kinetic energy), the independent
yield of the subsequent chain member (1331) 1is not negligible
even though it could not be measured. In these cases,possible
effects on Zp values and even-odd factors discussed subse-
quently have been taken into account.

The yields of individual isomeric states are indicated in
Table III. In two cases (chains 134 and 135), however, the
yields of the individual isomers had to be determined in
separate experiments, and therefore the fragment kinetic
energies were not identical. In these cases the yields(135Xe)
or the fraction of high-spin isomer relative to the total,

YFI(high-spin isomer)
Fy = YFI(both isomers)

(13%1), are given separately in Table III.

In general, good agreement is observed between radiochemical
yield values [21] and the yields obtained in the present ex-
periments at the mean kinetic energy of the fragments. There
is also general agreement concerning chains 99 and 102 with
the data obtained at LOHENGRIN (at mean kinetic energy) using
physical methods [6,8].

A typical example of the change in yields with varying kine-
tic energy of the fragments is shown in Fig.5. This example
has been chosen as it allows a comparison with results of
Clerc et al.[7,7a] at two kinetic energies of the fragments.
The agreement seems reasonable. Other measurements at other
kinetic energies [8] agree in their trends. Some deviations



164

TABLE I1I.

DENSCHLAG et al.

PRODUCTS INDICATED, AND CORRESPONDING Z,, AND
EOF VALUES OBTAINED BY FITTING A
GAUSSIAN CURVE MODULATED BY EVEN-ODD FACTORS

+

EXPERIMENTAL FRACTIONAL YIELDS OF FISSION

A= 99 g=21 Ek = 102.2[MeV] Vv = 1.54
E Y zr  Nb[1/27] Nb[9/2%] Z_(0=0.60) EOF
s P
L 96.7 13.8+2.0 58.947.3 15.8+3,9 11.5+4 40.151+0.08 1.00+0.17
100.0 22,7+2.5 59.2%8.0 11.5%3.5 6.6+&.4 39.95%0.09 0.98%0.17
L02. 7 31.3%¥3.7 55.5%6.0 10.7%3.0 2.5%¥2.0 39.81¥0.10 0.95%0.16

05.7 39.5+4.0 49.4%¥6.1 8.7%4.0 2.4%2.0 39.72%0.11 0.88%0.17
07.8 49.1%3.9 39.8%5.0 10.9%4.5 <075 39.66%0.12 0.75%0.17
A =102 gq=22" B =102.5[Mev] ¥ =1.40
Ey Zr Nb[high] Nb[low] Zp(o=0.56) EOF=1.2
95.6 27.2+2.8 46.645.0 26.2+3.5 41.03+0.12
'96.5 26.5%¥2.8 40.7%4.3  32.8%3,5 41.05%0.14

99.0  42.0%4.0 36.0%¥4.0 22.0%¥3.5 40.79%0.09
102.5 51.1%5.5 26.2%4.6 22.,7%¥3.5 40.6330.10
105.1 55.2%5.6  24.0%4.0 20.8%¥3.5 40.56%0.10
106.8 55.1%5.6  17.9%4.0 27.0%3.5  40.5630.12
107.8 64.3%6.5 15.1%4.0 20.6%3.5 40.37%0.14

132 q=23" E _=79.8 [MeV] ¥ =0.49

B, Sn  sb[8"] sb[st] Te z,(0=0.56) EOF
75.3 5.3+2.0 11.5+2.0 15.8+3.0 67.4+5 51.58+0.18 1.57+0,28
78.9 13,9%2.0 13.1%0.8 31.8%4,2 41.2¥hk  51,2230.06 1.36%0.12]
79.8 14,432,0 14,0%1.0 31,1¥3.0 40.5+3.0 51.21%0.05 1,36%0.11
B2.6 19,5%4.0 16.1%¥3.0 39.0%3.7 25.4%3.8 51.05%0.07 1.18+0.15
B6.6 34.9%4.0 10.6+2.6 33,1%4.5 21.4¥4.6 50.90%0.07 1.47%0.20
A=1335 q=23" T =78.5[MeV] 7 =0.65
By ~ Sb Te[11/27] Te[3/2%] z,(0=0.56) EOF=1.25
£8.7 17.1+6.2 66.7+8.4  16,2+1.6 52.0310.20
73.3 28.9%3.2 49.8%4.2 21.3%1.2 51.75+0.12
79.7 50.6%3.0 28.9%¥3.0 20.5%2.0 51.37%0.12
B3.4  66.,9%1.5 15.4%2.0 17.7%1.0 51.17%0.16
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=134 g = 23" = 77.2 [MeV] ¥ = 0.85

_EE Sb Te I zp(c=o.47) EOF
71.7  4.3+0.2  71.8+0.2 23.940.2 52.2640.02 1.184+0.02
75.4  4.4¥0.2 80.9%¥1.4 14.7¥1.4 52,18%0.03 1.41%0.0§
79.0 7.3¥1.2 83.8%2.0 9.030.8 52.03%0.0L 1.44%0,11
B1.8 7.030.4 87.3%3.4  5,8¥2.2 51.97%0.07 1.65%0.3Q
B4,7 10.430.6 82.5%3.6 7.1¥3.2  51.9430.09 1.39%0.2§
A=13 q=24" F_=75.0[MeV] ¥ =0.99

By Te I Xe zp(c=o.56) EOF
70,2 29.2+41.3 66.8+1. 4,042.0 52.61+0.09 0.75+0.10
71.5 43.1F1.4  53.4%1, 4 3.5%2.0 52.50%0.10 0.9010.12
73.0  44.371.7 52.4%1.7 3.3+2.0  52.49%0.08 0.91%0.13
75.0  60.2%2.3 37.3%2.3 2.5¥2.0 52.35+0.05 1.00%+0.0%
75.7  64.1%2.4  33.4%2.4 2.5¥2.,0 52,28%0.05 0.99%0.04
78.5  78.4%2.7 19.8%2.7 1.8%2.0 52.07%0.07 1.05%0.04
78.8 75.5%¥1.8 23 ¥1.8  1.5%2.0 52.13%0.06 1.0470.04
81,2  84.0%4.0 15.5%4.0  0.5%¥2.0 51.95%0.07 1.04¥0.10
A =136 q =247 E, = 74.0 [MeV] ¥ = 1.07

B, Te I[27] I[57] Xe Z, (0=0.56) EOF
F8.6 5.1+41.5 9.2+2.1 23.0+5.5 62,7+6.1 53.59+0.18 1.40+0.26
72.3 11.9%3.0 13.6%2.9 28.8%5.9 45.9¥1L5 53.27%0.10 1.38%0.18
75.5 17.3%4.5 12.2%3.0 25.3%5.2 45,3%131 53.19%0.11 1.6130.12
79.5 19.6%4.9 17.6%5.0 20,2%4.3 42,.6%143 53.15%0.,12 1.63+0.13
A=137 gq=211 E = 73.0 [MeV] = 1.11

E, Te I Xe z,(0=0.56) EOF
-
G6.8 9.040.2  31.648.0 59.4+7.8 53 38+0.05 1.60+0.23
8.1 2.8%0.3 30.4¥6.9 66.8t6.9 53.67+0.06 1.27+0.20
£9.6  6.8%0.2 40.7¥8.6 52.5%¥8.4  53.41¥0.07 1.28%0.20
71.8  5.8%0.2 40.5%9.0 53.7#8.4  53.44%0.06 1.24%0.19
72.2  8.1%0.3 45,139.2 46.8Y8.8 53.35%0.05 1.2330.18
72.7  7.0%0.2 L40.4¥8.7 52.6%¥8.5 53.40%0.05 1.29%0.19
/3.3 9.2%0.4  L44.3%9.2 46.,5%8.8 53,32%0.06 1.28%0.19
75.5 10.9%0.5 45.5%9.5 43,6%9.0 53.28%0.06 1.29%¥0.19(
g7.o 14.9¥0.8  47.5310.0 37.6%9.2 53.18+0.07 1.31%0.20
9.2 18.6%1.0 44.3%10.3 37.1%9.2 53.14%0.08 1.43%0.20
B1.7 14.8%1.0 53.9%10.3 31.3%¥9.3 53.15%0.09 1.17%0.20
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TABLE III (cont.)
a=134: B, B (PP1) A=135: E,  Xe[11/27] Xe[1/2%]
72.8 0.347:0.029
75.4 0.352%0.019 2.0 2.3403 32
iR IR
R . + . L L — L
81.5 0.096%0.007 79.8 0.2930.14 <3

Explanation of symbols:

mass number of chain,
ionic charge state of fragments separated,
mean kinetic energy of fragments from [13],

number of prompt neutrons emitted from
fragments of mass A from [22],

rimary kinetic energy of fragment observed
%corrected for energy loss in the target and
by prompt neutron emission) [Mev] ,

Fraction of independent yield of high-spin isomer
in relation to total independent yield of nuclide,

EOF , o : see equations (1,2).

at low kinetic energies are presumably due to their use of
a thick UO,-target (400 pwg/cm®) and the consequent loss in
energy resolution.
The trend observed in Fig.5 and common to all chains studied
(Table III) is an increase with increasing kinetic energy of
the yield of the chain member with the lowest nuclear charge
at the expense of the chain members with higher nuclear char-
ges. The slight maximum found for the intermediate chain mem-
9Zr resulting from some gain in yield from 99Nb and from
some subsequent loss to 99Y at higher energies is found
more pronounced in other chains (e.g. in chain 132). The ob-
served effects are among other reasons due to the decrease in
prompt neutron emission with decreasing excitation energy
(increasing kinetic energy) of the fragments.

ber

even
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Besides the change in element yields mentioned, a strong va-
riation in the independent yields of isomeric states is ob-
served in this work for the first time. This effect,consist-
ing of a decrease of'Fh,and observed in chains 99, 102, 132,
133, 134, 135, and 136 (Table III) is illustrated in Fig.6
for chain 134,
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In the following, the changes in yields will first be dis-
cussed in terms generally used for a discussion of charge
distribution in nuclear fission, i.e. Zp, o, and even-odd
factors (EOF) [22,23,24]. Finally, the changes in the inde-
pendent yields of isomers will be discussed with respect to
the angular momentum of the fission fragments and scission
point configurations.

In order to study the effects of kinetic energy on the charge
distribution, Gaussian type curves modulated by even-odd

factors, as given below, w7re fitted to the observed yields.
Z+1/2

(1) FI(z) = N~1 j}z EOF(Z)-P(Z)-dZ , and
1 ZH/2
(2) FC(Z) = N S EOF(Z)-P(Z)-4Z
Z==-
with: P(Z) =‘(2n62)'1/2-exp[_o.5-((z-zp)/o)z].
FI (FC): fractional independent (cumulative) yields.

N is a normalization factor assuring that the sum of all
fractional independent yields within one chain remains equal
to unity after the modulation by even-odd factors.

N= f ® EOF(Z)-P(2)-az
Z==00
This curve is described completely by a set of three vari-
ables:
Z_: the most probable charge,
o ¢ the width parameter of the curve, and
EOF: +the even-odd pairing factor.
Calculation of the three parameters requires the knowledge of
at least four yields. However, the present experiments pro-
vide only two or three element yields per chain (Table III),
Therefore, only some of the values could be calculated expli-
citly~, Whenever three yields were measured, both Zp and EOF

were calculated. In the other cases only Zp was calculated.

! The calculation was carried out using the fit-program ORGLSW.
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In these cases the assumed values of o and/or EOF were based
on independent information, e.g. the radiochemical yield
distribution. Fortunately, the results obtained for Z_ are
quite insensitive to the assumed values of ¢ and/or EOF since
the yields used were those of the most prominent chain mem-
bers. Even the simple calculation of the average nuclear
charge Z according to [5,9] leads to almost identical re-
sults. Although the absolute size of EOF is sometimes af-
fected by the choice of o, fortunately the change in EOF with
the kinetic energy of the fragments is practically not af-
fected as long as o itself does not vary with energy.
The present method of evaluation is preferred over the method
used in Refs. [5] and [9], because it allows the handling of
incomplete sets of data more easily in a self-consistent way.
The main advantage of the present method is, however, that it
provides a well-defined EOF value, whereas the other method
uses the oscillation of ¢', the square root of the second mo-
ment of the charge distribution, to obtain an even-odd factor
in a less direct way.
The resulting Zp and EOF values are given in Table III. The
Zp values are plotted in Fig.7 versus the deviation from
average fragment kinetic energy (Ek_ﬁk)' The data points in
the figure may be compared with a drawn-out line representing
ZUCD’ the nuclear charge calculated assuming unchanged charge
density according to the equatign:
(3)  Zyop(B) = (A + pp(B))- KE
- BB - EE .
with VA(Ek) =pp ~ —m— , when p, - —w—= positive,
else PA(Ek) = 0,
where
A mass number of fission product,

pA(Ek) number of prompt neutrons emitted by chain of
mass A at kinetic energy E,,

va mean number_of prompt neutrons emitted by chain
A (from [22]),

ZF,AF charge and mass of compund nucleus.

The relation assumes that about 7 MeV have to be spent in or-
der to evaporate a neutron [25]. It could be shown that the
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number of neutrons emitted at the mean kinetic energy Ek cor-

responds to the mean number of neutrons emitted at all kine-

tic energies.

The distance between the experimental points (Z_) in Fig.7

and the line (ZUCD) represents the parameter AZ (=Zp - ZUCD)

used to describe the charge polarization in the fissioning

nucleus [22].

At a first glance, the change in Zp (data points) is essen-

tially parallel to the change in ZUCD’ indicating that the

decrease in prompt neutron emission with decreasing excita-
tion energy of the fragments has the dominating influence

on the wvariation of the experimental yields , and that

the distribution of protons and neutrons at scission is

roughly independent of the scission distance. Looking more
closely, however, one finds deviations from this simple be-
haviour:

(1) The Zp values in chains 137,136,and 134 seem to approach
the Zycp~line at high kinetic energies. This trend was
actually predicted for all chains by Wilkins et al.[26].
The differences in the behaviour of neighbouring chains
can possibly be attributed to an uneven distribution of
excitation energy among complementary fragments [27].

(2) In chain 132 the opposite effect is found; the gap bet-
ween Zp and ZUCD somewhat widens at high kinetic ener-
gies, when prompt neutron emission has ceased. Possibly,
this is due to the influence of the double shell closure
in lggSnBZ.

The even-odd factors given in Table III are plotted in Fig.8

versus Ek-Ek.

The behaviour is somewhat complicated as was also found for

the light-wing fission products [5,9]. There are chains

showing practically no even-odd effect (99,135), and others
with strong effects (A = 132, 134, 136, and 137). The most
interesting result is certainly the observation that the
effect is apparently preserved over the whole span of kinetic
energies, which indicates that the internal excitation energy
of more than 15 MeV (corresponding to low kinetic energy) is
tied dp almost exclusively in collective degrees of freedom,

e.g. deformation energy. The results in chains 132 and 137,
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FIG.9. Root-mean-square angular momentum of fission fragments calculated from the
independent formation ratios of single isomeric states characterized by their spins and
parties at various kinetic energies of the fragments (Ey). For better comparability the
kinetic energies have been normalized to the mean kinetic energy {E k/ of the fragments
of the same mass (from [13]). The results obtained for Nb-102 are based on preliminary
decay characteristics and have been calculated for two values of high spin.

TABLE IV. COEFFICIENTS DESCRIBING THE CHANGE IN
ROOT-MEAN-SQUARE ANGULAR MOMENTUM
(J tms) WITH FRAGMENT KINETIC ENERGY

Fragment mass number (A) & /BB, [h/MeV]
99 - 0.17 + 0.10
102 [5%/111°2 - 0.13 + 0.05
102 [4t/1712 - 0.11 + 0.04
132 - 0.13 + 0.05
133 - 0.27 + 0.07
134 - 0031 _'t 0.03
136 - 0.20 + 0.02
*a Obtained for the two assumed spin combinations;

results of chain 102 are based on
formation on decay characteristics (see footnote

to Table I).

preliminary in-
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showing a possible minimum in the even-odd factors around E, ,
could be interpreted as supporting results of Nifenecker et
al. [27], indicating that the 'intrinsic excitation energy'
(total energy minus kinetic (coulombic) and deformation ener-
gies) shows a maximum for those fragments carrying the mean
kinetic energy. However, the results of chain 134 contradict
this interpretation, and the results of chain 136 do not
support it. Measurements of more chains are needed to answer
this question.

One of the most interesting results of the present work cer-
tainly concerns the independent yields of the individual iso-
mers and their variation with kinetic energy.

Using the formalism developed by Huizenga and Vandenbosch
[28,29] and the equations as explicitly written down in [30],
the ratios of independent yields of the isomers as given in
Table III were converted into the root mean square angular
momentum (ers) of the fission fragments. The resulting
values are plotted in Fig.9 as a function of Ek—ﬁk.

The values obtained for the mean kinetic energy of the frag-
ments (ER-Ek = 0 in Fig.9) cluster around 6-7 h for the
heavy fission products and somewhat less for the light
fission products in agreement with results obtained by

other groups, e.g. Wilhelmy et al. [31]. The unusually low
value of ers for 9Nb may be due to nonstatistical effects
in the de-exitation of 2ONb fission fragments [32,28].

The most striking effect observed in Fig.9 is the pronounced
decrease in ers by about 3 fh per 10-15 MeV. This effect, ex-
pected on theoretical grounds[31,33,34], has long been deba-
ted since the limited experimental information available was
contradictory. Wilhelmy et al. [31] concluded from the rela-
tive intensities of (67 » 47 » 2t 4 0%) cascade transitions
at three kinetic energy intervals (total span 20-30 MeV for
heavy or light fragment) that the value of ers is on the
average (within +1 h) independent of the fragment total ki-
netic energy. Nifenecker et all27], however, estimated from
the correlation of the total y-ray energy and the neutron
multiplicity in the fission of 252Cf and 235U that the aver-
age spin of the fission fragments should increase by one unit
for an increase of excitation energy of approximately 7 MeV
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(corresponding to a Aers/AE = =0,14 h/MeV). The results of
the present work, based on a fit of data points in Fig.9, are
compiled in Table IV. There is general agreement with the
value of Nifenecker. A comparison of the values obtained for
individual chains could possibly be used to provide infor-
mation on fragment stiffness at the scission point.

Acknowledgements

The authors wish to express their gratitude to Professor Dr.
G. Herrmann for his continuous interest, valuable discussions,
and support throughout this project.

They are also indebted to Professor Dr. G. Friedlander for
valuable discussions and for reading the manuscript.

Financial support by the Bundesministerium fir Forschung und
Technologie, by the Alexander von Humboldt-Stiftung (H.N.E.,
T.T., and A.C.W, ) , by GSI Darmstadt (K.W.), and by the
Minerva-Stiftung (Z.B.A. and T.I.-B.) is also gratefully
acknowledged.

References

l. E.Moll, H.Schrader, G.Siegert, M,Asghar, J.P.Bocquet,
G.Bailleul, J.P.Gautheron, J.Greif, G.I.Crawford,
C.Chauvin, H.Ewald, H.Wollnik, P.Armbruster, G.Fiebig,
H.Lawin, K.Sistemich, Nucl.Instr. and Methods 123,

615 (1975).

2. E.Moll, P.Armbruster, H.Ewald, G.Fiebig, H.lLawin,
H.Wollnik, in Proc. Int. Conf. on electromagnetic iso-
tope separators and the techniques of their appli-
cations, Marburg 1970, Report BMBW-FBK 70-28,241(1970).

3. E.Moll, G.Siegert, M.Asghar, G.Bailleul, J.P.Bocquet,
J.P.Gautheron, J.Greif, H.Hammers, H.Schrader, P.Arm-
bruster, G.Fiebig, H.Lawin, K.Sistemich, H,Ewald,
H.Wollnik, in Proc. 8th Int. EMIS Conf., Sk&vde,Sweden
1973, G.Anderson, G.Holmén Eds.(Gothenburg 19735 p.249.

4, G.Siegert, H.Wollnik, J.Greif, G.Fiedler, M.Asghar,
G.Bailleul, J.P.Bocquet, J.P.Gautheron, H.Schrader,
H.Ewald, P.Armbruster, Phys. Letters 53 B, 45 (1974).

5. G.Siegert, H.Wollnik, J.Greif, R.Decker, G.Fiedler,
B.Pfeiffer, Phys. Rev. C 14, 1864 (19765.



10.
11.

12.
13,

14,
15.

16.
17.

i8.
19.

20,

21.

22.

23.

24,

25.

26,

TAEA-SM-241/F9 175

H.Wollnik, G.Siegert, J.Greif, G.Fiedler, in Proceedings
of the 3rd International Conference on Nuclei far from
Stability, Cargése (1976), Report CERN 76-13 (1976).

H.-G.Clerc, W.lLang, H.Wohlfarth, K.H.Schmidt, H.Schrader,
in Proceedings of the 3rd International Conference on
Nuclei far from Stability, Cargése (1976), Report

CERN 76-13 (1976) and (a§ Report IKDA 76/5.

H.-G.Clerc, K.H.Schmidt, H.Wohlfarth, W.Lang, H.Schrader,
K.E.Pferdek&mper, R.Jungmann, M.Asghar, J.P.Bocquet,
G.Siegert, Nucl, Phys., A 247, 74 (1975).

H.-G.Clerc, W.Lang, H.Wohlfarth, K.H.Schmidt, H.,Schrader,
K.E.Pferdekdmper, R.Jungmann, Z.Physik A 274, 203 (1975).

H.Wohlfarth, W.Lang, H.-G.Clerc, H.Schrader, K.H.Schmidt,
H.Dann, Phys. Letters 63 B, 275 (1976).

H.-G.Clerc, W.Lang, H.Wohlfarth, H.Schrader, K.H.Schmidt,
these proceedings, contribution F 2,

H.O0.Denschlag et al., to be published.

H.W.Schmitt, J.H.Neiler, F.J.Walter, Phys. Rev. 141,
1146 (1966).

K.Debertin, U.Schttzig, submitted to Nucl. Instr. and
Methods (1978).

R.J.Gehrke, R.G.Helmer, R.C.Greenwood, Nucl., Instr. and
Methods 147, 205 (1977).

Nuclear Data Sheets.

Table of Isotopes, C.M.,Lederer, V.S.Shirley (Eds.),
Wiley (New York) (1978).

G.Siegert, J.Greif, H.Wollnik, R.Decker, G.Fiedler,
W.Kaiser, B.Pfeiffer, Report AED-Conf-76-072-007.

H.Wohlfarth, W.Lang, H.Dann, H.-G.Clerc, K.H.Schmidt,
H.Schrader, Report IKDA 78/6.

R.G.Clark, L.E.Glendenin, W.,L.,Talbert Jr., in Physics
and Chemistry of Fission (Proc. Symposium Rochester,
1973), IAEA, Vienna (1974), Vol.II, p.221.

B,F.Rider, M.E.Meek, Compilation of Fission Product
Yields, Report NEDO-12154-2(D)(1977). -

A,C.Wahl, A.E.Norris, R.A.Rouse, J.C.Williams, in Physics
and Chemistry of Fission (Proc. Symposium Vienna, 1969),
IAEBA, Vienna (1969), p.813.

S.Amiel, H.Feldstein, in Physics and Chemistry of Fission
(Proc. Symposium Rochester, 1974), IAEA, Vienna (1974),
Vol.II, p.65.

A,C,Wahl, Contribution to Second Advisory Group Meeting
on Fission Product Nuclear Data, IAEA Petten (1977), to
appear as Report INDC-(NDS)-87, p.215-24L,

R.Vandenbosch, J.,R.Huizenga, Nuclear Fission, Academic
Press, New York (1973).

B.D.Wilkins, E.P.Steinberg, R.R.Chasman, Phys. Rev. C_14,
1832 (1976). S



176 DENSCHLAG et al.

27. H.Nifenecker, G.Signarbieux, R.Babinet, J.Poitou, in
Physics and Chemistry of Fission (Proc. Symposium
Rochester, 1973), IAEA, Vienna (1974), Vol.II, p.1l17.

28. J.R.Huizenga, R.Vandenbosch, Phys. Rev. 120, 1305 (1960).
29. R.Vandenbosch, J.R.Huizenga, Phys. Rev. 120, 1313 (1960).

30. D.G.Madland, T.R.England, Nucl.Sci.BEng. 64, 859 (1977),
and Report LA-6595-Ms(1976).

31, J.B.Wilhelmy, E.Cheifetz, R.C.Jared, S.G.Thompson,
H.R.Bowman, J.0.Rasmussen, Phys. Rev. C_5, 2041 (1972).

32, M.Weis, Doctoral thesis, Mainz 1979.
33, J.R.Nix, W.J.Swiatecki, Nucl. Phys. 71,1 (1965).

34, J.0.Rasmussen, W,Ndrenberg, H.J.Mang, Nucl. Physe.:
A 136, 456 (1969).

DISCUSSION

O. W. B. SCHULT: How much detail do we know of the shape of the wings
of the nuclear charge distribution for a given mass? In other words, what
is the fractional yield for values of Z—Zp larger than 2 or 3?7

H. O. DENSCHLAG: Low counting statistics and uncertainty in the
correction factors for secondary formation of the elements close to stability
prevented us from obtaining very low yields with the LOHENGRIN mass separator.
Consequently we have no information on the bahaviour of these yields as a function
of the kinetic energy of the fragments.

M. SCHMID: Perhaps I can throw some light on this question. In our work
we have been able to measure fission yields of nuclides that lie some way from the
centre of the distributions. It has been found that yields in the wings of the
distributions are significantly enhanced over the range expected from Wahl’s
systematics. The deviation may be as high as a factor of 100 for IZ—Zpl = 3.

M. ASGHAR: The electron inelastic scattering from deformed rare-earth
nuclei shows that at 8 = 0.3 the nuclear charge is already more or less preformed
into two charge centres. Are these data consistent with fragment charge
‘clustering’ at a later stage, following the fragment mass freezing that you have
discussed?

H. O. DENSCHLAG: It is difficult, I think, to ascertain whether the results
you mention are consistent with our data since the position of a medium-A
deformed nucleus in its ground state is quite different from a scissioning system.
It seems to me that the nuclear charge clustering you refer to is too weak to
survive the drastic changes occurring during scission.

P. FONG: We are concerned with two important quantities at the scission
point — the initial kinetic energy of fragments, and the excitation energy. In
drawing conclusions with regard to these quantities we should not ignore other
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important evidence related to them. The fact that fission fragments have high
spin indicates that the excitation is reasonably high. The evidence from long-
range c-particle angular distributions is that the initial kinetic energy is very low.
These two facts are compatible, but other conflicting evidence will have to

be reconciled.

H. O. DENSCHLAG: It seems to me that the persistence of the odd-even
pairing effect excludes higher values of single-particle excitation at the scission
point. Hence we should conclude that the excitation energy occurs in collective
degrees of freedom and deformation seems to be the most reasonable assumption.
It is further supported by our findings regarding the dependence of the angular
momentum of the fragments on their kinetic energy.
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Abstract

EFFECT OF FRAGMENT KINETIC ENERGY ON THE SUPPLY OF ISOMERIC STATES
IN 236y FISSION.

Isomeric ratios (yield of high-spin state over yield of low-spin state) have been measured
for the following isotopes: %®Br (6.3 us), **Y (57 us), >'Y (1.25),°®Y (0.8and 8 us),318n (50 ) and
1327¢ (28 and 3.9 ps), and as a function of the kinetic energy of the fission fragments from
236, —The angular momentum of the corresponding fission fragments has been calculated by
using a statistical de-excitation model for the fission fragments. Thus the dependence of the
angular momentum on the excitation energy has been obtained in each case. The results are
not in agreement with a saw-tooth behaviour of the angular momentum with mass number and
the dependence of angular momentum on the excitation energy is strongly affected by the
individual structures of the nuclei.

1. INTRODUCTION

The knowledge of the scission configuration is essential for a better
understanding of the dynamics of nuclear fission. One of the parameters
characterizing the scission configuration is the angular momentum of the
nascent fission fragments. From investigations of the prompt gamma-radia-
tions of the fragments it has been concluded that the initial angular mo-
menta are large on the average and that they are oriented perpendicular to
the axis of thetwo fragments [1]. A saw-tooth 1ike dependence of the angu-
lar momenta on the fragment mass has been obtained, assuming that the
angular momentum is proportional to the average number of gamma-rays emit-
ted by the fragment [2,3]. This behaviour is in agreement with. theoretical
predictions [4] for several fissile materials, while the determination of
the initial angular momentum of individual fragments for the Cf2%2 sponta-
neous fission indicates a more complex dependence on the nuclear structu-
re of the fragments [5].

* Experiment held at the Institut Laue-Langevin.
** And USM/Grenoble (France ).
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FIG.1. The experimental arrangement of Lohengrin:

1) beam collimator {1 cm diameter) located at about 20 cm from the stopper;
2) ion beam from Lohengrin;

3) surface-barrier detector;

4) vacuum chamber of Lohengrin;

5) thin aluminium window.

In the present investigation the populations of some fragments isomeric
states in U23% thermal-neutron induced fission have been measured as a
function of the fragment kinetic energy, at the separator Lohengrin [6].
The dependence of individual fragments initial momenta on their excitation
energy can thus be obtained. This dependence can be correlated to changes
in the scission configuration and therefore should provide valuable infor-
mations on scission. A slight rise of the angular momentum with decreasing
kinetic energy of the fragment (or increasing excitation energy) has been
obtained [7] from the neutrons and gamma-rays emitted by the fragments,
while for Cf252 [5] the value of the angular momentum was independant
(within = 1 unit) of the fragment kinetic energy. The present experiment
is taking advantage from the good energy resolution [8) of Lohengrin and
from several new isomeric states identified with the same instrument [9,
10]. The isomeric ratio is converted into a root-mean-square angular mo-
mentum of the fragment and the result is compared to other experimental
results and theoretical predictions.

2. EXPERIMENTAL TECHNIQUE

The Lohengrin facility [6,8] separates the fragments recoiling from a
thin source of U2®S, by means of a magnetic and an electrostatic field. The
fragments having a given mass and kinetic energy are selected by a proper
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setting of the fields. Two types of experiments were performed since both
gamma~decaying states (with half-lives in the usec region) and beta~decay-
ing isomers have been investigated.

The experimental set-up which has been used for the determination of
the feeding of usec isomers is shown in Fig.l. The fragments were stopped
in a proton transmission surface barrier detector (200 u thickness)
which started a time-to-amplitude converter (TAC). The gamma-radiation was
observed with a Ge(Li) diode (50cm® volume, 2.5 keV resolution for the
1332 keV 1ine) which stopped the TAC. The time range of the TAC was selec-
ted to match the half-1ife of the isomeric state, so that it could be used
to select the isomeric gamma-ray from the radiations following the beta-
decay of the fragments. The spectra from the Ge(Li) either gated with the
TAC signals or ungated were both stored into an Intertechnique M20 multi-
channel-analyser. For the measurements of the B~decaying isomers only the
ungated spectra were stored, and for the case of Sn'®! a small gas trans-
port device was used in order to reduce the influence of the gamma-rays
background emitted by Lohengrin.

The measurements were performed over the whole range of kinetic ener-
gies of the individual fragments, within the Timits of a reasonable beam
intensity (running time for a measurement not exceeding 10 hours). Typi-
cally a range of 10 MeV below and above the most probable value of Eg
(kinetic energy of the final product) has been covered and for all cases
some measurements correspond to an excitation energy where no neutron
emission is possible.

The number of fission fragments was monitored with the thin surface
barrier detector in the case of psec —isomers and the beam surface is 1i-
mited by a diaphragm (see Fig.l) so that the ungated spectrum of the
Ge(Li) was corresponding to the same number of fission fragments as the
gated one. Additionally the fragment beam was controlled with a surface
barrier detector of high energy resolution before and after each measure-
ment. This allowed the identification of fragments with different masses
in the beam. Due to the separating properties of Lohengrin any contamina-
ting mass (which occur usually on the wings of the kinetic energy distri-
bution) has a kinetic energy which differs by several MeV (about 5% of
the kinetic energy) from that of the investigated fragment [8].

3. DATA ANALYSIS

3.1, Obtention of the experimental isomeric yields

From the measured ungated gamma-ray spectra, the intensities (Ny) of
the gamma-transitions characteristic of each isomer can be obtained (beta
decaying isomers). A sufficient knowledge of the beta-decay schemes of
the different isomers has been obtained from the spectroscopic work per-
formed at Lohengrin [9-11]. In the case of the usec isomers, the gated
spectra were used and the gamma-lines intensities have been corrected for
the losses due to the time-of-flight through the separator (& 1.8 usec
for the 1ight fission fragments and % 2.2 usec for the heavy ones). For
a given value of the kinetic energy, the population of the isomeric state
relative to the ground state of the considered nucleus, can be obtained
from the relative intensities of a gamma-1ine characteristic of the iso-
mer in the gated spectrum and of a gamma-line characteristic of the beta-
decaying ground state in the ungated spectrum. Unfortunately,this proce-
dure can be used only for the kinetic energies having a good statistical
precision, since the gamma-background from Lohengrin (mainly rare gases),
is important in the ungated spectrum (see Fig.2 for instance). For the
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TABLE I. SPECTROSCOPIC FEATURES OF THE MEASURED ISOMERIC AND GROUND
STATES

Nucleus| Low-spin state High-spin state Gamma 1ines used in the
T E E measurement
172 |{(MeV) |1 T2 (Mev) | I Ungated Gated
spectrum spectrum
8r8 | 16.6sec| 0.0 |(17)[6.3usec|0.270 |(47)| 0.159, 0.775] 0.111, 0.159
¥ ]10.9m 0.0 |1 |57 usec|1.088 | 9% | 0.954, 0.686( 0.260, 0.827
7 7 »
v 13.7sed0.0 |17|1.2 sec0.667 | 9% | 0.970, 1.996
7 z
v | 8 used 0.495] 3*|0.8used 1.179 | (9%) 0.185, 0.203
131 + -
Sn 33 sed 0.0 37150 sec| 0.434 |11 0.305, 0.450
7 2 0.798
132 . i
Te  [78h. [0.0 | 028 used1.925]| 7 - | 0.697, 0.974
3.9used| 2.700 | 10% 0.776, 0.926

Tow counting rates, the variations of the population of the isomeric
states with Ey were obtained from a normalization of Ny to the number of
nuclei of the corresponding isotope in the beam. This number is the
product of the number of fragments of the considered mass with the relative
fission yield of the investigated isotope (taken from ref. 12 and 13).
Thus, the determination of the absolute gamma-ray efficiency of the expe-
rimental set-up is not necessary to obtain the absolute isomeric yields.
The results are given in Table II, while the main properties of the stu-
died isotopes are listed in Taple I. In the case of Y% and Te!'32, the
ratio of two different isomeric states could be studied and the experimen-
tal values (Table II} are derived from the gated spectra alone, thus mini-
mizing the systematic errors.

3.2. Calculation of the excitation energy (E*} of the fragments

The experimental isomeric yields as a function of the fragments'kine-
tic energy, must be transformed into the angular momentum of the fragments

(root-mean squared values) expressed. as a function of the excitation ener-
gy of the fragments (E%*}.
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TABLE Il. THE EXPERIMENTAL ISOMERIC RATIOS [oy;g +(0L0w)] AS A
FUNCTION OF THE EXCITATION ENERGY OF THE INITIAL NUCLEUS (E*) OR OF THE
DIFFERENCE WITH THE MOST PROBABLE KINETIC ENERGY, (E —E).

(E-Ep) g |  OHigh (E—-Ep' E OHigh
KIN (MeV Orior +0 KIN (MeV) Orrion +
(MeV) § High Low (MeV) High T%Low
- 9.817.5 £+ 1.0 0.23 + 0.02 - 8.8)11.5+ 1. {0.75 + 0.02
- 7.6/15.8 + 1.0} 0.24 + 0.02 - 6.8]10.3 £ 1. j0.70 £ 0.02
- 5,5[14, +1.0]0.26 + 0.02 - 4.8 9.1 £ 0.8]0.70 £ 0.02
- 3.4/12,7 £+ 1.0] 0.26 £ 0.02 8g |- 2.91 7.9 £ 0.8{0.67 + 0.02
- 1.3]11.5 £ 1.0] 0.26 + 0.02] Br - 1, 6.8 + 0.7]0.67 = 0.02 Sln31
+ 0.8/10.5 +1.0}0.28 £ 0.02 + 1 5.6 + 0.6]0.67 + 0.02
+ 2.9 9.1 +1.010.26 + 0.02 + 3 4.4 £+ 0.510.66 + 0,02
+ 5.2 7.2 £1.0]0.26 + 0.02 + 4.9| 3.2 +0.5(0.64 £+ 0.02
+ 7.2 5.8+ 1.0]0.25 +0.02 + 5,91 2.6 £ 0.5(0.64 £ 0.02
+ 9.2] 4.2 +1,0]0.23 £ 0.02 + 6.8 2.2 + 0.5]0.62 + 0.02
+ 8 1.4 + 0.5]0.59 = 0.02
- 11.0}25.0 + 1.0 0.46 * 0.08
- 7.0121.0 £ 1.0 0.46 £ 0.08 - 12 26.5 + 2.010.15 + 0.02
- 3.0/117.0 £ 1.0} 0.43 £ 0.08 Y95 - 8.1122.0+1.0§0.10 £ 0.01 98
+ 1.0{10.5 £+ 1.010.35 = 0.07 - 4,3{17.8 + 1.010.11 = 0.01}y
+ 5.0/ 9.8 +1.0]0.37 = 0.07 - 0.4]13.6 £ 1.040.11 = 0.01
+ 9.0[ 5.0 +1.0{0.24 = 0.05 + 3.5{10.8 £ 1.0{0.096% 0.01} .
+ 7.3} 7.2 £1,0(0.098+ 0.01
- '6.9{20.0 + 1.010.58 *+ 0.05
-.3.1117.7 £ 1.0 0.58 + 0.04 97 - 7.6 9.2 £1.0[0.35 = 0.02
+ 0.8]14.0 + 1.0]0.53 £ 0.03] ¥ - 5.4 8.0+ 1,0/0.36 + 0.04 e32
+ 4.6 9.2 + 1.01.0.52 + 0.03 - 3.2| 6.6 £ 0.80.25 + 0.03
+ 8.4] 5.4 £+ 1.0{0.59 + 0.08 - 1 5.8 £+ 0.810.30 + 0.03
+ 1.2] 4.8 +0.8(0.26 + 0.04
+ 3.4| 3.5+ 0.8]0.25 * 0.05
+ 5.,7] 2.2 +0.8{0.19 + 0.06

The. conversion of Ey into E¥ , ;1s obtained from the calculation of
“the energy release in the condidl?@% fission event : Q(M,,M;) and the use
of the conservation laws :

236
E’;otal =QM;M,) - Ex(M,) E‘

where E(M;) represents the initial kinetic energy of a fragment having an
initial mass M; and EF is the total excitation energy of both fragments.
Q(M1,M2) has been,ca]cu?&%&d with the mass formula of G.T. Garvey and

al. [14]. The values of E¥ for a given fragment has been deduced from

Efotay under the assumption that the excitation energy is divided in fis-.
sion proportional to the average number of prompt neutrons emitted by each
fragment. The average number of neutrons emitted by each fragment has been
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studied as a function of the total kinetic energy by H. Nifenecker and
al. [7] and the ratio V. /Y4 stays reasonably constant over the energy ran-
ge, thus supporting our assumption.

The isotopes which have been investigated at Lohengrin are partially
produced after the emission of prompt neutrons, hence the calculation of
E* has to be performed for different initial masses corresponding to the
emission of 0, 1, 2, 3 or 4 neutrons, the final mass beeing constant. The
relation EX(Eg) is finally obtained after introduction of the number
of emitted neutrons as a function of E*, as calculated by the statisti-
cal deexcitation model described in the next section. The availability of
the whole procedure can be tested in reproducing the average number of
emitted prompt neutrons for the investigated mass chain (the nuclei which
have been studied represent always the most (or very close to) probable
charge split for a given mass). s

The uncertainties of the calculated values of E ta] are estimated to
be & 1.0 - 1.5 MeV on the average.They result from tEg a1 uncertainties on
Q(® 0.5 MeV), from the change of Eg through the emission of neutrons
(R 0.7 MeV) and from the energy dispersion of the fragments in the Uranium
target (% 0.7 MeV).

3.3. Calculation of the initial angular momenta of the fragments

The average initial angular momenta are deduced from the absolute fee-
dings of the isomeric states using the statistical model analysis develo-
ped by D.P. Min and M. Martinot [15]1 (program MAMI).

The competition between neutron and gamma emission is calculated for
each step of the deexcitation path of a fission fragment created with the
excitation energy E* and the spin J . Thus the populations of the diffe-
rent discrete levels in the final nucleus can be obtained as a function
of E¥ and J. For each nucleus in the cascade, the known discrete levels
can be introduced and for energies above a thereshold E,, a semi-phenome-
nological level density formula is used [16]. The value of E, corresponds
for each nucleus to the limit of the experimentaly observed levels. The
gamma-ray emission is restricted to E,, E; and M; transitions with energy
below 5 MeV, and a corrective factor depending of the multipolarity of the
transitions and of the mass region is applied to the transition probabili-
ties. The corrective factors have been determined from a large set of ex-
perimental data [17]. The transmission coefficients used to determine the .
neutron emission rate result from an optical model calculation [18]1, the
optical model parameters being taken from ref.19.

To compare the theoretical calculation with the experimental results
of Table II, one has to assume a distribution of initial angular momenta
for the fragments. The most commonly used distribution of spins corres-
ponds to :

-JJ+1)
Bz

PN <(2J+1) eXP[

where B represents a parameter similar to a spin cut-off and is approxi-
mately equal to the root-mean-square value of J: Jamg * L.
The theoretical isomeric ratio R(E*,J), which correspondgto an ini-
tial excitation energy E¥* and an initial angular momentum J, is obtained
from calculated populations of the discrete levels in the final nucleus

by :

R(E*, J) = O‘H/(O'H + O‘L)
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FIG.3. Determination of Jgyg by comparing the theoretical values of Oyey, [(Opign + 0L ow/
obtained for different values of the parameter B (full and dotted lines), with the experimental
results (triangles with uncertainties), for 13Len  On the right-hand side of the figure, the
arrows indicate the results of the simplified calculation {isomeric ratios considered independent
of excitation energy) from Madland et al. [20]

where oy, and o, represent the total populations of the high and low
spin levels,respectively, taking into account, as much as possible, the
experimental knowledge of the decay scheme. For each value of E¥*, the
isomeric ratio corresponding to the spin distribution P(J) can be calcula-
ted by

Z R(E*,J) P()
RI(E*) = —

XP(J)

J

for different values of the parameter B or Jg,.. The result of such a
calculation is shown in Fig.3. The experimenta? values of R(E¥*) are indi-
cated and the theoretical values of R'(E¥®) correspond to the continuous
lines and to different values of Jgye. Each experimental value of R(E¥)
can thus be transformed into an interpolated value of Jame » reproducing
the measured isomeric ratio.

4, DISCUSSION OF THE EXPERIMENTAL RESULTS

The dependence of isomeric ratios on kinetic energy has been mea-
sured for the following isotopes : Br®®, Y®5 y%7 y%8 gnl3l and TeldZ,
Two of them are B-decaying isomers (Y®7, Sn'*!) and the others have half-
lives in the usec range. For Y®® and Te!®? several isomeric states are
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— theoretical calculations of K. Dietrich (adiabatic case).
b) Slope of Jpmg (E*) dependences as functions of the mass of the final fragment.

reached by fission and the ratio of two isomeric states yields has been
studied, thus avoiding a normalization of the gated gamma-lines to the
ungated ones (see Tables I and II).

The calculation procedure developed in the preceding section has
been applied to the experimental values,and the deduced dependences
Jams(E®)} are plotted in Fig.4.

The Jgye Value obtained for the most probable excitation energy Ej
can be compared to other measurements performed on U2®% thermal neutron
fission. Two types of experimental information have led to the angular
momentum of the fission fragm ents :

- the isomeric ratio measurements (taken from ref.2l)
- the prompt-gamma radiations (ref.2).

There is a general agreement between the present results for masses
130 and 132, and the Jams values calculated from the isomeric yields mea-
surements (Fig.5) in the same mass region. However the values of J dedu-
ced from the prompt-gamma radiations are not in agreement neither in the
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Tight nor in the heavy group. The angular momentum in this last case is
deduced from the average number of gammas emitted by a given mass, with
the assumption that the fragments are mainly deexited by cascades of
streched E2-transitions of collective character.

The observed discrepancy could be understood in the 1ight group if
the gamma cascades were only partly stretched, thus reducing the an-
gular momenta given by [2] around masses 95-100. Unfortunately the same
argument would not hold for masses around 130-133, since the result from
the prompt gamma is too low in that case.

The saw-tooth behaviour for the angular momentum has also been de-
duced from a theoretical calculation by K. Dietrich and al. [4 1. They
predict a very low angular momentum around masses 130-132 (Jgye % 3-4 i),
no matter what temperature is chosen for scission (their result depends
on this parameter). On the other hand the angular-momentum obtained from
isomeric ratios in this mass region are not so much dependent of the
deexcitation model since the number of emitted neutrons is very low in
the average ( & 0.3 - 0.5). Therefore it might not be correct to asso-
ciate so closely the angular momentum of the fragments to their defor-
mation or to the number of quanta emitted.

Another information is coming out of the experiment : the depen-
dence of Jgy, with the excitation energy of the fragment. If one con-
sider the F¥b.4 the most striking feature is the very weak dependence
for masses in the 1ight group and the stronger influence of the excita-~
tion energy in the heavy group. We have plotted in Fig.5 b) the slopes
A /AE® (h/MeV) obtained for the different masses. Several estimates
of this quantity have already been made either on experimental or theo-
retical grounds. For instance an average slope of 0.14 fi/MeV has been
obtained by H. Nifenecker [7] from the observed correlation between the
total y-ray energy and the neutron multiplicity in Cf2°% and U%%°, whi-
le J.4. Withelmy and al. [5] considered in Cf2°2 that the value of J
was constant (within * 1 h). The present measurement, no longer resul-
ting from an average, is associated to a definite fragment and must be
strongly influenced by the individual structure of the nucleus studied
Nevertheless there seems to be a general trend to have less than the avera-
ge in the light group (if we consider that the average value could be
A 0.14 fi/MeV) and more than the average (about twice as much) for masses
131 and 132. These masses which are known to be spherical seem to have more
changes in their shape at scission than for the light group but this as~
sumption results again from an association of the angular momentum with the
deformation, which might be questionable, '

5. CONCLUSION

From the dependence of several isomeric ratios on the kinetic energy
of the fragments in U23® fission, one has derived, making use of a new
statistical model for the deexcitation of the fission fragments, the in-
fluence of the excitation energy of some fragments on their angular momen-
tum.

The saw-tooth behaviour of the angular momenta with the fragment mass
is not reproduced by the isomer-ratio experimental results, indicating
that the angular momentum of the fragments might not be so strongly corre-
lated to their deformation.

The dependence of the angular momentum on the excitation energy is
stronger for masses close to spherical shapes than for the others.

We are grateful to R. Sellam, J.W. Griiter and K. Sadler for their participation in the
early stage of the experiment.
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DISCUSSION

K. M. DIETRICH: In the model calculation that I carried out togethér with

Dr. Pfabé, the angular momenta of the fragments result from bending modes
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at scission, i.e. they stem from a collective mode in the system. If a nascent
fragment is spherical in the scission region — as in the case of the 132 mass
range in our model — it cannot acquire angular momentum through the bending
mechanism. This is why we obtain a dip in the dependence of the average
angular momentum on the fragment mass Ay, around Ag~ 132.

J. P. BOCQUET: Thank you for the comment.

E. CHEIFETZ: I can also add a few words on the problem of angular
momentum. While looking at the prompt de-excitation of gamma rays in the
ground state band of fragments we have found angular distributions consistent
with complete alignment of the fragments at the scission point in barium
isotopes. This suggests that the angular momentum is due to the deformation
of the fragments at scission and not to their internal excitation. However, in the
decay of 134 Te via the transition 67 = 4% we also found strong alignment, though
it was not necessarily complete. It is believed that this nucleus does not deform
at scission. The measurement shows that the supposedly spherical nuclei have
collective motion coherent with the opposite fragment and not only internal
excitation.

J. B. WILHELMY: Dr. Bocquet, do you expect any difficulty in determining
the absolute value of the angular momentum on the basis of a statistical analysis
in the 132Sn closed-shell region? )

J. P. BOCQUET: The statistical analysis we made introduces experimentally
established discrete Ievels for each nucleus of the cascade, and one is free to
select the energy from which the statistical level of density will be used. In the
case of '3 Sn, we tested the sensitivity of the isomer ratio to the position of the
matching point and found it negligible. In the region around mass 132 the
experimentally established discrete levels have been used up to 1.5—-3MeV.
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POLAR EMISSION IN FISSION.

Experimental information concerning polar emission is surveyed. The available data relate
to the intensity, the angular distribution of polar particles, the energy spectra of polar particles
and fission fragments, and to the mass distributions of fission fragments recorded in coincidence
with polar particles. — The following hypotheses regarding the nature of this phenomenon are
discussed: pre-scission emission from the fragment polar tips, snapping of the nuclear surface,
bending of the trajectory by the nuclear force, diffraction and transmission through fission
fragments, reactions induced by scission neutrons, the rotating remnants of the necks, delayed
tripartition and evaporation from fission fragments. So far, no one of these hypotheses was
able to describe all the existing data, although some of them seen to be promising.

1. INTRODUCTION

The details of the ternary-fission mechanism are still unclear. It is, however,
generally believed that light, charged particles, which once in a few hundreds of
cases accompany fission, are born somewhere in the vicinity of scission and
subsequently accelerated and focused almost perpendicularly to the fission axis by
the Coulomb field of the fission fragments [1]. In classical terms, the strong
deflection off the fission axis should give rise to shadow cones centred along the
fission axis (Fig.1). It can be calculated [2] that from particles starting from any
place between the fission fragments such a cone should be very wide: the
angle 8 min in Fig.1 should be, at least, 45°.

In spite of this naive picture, it was found some ten years ago that a surprisingly
high portion of alphas (the dominating tripartition particles) can be recorded in
the vicinity of the fission axis [3]. So far, this was observed in 2*°U (ne,,f) [3—12],
233U (neh,f) [11], in spontaneous fission of 252Cf [13—15] and, possibly, in the
fission of 2%¥U by 42—MeV protons [16].

It is the aim of this paper to review the experimental information accumulated
up to now on this phenomenon which we call ‘polar emission’ (PE) as well as
to discuss some ideas concerning its nature.

193
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."L- emission

H-emissjon

. (polar region)

" ‘Shadow cone - ' ..
. Shadow cone

FIG.1. Idea of shadow cones. According to the classical model, the charged particles emitted
from the ‘inner space’ should be deflected off the fission axis giving rise to the shadow cones
of the opening angle 0 ;.

2. EXPERIMENTAL CHARACTERISTICS OF POLAR EMISSION

It seems that the main experimental features (intensity, energy spectra) are
only weakly dependent on the fissioning nuclei [11], although some differences
were noticed and will be discussed in the following.

2.1. Angular distribution

The angular distribution of light, charged particles with respect to the fission
axis is, unfortunately, known only very approximately, for extreme angles. The
poor angular resolution (7°— 15°) obtained so far did not allow us to see any
fine structure of this distribution, even if such a structure did exist. Various
authors seem, however, to agree that, after passing some critical angle, the
intensity of emission (per solid angle) does not decrease but, on the contrary,
has a tendency to increase when one approaches the fission axis (3, 7, 12, 14, 16]
(Fig.2). This tendency is particularly striking in the case of proton emission,
which can be seen in Fig.3, taken from Ref.[14]. Unfortunately, this is the only
published angular distribution of protons measured in the full range of angles,
and it should be taken with some caution, not only because it was obtained
without distinguishing between the light and heavy fragments (thus the results
are symmetrized about 90°), but also because the measurements were taken at
extremely few experimental points. The main source of our reservations is,
however, the fact that the energy of protons recorded in the polar region by the
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deg)

FIG.2. Angular distribution of a-particles from the **°U fission determined by E. Piasecki et al.
[7] (solid line), Adamov et al. [14] (dot-dash line) and Caitucoli et al. [12] (dashed line). The
circles show what the shape of the polar component distribution should look like if the particles
were emitted isotropically from the fully accelerated fragments.

60
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40

20+

90" 70° 50" 30° g O°

FIG.3. Angular distribution of protons from the *>*Cf fission measured by Adamov et al.[14].
The dashed line shows the anticipated shape of the polar component if the protons were
isotropically emitted from the fully accelerated fragments.

authors of Ref.[14] is half that determined in other works. On the other hand,
the general shape of the angular distribution was confirmed by the measurements
of a Polish group (unpublished data), who observed even stronger enhancing of
proton emission intensity at the polar angles than that seen in Ref.[14]. This is,
moreover, confirmed by the data on the relative intensities of polar protons and
alphas (see below). As we shall see, the angular distribution of protons is very
important in testing various hypotheses on the nature of polar emission; thus, a
more precise determination of this distribution would be of great value.



TABLE I. EXPERIMENTAL INTENSITY RATIOS
L and H relate to emission along the light- and heavy-fragment trajectories, respectively. The errors given in the table are statistical ones
and the estimated maximum systematic errors involved in particle identification are given in parentheses.

36y 8205

Particle 'fl.‘er.nary Polar emission P/E ratio® ;;’i';ry Polar emission

ission . . I

Dakowski Piasecki et al. [9] Whetstone Nowicki et al. [22]

etal. [20] L-emission'i H-emission® L/H ratio etal.[21] L-emission® H-emission® L/H ratio
P 1.15%0.15 30.5+£2(*0.6) 44.5x4(x1) 20+0.2 | 0.17% 0.03 1.6 0.2 350+ 2(x1) 33.0+£3(%1) 39%0.3
d 0.5 £0.1 2.8%0.5(+0.6) 34+09(x07) |24£09] Bx1X 1072 0.63+0.03 7.2£06(x1.5) 5.7+1.1(x1.2)]48¢%1
t " 6.2 205 9.2%1.2(+x09) 8.0%15(x08) |33£06] (7.221.3)X 1072 59 *0.2 13£1(x2) 182 (x3) 27203
“He 100 100 100 29%4 5X 1073 100 100 100 38102
$He 1.1 +02 | <0.06 <02 - 24+05 < 0.05 <02 -

2 The a-particle intensity is assumed to be 100.
Y The P/E values were obtained based on the 5 X 10~ value for alphas.
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FIG.4. Dependence of the mean energy of polar particles in the laboratory system on the mass
of the fragment moving in the same direction. The data relate to fission of *5Cf.

2.2. Intensity

To determine the intensity of PE, one has, in some way, to decompose the
angular distribution into two components: PE and conventional tripartition
(‘equatorial emission’, as it is sometimes called [18]). If we use some arbitrary
convention setting the borderlines, e.g. at 25° and 155° (the angles being measured
with respect to the light-fragment trajectory), the intensity ratio P/E of the polar
to equatorial e-particles in the case of 235U(n,,f) is about 5 X 1073, based on the
angular distribution obtained in Ref.[7]. Other works suggest a value higher, by a
factor of 1.5—2 (Fig.2). Another, model-dependent approach to decomposition
of the angular distribution gives a ten times larger P/E ratio; then, however, the
P value concerns not only the particles moving along the fission axis, but all the
particles hypothetically emitted from the accelerated fragments (see Appendix).

The polar emission intensity of other particles (protons, deuterons, tritons
and ®He) was predicted by calculations based on the hypothesis that polar
particles are evaporated in-flight from the fission fragments [19]. Soon afterwards,
these predictions were confirmed experimentally [8, 14]. Although the angular
distributions for these particles are even less certain, the relative intensities can
be determined quite accurately, if we consistently use the abovementioned
convention (Table I).
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FIG.5. Energy spectra (in the laboratory system) of the polar protons and a-particles emitted
along the light (L) and heavy (H) fragment trajectory in 36y fission. Open circles relate to data
taken from Ref.[11], other data are from Ref. [9). The curve is only a guide to the eye.

TABLE II. ENERGY (in MeV) OF POLAR PARTICLES IN THE LABORATORY
SYSTEM

The errors are only statistical.

P Mean value Dispersion :
Particle if:::;ng - Reference
L-emission |H-emission} L-emission | H-emission

233y 22.8+0.1 [22.2+0.3 |3.0£0.2 [2.8+0.4 Andreev et al. [11]

BéY 22.8+0.2 [22.5+0.4 [3.0£0.2 [2.8+0.5 Andreev et al. [11]
o ;

6y 24.5+0.1 [23.5+0.1 [2.920.1 [2.5%0.1 Piasecki et al. [9]

252¢f 25.5%0.1 [24.8+0.1 [3.4£0.1 |2.7+0.1 Nowicki et al. [22]
¢ 26y 1153£02 [13.6£0.3 |2.7202 [2.0£0.2 Piasecki et al. [9]

et 15.320.2 [14.0£0.3 {26+0.2 [2.6*0.3 Nowicki et al. [22]
g 236y 13.1%0.3 [11.6+0.3 Piasecki et al. [9]

2ce 13.620.2 |12.8%0.5 Nowicki et al. [22]

- By 11.2£0.1 |11.2£0.2 |2.5£0.2 [2.8%0.3 Piasecki et al. [9]

p

282¢s 11.4£0.2 |11.3£0.1 |2.2+0.1 |2.0£0.1 Nowicki et al. [22]
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FIG.6. Comparison of fission energy spectra in bipartition of **Cf (dashed line) with the
Spectra of fragments measured in coincidence with polar a-particles moving in the same
direction [22). For the polar protons and tritons, only the peak positions are indicated.

The difference between the intensities of emission of various particles in
PE and in conventional tripartition is remarkable, e.g. SHe nuclei were never
observed at the extreme angles, although over 5000 polar events were recorded
by the Polish group alone (in tripartition, the intensity ratio *He/*He is about
0.02). On the other hand, the protons, which are observed in conventional
tripartition with intensities about hundred times lower than that of the alphas,
constitute about one third of all polar particles. In fact, from the relative intensities
of protons and alphas in PE and tripartition and from the P/E ratio for a~particles,
we can easily calculate that P/E for protons is equal to about 0.2 if the convention
0°— 25° for the polar angles is used. Such a large P/E value means that the
intensity ratio N(0°)/N(90°) is probably even twice as large as that shown in
Fig.3.

2.3. Energy spectra of polar particles

The energy of polar particles is definitely higher than that emitted in
conventional tripartition {3, 5—11, 13, 14] although it seems that this energy
changes smoothly on passing from the ‘equatorial’ to the ‘polar’ range of angles
[7, 15]. Asin the case of equatorial emission [23], this energy is only weakly
dependent on the fragment mass ratio [9, 22] (Fig.4), but it seems that the
character of this dependence is different. Somewhat controversial is the question
of asymmetry of the energy peaks, observed in Refs |7, 9, 10, 22], but not in
other papers (see, e.g. Fig. 5); all the authors agree, however, that the polar spectra
are almost twice as narrow as the equatorial ones. The first two moments of the
spectra are given in Table II. :
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FIG.7. Comparison of fission fragment mass distributions in bipartition (dashed line) with that
measured in coincidence with polar particles moving in the same direction [9, 22].

2.4. Fission fragment energy spectra

It is characteristic of PE (Fig.6) that the kinetic energy of fission fragments
moving in the same direction as the charged particles is markedly lower than in
bipartition [3, 4, 6, 7, 9, 11, 22], the shift being the largest for a-particles. Part
of this effect is simply due to linear momentum conservation and thus it is
independent of the mechanism of the process (e.g. whether it is a one-step or a
sequential one). However, the well-established (although smaller) decrease of
kinetic energy of the fragments moving in the opposite direction obviously cannot
be explained by recoil. Since the energy shift is independent of the fragment
mass ratio [11], this observation points to some differences in the scission con-
figuration of the average case of bipartition and that accompanied by polar
emission. To obtain the magnitude of this difference, one has to make some
assumptions as to the time delay of emission with respect to scission. If we assume,
e.g. that the emission takes place in the vicinity of scission, we can calculate for
236(J fission that the polar a-particle accompanies those fission modes in which
the final total kinetic energy of the fragments would normally be by about
15 MeV smaller (and the excitation energy higher) than the average. If this
difference is only due to the larger fragment deformation at the moment of
scission, it would mean that PE occurs most frequently when the scissioning
nucleus is stretched about 10 per cent more than usually in scission. If, eventually,
the emission takes place from the fully accelerated fragments, then this additional
stretching is only half as large.
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TABLE 1II. DECREASE (in amu) OF THE LIGHT-FRAGMENT MEAN MASS

IN POLAR EMISSION AND TRIPARTITION WITH RESPECT TO BIPARTITION.
The figures indicate by how much, on the average, the light fragment is lighter in
PE (and tripartition) than in binary fission.

Fissioni Polar emission
Particle 1ssllon1ng Tripartition
nucleus L-emission | H-emission
¥4y 2.0+0.3 | 0.370.7 |Andreevet al [11]
2.5+0.4 | 0.7+0.8 |Andreevetal [11] |2 Schmitt et al. [24]
a 236y Asghar et al. [25]
2.9%0.2 | 0.4+0.4 [Piaseckiet al. [9]
2S2cf 0.4£0.2 | 0.6+0.4 |Nowickietal.[22] | 3.020.15 |Nardi et al. [26]
. 236y 0.6+0.7 | 1.9%1.4 |Piasecki et al. [9]
20t ~1.0+0.4 | 0.2+0.8 {Nowicki et al. [22]
Béy -1.2+0.4 |-0.4+ 0.6 |Piasecki et al. [9]
P
220t —3.4+0.3 |-1.9+0.6 |Nowicki et al. [22] | -3.2£0.5 |Nardi et al. [26]

2.5. Fragment mass distribution

Some mass distributions of fission fragments moving in the same direction
as the polar particles, taken from Refs [9, 22], are presented in Fig.7. Comparison
with the mass distribution of binary-fission fragments measured under the same
experimental conditions shows (Table III) that, in the case of a-polar emission
from 236U, the final mass of the light fragment moving along the particle trajec-
tory is, on the average, about 2.5 amu smaller than in bipartition, which is
similar to the result for equatorial emission [24, 25]. Similar results were obtained
in Ref. [11] for a-polar emission aiso for the thermal-neutron fission of 233U,
Such a shift with respect to the binary-fission results is not observed, however,
for the light-fragment peak in the case of a-PE in 2%2Cf, although it is seen in
tripartition. In the proton PE in 252Cf fission, the final mass of the light fragment
is even heavier than in bipartition, which agrees with the result obtained by
Nardi et al. [26] for the proton tripartition of this element. A similar, although
weaker shift is also observed in the case of proton PE in 235U(ny,, ).

Thus, we see that the fragment mass shifts differ in U and Cf and the shifts
are also quite different in the cases of « and proton polar emission. Moreover,
we see from Table III, where the values of the peak shifts are given, that they
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also depend on the direction of emission. We shall see later how some degree of
order can be brought into this confusing situation.

Other experimental characteristics of PE will be discussed together with the
theoretical predictions.

3. HYPOTHESES ON THE NATURE OF POLAR EMISSION

Since the discovery of PE various hypotheses were advanced, trying to
explain why the shadow cones actually do not exist. Most of these hypotheses
look so natural that, if they proved to be true, they would make PE a trivial
phenomenon. It seems, however, that this is not the case. We shall briefly
discuss the proposed explanations of PE, approximately in the order of increasing
delay between scission and the moment of appearence of the charged particle in
the polar region.

3.1. Pre-scission emission?

A very original hypothesis concerning the mechanism of tripartition was
advanced by Carjan et al. in a series of papers [17, 18, 27]. According to them,

" the charged particles are emitted not during or after scission, but shortly before
scission. We shall not quote the arguments, which, in the opinion of the authors
of Refs [17, 18, 27], exclude the generally accepted point of view, and shall
refer the reader to the original papers. More relevant here is the result of calcu-
lations of the c-particle clustering probability as a function of the site on the
nucleus surface. According to the authors of Refs [17, 18, 27], shortly before
scission the o-particle pre-formation probability is highest in the neck, but a small
portion of the alphas is formed on (and can be released from) the fragment

polar tips.

Another possibility, suggested in Ref. [27], is that an a-particle clustered
in the neck remains for some time in the nucleus while it is deforming towards
scission and gains its kinetic energy through the one-body mechanism (i.e. by -
collisions with the moving walls of the neck) until the emission is energetically
possible. During this process, after several reflections from the potential wall,
some clusters (or protons) could move to the polar tips, being subsequently
emitted from this region of lowered Coulomb barrier. Of course, such a mecha-
nism needs a very long mean free path in the nuclear interior, which cannoft,
however, be excluded.

Usually, it is taken for granted that ceparticles interact so strongly with
nuclear matter that they barely penetrate the nuclear skin. One should, however,
remember the very low initial energy of the tripartition alphas. There are some
indications, both theoretical and experimental [28, 29], that at low projectile
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energy the imaginary part of the optical potential changes from the volume to

the surface type. At low energy, experimentalists usually cannot distinguish
between them, since both types yield (within experimental accuracy) the same
angular distributions. This is connected with the fact that, even if we assume a
surface imaginary potential, the a-particle penetrability through the nucleus is of
the order of 1074 — 1072, which, under usual circumstances, is difficult to notice
at small angles on the background of Rutherford scattering. It could, however, be
seen in the shadow produced by the fission fragments.

It is difficult to assess the validity of this interesting hypothesis, until detailed
predictions concerning, e.g. angular distributions, emission intensity of various
particles or energy spectra based on this hypothesis are available. We should,
however, like to point out two difficulties of the model. First, if the polar
particles are really clustered at and emitted from the poles, what mechanism
transfers the energy from the rapidly necking-in areas to the polar tips, making
the cluster emission possible just before the instant of scission? The second
difficulty is connected with the mass distribution. The author of Ref.[27] writes:
“If the existing deficit of four mass units is corrected, the mass distribution
in « -accompanied fission, aside from being a little narrower, coincides in all
respects with that in binary fission. {...]. Only those emissions made before the
moment of scission could preserve the mass distribution”. However, as we
see in Table III, this argument does not hold in the case of proton tripartition or
PE. In particular, in the case of 252Cf, after the proton is emitted, the light
fragment occurs to be heavier, on the average by a few mass units, than in
bipartition, independently of the direction of emission (tripartition or PE); thus,
it is clear that (bipartition) mass distribution is not preserved.

Of course, it can finally occur that our reservations are only of marginal
importance; the model certainly deserves further elaboration since at the present
stage it cannot be subjected to any detailed testing.

3.2. Snapping of the nuclear surface?

According to another hypothesis, advanced by Halpern [1], PE arises from
the same cause as equatorial emission, i.e. “from the snapping back of nuclear
surface just after scission. The snapping at the outer ends of the system is
expected to be less pronounced than at the centre because the outer ends are
presumably more rounded. One would therefore expect fewer polar c-particles
than perpendicular (i.e. normal) ternary particles”.

In another version of this concept, the remnant of the neck (a ‘navel’) could
be transferred to the outer pole because of, e.g. fragment vibration.

Although potentially both suggestions can explain the effect of focusing
along the fission axis, neither was elaborated in detail. One can expect, however,
that at least according to the ‘vibrational’ model the probability of PE is larger
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TABLE 1V. DIFFERENCE (in amu) OF THE FRAGMENT MASS IN POLAR
EMISSION (BEFORE PARTICLE EMISSION) AND IN BIPARTITION

The figures in the table indicate how much, on the average, the polarly emitting
fragment is heavier than in bipartition, assuming that in L-emission the particle
is emitted from the light fragment and in H-emission from the heavy one. The
values with asterisk are these before particle emission.

P ) Fissioning L-emission H-emission Ref
article eference
nucleus o) - (P M - MD)
3y 1.5£04 0.7£0.8 Andreey et al. [11]
36y 1.5£0.4 0.7£0.8 Andreev et al. [11]
24
1.1£0.2 0.40.4 Piasecki et al. [9]
iet 3.6£0.2 0.6+0.4 Nowicki et al. [22]
¢ By 2.4%0.7 1.9%+1.4 Piasecki et al. [9]
s20f 40+0.4 0.2+0.8 Nowicki et al. [22]
p 236y 2.2:0.4 -0.4%0.6 Piasecki et al. [9]
et 4.4+0.3 -1.9%20.6 Nowicki et al. [22]

Bipartition aml:l H-emission

J

(0
(=D

L-emission

FIG.8. A scheme of possible differences between the scission points for the cases of bipartition
and polar emission.
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FIG.9. The Coulomb plus nuclear potential of the a-particle interaction with the 2520f fission

fragments. The centres of the fragments are here at a distance of
the light fragment is $= 0.3, the heavy one is undeformed.

26 fm, the deformation of

for the fragments with longer navel. Let us consider the experimental situation.
If we assume, according to the above concepts, that the emission along the light-

fragment trajectory (L-emission) takes place really from t

he light fragment and

similarly in the case of H-emission, we can answer the question of how much
heavier, on the average, than in bipartition was the emitting fragment. From

Table IV, it is seen that L-emission occurs when the light
average) heavier than, usually, by two (in U) or four (in C
the H-emission the emitting fragment should be of almost

fragment is (on the
f) mass units, while for
usual mass. The

" situation can be sketched in the following way (Fig.8): for L-emission, the light-
fragment navel should be longer than usually, while for H-emission the neck can
snap in the usual place. It is not clear whether such a picture is only of mnemo-

technical value. Certainly, the situation in the case of L-e

mission looks ‘natural’

in the framework of the ‘vibration’ model; in H-emission the situation is, however,

less clear, and the case of proton emission in 252Cf fission
conflict with what could be expected.

even seems to be in
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3.3. Bending of the trajectory by nuclear force?

The shadow cones were calculated [2] in the spirit of usual tripartition model
calculations, in which the three relevant bodies are approximated by the charged
points. This approximation is, however, a very rough one [30]. When calculating
a potential felt by an o-particle in the vicinity of fission fragments, we see the
areas (the ridges in Fig.9) where the repulsive Coulomb forces are balanced by the
attractive nuclear ones. Thus although the majority of particles emitted from
the neck are deflected off the fission axis, giving rise to the equatorial emission,
or are absorbed by the fragments, one can imagine that there is a particular range
of impact parameters and velocities for which the particle trajectory is bent into
the polar.region.

We performed the classical calculations [31] in which the motion of the
three bodies was simulated by numerical integration of Newton equations, and the
initial spatial and momentum configurations were varied in an attempt to
reproduce the experimental data. The sizes and deformations of the relevant
bodies were taken into account and, in addition to the nuclear and Coulomb
forces, the phenomenological friction term was accounted for. It appeared that
it is possible to find the initial conditions for which a-particles are scattered
into the polar angles. We were, however, unable to reproduce the experimental
intensities and kinetic energy distributions simultaneously, especially for the
polar protons. Also, the calculated angular distribution could not explain the
probably occurring focusing of particles along the fission axis.

3.4. A wave phenomenon?

Lack of success in using the classical model can hardly be surprising,
especially if we take into account the very low starting energy of the light
particles (of the order of 1 MeV). The ratio of the fragment radius to the wave-
length X at the point of closest approach, being only of the order of 2—35 for
o-particles and even less for protons, certainly leaves much place for the wave

effects.
The problem of scattering of a spherical wave emerging between two nuclei

is non-standard in nuclear physics and, although interesting, is not easy to solve;
we are aware of only two such attempts. Andreev et al. {11] reported that by
numerical integration of the time-independent Schrédinger equation they obtained
for c-particles the P/E ratio of the order observed in experiment. Similar calcu-
lations by Kordyasz [32] indicate also that one can fit the experimental value of
P/E not only for the alphas and tritons, but also for protons, where the
N(0°)/N(90°) ratio is very high (Fig.3), provided the fragments are sufficiently
close to one another at the moment of emission. The ‘mechanism’ of obtaining
high P/E values is especially well seen in the case of protons (Fig.10): the flux



TAEA-SM-241/F11 207

@ S PROTONS
z N N Dp=20 fm
[fm S Ep=11MeV

40

204,

o
0

20 40 olfm]

FIG.10. Current densz'ty} of protons emitted from the centre of the reference system and
scattered on spherlcal fragments In view ofsymmetry only one quarter is shown, The arrows
indicate unit vectors J/IJI Points with the same II[ value are connected by contour lines
labelled by arbitrary units. The fission axis lies along the Z-co-ordinate. The proton energy

fat infinity) is equal to 11 MeV, the fragment centres are 20 fm apart.” The dashed line indicates
the potential ridge.

from the spherical wave is ‘drained’ by the close fragments, which diminishes the
intensity of equatorial emission and simultaneously enhances the particle flux
through and around the fragments into the polar region.

An interesting result is the prediction of a diffraction pattern which should
be observed in angular distribution of tritons of some particular energy. It is,
however, not yet clear to what extent this prediction follows from the drastic
approximations made (it is assumed that the fragments are not deformed and are
of equal size and that the interfragment distance is fixed all the time; it is also
assumed that the source of particles lies strictly in the centre system).

On'the whole, although the first results are encouraging, one should be very
cautious in drawing final conclusions since at the present stage the predictive power
of the model is too weak to permit a detailed verification. It should be remembered
here that the classical ‘prototype’ of this model, discussed in the previous section,
was able to ‘explain’ the P/E intensity ratio, and only the requirement of simulta-
neous description of other experimental data unveiled its inapplicability.
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3.5. Effect of the scission neutrons?

The question of scission neutrons is very controversial (see, e.g. Refs [33, 34]),
if we, however, assume their existence, we can expect that they will induce, with
some probability, the (n, charged particle) reaction on fission fragments. The yield
of charged particles would depend on the neutron spectrum, reaction thresholds
and cross-sections, fission fragment composition and, of course, on the probability
of the scission neutron emission.

Making use of the existing systematics of cross-sections for the (n,p)
reaction [35, 36] and assuming that the scission neutron spectrum is not much
harder than that given in Ref. [34], we calculated that, under the most favourable
conditions, such a mechanism can be responsible for only three per cent of the
observed proton polar emission intensity.

3.6. A rotating navel?

It is well known that the bending vibrations of the fissioning nucleus result
in the rotation of fragments. We can imagine that the remnant of the neck
(the ‘navel’) will exist some time after the scission, before it finally dissolves in the
nucleus. There is some probability that such a structure on the nuclear surface
(a kind of ‘hot spot”) will emit particles (or clusters) because of the energy stored
in the form of deformation. Owing to the fragment rotation, in some cases the
emission may take place when the navel is in favourable position for PE (emission
of the clusters, when the fragment is rotated through a smaller — or larger —
angle, would give rise to equatorial emission).

This model can be eliminated without detailed calculations since the
emission intensity should decrease monotonically with the rotation angle, which
makes an explanation of the shape of angular distribution impossible.

3.7. Delayed tripartition?

The wide shadow cones for particles emitted from the ‘inner space’ of Fig. 1
can obviously be expected only if the emission takes place when the interfragment
distance is small, of the order of 21-26 fm. Can we explain the PE phenomenon
by assuming that the particle is emitted (as in the usual tripartition) from the
fission fragment side facing the second fragment, but with a considerable delay
with respect to the scission moment? The answer is: no [2]. The reason is
that for significant reduction of the shadow-cone opening angle, say to 20°, the
emission has to be delayed by at least 8 X 107%! 5, when the fragments are already
160—200 fm apart (were we to explain the recent measurements by Caitucoli et al.
{12}, this delay would have to be equal even to 2.5 X1072% 5). After such a long
time, the emission ‘upstream’ (i.e. towards the second fragment) should be equally
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FIG.11. Probability of a-particle emission as function of mass of the emitting fragment. For
the 235U case, absolute experimental and calculated distributions are shown, for the Cf fission
normalized distributions,

Not = N(Mg)/SN(Mg) dM
&N T NG (ME) SNG(ME) dM

are given, where Ny denotes the binary fission mass yield. The curves were calculated by using
various level density formulas: Kataria et al. [41] (short-dash}, Il'inov et al. [39] (dot-dashed),
Truran et al. [37](solid lines)and Ignatyuk (40] (long-lines). In this and all the following
figures, geometry and resolution effects (see Appendix)were taken into account.

probable as the emission ‘downstream’. Since in the latter case the fragment and
light-particle velocities should add, we should observe, in addition to the usual PE,
the ‘high-energy PE’. For instance, in the case of emission from the lighter frag-
ment the a-particle should have a kinetic energy of about 67 MeV. However, it
was experimentally checked that the ‘high-energy PE’ does not exist, which
disproves the ‘delayed-tripartition’ hypothesis.

3.8. Evaporation from fission fragments?

It is well-known that fission fragments de-excite mainly through neutron
and vy-ray emission. It is, however, obvious that the charged-particle evaporation
channel should compete, but there is still the question of intensity: is this
enough to explain polar emission?
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FIG.12. Comparison of the measured and calculated mass distributions of the polarly emitting
fragments. The bipartition data (measured in the same experiment) are represented by bold lines,
for the other lines see caption to Fig.11. All the distributions are normalized to unity in the
peak.

The evaporation calculations are the most detailed ones of all those discussed
here: they refer virtually to all available experimental data, although for the
price of using a pretty large number of parameters. The main principle underlying
such calculations was [7, 19], however, that all the relevant distributions (masses,
charges, excitation energies, spins) were taken from binary-fission data and that
the distributions undergo modification during the de-excitation process only under
the influence of penetrability and statistical factors. The parameters were varied
only to learn about the sensitivity of the results to input data uncertainties.

Recently performed calculations [22] are an updated version of those
described in Refs {7, 19] . The results were modified mainly because of the
change of the Fermi-gas level density formula (with the parameter a= Afconst)
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for more sophisticated formulas providing for shell and deformation effects [37—41].
When comparing experiment and calculations, important geometry and experi-
mental resolution effects were accounted for (see Appendix).

The results are as follows: For fission of 2'3"’U, where absolute-intensity data
exist, the calculated intensity is too low by a factor of 2—5, which could be
explained by parameter uncertainties (especially of the optical-model interaction
radius, the separation energies far from the S-stability line, and of the excitation
energy distribution far from the mean value). An exception is H-emission of
protons, where the intensity is too low by a factor of 10.

The relative intensity of emission of various particles is sometimes reproduced
surprisingly well, e.g. the calculated intensity ratio of protons to alphas for
L-emission in U is about 0.45 (experimental value: 0.42 £0.03), for H-emission
in Cf about 0.45 (experiment: 0.40+0.05), of deuterons to alphas in the Cf
H-emission is (6—7) X 1072, while the experiment yields (6.7 +1.3) X 1072, etc.

In some cases, however, the calculated results differ by a factor of three from the
experimental ones.

The intensity ratio L/H of emission along the light- and heavy-fragment
trajectories is best reproduced in the case of alphas, where (in contrast to the
previous calculations) the agreement is almost within the experimental error.

Even more, the calculated dependence of the emission probability on the fragment
mass Py (Mf,"), where M’; is the mass of the fragment before emission, is also similar
to the experimental result (Fig.11). For other particles, the calculated L/H ratio
is usually larger by a factor of two to three than the experimental one although
the general character of p(M;) reminds of the experimental dependence.

The measured and calculated fission fragment mass distributions are compared
in Fig.12. The information it provides is essentially the same as in Fig.11 since, in
terms of the evaporation model, the mass distribution of polarly emitting frag-
ments is determined by the product of p(Mg) and binary-fission mass yield. This
way of presentation shows, however, that the agreement is not so good as might
have been supposed from the data given in the previous figure.

The characteristic feature of the evaporation model is the strong dependence
of the emission probability of charged particles on the excitation energy U of the
emitting nucleus. Unfortunately, the measurement of U for single fragments is
very difficult. Nevertheless, it was possible to determine the total excitation
energy of both fission fragments U; by using the Q-values for the particular frag-
ment mass ratios and the kinetic-energy data [22]. It deserves stressing that the
‘experimental’ value of U; was obtained under the assumption that emission takes
place from accelerated fragments. Thus, the value of U is meaningless when the
emission takes place with a delay smaller than, say, 5 X107%! s with respect to the
scission moment. Comparison of the calculated and measured dependences of
the emission probability on U; shows (Fig.13) that for some fragment mass
intervals the calculated dependenceis in quantitative agreement with the experimental
one, although there are also some masses for which a clear disagreement is observed.
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FIG.13. Probability of emission of a-particles in 252Ct fission as a function of excitation energy
of both fission fragments Uy, The results are shown for the emitting fragment mass intervals

of 8 amu and centred on the given values of the pre-~emissionimass M: Since only the shapes are
of interest here, the experimental distributions are normalized at 40 MeV to the theoretical ones.
The calculated shapes are practically independent of the level density formula used. The
experimental data in this and all the next figures were obtained under the assumption of emission
from the accelerated fragments.
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FIG.14. Calculated and experimental dependences of mean total excitation energy of both
fission fragments U, on the emitting fragment mass. The bold line represents the experimental
result for bipartition. The other curves represent the calculated results obtained with the use

of the level density formula given by Truran et al. [37] (solid line) and Ignatyuk [40] (dashed
line). For other level densities [38, 39, 41), the results lie between these two lines.

The total excitation energy of fragments is, in the case of PE, as was stated
in Section 2.4., higher than usually in bipartition. In terms of the evaporation
hypothesis, this is, of course, due to the fact that the probability of charged-
particle emission increases with U;. The calculated dependence of the mean value
of Ut in PE on the emitting fragment mass is compared with experimental results
in Fig.14, where we see that the agreement is quite good.

For the sake of balance, we shall give some arguments against the evaporation
hypothesis. The first one is due to Andreev et al. [11], who measured the PE
intensity in 2**U and 2%U and found that these intensities differ by about
30 per cent. Since, as the authors argue, the evaporation from the fragments
should (judging from the P-values) be similar in these cases, PE cannot be caused
by evaporation. This reasoning is not fully convincing since the probability of
charged-particle evaporation depends on the excitation energy almost exponen-
tially whereas & depends only linearly. The quantitative comparison of PE
intensity in 23U and-252Cf fission made recently [22], gave, however, a result
which also disagrees with the evaporation calculations. Other observations con-
cerning the kinetic-energy and angular distribution of polar particles are also in
significant disagreement with the hypothesis considered.

In Fig.15, we see some channel energy spectra of polar particles. While for
protons the agreement between theory and experiment is quite good, the
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FIG.15, The channel energy spectra of polar particles emitted in 252cr fission along the light (L)
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FIG.16. Dependence of the mean channel energy of polar a-particles from 252cf fission on the
emitting fragment mass. For the labelling of the calculated curves, see caption to Fig.11. For
level densities from Refs [38, 41], the results lic between the lines shown in the figure.

calculated spectra of tritons and alphas lie clearly too high (although the shapes
are reproduced very well). Particularly large disagreement is observed for
L-emission, which is clearly visible in Fig.16, where the mean channel energy of
a-particles is given as a function of fragment mass for the case of 252Cf fission.
We consider the 0.5 —1.5-MeV difference between experiment and theory to be
significant since, in contrast to the emission probability, the calculated energy
spectra are only weakly dependent on the parameter uncertainties. Moreover,

it is apparently impossible to explain the energy discrepancies by the parameter
uncertainties since the decrease in the too large particle energy by changing any
parameter used in the calculations (apart from the fragment radii) entails a decrease
in the already too small absolute intensity. Another difficulty is connected with
the dependence of the channel energy on the total excitation energy Ui, which
appears to be much weaker than predicted by the calculations [22].

The next strong argument against the evaporation hypothesis of PE are
angular distributions, although (as we stressed in Section 2.1.) they are not known
very accurately. The observed focusing along the fission axis is too large to be
explained by in-flight emission enlarged by (a small) anisotropy of emission in the
centre-of-mass (of fragment + particle) system. This is-particularly clear in the
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case of protons, where, in terms of the statistical mode, the emission (in the
centre-of-mass system) should be almost isotropic. Transformation to the lab
system should result in a much flatter distribution than was observed experi-
mentally, which is shown in Fig.3.

Concluding, we face an intriguing alternative: either the evaporation
hypothesis is true, then the disagreements with experiment are caused by the
inapplicability of the standard statistical approach, or it is false, then the observed
extent of agreement is even more surprising.

4. SUMMARY AND CONCLUSIONS

We have reviewed experimental data pertaining to polar emission and learned
that, although rich information has already been gathered, there is a need for
more precise measurements of, e.g. angular distributions, or for experiments on
the dependence of the phenomenon of the fissioning nucleus on the excitation
energy.

We have also discussed eight hypotheses concerning the nature of PE and
come to the conclusion that four of them are false, one (evaporation) is able to
describe some experimental data quite well, which is quite surprising since the
hypothesis is apparently also wrong, another one (the nuclear-surface snapping)
is too vague for quantitative verification. What is left, is the hypothesis of pre-
scission emission and another one trying to explain the phenomenon by the wave
features of matter. Unfortunately, both are in a preliminary stage and their pre-
dictive power is, as yet, too weak for a comparison with the experiment. However,
at least one of them (the latter) can easily be generalized, and, in fact, quite
realistic calculations are in progress.

We can ask what we can, in fact, learn from studying such a rare process,
occurring once per 10% fissions. Obviously, the answer cannot be very precise
until we explain what polar emission, in fact, is, so we have to resort to specula-
tions. If, e.g. it will finally be explained as a diffraction of the wave going out
from the scission point, we shall perhaps gain a new tool for determining the
scission configuration since, according to the calculations performed, it strongly
influences the competition between equatorial and polar emissions. If, as a second
example, we shall somehow manage to explain PE as an evaporation process, then
it will be possible to use it as a kind of thermometer for determining the fission
fragment excitation energy, much more precise than the old ‘neutron’ one.

As long as the PE is not understood, its main value lies probably in that it
signalizes some gaps in our knowledge. It remains to be seen whether these gaps
concern some peculiarities of fission fragment de-excitation, of the ‘proximity’
scattering of the spherical wave, the very long mean free path of a-particles in the
nuclear interior, or something else. Let us hope that it will be something interesting.



TIAEA-SM-241/F11 217

Appendix

COMMENTS ON THE COMPARISON BETWEEN
EXPERIMENTAL DATA ON POLAR EMISSION AND
EVAPORATION CALCULATIONS

If polar emission takes place from the accelerated fission fragments, as it is
assumed, e.g. in the evaporation calculations, only a part of the emitted particles
can be observed in the polar region (0°—25°). To compare the results of evapo-
ration calculations with experimental data recorded only in the polar region, we
may extrapolate these data to the full range of angles proceeding, e.g. as in
Ref. {7], i.e. assuming that in the centre-of-mass system the particles are emitted
with an angular distribution of the type that is given by statistical theory [42],
and fit this distribution to the data. Next, integrating this distribution over all
angles (not only the polar ones!) we obtain the extrapolated intensity. Such a
procedure, applied in Ref. [7] to the case of a-emission in 236U fission, resulted
in a P/E value of about 0.02. (Of course, using of the word ‘polar’ after extra-
polation is somewhat misleading since it now concerns all the particles emitted
from the accelerated fragments, not only those recorded at the polar angles.)

The P/E value can be even larger since we cannot exclude the possibility that high
anisotropy in the centre-of-mass system{in Ref.[ 7], N(0°)/N(90°) ~ 8) was caused
by some systematic error. If we assume isotropy of emission in the centre-of-mass
system, which is close to the predictions based on the statistical model, we reach a
value of 0.05. Thus, in the case of a-emission in 2*¢U fission, only about

10 per cent of all the alphas emitted from the fragments would be seen in the polar
region. .

Moreover, we should keep in mind that the degree of the forward focusing
of light particles depends on the particle and fragment velocities; thus, e.g. the
slower particles are more effectively focused and recorded with higher geometrical
efficiency, which results in a distortion of the measured spectra. The experimental
results presented in Section 3.8 are already corrected for this effect,

As regards the question of experimental resolution, we chose to smear the
calculated distributions (simulating experimental effects) instead of making a
deconvolution of the experimental data since the results of deconvolution are
inherently much more ambiguous.
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DISCUSSION

D. HOFFMAN: Have I understood correctly that the mass distributions
were quite different for particle emission? More particularly, was the yield
for the heavy-mass peak rather low?

E. PIASECKI: Yes, that is right. We were dealing with the mass distri-
bution of fragments moving in the same direction as the light particle. The lower
heavy-fragment yield simply means that more polar particles are emitted along
the light fragment trajectory than in the opposite direction.

N. CARJAN: Although it is not my purpose to defend. the evaporation
hypothesis, I still think that, on the basis of your analyses, it cannot be rejected
in general terms, since you were actually testing a particular evaporation model.
For instance, a feature of your model is the fact that the evaporation of the polar
particles occurs neither before nor immediately after scission, but rather when
there is full acceleration of the fission fragments — which means about 107 !8s
after the scission moment (VANDENBOSCH, R., HUIZENGA, J. R., Nuclear
Fusion, Academic Press, New York and London (1973).336). I wonder whether
the life-time for particle emission is not shorter, especially if the fragments are
already highly excited at their separation (in some cases the excitation energy
considerably exceeds the barrier for particle emission). In such a case the
problem is no longer a two-body one, and evaporation should be combined with
three-body trajectory calculations.

E. PIASECKI: Let me first say in reply that the time for acceleration
up to 90% of the final energy is of the order of 107295, which is mentioned in
Ref. [19] of my paper. It is highly improbable that as short a time as this would
be sufficient for evaporation of the charged particle.
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The second point is that charged particle evaporation competes effectively
with neutron evaporation when the excitation energy is higher than it normally
is in bipartition. From Fig. 14 you can see that an excitation energy as high as
50 MeV is necessary. It is hard to believe that the fragments possess as high an
excitation energy as this immediately after scission. .

Thirdly, evaporation during fragment acceleration should give rise to
considerable smearing of the polar particle energy spectra, but this is in fact not
observed experimentally. It is only the shapes (widths) of the spectra that are
well produced by the evaporation theory. May I refer you to my Fig. 15.°

Moreover, anisotropy of the emission (in the laboratory system) from the
non-accelerated fragments should differ from the experimental results to an even
higher degree.

D. G. VASS: I should like to draw attention to evidence supporting the view
that the emission of the ‘polar’ a-particles occurs after the fragments have reached,
or at least nearly reached, their final velocities. Andreev and co-workers
(ANDREEV, V. M_, et al., Sov. J. Nucl. Phys. 25 (1977) 390 (original Yad. Fiz.
25(1977) 732) ) have measured the energies of the fragments associated with
polar emission and those of binary fission fragments as a function of fragment
mass. They have found that the energies of the fragments emitted in the opposite
direction to the polar a-particles are almost the same as those of the binary
fragments, whereas the energies of the fragments emitted in the same direction
as the polar a-particles are 15—20 MeV lower than for the corresponding binary
fragments. To my mind, this indicated that the ‘complementary’ fragment is not
directly involved in the emission process.

I accept that the experimental yields cannot be explained satisfactorily on
the basis of the model in which the polar particles are evaporated from fully
accelerated fragments, as you point out. But this does not mean that we should
reject the ‘post-scission’ hypothesis. It does mean, however, that we have to re-
examine possible mechanisms governing the emission of alpha particles from
fragments that are fully or almost fully accelerated.

E. PIASECKI: I am not aware of any post-scission hypothesis able to
explain the experimental data, but I suppose that a model of that kind could
be devised. I would not agree, however, with the first of your comments, since
the reduction in the kinetic energy of fragments moving in the opposite direction
to the polar particle is well established and — the most important thing — it is
rather well reproduced by the evaporation model, as I show in Fig. 14. I would "
not say, though, that this is a strong argument against the ‘near-scission’ hypothesis,
as it simply means that the scission configuration in polar emission differs slightly
from that of binary fission.

J.P. THEOBALD: In view of the fact that the polar protons behave quite
differently, compared with the orthogonal particles, why do you treat them in
terms of the same mechanism as the composite particles?
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E. PIASECKI: Well, it would clearly be preferable to avoid devising models
for each kind of particles. Besides that, we do not know for sure that it would
help very much to do so. For example, the energy spectrum calculated in terms
of a statistical model agrees best with precisely those proton states that, as I show,
differ extensively at the same time from the angular distribution anticipated on the
basis of this model.

J. B. WILHELMY: Since many of the light fission fragments are strongly
deformed, do you think the use of a deformed optical model analysis would
enable the evaporation process to explain the polar emission?

E. PIASECKI: Interestingly enough, we made an attempt of this kind a few
years ago — see Ref. [19] of the paper — to explain the discrepancy between the
theoretical and experimental alpha energy spectra, which is much greater for the
light (deformed) fragments. The trouble is that the optical model would affect
only the emission from the light fragments and as a result the good agreement
that we have for the light/heavy intensity ratio would be destroyed.

M. DAKOWSKI: The angular distributions for long-range particles are very
different for the models discussed. Experiments with an angular resolution
of 0.5—1° would be especially interesting, among other things, for testing the
diffraction hypothesis. They are also possible nowadays by means of the larger
modern detector arrays.

E. PIASECKI: Yes, I agree.
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Abstract

A MULTIPARAMETER INVESTIGATION OF THE *H AND “He EMISSION IN THE
FISSION OF 2%2cf.

A specially designed xenon scintillation detector, with enhancement of the scintillation
intensities by an applied electric field, was used to detect fission fragments from a %5201 source
mounted on the cathode of a parallel-plate electrode assembly inside the scintillation cell.
The energies of the fission fragments were determined from the amplitudes of the scintillation
pulses, while analyses of the pulse profiles i)rovided information about their orientations. A
AE X E telescope, consisting of two surface barrier detectors mounted on the axis of the
detector behind the source, was used to detect the ternary particles. For each ternary event,
the light particle involved was identified, its total energy calculated correcting for energy
losses, the energy of the associated fragment measured and the angle of emission of the
particle relative to the direction of the light fragment determined allowing for the effect of
the recoil momenta imparted to the fragments by the ternary particle. — The gross energy
distributions of the *H and *He particles, their relative total yields and the angular distribu-
tions of their yields were measured. The energy distributions at 19 angles between 0° and
180° were observed, and the variations with angle of the most probable energies and the
widths of the *H and *He distributions were determined. The variations with angle of the
relative yields and the ratio of the most probable energies of *H to “He suggest that the
nuclear configurations at the instant of release of the *H and “He particles are almost
identical for ‘broadside’ emissions, but may be slightly different for ‘polar’ emissions.

1. INTRODUCTION

There have been several studies of the ternary fissiou of 252Cf, in
which correlations between various parameters have been investigated, and
those relevant to the present investigation are compared in Table I. The
early work has been reviewed by Feather Ll] and Halpern [2] . In order to
place the present study in context the parameters measured by us are also
listed in the table.

* Now at the Department of Medical Physics and Bio-engineering, University of
Aberdeen, Aberdeen, Scotland, UK.
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TABLE I. SUMMARY OF STUDIES OF THE TERNARY FISSION OF ?2Cf

1444

Ref Yields of Gross Gross Energy Angular Polar Mean & Fragment Total Mass Angular
Light Energy Angular Distri~ Distri- Emission Standard Energy Kinetic Ratio Distri-
Particles Distri- Distri- butions = butions Deviation Spectra  Energy butions
butions butions as £{0) as f(E) of NO(E) as £(0) as £(R)
Yror N(E) Y(O} Ng (E) Y (0 E(0) &0 (0) Ng(Ep) T R Yo (0
Whetstone and _
Thomas (1967) [3 v %
Cosper, Cerni &
Gatti (1967) faq v /
Fraenkel (1967) [ 5] / / v/ / 4 /
Raisbeck &
Thomas (1968) [6] / v/ 4 v/
Nardi et al .
(1969) [7] % v v
Adamov et al ~
(1971) [ e] v/ v/
Rajagopalan &
Thomas (1972) [9] /
Fluss et al
(1973) {10] v/ v/ v/ v/ v v/
Tsuji etal(1074) [11] Y Y v/
Adamov et al .
(1974) [12] / % 4 %
Present investi-
gation v v/ v/ v 4 v/ v /
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FIG.1. A block diagram of the electronics showing also the arrangement of the fission
fragment scintillation detector and the AE X E telescope.

A — amplifier, ADC — analogue-to-digital converter, C — coincidence unit, D — discriminator,
PA — pre-amplifier, PIM — photomultiplier, P — pulse-shape analyser, S — scaler, T — temporary
data store, TP — teletype punch; the signal M monitors the status of the gas purification

system of the xenon scintillator.

2. EXPERIMENTAL ARRANGEMENT

The arrangement of the fragment and light charged particle detectors
used in the experiment is shown in Fig.l.

2.1 The fragment detector

Fission fragments emitted from a 252¢¢ source, lmm dia and having a -
fission rate of ~850 s~1, were detected in a xenon proportional-scintill-
ation detector in which the intensities of the scintillations were enhanced
by the application of an electric field. With the pressure of the xenon
gas set at 760 torr, the range R(A,Z,E)in xenonof any fragment (mass number
A, charge number 2 and energy E) was about half the separation (15mm) be-
tween the cathode plane and the anode mesh in the scintillation cell. ‘The
amplitude of the pulse from the photomultiplier, which viewed the active
region between the cathode and anode, was proportional to the energy of the
fragment. For a fragment emitted at an angle w to the axis of the detector
the fall time T depended on the projection R(A,Z,E) cos w of the track along
the axis. The range of a fragment does not, however, depend significantly
on its atomic mass and charge numbers [13 , and so for a selected fragment
energy the fall time T of the pulse from the photomultiplier was determined
solely by the value of cos w. The fall time of the photomultiplier pulse
was measured using a pulse shape analyser, Ortec model 458. This analyser
generated, for subsequent pulse height analysis, a pulse whose amplitude
was proportional to the fall time between 90% and 10% of the photomultiplier
pulse height.
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2.2 The light charged particle detector.

The light charged particles, after passing through the 11.1 mg cm—2

thick nickel backing of the source, were detected in a AEXE telescope
mounted on the axis of the system. The telescope consisted of a totally
depleted surface barrier detector 50U thick and a partially depleted surface
barrier detector 1l000u thick, Ortec types TD - 15 - 50 - 50 and BA - 24 -
50 - 100 respectively. A circular aperture5 mm dia in a thin steel plate
inserted between the AE and E detectors defined the acceptance angle of the
telescope as * B.4°,

2.3 The electronics.

A standard coincidence arrangement was used in which two coincidence
requirements were imposed, Fig.l. The first requirement of a coincidence
between the signals from the AE and E detectors rejected "noise" from the
telescope. The second requirement of a coincidence between the output
signal from the AEXE coincidence unit, indicating the detection of a light
charged particle, and a signal from the linear channel of the xenon pro-
portional-scintillation detector, acknowledging the detection of one or in
a few cases both of the associated heavy fragments, was used to select the
ternary fission events for analysis. The resolving time, 27, of the coin-
cidence circuits was 1.4 ys.

For each ternary event selected, the four signals corresponding to the
amplitude of the scintillation pulse, its fall time and the amplitudes of
the pulses from the AE and E detectors were digitised by the analogue-to-
digital converters (ADCs). The digital data were stored event by event in
a data buffer |}4] and transferred to punched tape about every 8 hrs. The
ternary fission rate was ~30 hr~l, and data were collected continuously for
32 days with frequent calibration checks. The random event rate was
negligible. -

3. DATA ANALYSIS

3.1 The identity of the light charged particle.

The pulse height responses of the two surface barrier detectors were
calibrated in terms of energy using a 0.2yCi source consisting of the
a-emitters 239Pu, 241an and 444cm.  The 22,000 ternary fission events re-
corded were mapped on to the AE x (E+AE) plane to determine the regions
corresponding to the various types of particles of mass and charge numbers,
m and z. Groups of 1lH, 3y, 44e and SHe particles together with a few of
the more exotic light nuclei were observed, consistent with the relation-
ship AEx(E+AE) o mz2 (approx). The regions corresponding to the 34 and
4He particles, which are the subject of this study, were easily identified
and clearly defined.

3.2 The total energy of the light charged particle.

Having identified the light particle in an event, its total energy
was calculated correcting for the energy losses in the xenon gas between
the AE and E detectors and also between the Ni foil of the source and the
AE detector. The appropriate range-energy relationships required to do
this were obtained from the data tabulated by Northcliffe and Schilling[1l5].
The energy distributions for the 38 and 4He particles determined in this
way agreed well with distributions obtained in a control measurement using
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the AEXE telescope in exactly the same arrangement but in vacuum, indicating
that the corrections were reliable. Tue distribution in xenon was ~5%
wider than that in vacuum due to energy straggling in the gas. The calcul-
ations were extended to correct for the energy losses in the Ni backing

of the source.

3.3 The energy of the fission fragment.

Daily, the responses of the linear and fall time channels of the xenon
proportional-scintillation detector were recorded with the coincidence
requirements cancelled. The pulse height distributions obtained from the
linear channel before and after the collection of each day's ternary fission
data were summed to provide a calibration distribution. The pulse height
distribution, due to the binary fission fragments from 2 Cf, was similar
in quality to that obtained using a surface barrier detector, Ortec heavy
ion detector type F - 60 ~ 300 - 60, [16]. The procedure established by
Schmitt et al %EZ] was used to provide the "pulse height-energy " calib-
ration for the individual ternary fission fragments detected that day, and
also for each of the binary fission fragments recorded as required for the
angle calibration described below.

3.4 The angle of emission of the fragment relative to the detector axis.

The 252Cf source used in this investigation was a thin, uniform de-
posit mounted flush with the surface of the cathode in the scintillation
cell, and so the binary fission fragments were emitted isotropically into
the detector. As shown already the fall time T of the pulse from the
proportional-scintillation detector depended solely on cos w for a given-
fragment energy, the mimimum and maximum fall times, Tymyy and Tmayx, occurr-
ing for cos w = O and 1 respectively. It may be shown [}6] for isotropic
emission that . .

cos w= 1 - [y(E,T,‘I‘MAx) /Y(E'TMIN'TMAX) l for 0 s w f

(SN E

where y(E,T,Tupyx) is the yield of fragments of energy E with pulse fall
times in the range T to Tyax (corresponding to emission at angles between
w and 0). This relationship was exploited to determine the "cos w - T"
calibration curve at each energy. Strictly the expression is valid only
if the energy response of the detector is the same for all angles. For
fragments emitted at grazing angles (W > 84°), the absorption of energy in
the source was significant and due allowance was made for this in the
calibration procedure. The angular resolution of the detector was estimat-
ed to be about 2 degrees.

3.5 The angle of emission of the light charged particle relative to the
light fragment direction.

Since only one fragment was detected for each ternary fission event,
light and heavy fragments were identified on the basis of their kinetic
éenergies. Fragments with energies greater than B85 MeV were classed as
light, and fragments with lower energies as heavy [B]. The angle of
emission © of the light charged particle relative to the direction of the
light fragment was calculated in each case. For light fragments recoiling
into the gas detector, O was simply (T -w). Where the heavy fragment re-
coiled into the gas, Fig.2, the effect of the recoil momenta, imparted to
the fragments by the light charged particle, had to be taken into account.
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L
(ZMHEH)

FIG.2. Diagram showing the vector relationship between the momenta PL, 7’;,, ?‘r of the light
and heavy fragments and the ternary particle respectively, when the heavy fragment recoils into
the gas detector at an angle w to the detector axis. The masses and energies of the particles
are denoted by (M, Ey ), (My, Eyj) and {m, Ex). '

In such cases, @ = T -~ (w+d) with ¢ given according to the conservation of
momentum by the expression

tan ¢ = (2rlJ.1.E,1,);i sin w {(ZMHEH),’-(ZmTET)”cos m}-l

Apart from ¢, the only unknown is My which was estimated with sufficient
accuracy by assuming that the total energy of the ternary fission fragments
is 168 MeV for all mass divisions; this is correct within about % 10 MeV.
Thus we obtained

(168-E,)
Mg = (252 - mp) g -

The effect of the recoil momenta on MH' itself, was neglected.

3.6 The angular resolution of the spectrometer.

. For investigating the angular dependence of the properties of the
light charged particles, the range of values of cos © from -1 to +1 was
split into 20 equal intervals with Acos © = 0.1, each being equal in
solid angle. The absorption of energy from fragments leaving the source at
grazing angles led to ambiguities between values of cos © in the adjacent
intervals (~0.1+ 0.0} and (0.0>+0.1). All such events were therefore
simply assigned to the interval (-0.1 < cos O £ + 0.1) and allowance made
for the larger solid angle subtended in that case.

A Monte Carlo type computation was performed to find the mean angle
of emission and the angular resolution of the distribution of the particles
selected in each 'Acos @' group, taking accountof the acceptance angle of
+ 8.4° for the AEXE telescope. It was found that the mean angle of emiss-
ion corresponded, as expected, to the mid-point value of cos O for the
‘Acos Q' group , and the full widths at half the maximum height were 13©
for groups with -0.3 < cos © £ 0.3, 14° for -0.9 £ cos @ < -0.3,

0.3 < cos ©® £0.9 and 17° for -1.0 < cos < -0.9, + 0.9 < cos O £ 1.0.
-~ -~
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3.7 The calibrated and corrected data.

At this stage, for each ternary fission event the energy of the
fission fragment, the identity and energy of the associated light charged
particle, and the angle of emission of that particle relative to thedirect-
ion of the light fragment were listed.

4, RESULTS

4.1 The gross energy distributions of the 4ge and 3m particles.

The energy distributions of the 4ge and 31 particles emitted over all
angles were plotted and Gaussian curves fitted to them. The fits are
very good over the energies ranges of the measurements, 13.3 to 37.0 MeV
for %He and 5.5 to 21.0 MeV for 3H particles. 1In Table II we compare the
mean energies and widths (FWHM) of the distributions, obtained from the
parameters of the Gaussian curves, with previous measurements. Our values
for the widths were reduced by 7% in both cases to allow for the widening
due to straggling in the xenon gas and Ni foil of the source. Weighting
all measurements equally, the average values of the various parameters
have been calculated, see Table II. The agreement amongst the various
measurements is good.

4.2 The relative total yields of 38 to 4ue particles.

The ratio of the total yields of 38 to 4He particles was estimated by
using the Gaussian curves to extrapolate the energy distributions to zero
energy and taking the ratio of the total counts in the distributions. The
value obtained is compared with previous measurements in Table II. In all
cases the relative yields were estimated on the basis of extrapolations of
measured distributions, as here, except for the value of Raisbeck and
Thomas Eﬂ. They calculated the relative yield over the energy range of
the particles as measured in theilr experiment. They have estimated that
the yield of 4pe particles over all energies is about 5% greater than their
cbserved yield. We estimate that about 12% of the 3y yield lies below
their energy threshold of 5 MeV. This leads to a relative total yield of
about 7%, when the missing low energy contributions are included, which is
in good agreement with our value.

4.3 . Angular distributions of the yields of 4ge and 3H particles.

The yields of 4pe particles detected above the 13.3 MeV threshold
and of 3H particles above 5.5 MeV were determined at each angle, and the
variations of the yieldswith angle are shown in Figs. 3 and 4.

We obtained a most probable angle of emission for the e particles
of 850 * 1° and a width (FWHM) of 21° t 1° which after correction for the
instrumental resolution of ~ 13° over the peak, becomes 17° + 1°, These
values are compared with previous measurements in Table III. Clearly the
more recent experiments indicate that the width is narrower than suggested
by the earlier measurements.

Fluss et al [}d] used an experimental arrangement having a mean
angular dispersion of about 5° which is significantly better than that of
12° in the arrangement used by Tsuji et al [i;] and of 13° used here.



TABLE II. “He AND *H PARAMETERS

0€T

He H

L 23
i £ 8
Mean Energy FWHM Mean Energy FWHM (————-—Yle;Ld ° q)xlOO Ref,
Yield of 'He
(MeV) (MeV) (MeV) (Mev) %
16.0 * 0.5 11.5 £ 0.5 g t1 61 5.9 t 0.2 [3]
16.0 * 0.2 10.2 * 0.4 8.0 + 0.3 6.2 * 0.6 8.46 +0.28 [4]
15 13@ - - - (5]
15(a) lo(a) 8(a) , 8(a) 7.0(b) [ 6]
15.5 10¢® - - - [10]
16.1 * 0.8 13.0 + 0.7 9.0 % 0.5 8.2 + 0.5 7.4 % 0.3 (o]

SSVA pue AFLSINNO

15.6 * 0.5 11.3 £ 1.4 8.3 * 0.5 7.1 £ 1.2 7.2 1.0 Average

(a) Estimated from their figures.
(b) Measured value of 6.5 * 0.5 adjusted to include low energy events; see text section 4.2.

(c) Present measurement
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TABLE IIl. VALUES FOR “He FROM VARIOUS SOURCES

4He
Most probable angle FWHM Energy threshold 4He particle Ref.
(relative to light (Degrees) (MeV) selection
fragment direction)
(Degrees)
ga(® 32 11.0 No [ s]
92%®) 3P 13.0 " No [ 6]
82 23.5 7.0 Yes [ 9]
84.3 * 0.7 18.5 * 1.0 11.0 No 2]
84.3 . 18.3 12.5 No [11]
85.0 + 1.0 17.0 + 1.0  13.3 Yes [ <]
84.5 * 0.5 17.0 = 1.0 (~12) Suggested Values

(a) Corrected for recoil momenta effects in [lq]

(b) Angle relative to fission axis, no distinction between light and
heavy fragment directions.

(c) Present measurements,

However, in all of these measurements the light charged particle was detect-
ed in coincidence with only one of the heavy fragments, and therefore
allowance had to be made for the effect of the recoil momenta imparted to
the heavy fragments by the light charged particle when determining its
angle of emission relative to the direction of the light fragment.

Fluss et al and Tsuji et al applied fixed corrections of 4.3° and 4.5°
respectively, wherever corrections were required. We calculated the cor-
rection angle required in every case to within 0.4° as described above.
Reanalysis of our data applying instead a fixed correction of 4.5° led to
an angular width of 22° % 1° and hence a corrected width of 18° # 1°,
which is in good agreement with the other measurements. An indication of
the importance of the correction for the recoil momenta may be obtained
from Fig. 3, where the uncorrected angular distribution(i.e. ¢ = O in all
cases, section 3.5) is plotted. We conclude therefore that the lower value
of 17° £ 1° is reliable, and indeed is consistent with the previous obser-
vations. Guet et al [18] have recently obtained a comparable value

(18.7° # 0.8°) for the %He distribution in the thermal neutron induced
fission of U *.
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The recoil momenta also influence the determination of the most
probable angle of emission. On the basis of the measurements since 1973,
the most probable angle of emission relative to the directiun of the light
fragment for 4He emission above ~12 MeV is 84.5° # 0.5°. This compares
T-ltﬁ] 82.0% * 0.4° for energies above 12.5 Mev in the 235y (nN¢h f) reactions

18

For ?H particles, the most probable angle of emission is 86.50+1,09
and the width 17° # 1° after correction for the instrumental resolution.
Raisbeck and Thomas {B] have suggestgd that the angular distribution of the
yield of 3H particles is about 4° or 5° wider than for %He particles.
Their suggestion was based on measurements of angular distributions of the
light charged particles relative to the fission axis. Similarly in the
measurements made by Adamov et al [12] at a few angles, no distinction
was made between the light and heavy fragment directions. When the dis-
tinction is made and corrections for the recoil momenta are applied, we
find that the angular variations for 3H and 4He particles are very similar,
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4.4 The variation of the angular distributions with energy.

The angular distributions of the yields for selected energy intervals
of the %He and 3 particles are shown in Figs. 5 and 6. Although the
variation of the total yield with angle is not symmetrical, it was never-
theless possible to fit Gaussian curves between 53° and 120° to the in-
dividual distributions for %ge energies below 23.2 MeV in Fig.5 and for “H
energies below 14.3 MeV in Fig.6. As the 4pe energy is increased above
~, 23 MeV the emission becomes isotropic and then peaked towards the polar
angles; the highest energy “He particles are emitted along the fission axis.
A similar trend occurs for the 3H emission.

The variations of the most prokable angles of emission and the widths
of the distributions with energy are shown in Fig.7 for the 4ge emission,
where the results of Fluss et al ld] are also plotted, and in Fig.8 for
the 3H emission. Adamov et al [8] ; who made no distinction between the
light and heavy fragment directions, also found that the width increased
rapidly with energy consistent with the trend in Fig.7(b). When a fixed
correction angle for the effect of the recoil momenta is applied in every
case, as by Fluss et al [ld], it leads to widened distributions except
where the correction happens to be reasonably accurate for the events
selected. As the emission in the peak occurs near 90°, a correction of
4.3° is only reasonably accurate for a large number of events near 16 MeV,
see section 3.5. Also with such a fixed correction the most probable
angle will appear too low at “He energies above ~16 MeV and too high at
lower energies. These tendencies show up in Figs.7 (a) and (b) when com-
paring the data of Fluss et al with that obtained in the present experiment
in which accurate event by event corrections were made.
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individual distributions have been scaled by the factors indicated.

4.5 The variations of the energy distributions with angle.

The energy distributions of the 4He and 33 particles emitted at each
of the 19 angles were determined, and Gaussian curves fitted to most of
them, Figs. 9 and 10.

The variation of the most probably energy with angle of emission
relative to the light fragment direction for the 4He particles is shown in
Fig.1ll(a), where the results of previous measurements are also plotted.

The pjoneering measurements of Fraenkel |5]| have not been included since

the angular resolution of his spectrometer was not fine enough to follow
rapid variations with angle. We note the striking similarities in the
ternary fission of 236y ana 252cf despite the differences in binary fission,
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especially the different mass-yield distributions. Our results show that
the most probable energy has a mimimum value of 15.5 * 0.8 Mev at 840 * 1°©
{the same angle at which the yield is a maximum) and maximum values of
26.0 * 0.5 MeV along the fission axis.

Piasecki et al [19] found that the most probable energy has a miminum
value ~15.5 MeV near 83° rising on either side to values of 24 MeV and

23 MeV at O° and 180° respectively for the fission of 236yx,

The variation with angle of the standard deviation of the Gaussian
curves fitted to the observed “He energy distributions is shown in Fig.dl(b)
The average value of the standard deviation as measured is about 5 MeV,
and this becomes 4.6+ 0.3 MeV when the correction is made for straggling.
By comparison Tsuji et al [11] found an average value of 3.8 MeV over the
angular range 65° to 115°.

The variation of the most probable energy of the low yield 3 part -
icles is shown in Fig. 12 (a). Although the statistical accuracy of the
energy distributions at polar angles is poor the mean (most probable)
energies may be determined fairly accurately provided we assume that the
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form of the distribution at each angle is indeed Gaussian. The standard
deviations of the 3H energy distributions do not vary significantly over
the range of angles 60° to 120°, Fig.12 (b). The mean value of the stand-
ard deviation, after correcting for straggling, is about 3.3 MeV.

4.6 Polar emissions.

The only measurements, at least known to the authors, of the polar
emissions from 252Cf are due to Adamov et al [12]; Atneosen and Thomas [20]
found no significant yield from 252Cf although they did observe "polar"
emission in the proton induced fission of 235y, The percentage relative
yields of 3H to dme particles along the fission axis, irrespective of light
and heavy fragment directions, is 19 * 5% compared to 5% found by Adamov et
al [;2]. Their low value may possibly be due to misidentification of 3y
as 4He events. There is a peak in their 4He energy distribution at the
most probable energy of the 3 particles, and they themselves suggest that
the peak is anomalous and ssibly due to scattering. The corresponding
value for the fission of 236y* is 9 + 2% from the data published by
Piasecki et al [19, 21].

5. DISCUSSION

We have concentrated on the experimental aspects of the emission of
the ternary particles in fission. These may according to the various models
be emitted prior to scission [22], at scission [1, 2] or after scission
[23]. Unfortunately comparisons of the results of model dependent calcul-
ations with experimental measurements do not provide as yet unambiguous
support for one particular model. However the observation of narrower
angular distributions has important implications for the various models
[?4,25,26,18], since this enables valid scission configurations to be found
with lower initial kinetic energies than previously thought possible.
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That the distributions for 252Cf are narrower a parently than those in the
fission of 236y* ig of special significance [18 .

From our data we conclude that the ratio of the total (extrapolated)
yields of 3[—1 and 4He particles increases significantly towards the polar
angles, Fig. 13. However, it should be noted that the relative yields

measured by Adamov et al [12] for 252cf and those for the fission of 236ux
by Piasecki et al [19,21] do not necessarily support this conclusion. A
much more marked increase towards polar angles has been observed for the
relative yields of 1l to 4He particles [12], but the energy variations are
different in the two cases.

The ratio of the most probable energies of the 4He to 3m particles
as a function of angle is shown in Fig. 1l4. There is a tendency for values
close to 2 to occur over the central region 60° to 1350, and for values
near 1.8 - values which are only slightly different from 2.0 but the
difference appears to be statistically significant- to occur towards the
polar angles 60° to 0° and 135° to 180°., This ratio does not depend
critically on the absoclute energy calibration of the detectors or on the
absolute angular calibration; it does however depend on the linearity of the
pulse hight response with energy of the AEXE telescope. We note that 3H
and 4ue particles emitted near 90° and near the polar angles have been
treated in exactly the same way. If the configurations at the instant of
release of a %He and a 3m particle were identical except for the different
charges carrxied by the light particles, then the ratio would be exactly 2;
the fragments however share one unit of charge extra in the case of the 3H
emission. Tentatively we conclude therefore that the configurations at the
instant of release of 3H and %He particles are more or less identical for
those events leading to ‘broadside' emissions, but may be slightly differ-
ent for 'polar' emissions.
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Finally we note that the evidence in Figs.l3and 14 suggests that both
the relative energies and the relative yields of 3H to 4He increase towards
polar angles. It is conceivable that one physical parameter is responsible
for both variations. Also these observations do not necessarily imply a
different basic mechanism for 'broadside' and 'polar' emissions. Finally,
it is desirable that further experimental work should be undertaken to in-
vestigate these trends in morxe detail.
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DISCUSSION

C. M. C. WAGEMANS: What a pity that your measurements, which certain-
ly represent a lot of hard work, have been made at such a high discrimination
level — 13.5 MeV in the case of alpha particles. Results obtained recently by
Guet and co-workers at Grenoble, and also by ourselves, on the thermal-neutron-
induced ternary fission of 2> U clearly indicate a marked deviation from a
Gaussian shape in the low-energy part of the ternary alpha spectrum. I should
therefore like to ask you whether there was any special reason for using that
discrimination level?

D. G. VASS: In our experiments the energy threshold was set mainly by
the energy lost by the light charged particles in the nickel backing of the source
and in the xenon gas. We were developing a new type of detector and decided,
as a precaution, to use a more robust source. Obviously, a thinner backing could
have been used with advantage.

As you can see from Fig. A, the energy spectrum of the ¢ He particles,
recorded in coincidence with fragments, is fitted reasonably well over the high-
energy region by a Gaussian curve. However, when we extrapolate this curve
to zero energy, we see that it does not pass through the origin and indeed extends
to negative energy values. This is physically unreasonable, and in my view supports
your observation that the distribution deviates from a Gaussian shape at low
energies. From Fig. B we see that the triton distribution behaves in similar fashion.

N. CARJAN: Your 252Cf measurements show that the polar alpha particles
emitted in the direction of the light fragment have ~ 1 MeV less energy than those
emitted in the direction of the heavy fragment, whereas Dr. Piasecki has reported
the opposite for 236U*. We know from trajectory calculations that we can go
from one situation to another by varying the initial alpha particle kinetic energy.
The 236U case would correspond to low kinetic energy and 252 Cf to high initial
Kinetic energy.
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According to the quoted errors, this difference is significant and in such a
case could provide a supplementary test for the various emission hypotheses
that have been proposed so far (see SM-241/F11 in these Proceedings).

D. G. VASS: When comparing the values for the energy of the polar alpha
particles I would advise caution in reading too much significance into differences
of ~ 1 MeV in absolute energies between the measurements. For example, there
are considerable variations in the mean energy values for the normal ternary alpha
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particles obtained by various groups, as shown in Table II of our paper, which
possibly arise from difficulties in calibrating the alpha particle spectrometers
accurately over the complete energy range.

I agree that the different relative trends within each set of measurements
for the ternary fission of 226 U* and 252Cf may indeed be significant. It is an
interesting point worth investigating in more detail.

S. S. KAPOOR: ‘How did you estimate the angular resolution attained by
your electronic method of measuring angles, and what is its value? It is very
important, I think, for the angular resolution function to be determined
experimentally and it should not have any tail so that one can really be sure
one is looking at polar alpha particles.

We have also employed an electronic method based on a back-to-back-
gridded ion chamber for multiparametric study of alpha emission involving
measurement of a variety of correlations. But we have determined the angular
resolution of the system experimentally. Some of the details of this method
can be found in Extended Synopsis SM-241/F19.

D. G. VASS: We estimate the intrinsic angular resolution of the fragment
detector to be about 2°, taking into account the straggling of the fragments in
the gas and the precision with which the decay times of the scintillation pulses
can be measured. The precise value is relatively unimportant, since the acceptance
angle of the coincidence spectrometer was set very much higher than this value
at all angles, as I mention in Section 3.6 of the paper. Unfortunately, we have
not been abls to measure the angular resolution function experimentally, and I
agree that it would be highly desirable to doso.

With regard to possible contamination of the polar spectra by “normal”
ternary events, this would require either a light charged particle or a fission
fragment to be deflected through ~ 90°. There are too few light charged particles
of sufficiently high energy between 60° and 120° to provide, after scattering, a
significant contribution to events in the polar regions. If a heavy fragment were
scattered through 90° (or even 60°), it would lose a considerable fraction of its
kinetic energy. There is no evidence from the energy spectrum of the fragments
associated with the polar particles that such a large angle scattering actually
occurs.

H. A. NIFENECKER: In your experimental set-up the target is positioned
at an angle of 90° to the direction of the alpha particles. Don’t you think that this
system creates problems for light fragment detection near the most probable
angle of 83°? : ,

D. G. VASS: Yes it does. The problems occur near 90° rather than at the
polar angles, but fortunately they are not too great. We detected the fragments
associated with the light charged particles entering the AE X E telescope in more
than 99% of the cases. Therefore we do not lose many events by complete
absorption of the fragments in the source. -However, we do observe that:
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fragments emitted at grazing angles, i.e. w == 86°, lose a significant portion of
their kinetic energies in the source, even though the 252 Cf deposit is extremely
thin. We have made allowance for such effects in our analysis (see, e.g.
Section 3.6 of our paper.).

M. DAKOWSKI: I am surprised to see that you have not presented your
experimental results for protons. The existing data on protons, especially
angular distributions in the vicinity of polar angles, appear to be very different
from those for alpha particles. More precise data would be very useful for
understanding polar emission.

D. G. VASS: We did detect the protons, but since the E detector for our
AE X E telescope was not quite thick enough for complete stoppage of the most
energetic protons, we could not determine their energy spectrum unambiguously.
We therefore decided not to present the proton data.
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Abstract

ON THE COMPATIBILITY OF LRA FISSION DISTRIBUTIONS WITH COMPACT SCISSION.

It is shown that most of the experimental data available on a-accompanied fission are
consistent with the assumption that scission configurations are rather compact and that the
kinetic energy acquired by the fission fragments before scission is low. A set of ‘scission para-
meters’ for a-accompanied fission of 26U (ny, ) is derived and is found, within trivial corrections,
to be valid for 252Cf spontaneous fission and for emission of unstable SHe.

1. INTRODUCTION

The angular distribution of c-particles emitted in fission (with a
probability of the order of 10~%) is known co be rather strongly peaked
perpendicular to the fission fragment direction. This relatively sharp
peaking is qualitatively understood by assuming the two following points :
i) the o-particle emerges from the “"neck" region ie between the fragments
and follows then a trajectory governed by the coulomb field of the fis-
sion fragments, ii) the emission occurs when the fragments are still clo-
se together and thus able to focus the particle in the orthogonal direc-
tion, Since the trajectories are determined by the initial conditions the
a-particle should be an unique probe of the dynamical and static state of
the scissionning system. Moreover the most typical features (mass distri-
bution, mass-energy correlations, neutron emission, etc ..) observed in
binary and ternary fission have been shown to be rather similar [1-4]
within trivial discrepancies due to the presence of the third particle.
Thus one is naturally led to extend the information obtained from a-accom-
panied fission to the more general case of binary fission. As underlined
by H. Nifenecker [5] at this conference, the present state in the dynamics
of fission is still the object of strong contradictions. Many aspects of
fission are well understood if one assumes some kind of semi-statistical
equiTibrium at scission [6] ie a strong damping of the fission mode from
saddle to scission. But, on the other side the observation of odd-even
effects in charge division and in kinetic energy seems to prove that
superfluidity is conserved in a large extent during the descent towards
scission., Thus, in this last case on should expect a rather high pre-
scission kinetic energy (unless damping can occur without breaking pairs).

247
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Thus, it would be very important to provide some reliable value,

e, for this pre-scission kinetic energy a$ well as information on the
deformations involved at scission. The first value for ¢ which was propo-
sed was that of Fraenkel [2,8]. Their analysis of the first detailed ex~
periment of a-accompanied fission of Cf2%2 led to the conclusion that the
fission fragments were already moving apart with some 20% of their final
kinetic energy (ie € = 40 MeV) when the a-particle was released. This
value was close to that predicted by Nix et al. [9] when considering the
dynamics of the fissioning nucleus as described by a non-viscous liquid
drop. On the other extreme, Fong [10] found that the experimental results
could be reproduced with a value for e less than 1 MeV. Then further
works based in new experiments with improved accuracy proposed a rather
wide spectrum of ¢ values. The general trend was for high values lying
between 25 and 60 MeV (see, for example,Musgrove [11], Kataze [12],
Krogulski et al'131}, although lower values around 8-10 MeV have been

found to fit the results (see Rajagopalan et al. [14] and Raisbeck et
al. [151).

The bgsic ambiguity of any three-body trajectories model 1ies in the
impossibility to compute the trajectories backwards. Therefore,one has to
try a set of initial dynamical variables, perform the calculationsand
compare the results at infinity with the experimental ones. A priori,
there is no unique solution. Nevertheless, the more measured correlations
are reproduced the less freedom is kept for fixing the initial configura-
tion.

The present contribution deals with an analysis of our own data on
ternary fission of Y238 [18]. In this detailed investigation, the ener-
gy and angular distributions of the a-particles were measured as a func-
tion of mass and kinetic energy of the fission fragments. Among other
results, three of them seem to be rather critical for the knowledge of the
degree of damping of the fission mode along the descent from saddle to
scission and the subsequent scission configurations since they will appea~
to be strongly selective for the initial parameterization. They are :

1. The width of the angular distribution is 18.5° which is very close to

that measured for 2°2Cf [17].

2. This width appears to decrease sensitively for increasing values of the
total fission fragment kinetic energy, Ek.

3., The negative anticorrelation between the kinetic energy of the light
particle and that of the fragments.

In section II we shall discuss the model, its approximation and its
physical relevance.

In section 1II, results of the calculations, corresponding to the best
choice of initial parameters are compared to experimental results on LRA
fission of U2%%, The calculations are also extended to spontaneous fission
of Cf232 and to other light particles,especially the unstable He®.

We shall conclude by trying to interprete the best set of initial
"scission-parameters"” in the framework of the current theoretical approa-
ches of scission.

2. THE MODEL

The model used for obtaining the initial condition (which by excess of
language we can call "scission-parameters") is basically similar to that
of Boneh et al. and its modified version by Gavron [18). There are, howe-
ver significant differences in the definition of the initial set of para-
meters which is going to be selected by trial and error method in order
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to fit the experimental results. In a recent publication Dakowski et al.l19]
claimed that these models were just “erroneous". For avoiding severe aprio-
ri suspicions, we will present our model in detail
and try to justify it.The first basic approximation is to use classical me-
chanics for computing the trajectories. This is clearly reasonable and
has just the consequence that interference effects, if any, will be washed
out. The second and third approximation which might be more doubtful (see
Dakowski et al.) consist to assume that the interaction between the three
particles is a pure monopole-monopole Coulomb interaction without any
higher order term and without any nuclear component. It is clear that the
fission fragments born at scission experience a strong deformation, the
conventional deformation parameter 8 being around 0,5-0.8. Moreover the
fragments -start to oscillate rather rapidly about their mass centers as
they separate. The Towest multipole {1 = 2) surface oscillation of a
fission fragment considered as an idealized non-viscous liguid drop has
a period in time around {1-1.5)10"%! sec.During & quarter of
that period the nucleons placed at the inside tnos ot the fragments will
moye towards the centers of their respective fragments by about 1.5-2 fm.
We computed the trajectories of the three fragmenis curing that time
the initial conditions being that selected below for fitting the experi-
mental results : the fission fragments would have moved by rouchly 1-1,5
fm whereas an a-particle initially placed on the symetry axis with an
initial kinetic of 1 MeV will at most be displaced by 2 fm. Thus the speed! of
retraction of the nuclear surface (which should be added-to the motion
of the fragments) is higher than the velocity of the particle in the be-
ginning of the separation.This should ﬁrevent narticles from being absorbed
by the heavy fragments. It shows,too,that fixing some static deformation
at scission may be irrelévant with respect to the a-trajecto-
ries. Although one could easily include these oscillatiors in the model,
it seems reasonable to just consider the mean shape i.e a sphere for eacn
fragment. Regarding the effects of the nuclear force, the a-particle was
assumed to have a spherical gaussian density distribution with a r.m.s
radius of 1.28 fm whereas each fragments nuclear density distri-
bution was represented by a spherical Fermi function :

f(r) = /{1 + exp ((r-C)/a)]

with C = 1.16 A2 and a = 0.5 fm. An overlap of the densities of the a-particle
and one fragment at a maximum one third of their respective most probable
value can be represented by the following distance between the charge cen-
ters :
= 1.16 AY? 4+ 2.2

This value ‘determines for the a-particle the closest approach to the
fragment center. For R < Ry the particle is trapped, and for R > Ry the
pure Coulomb interaction is supposed to be valid. This was checked by
adding to the Coulomb force a nuclear attractive force, which, as in ref{19]
is defined as the gradient of the real part of a spherica] Noods~Saxon
potential which parameters are v, = 50 MeV, a = 0.55 fm and Ry = 1.2.AY/%,
In agreement with Dakowski et al halfof the events accepted 1n the pure
Coulomb case were here rejected (absorbed by the fragments), but this did
not affect ‘sianificantly, the typical final distributions as shown in
Fig.7. " The reason for that should be searched in the defini-
ﬁion of the various initial distributions and thus will be discussed
ater.

Fig. 1 shows a schematic initial configuration for a-accompanied fis~

sion. The fission fragments with mass A and Ay and charges Z) and Zy are
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FIG.1. Schematic scission configuration.

spheres of radii R and Ry as defined above and whose respective centers
are at a distance [ apart from each other. Their initial velocities alona
the fission axis are determined from the initial total kinetic enerqy of

the fragments denoted as €. The position of the Tlight particle with massMe,
charge Zg has for coordirates x and y. Its initial direction is fixed by the
angle 6 from the direction of the 1ight fragment and its initial kinetic
energy is Ey,.

A1l these parameters obey some statistical distributions and will
therefore be selected by a Monte-Carlo procedurc. Thus, the light frag-
ment mass distribution (which is known experimentally) is assumed to be
gaussian shaped with a mean value 4> = 92 amu and a standard deviation
oa = 6 amu. Charges are then deduced from M_ by assuming conservation of
tﬁe ratio A/Z. The three initial linear momentum components of the light
particle were assumed to be normally distributed with equal standard de-
viations around the mean-value zero :

Pi =03 cbi = Gp ;1 =x,y, 2
Consequently the initial light-particle kinetic energy, Eqyg» €qual to the
sum P%, has a Maxwellian distribution with an average value

- 2
an = 3 Op
and with a characteristic temperature
T =20¢2
p

Each selected Ey, was then corrected by a deformation parameter equal to
(D/D)? where D is the center distance selected in the considered event
and D the most probable value for D. This correction which is weak (210°)
will be very helpful for the correlations between the kinetic energies cf
particles and fragments. It is not unphysical, if one thinks that the re-
lease of the particle might be done at the expense of the energy stored
in deformation.

The initial angle 65 is naturally defined as :

_ 2 2 2 -1/
cos0, = Px'(Px + Py + P, )

2

It is seen to be centered around 90°.

Generally, in most of the previous works, the authors assume that the
emission point is preferentially located near the Coulomb potential ener-
gy minimum. This assumption first proposed by Halpern does not seem to be



TAEA-SM-241/F13 251

very justified (see ref [20]) and is not in fact crucial. We prefer to
assume that the emission point areequally distributed in the neck region
ie along the fission axis on the distance D-(Ry, + Rym). This choice
which indeed is arbitrary plays a very important role since the final di-
rection of the light particle is strongly determined by the initial posi-
tion.

The y-coordinate was initially chosen to be normally distributed
around the axis (y = 0) with a spread related to that of its conjuguate
momentum, Py, via the uncertainty principle. Let us note that taking an
emission point out of the axis (at a physically reasonable distance) does
not bring any significant modification on the final results.Especially we
shall see that the reproduction of the lower part of the final kinetic
energy spectrum of the particle needs not any critical requirement of a
spread in y. Morecover, if the out-of-axis emission is to be seriously ta-
ken into account, one should then perform the calculations in three di-
mensions which increases sensitively the computing time. A relevant ob-
servable that we should reproduce in our calculations is the final
kinetic energy of the fragments, Ek. In binary fission Eg is the sum of
the energy e acquired prior to scission and the energy acquired after
scission. This last energy is well approximated by the Coulomb interac-
tion between the two spheres separated by D. This is related to what was
discussed when considering the effects of deformation. Thus :

E =C+.ZLZH
K™~ o

In ternary fission the previous equation is a bit complicated by the
presence of the light particle which acts as a perturbation. The energy
conservation principle will allow us to write :

J = . 1
Eg + By C45+Ea0 (1)

C is the total Coulomb energy of the scissicn configuration, and Ea the

final kinetic energy of the particle.

It was already shown by Baneh et allg8] that the spread in the variables
associated to the particle could not account for the final spread in E
We calculated that the largest variations of initial conditions on the
particle which were compatible with the final kinetic energy distribution
of the a-particle led to a width (FWHM) in E which was definitely less
than 10 MeV. This spread in Eg should be compared to around 20 MeV measu-
red by differents authors [16, 4]. Thus the measured spread in Eyx is
essentially due to the fluctuations in e and p . Note that this means
that even in ternary fission Ex is still a physically significant parameter
far selecting & scission configuration.

Whether the fluctuations in Eg proceed preferentially from that of €
or that of p stays an open question. Following the argumentation of
Bjornholm two extremes situations can be considered :

i) all the nuclei follow the same sequence of shapes leading to scission.
This can be the path in the deformations space which minimizes the to-
tal potential energy. Thus, there is a one-to-one correspondence bet-
ween Eg and ¢ and the spread in p is négligible, o << 0 3

ii) the nuclei proceed to scission by other paths leading to more or less
elongated shapes at scission. In this case compact configurations
will be associated with the higher values of E, and the stretched
ones to its lower values, Thus we have the strong inequality,

Og << Op .
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FIG.2. Comparison of measured (histogram) and calculated (full line) kinetic energy distributions
of the a-particle.

Both cases were considered in the present calculations. We shall see
that some measured correlations are unambigously advocating for the se-
cond alternative. The mean values D and & cannot obviously be selected
indepently as the final kinetic energies of both the 1ight particle and
the fission fragments have to be restored. The spread oy and g.  were
forced to reproduce the final spread o{Eg).The dependence of Ey with the
mass division was insured by introducing an adequate dependence of D upon
the light fragment mass.

3. RESULTS

The main experimental observables to be reproduced are :
1) The total kinetic energy distribution of the fission fragments.
2) The kinetic energy of the a-particle.
3) The correlation between these kinetic energies.
4) The angular distribution of the a-particle with respect to the light
fragment direction. )
5) The correlation between the final direction and the final kinetic ener-
gy of the a-particle.
6) The dependence of the final direction of the particle upon .the mass-
ratio of the fission fragments.
7) The dependence of the angular distribution upon the total fragment
kinetic energy.

In order to reach the best set of initial parameters able to fit
reasonably well all these data, numerous calculations were performed. In
each calculation, one the five parameters was changed, the others being
kept constant. These five parameters are D, op, €, ¢0_, and Op and we as-
sure that the emission point is uniformly distributed along the fission
axis between the two fragments considered as black spheres. Notethat the re-
quirements 1) and 2) are already strongly selective with respect to the
‘mean vaiues D, e and Egp(v 302) since the final kinetic energies Ea and
Ex are determined to a large Bxtent by their own initial values and by the
initial Coulomb potential.
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FIG.3. Comparison of measured (points) and calculated (full line) kinetic energy distributions of
the a-particle detected at different angles.

The best set of "scission parameters” is presented in Table I. The
pre-scission kinetic energy is 8 MeV corresponding to an interfragment dis-
tance of 20.7 fm. It should be noted that severe difficulties were met
when starting far from these values on both sides.

In the following we shall review all the comparisons.

3.1. The kinetic energy of the a-particle

The calculated kinetic energy spectrum averaged over all mass ratios
is compared to the measuredonein Fig.2. Both spectra are associated to
a-particles detected between 65° and 100° from the light fragment direc-
tion. A good agreement is seen, which is not surprising since this obser-
vable was naturally given a special weight in the selection of the initial
set. As a matter of fact the kinetic energy of the light particle in ter-
nary fission, varies significantly with the nature of the particle.

The experimental. spectrum is clearly asymetric, the low-energy part
(Ea < 12 MeV) being sensitively enhanced with regards to a normal distri-
bution. This is well reproduced in the calculations. In our experiment
[16] we observed that this low-energy enhancement is much more pronounced
for the lower angles 8,-| between the o-particle and light fragment direc-
tions. Fig.3 shows the kinetic energy spectra measured at © LT 68° and
6q-1. = 98°. The calculations let also appearalow-energy tail Gt the lower
angle whereas there is almost no deviation from the normal distribution
at 6,.) = 98° just as measured. The reason for the distortion of the cal-
cu]a%eh distribution lies in the possibility for a few particles to expe-
rience some kind of backscattering in the Coulomb field of the heavy frag-
ments. As it will be seem later, the final direction is very much depen-

- dent of the initial position of the particleThus in order to come at infinity
at an angle 6,-| around 65-70°, the particle should originate from a rather
well defined region close to the heavy fragment (a region of high Coulomb
potential). It will be strongly repetled and follow a trajectory which is
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FIG.4. Compag'son of measured (points) and calculated (full line) variations of the average
particle energy E, with the angle 0.1..

approximatively linear. Its kinetic energy at the end will be relatively
high. However, this region near the heavy fragment can be reached by parti-
cles originally emitted in the proximity of the light one with an initial
momentum directed towards the heavy fragment. After a first acceleration
the particle is slowed down when approaching the heavy charge and then
strongly deflected leading to a low final angle with a relatively low
kinetic energy since a part was taken by the recoiling heavy fragment.
These drastic modifications of the trajectories occur in the very begin-
ning of the process, in a time interval less than 10-%! sec when the
fission fragments are still close to each other. It comes out of the cal-
culations that the deflection effect is not so much pronounced for the
extreme high angles (8,.; ~ 100°) which correspond to direct trajectories
from the proximity of the light fragment. This is just due to the asyme-
try of the problem with respect to the shapes and forces and this is in
nice agreement with the experiment. -

The calculated variations of the mean kinetic energy Ea (calculated
for events with Ea > 8 MeV) as a function of final angle 0g-L is compared
to the experimental data in Fig.4. The mean value Ea is minimum for the
most probable angle. The observed dissymetry around this point is just
related to what is discussed above. One major difficulty in mest of the
previous calculations based on a three-point-charge model (see for
example ref [8 1 and ref [18]) has been to obtain the correct correlation
between the kinetic energies Eu and EK. In Fig.5 the mean value Ey is plot-
ted againstEc and compared to experiment. The measured slope <dEg/dEa> is
in the linear approximation roughly equal to -0.45 whereas the calculated
one lies rather around -0.7. This correlation as obtained in the model and
which in fact is not strictly linear, is the result of twd conflictual ten-
dencies. First for a given distance D between the charge-centers the final
energies Ey and Eo are fully anti-correlated since their sum has to be
equal to tﬁe initial energy (see eq.l) which is dominated by the potential
energy depending on D. The perturbations given by the distributions of ¢
and Eugy are nat sufficient to reduce positively this anticorrelation. This
is illustratea by the dashed line of Fig.5, which corresponds to a solu-
tion in which the whole dispersion of Eyg was attributed to that of ¢
(o€ = 5 MeV, op = 0.). On the opposite, varying the distance D will tend
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FIG.5. Variation of the average total fission fragment kinetic energy EK with the o-particle
kinetic energy. Experimental results are those of Ref. [16] (®)and Ref. [4] (—* — *). The
different assumptions for the calculations are: op > o, (full line); o> Op (dashed line).

to create a positive correlation between Ey and Ea since both of them in-
crease when decreasing D. We observe that for high values of Ea, above

20 MeV, the effect of D becomes predominant unless we impose a dependence
of Eay upon D as discussed in section 2.

The altérnative way to look at the correlation (Ea, Eg) is to plot
the main value Ea against Eg as in fig.6 where the experimental points are
ours and in fair agreement with previous ones. However we note that the va-
riation of Ey versus Eg is not purely linear as it has also been observed
in the case of spontaneous fission of Cf2%2 [3] . The theoretical curve
measured in the experiment-like conditions (M = 90-95 amu) is fitting ra-
ther well the measured in the high yield region. The m ean slope <dEa/dEg>
is there equal to ~0.13. On the same figure the results of two other
trials are shown : first we kept the same mean values for the initial pa-
rameters but took the alternative o_ >> op 3 the anti-correlation becomes
definitely too strong. The second tFja] consisted of taking a high value
for e, 25 MeV, the other quantities D and op being adjusted for fitting
the distributions of Ea and Ex. The dispersion of Ex is again assumed to
be essentially that of e. The resulting slope is again too large, although
it is more reasonable than for ¢ = 8 MeV. Boneh et al. [8 ] claimed that
the observed anti-correlation required a high pre-scission kinetic energy
(around 40 MeV). We claim that the correlation can also be understood un-
der the assumption that € is smallprovidedthe interfragment distance D is
allowed to vary according to a normal distribution.

3.2. The angular distribution of the a-particles

When the point of emission moves
along the axis from the edge of the heavy fragment to the edge of the
light one, all other parameters between distributed as usual, the average
final angle goes linearly from 75° to 87°. Its dispersion is, for reasons
of deflection effects as seen in the previous paragraph, larger near the
edges. The angular distribution of a-particles with kinetic energies over
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FIG.6. Variation of the average o-kinetic energy with the total fission fragment kinetic
energy for a given mass division (My, = 9095 amu). Experimental points: (®). Calculations
are for: (~)op P o.and € =8 MeV; (+****)o. > opande=8 MeV; (—*—+ — ) 6, > op and
€=25MeV.
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FIG.7. Angular distribution of the a-particle with respect to the light fragment. The measured

histogram is from Ref. [16]. Calculations including nuclear forces are shown by (+). The full
and dashed lines differ by the size of the neck (see text).
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FIG.8. Most probable angle of light particle as a function of mass ratio. Experimental results
are from Ref. [16] (0); Ref. [23](—); Ref. [31]1(A). The calculated curve is shown by the full
line.

8 MeV 1is reported in Fig.7 together with the calculated distribution =

The most probable value of 81° is in excellent agreement with our own.
measurement, 81.3° * 0.4° and other recent works, [21]1, {22]. It is im-
portant to note that no preferential emission point is needed in order

to obtain this final angle. The calculated and measured angular widths

are also in very nice agreement. Of course, this width is very sensitive
to the extension of the region of emission points thus to the parametre

D and to the radii R, and Ry, (see section 2) which are assigned to the
fragments, For illustration, we have run a case in which these radii were
both increased by 0.5 fm ; in such a case the sum of the radii is about
16.5 fm and the neck region is thus reduced in length by 20%. As visible
in Fig.7, no drastic change of the angular distribution is felt. There is,
of course a slight diminution of the angular width from 18.7° down to
17.3° a value which is still reasonable with regards to the experimental
one, 18.3° % 0.4°. The width goes up to 24° when the interfragment distan-
ce is distributed around 23.1 fm (i.e € = 25 MeV).

The a-particle angular distribution is known to become significantly
broader and broader as the kinetic energy of the particle increases. This
comes naturally out of the calculations and is explained [ 81 by the fact
that the particles with high initial kinetic energy escape faster from
the "storm-region" and are thus less focused by the fission fragments.

The slight variation of the average angle with Ea is due to the same rea-
son. .
The dependence of the angular correlation upon the mass ratio, R. of
the main fragments has been, up to recently, known very poorly and is very’
controversial. We hope that our own results have helped to shed some light
on this point by showing that the most probable angle <8y-|> increases
with light fragment mass (see Fig.8) thus confirming the results of Gazit
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FIG.9. Angular width (FWHM) as a function of total fragment kinetic energy of the mass.
interval My = 91—93 and with the condition that Ea > 9.5 MeV. Experimental results:

Ref. [16] (P). Caiculations are for (X): op > 0. and € = 8 MeV; (O) 0, > op and € = 8§ MeV;
(A) 0. > epand € =25 MeV.

et al. [23] and partly those of Choudhuri et al. [2a}. The calculated
variaticn is again in excellent agreement with the experimental one. Ho-
wever, the dip between calculated and measured points is seen to become
rather important as symetric mass division is approached. Anyhow the va-
riation with mass seems to be due to a large extent to the asymetric
Coulomb repulsion of each fragment rather than to a mass-dependent posi-
tion of the particle between the fragments as speculated in previous
works. For instance, the calculations of a-trajectoires starting from
initial conditions derived from the statistical theory [24], [25] let
appear no significant dependence of the angular correlation upon mass ra-
tio. In this approach, the initial position of the particle is determined
from the most probable deformation shapes provided by the statistical
theory. The measured data tend to show that describing the deformations
involved at scission as pure static deformations and keeping them unchan-
ged as the fragments separate is certainly an overstatement (see Section
2).
The last correlation that we want to discuss expresses the diminution
of the angular spread of the a-particle at the total fission fragment
kinetic energy increases. In Fig. 9 we show the dependence of the width
(FWHM) on Eg only for a given mass interval but same trends are present
for other mass bins [161. It has been shown in the previous paper [16]
that this strong correlation was not a trivial consequence of other cor-
relations. The selected set of initial parameters (Table I} permits us
to obtain a very similar calculated behayiour. Other possibilities were
tried as for the correlation (Ea, Eg). Evidently, the alternative with
oD >> o_ s the unique one able to provide such a dependence. Assuming
the oppogite,,i.e O, >> 0p, € being high or not, leads to a constancy of
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TABLE I. FIT TO a-ACCOMPANIED FISSION OF ?%U. SEE THE TEXT FOR
THE DEFINITION OF PARAMETERS

Parameter D € X Eq,

Type of Gaussian Gaussian - Uniform Maxwellian

distribution

Mean value 20.7 fm 8 MeV Centre of 1.5 MeV
the neck

Standard 0.9 fm 0.5 MeV oo 1.2 MeV

deviation

the angular spread for all possible values of Ex. The reason for these
behaviours is clear : high values of Eg correspond to short interfrag-
ment distances and thus to a strong localisation of the particle between
the fragments and finally to a small angular dispersion. On the contrary
a low value of Eg means undirectly that a large initial space was avai-
lable for the a-particle which leads to a large final angular width. Note
that an increase of D of 1 fm implies a broadening of the width of 3°

3.3. Other fissiomning system and other Tight particles

The late experimental investigations have let appear a very Strong
similarity between the a-accompanied fission of U**®(n.p) and Cf252
(spont.). Both angular distributions show nearly identical widths :
18.5° % 0.5°. The mean angles are slightly different : 81° & 0.5 for U23°
and 84.3 + 0.7 for Cf2°2 [171, [26]. We showed in the previous paper that
the variations of the a-kinetic energy spectra with the final angle were
also very similar in these two fissioning systems as well as the corre-
lation (Ea,Ex) characterized by linear regression coefficients <dEa/dEg>
and <dEg/dEc> peing respectively ~ -0.1 and ~ ~0.45 in both cases. All
these similarities lead us to assume that the average initial configura-
tion at scission does not differ so much from U23® to Cf252,

Since the change of 16 units in the atomic mass induces an increase
of about 0.3 fm of the sum of the fragments radii the interfragment dis-
tance was adjusted to 21 fm in order to keep the neck extension as the
same as in U?%% fission. A1l other parameters of Table I were kept (e
stays equal to 8 MeV) except the mean light fragment mass which was put
equal to 105. The results of the calculations were surprisingly close
to experimental data as shown in Table II.

The angular width is found to be a 1ittle bit smaller in the Cf252
fission than in U%%%, This point is evidently very crucial since it could
help for providing information on the dependence of € on the fissility
parameter.
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TABLE II. COMPARISON OF CALCULATED OBSERVABLES TO THE
MEASURED ONES IN THE CASE OF 252Cf FISSION.

Observable Mean total Mean a-particle Mean angle Angular width

fission fragment kinetic energy

kinetic energy:

Ex Eq Be.1. FWHM (8,.1)
measured 174.5 MeV? 16.0 MeV® 84,3°¢ 18.5°¢
calculated 175.4 MeV 15.7 MeV 83.6° 18°

3Ref. [32]; PRef. [7]; °Ref. [17].
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FIG.10. Kinetic-energy spectrum of a-particles emitted in the decay of *He accompanying the
fission of *52Cf. Experimental results are from Ref. [27). Calculations are for: *3*Cf (—);
236

U----).

Among 1iaht charged particles emitted in fission, the unstable He® par-
ticle has a privilegied reole. It decays into an a-particle and a neutron
with a period T1/2 = 8.1072% sec, thus at a time when it is still in the
vicinity of the fission fragments and not yet fully accelerated. There-
fore, the He® data provide information from a fairly well determined
time after scission and thus they exclude the freedom of extrapolating
the solution backwards or towards in time as it is in principle possible
when the emitted particle is stable. To our knowledge there has been
only one experimental investigation of He® emission in fission :

Cheifetz et al. [27] could select He® events in spontaneous fission of
Cf252 by Jooking for the coincident neutron-He* events with both parti-
cles having the same direction. They measured the kinetic energy spectrum
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FIG.11. Fit to the time-of-flight of the neutron associated with *He decay in **Cf fission.

of the a-particle in cuincidence with the neutron time-of-flight. Follo-
wing the prescription of Gavron et al. [18] we calculated thesn observa-
bles under the same conditions as in the experiment. The initial set of
scission-parameters was exactly the same as for He* i.e,D = 21 fm. An
excellent agreement with experiment is found as shown by Fig.10 and
Fig.11 . Although his description of the initial configuration is diffe-
rent from ours, Gavron [18] found a range from 7 to 14 MeV for the pre-
scission kinetic energy in which our value of 8 MeV fits well. Oug cal-
culations showed that the corresponding averaged energy of the He” par-
ticle at the time of its decay is about 5.5 MeV.

Although few experimental data on other light charged particles are
available, we have tried our initial set of "scissiof parameters" for
deuteron, triton, ®He and ®Li. The final angles are found not to depend
upon the nature of the particle whereas the kinetic energies are in good
agreement with the experimental values of ref [7].

4. CONCLUSION

We have shown that it is possible to fit most of the typical features
of a~accompanied fission of U?*%(n¢n), by assuming that the fission frag-
ments are already moving apart when the a-particle is released but with a
relatively low kinetic energy of 8 MeV (which corresponds to around 5%
of their final total kinetic Eg energy).

The second important assumption was to describe the fluctuations of
Ex as due to fluctuations of the fission fragment deformations at scission
which in their turn we expressed as fluctuations of the interfragment dis-
tance D. This assumption is unambiguously neceéssary for interpreting the
decrease of tne width of the angular distribution of the a-particle as Ey
increases and is also a serious help for finding back the negative corre-
lation between Ea and Eg. The close similarity between the angular widths
measured in the thermal U2%® fission and in spontaneous Cf2°% fission have
been understood by assuming the same pre-scission kinetic energy in both
systems. This might be very useful with regards to any dynamical theory of
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fission, since such a theory should predict the dependence of the pre-
scission kinetic energy, if any, on the fissility parameter Z23/A. As an
example, the dynamical theory of the non-viscous liquid drop predicts for
U?3% that about 25 MeV is already acquired as translational energy be-
fore scission and that it reaches 40 MeV for Cf2%2 [1 ], [28]. When adding
a dissipating term to the equation of motion of the liquid drop between
saddle and scission these pre-scission energies are both reduced by about
30% in case of two-body viscosity[29]. In the formalism of one-body dissi-
pation as treated by Blocki et al. [30] they are almost vanishing and
should not anyhow depend on Z2/A.

It is, of course,very desirable to have more experimental informa-
tion (specially angular distributions) from other fissioning systems in
order to be able to give a definite answer to this very important ques-
tion. It will be also extremely useful to get more accurate and complete
results about the emission of the unstable He® particle, which as we have
seen, seems to confirm our assumption of rather compact scission confi~
gurations.
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DISCUSSION

P. FONG: I am rather disturbed by the spherical-nucleus approximation
that you have used. We know that fission fragments are deformed and that the .
deformation differs as a function of the stiff constant. These deformation shapes
determine the initial position of the alpha particle, which in turn determines the
final angular and energy distributions. This important piece of information is lost
in the spherical approximation. I feel that this is a crucial point, since it rules
out the high initial kinetic energy of the fragments. For light fragments in the
50-neutron shell region, the alpha particle would be pushed towards the heavy
particle. Only when the initial kinetic energy of the alpha particles is very low,
let us say about 1 MeV, will the particle reverse and move towards the light
fragment, as has been actually observed. So I repeat that this important result
is lost if you use the spherical approximation.

C. R. GUET: I believe that there is direct experimental evidence to show
that the emission point position is closely related to the fragment deformations.
You should note, however, that the variation in mean angle with mass ratio is
easily interpreted in terms of the asymmetric Coulomb repulsion of the fragments,
without any specification of the position of the initial point. All the deforfmation
effects are averaged to the extent that allowance for a distribution of the. charge
distance D is sufficient to take them into account.

In answer to your second point, I should say that the deflections that you
mention are possible in the case of our selection of an initial alpha particle
kinetic energy at ~1.5 MeV. Furthermore, these deflection effects are very
useful for understanding the enhancement of low-energy particles at small final
angles.

Finally, the value of 8 MeV for the pre-scission kinetic energy of fission
fragments is, within the framework of this model, an upper limit.
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FIG.A. Final a-particle energies and directions obtained with point-charge approximation
{dashed lines) and exact calculation (solid lines).

N. CARJAN: I would like to add the following remarks to what Dr. Fong
has said. Determination of the configuration of the fissioning system at the
moment of alpha particle emission, using the three point charge model, is very
probably unreliable. ‘

The problem of the validity of the point charge approximation would take
too long to discuss, but I will try to give you an idea of its validity by means of
Fig. A, which illustrates the differences between the final alpha particle energies
and directions obtained with the point-charge approximation (dashed lines) and
with an exact calculation (solid lines) for some selected initial conditions and
non-viscous liquid drop nuclear dynamics. D/Rg=2.9 and E, = 0. These
differences are expected to be inversely proportional to the velocity of fission
fragment motion, and,therefore, for more realistic nuclear dynamics they are
even greater than those shown here.

In connection with what you have said for the benefit of the fission theorists,
I would like to recall that the configuration at the moment of alpha particle
emission is probably related to, though not identical with, the scission configuration
in binary fission. To obtain this relationship we have to understand the mechanism
governing the emission of these particles.

According to the only mechanism quantitatively developed (CARJAN, N.,

J. Phys. 37 (1976) 1279), there is no incompatibility between the fact that

the binary fission energies are different in the case of 236U and 235Cf, and the
fact that the fragments have the same kinetic energies at the moment of alpha
particle emission in these two nuclei. This is because in the above-mentioned
model the moment of alpha emission is related to the saddle moment and not to
scission. The alpha gmission occurs between saddle and scission at the same
distance from the saddle for all nuclei, i.e. at the same pre-scission kinetic energy.
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C. R. GUET: Unfortunately, I am not familiar with the work you have
done, but it would of course be very interesting to check to what extent our
approximations are correct. It may seem rather surprising that a model as crude
as the one we have used here can reproduce the experimental data quite well,
but it definitely does, and the approximations have been shown to be physically
reasonable.

With regard to your second comment, I agree completely that our conclusions
are meaningful only on the assumption that the emission occurs at scission. It is
to be noted that this assumption is strongly supported by experimental data.

I shall be most interested to see how the predictions of a model postulating
emission at saddle will compare with experimental correlations that are now
well established.
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YI'JIOBOE PACIIPENEJIEHME U
AAPOEPEHIUAJIBHBIE QHEPTETUYECKHUE CIIEKTPDI
HEATPOHOB CIIOHTAHHOT O JIEJIEHUS 252 Cf
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Papuensrit nacTHTyT HM. B.T'. Xitonuma,
Jlenunrpan,

Coro3 CoBetckux ConmanucTHuecknx PecryGnuk

Abstract— AHHOTaUHS

ANGULAR DISTRIBUTION AND DIFFERENTIAL ENERGY SPECTRA OF SPONTANEOUS
252Cf FISSION NEUTRONS.

The energy spectra and numbers of neutrons emitted at various angles in relation to the
axis of 252Cf fission fragment separation were measured by the time-of-flight method. Within
the region of the angles 45—90° the neutron yield was greater than that for a simple evaporation
model. Preferential emission was not observed at small angles. In an analysis of the results the
influence of various effects on emission characteristics was considered. The agreement of
experimental and theoretical data improves considerably when the possibility of neutron emission
from incompletely accelerated fragments and from the fissionable nucleus is taken inte account.

YTJIOBOE PACIIPENENEHUE K NVIGOEPEHIVAJIBHBIE DQHEPTETUUECKHE CITEKTPEI
HENTPOHOB CIIOHTAHHOTO JEJIEHMA 2%2Cf,

MeTonOM BpeMeHH fponeTa NpoBedeHb! N3MEPEHHSA SHEPIeTHYECKUX CIICKTPOB M YKCIa HeHTpo-
HOB, HCIlyCKAEMBIX MO Pa3MHYHbIMHK YTNIaMH OTHOCHTENIBHO OCH pa3iieTa OCKONKOB AeneHus 252Cf.
B o6nacti yrnos 45-90° 3aperuCTpUpoBaH MOBBILICHHBI BEIXO HEHTPOHOR 1O CPaBHEHHIO C NpocTol
HCmapuTenbEoi Mogenbio. IToX MasbMK YITIaMH [TPEHMYILUECTBEHHOM 3MHCCHH He obHapyxeHo. Ilpu
aHaIU3e Pe3yNBTATOB PaCCMOTPEHO BITHAHHE PA3NMUHBIX HPDEKTOB Ha XapaKTEPHCTUKH 3MHCCHK. Co-
IJ1aCHe IKCIEePHMEHTAIBHBIX H PaCUeTHBIX MaHHAIX CYLIECTBEHHO yIy4YLIAaeTCs NpH yyeTe BOIMOXKHOM
3IMHCCHH HeHT POHOB U3 HENONHOCTEIO YCKOPEHHBIX OCKONKOB M K3 JeIAILEerocs Agpa.

1. BBEJEHHE

Hamepente sHepreTHYECKHX CIIEKTPOB H YACNIA HETPOHOR, HCITYCKAEeMBIX IO, pasiiHy-
HBIMH YTJIaMM K HaTpaBIeHAI0 ABHXEHUS OCKOJIKOB NP CTIOHTAHHOM neneruH 252Cf, Bmep-
Bhie nipoBefieHbl BaymaHom H mp. [1]. B 310# paGoTe 6bU10 HAlAEHO, YTO MOMABIAIOLIAA
yacTb (80-90%) meitrpoHos Aenenus 52Cf ucnapsercs ua MO3/MHEH CTauy poLiecca Aeie-
HHA — H3 BO30YX/IEHHBIX OCKONKOB, YCKOPHBUIMXCSA A0 KOHEYHBIX ckopocteil. HauGonee
CYIECTBEHHEIE OTKIIOHEHHSA OT 3TOH MOMENH aBTOPhI paGoTsl [1] 06BACHIIN H30TPOIHOM
amHccueii B mabopatoproit cucreme 10-20% nonmHoro wHcna HEHTPOHOB Ha KAKOM-TO ApY-
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roM GoJiee paHHEM 3Tane ACNEHUA Afipa. B 910 e pabore Habmiofanca NpeHMyUIeCTBEH-
HbIA BbUIET HEHTPOHOB MO/ MaJIBIMH YITIaMH K OCH [IEJICHHA H B CBA3H C 3THM OTMEYanach
HeOGXOOUMOCTD TINATENBHBIX H3MEpeHMit B 3TOH oOnacTu.

B HecKONBKHX NOCHEYIOMMX IKCIIEPUMEHTATBHBIX paGoTax [2-4] GbUIH crenaHp! o-
ABITKH BBIACHUTH NIPHPOAY “M30TponHOi™ (B 1260 paTOPHOI CHCTEME) KOMIIOHEHTHI Hell-
TPOHOB. JTH HCCIENOBaHNA ObUTH HANIPABIIEHBI Ha BBIACHEHUE CBA3M BE/IMYMHBI OTKJIOHCHHA
OT HCTapHTeIbHOH MOJIEIH ¢ XapPaKTEPHCTHKAMM Ipolecca fAeneHus. OfgHaKo, OHO3HAY-
HOro 00bACHEHUSA B ITHX paboTax MOMyueHo He GbUIO.

B teopernueckux paGotax [5-7] Gbura mokasaHa BO3MOXHOCTh H OLLEHEHa BEPOATHOCTH
HCITYCKaHUA M30TPOITHON KOMIIOHEHTHI HEHTPOHOB AEJIEHNA HA Pa3JIMYHBIX JTANaXx IPOLEc-
ca cioHTaHHOTO AeseHus >2Cf — Ipy ABHXEHMH ANpa K TOUKE Pa3pHIBa, B MOMEHT Pa3phl-
Ba U B NpoLIecCce YCTAHOBIIEHUA PaBHOBECHOM Gopmbl ockonkos. B paGorax[8, 9] Hait-
IEHO, UTO, He BROJA MPENIIOI0XKEHHH O JONOMHUTEIBHOR “H30TPONHON™ KOMIIOHEHTE, MO-
KHO OGBACHUTL Pe3yNbTaThl paboTht [1], eciu He MEMHKOM, TO BO BCAKOM Ciiyuae B 3Ha-
YUTENIPHOM CTelleHH, HCITapeHeM HEHTPOHOB B MPOLECCE YCKOPEHUS OCKONKOB. TaKHM oG-
pa3oM, BBICKA3BIBAIIMCh DA3JIMYHbIE IIPEMANIONOKEHNA O MPHpPOe YacTH HEWTPOHHOH IMHC-
CHM, KOTOPY10 HA3bIBAIOT “"M30TPOIHOMN ™’ WIH ” pa3fieNIUTeNbHON, XOTA €€ MPOUCXOXAECHHE
[0 CHX ITOp OCTAETCA HEACHBIM. XapaKTEePHCTHKH 3TOH KOMIIOHEHTHI IPENCTABIIAIOT OCO-
Ob1i MHTEpEC, TAK KaK OHH MOTYT []aTh TOJIE3HYI0 HHPOPMaIHMio 0 IMHAMUKeE Impouecca
penenus. JIna sbIACHEHMA 3TOTO TPY/AHOIO BOIPOCA IKCIIEPHMEHTANIBHBIM HyTeM HE00XO0-
IOWMBI JIeTAIbHbIC HCCTICAOBAHMA YIJIOBBIX H SHEPTETHUECKHUX PacIipeeNie Hit HeiiT pOHOB
fenerus. C 3710 1eIbI0 HAMH HaYaTO IOCIEIOBATENbHOE U3YUEHNE ITHX pacIIpeseNeH i
M HX KOPPENsAumil C XaPaKTEPHCTHKAMHE OCKOITKOB IIPH CTIOHTAHHOM fleneHun 22Cf.

B noxsazme cOOOMRIOTCA pe3yNbTaThl MEPBOTO 3Tana paGoThl — H3MeEpPEHHs UMCNa Heit-
TPOHOB M X 9HEPTeTHYECKHX CIIEKTPOB AJIA PAa3HbIX YIJIOB BBINIETa HEHTPOHOB OTHOCHTEIIBHO
OCH pa3slieTa OCKONKOB. JTH JAaHHBIC TOKA He CBA3BIBAIOTCA C MACCAMH M KMHETHYECKHMU
SHEPrUAMK OCKONKOB.

2. METOJMKA U3MEPEHUV Y PE3YJIETATH!

Ins onpeneneHus 3JHEPTUM HEHTPOHOB HCNIONB30BANICA METOM, BpeMEHH IIpoJieTa, a
PperucTpauya HeHTPOHOB OCYIUECTBIIIIACh KPUCTAUIOM cTiuibOeHa (mMamerp SO MM, TONI-
muHa 25 MM) ¢ poToymHONuTeneM ®IY-30. Ockonku Aenerms 32Cf perucrpupoBauCh
TIONIYIIPOBOJHUKOBBIM KPEMHHEBBIM CUETYHKOM, NOMEIEHHBIM B BAKYYMHYI0 KaAMEDY.
Cnoit kamudopHAA B BUME IATHA AuamMeTpoM 2 MM (10° CTIOHTaHHBIX PeneHMii B CEKYHIY)
pacronarancs Ha paccToOAHHAX 25 unu 50 MM ot cuerurka. Ilepen cueTuikoM OCKONIKOB
MOMeIanuch JHa¢parMbl, AMaMeTp KOTOPBIX B PasiHYHBIX OTBITAX COCTABIIAN OT 2 0O 4 MM.
310 OBecneunpano yrnopoe paspewenue go 3°. Hcmons3osanucs fse nponerHsie 6aspt — SO
u 100 cM. BpemeHHOe pa3spelileHHe CHCTEMBL, ONPEAEIIEHHOE IO MUKY [aMMa-KBaHTOB Je-
JeHust, Gb1o papHO 1,5 He. MaMepeHMA moj BCeMH YI/IaMH Anst KOHTPONA MPOU3BOIMIHCDH
C NOMOUIBIO ABYX HENTPOHHBIX IETEKTOPOB, HAXONAMMXCA oA, yriioM 90° ofuH K Apyromy.



/
\ 1AEA-SM-241/F44 ‘ 269

INeKTPOHHAst CHCTeMA CIIEK TPOMETpPa BKIIIYANa CXeMY HeHTpOH-TaMMa pas/iefleHus,
OCHOBaHHYI0 Ha Pa3/IHyMy BpeMeH BbICBeUMBaHMA B cTwIbbeHe. HeobxomumocTs BBEACHUsA
3TO# cxeMbl ObUIa BBI3BAHA TEM, UTO TPH JETICHHH HCITYCKAETCA 3HAYHTEIIBHOE KOTHUECTBO
3aTMa3/ABIBAIOIUMX FAMMA-KBAHTOB ¢ BPeMeHaMH IMUCCHH Bostee 1 He, KOTOpbIE MOFYT HC-
Ka)aTh BPEMEHHOH CIeKTp HeliTpoHOB. JIns KOMIIEHCALAH BITHSHUA GOMBIIOTO aMILTUTY -
HOTO [IMaNa30Ha PerHCTPUPYEMBIX UMITYJIbCOB HAa BPEMEHHOE pa3peLiieHHe HCIOTIb30BATIC
6nox dopmupopaHHa cO e AANHEM TIOPOTOM. CIEKTPOMETP HMeJT CHCTEMY aMIUTHTYH-
HOM cTabWIH3alMH o 000MM KaHarmaM. B HellTpOHHOM KaHajie HCIIOJIb30BAJICH CBETOOMOI,
YCTaHOBIIEHHbIH OKOJIO KaTofa doToyMHOXHUTeNA. CTabHWIH3AUMA B OCICOJIOUHOM TpaKTe
obecrieunBasach noAdepKaHiHeM HOCTOAHHOH CKOPOCTH cYeTa HMIYJIBCOB B 3aJaHHOM Y3KOM
HMHTEpBale aMILTUTYA. Perucrpauus n 06paboTka IaHHBIX MPOU3BOMIIHCDH C NTOMOIBIO
3BM M-6000.

IIpH KOHCTPYHPOBAHKM BAKYYMHOH KaMepbl, HEHTPOHHBIX IeTEKTOPOB M IPYTHX
COCTABHBIX YacTel CIEKTpoMeTpa o6pawanock 0coboe BHUMaHHE Ha YMEHBLUEHHE HX Macc,
TAK KaK HAalH NpeaBapHTENbHbIE IKCHEPHMEHTHI II0Ka3aiH Gonblioe piuaHe 3pdexTon
paccesHHA Ha GOPMY CIEKTPOB HEHTPOHOB JeTICHUS.

Hns onpenenentis 3¢dex THBHOCTH HEHTPOHHOTO [ETEKTOPA UCTIONB30BAJICHA Ia30BbIH
CUMHTWUIANHOHHBIA CYSTUNK C perucTpaiieil OCKOJIKOB B YIiie 27, 3aBHCHMOCTh 3ddex-
THBHOCTH OT 3HEPrHH HEHTPOHOB HAXONWNACH ITyTeM CPABHECHUA M3MEPEHHOTO pacipelerne-
HHSL C HHTEr paTIbHBIM CIIEKTPOM HEHTPOHOB HeNeHus 2°2Cf, NoJyueHHBIM Ha OCHOBE OLEHKH
Pe3yIIBTATOB LeNoro psaa pabor [10].

YII0BO€ pachpefeneHue HefiTpoOHOB H3MepsIIoch yepes 2,5° B 06NacTH MaIBIX YITIOB
u panee uepes 10°. Tlopor perucrpaiuu HeATPOHOB COCTaBIsN okono 0,2 MaB. JHepreTu-
YeCKMe CTEKTPbl aHANIM3HPOBaIUCh B obnacTu sHepruit 0,5-10 M3B.

B sxcnepuMeHTanbHbIe JaHHbIE BBOOHIHCH JIONIPABKHM Ha YIJIOBOE U JHEpreTHYecKoe
paspelticHusa. CpaBHeHNe IaHHBIX, NONYYEHHBIX C TOMOLIBIO OBYX HEATPOHHBIX NETEKTOPOB
€ HECKOIThKO OTIIMYAIOMIMMHCH TIOPOTaMH PErMCTPal|K, a TaKKe CPABHEHHE Pe3yIbTaToB
V1A IBYX Pa3/IMYHBIX TIPOJIETHBIX PACCTOAHHH MOKa3a/H HX COIJIACHE B Ipefenax oLHGoK
OIIbITA.

Ha puc. 1 1 2 npuBefieHbl H3MEpeHHbIE B HACTOALIEH PaBoTe yrIoBOe pacnpefencHue
He{TPOHOB U 3aBUCHMOCTb CPeIHUX SHEPIHil CIIEKTPOB OT YIJIa BbUTETa. 3[IECh e Mmpelt-
CTaBJIeHBI 1A CpaBHeHys NaHHble BaymaHa u op. [1], mockonsky tonbko B aroit paore
TIPOBEJIEHBI M3MEpPEHHs BO BoeM HHTepBane yrios (0-90°). Kak crenyer u3 pHCyHKa, YITIO-
BbI€ paclpeflelieHHs JOBOJBHO Onusku. UTo KacaeTcs CpesHMX SHEPruid, TO MOILyYeH-
Hble HaMH [aHHBIE JUIA 3TO# 0ONAaCTH B LIEJIOM 3aMETHO HMXe. MOJXKHO MOMbBITaTbCA MPOBECTH
CPaBHEHHUE Pe3yNbTaToB 00eHX paboT yepes CyMMapHbIi CIIEKTpP, KOTOPbIi MONYyYaeTcs HH-
TerpuponannemM oudepeHnUaNbHbIX CIEKTpoB. B patote [1] cpemuss 3Heprus rakoro
CTIeKTpa E paBHa 2,34 MaB, a B Hailem cnyvae — 2,15 M3B. CpenHsasa 5Heprus oleHeHHo-
O MHTETPAIBHOTO CIEKTPa HEATPOHOB CIOHTAHHOTO AeneHuA *°*Cf, cornacHo nocnenHuM
JMTEPATY PHbIM JaHHBIM [10], paBHa 2,13 M5B, uro mourn Ha 10% HuKe, yeM MONYyeHO _
Bayman