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1. INTRODUCTION 

During the course of a fission process nonadiabatic effects 
in the coupling of internal and collective degrees of freedom 
can create nonequilibrated intrinsi~: states of thG system. Due 
to decay of the system during this stage, emission of nucleons 
or preformed complex particles (d, t, 0(.) can contribute to light
particle yields from fission events. Such post-equilibrium compo
nents to multi-differential emission probabilities could exhibit 
features deviating from what is expected for evaporation from the 
compound nucleus before fission or from the excited fission 

fragments. 

Two basic mechanisms for the appearance of post-equilibrium 
particles have been suggested: 

i) Fast relaxation of shape degrees of freedom: A sudden 
collapse of the highly deformed prefragments after scission 
enables individual particles to acquire sufficient energy from 
the rapidly chan,ing nuclear potential in the neck region to be
come unbound/1 - 4 • Using the simple slab geometry in a recent 
TDHF simulation of the fission process /3 ,4/, it has been shown 
that the corresponding time scale might be as small as 10-22s. 
It has been argued that, due to symmetry. the corresponding post
equilibrium particles should be sharply peaked around the fission 
axis. A similar post-equilibrium component has been obtained in 
the case of nuclear slab collisions/31 in addition to the well 
known pre-equilibrium component. 

ii) One-body dissipation : Due to the coupling of a particle 
to the moving potential wells during the separation and accelera
tion phases. it can appear in the continuum of the system and be 
emitted with a corresponding high probability/5/. Such a mecha
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niem has recently been investigated/61 by extending the three
body model for the dynamics of heavy-ion collisions of refs(7,81 
to simulate spontaneous fission in three spatial dimensions. As 
a result of corresponding model cal,culations, the fast post-equi
liorium particles are prefel'entiall,y emitted in polar diroction 
(fission axis). Opposite to case i) no drastically small time 
scales are needed tp create fast polar particles. 

There are some attempts to rel,ate certain aspects of light 
charged particle em;ission in spont[jJleous and low-energy fi"s", 
sion/9-11/or eventu/3.1 deviations 0.1;' the high-energy tail of the 
prompt-neutron spectrum in 252Cf(s.f/'21 from a Maxwellian to 

such mechanisms. 

There are some quali tati ve and semiquantitative hints that 
the appearance of fast post-equilibrium particles could be en
hanced in heavy-ion induced fusion-fission (FF) reactions compa
red to spontaneous fission (Sect.3). In sect.2, we motivate a 

schematic proposal for a corresponding experiment. 

2. 	POST-EQUILIBRIUM POLAR FISSION NEUTRONS FROM THE 12C+238U + 

FF REACTION? 


Since most 	of the existing indications for post-equilibrium 
fission particles concern spontaneous fission of Californiwn, it 
seems to be natural to investigate a reaction in which a Califor
nium compound nucleus is formed. Stimulated by the investigations 
of 	ref. /12/ , we concentrate here on neutron emission although si~ 
milar investigations would be highly interesting for light char
ged particles too (cf. ref. /9/ ). Despite a possibly enhanced 
emission of polar post-equilibrium neutrons (compared to s.f.), 
the following aspects require a careful choice of the experinlen
tal conditions, say for the 12C + 2380 • FF reaction: Due to the 
finite excitation energy of the fissioning 250 Cf nucleus, the 

neutron evaporation component is expected to be characterized by 
a higher effective temperature. Consequently the incident energy 
should be only slightly larger than the corresponding Coulomb 
barrier Vc ( 64.5 MeV in the given case) in order not to cover 
the possible (in any case very small) effect by the high-energy 
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tail of the evaporation spectrum. Furthermore, since in such a 
type of reactions it is known that fast pre-equilibrium neutrons 
can be emitted. the incident energy should be small compared to 
the "threshold energy" for pre-equilibrium neut:rons which accord
ing to the systematics of ref. /131 is about ():';c.m. -V c)~ II 3';:
5 MeVI A (.-4 -reduced mass number). Even if this condition is 
fulfilled, the experimental set-up should allow pne to decide 
whether a possibly obtained nonequi:l,ibrium component is post- or 
pre-equlibrium since the "threshold" fQr pre-equilibrium neutrons 
is probabl,y not a sharp one and a very small pre,-equilibrium 
component may be present even in thl3 viCinity of the Coulomb bar
rier. All estimates anc,i calculations in the present paper, there
fore, are given for an incident energy as low as E"" = 72 MeV 
(i.e. (Ec,m. - Vc)/~ = 0.)94 MeVIA). 

At this energy. the grazing angular momentum is as small as 
18 li (compared to Lcrit = 641i ). Therefore, the rotation of the 
system is negligible in our considerations: rotational energy 
for Lgraz E~ ~ 1.24 MeV, excitation energy for a central col
lision E* 44 MeV, compound-nucleus temperature TC~ 1.2 MeV. 

The experimen
1', 

tal set-up we propo
se is schematically 
shown in Fig.1. Fast 
neutrons should be" 
measured in coinci
dence with fission 
fragments (roughly

"3targetbeam perpendicular to the 
beam axis). Coinci
dence neutron spect
ra should be inde
pendently taken at 
positions n) (for
ward angle) as well 

n2 	 as n 1,n (along the2 
scission axis). De

;p 1 g. 1. 	 Scheme of the proposed experi viations,from Max
mental set-up. wellians would indi

cate pre-equilibrium 
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emis3ion in deteotor n) but post-equilibriUllJ polar neutrons in 
detectors n 1 (if fission fragment masses are not determined, 
the spectra in n 1 and n2 should be identical). A-fourth neutron 
detector could oe installed perp€mdicular to the reaction plane 
fo:' control since it should not /;lee neither pre- nor post-equi

-lilJriUllJ neutrons. In any case, cqmparably large beam -droes are 
required for the measurements in order to get at least tens of 
events in the neutron energy regj_on above 20 MeV. Supexpositions 
of two lower-energy neutrons should be carefully excluded ~in-line. 

10-', 

10
2 

, 
> 

(),) 

~104....... 
W....... 
:::E 

105 

106 

l(f 
0 

\ \~

5 10 

~--~o' 

30 

let. 
>
(),) 

:::E 
lob 
5 
~ 

10-2 

To get a more 
quantitative impressi
on of the different 
neutron components met 
or to be expected in 
such an experiment, 
some estimates and mo
del calculations for 
the differential (ang

le-integrated) neutron 
multiplicity are shown 
in Fig.2. To get an im
pression of the pre
equilibriUllJ component 
(which would be peaked 
along the beam axiS), 
we have performed cal
culations within the 
model of prompt emit
ted particles 

Fig. 2. Differential neutron multiplicities: Evaporation part
for~Cf (s.f.) -lower heavy full line. The level of 

the nonevaporative component obtained in 112/ is indicated by
the heavy long-dashed line. Estimated evaporation contribution 
for the 1IC + twU. EL~" = -r2 MeV reaction (for details, see the 
text) - upper heavy full line. Results of present calculations 
for the pre-equilibriwn contribution: wi thin the PEl' model - thin 
full curves, within the hot-zone model of ref./141 - thin dashed 
curve. The cross section scale to the right corresponds to the 
-C + 'I'. U reaction with L ,~...;.., = 1811 • 

" 
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details and references, 4/) as well as within the hot-zone 
model of ref./14/. The result of a PEP-calculation introducing 
a finite (T = TeN''' 1.2 liIeV) temperature for the nucleonic momen
twn distribution is also shown in Fig.2. Despite the classical 
character (neglect of distortion effects) of the PEP_model the 
corresponding result probably represents an upper limit of the 
effect since there is no justification to introduce such a high 
temperature.Cqncerning the hot-zone calculation it is known that 
the model highly overestimates the high-energy part of the ne1.1
tron spectra at incident energies close to the "threshold" for 
pre-equilibrhun emission.So,although both models at the given 
very low incic.lent energy, are surely not able to adequately di\l~ 
cribe pre-equ:j.libriUllJ emission, by different reasons our calcu:~a
tions may serve as estimates fdr an upper limit of pre-equilibri
wn effects. If comparing these estimates with the evaporation 
components both for (s.f.) as well as for the fusion-fission 
reaction. it turns out that in the energy region E~ ~ 20 MeV 
pre-equilibriwn effects should be quite small-possibly even smaller 
than the post-equilibriUllJ component obtained in the case of 
252 0f(s.f.)/12/ which we expect to be somewhat enhanced in the 
considered reaction. We emphasize, however, that the nonevapora
tive component obtained in/ 12/ is connected with quite large sta
tistical errors and therefore, it is still impossible to accura
tely estimate its true magnitude. 

The estimate for the evaporatio~ component in the case of 
the fusion-fission reaction considered here, we have obtained as 
follows: From the temperature T s • f ." 1.42 MeV fitting the (s.f.) 
data up to about En = 20 MeV a mean excitation energy of )1.) MeV 

per fragment has been deduced. Then, half of the L-averaged com
pound nucleus excitation energy has been added to extract a new 
effective temperature for heavy-ion-induced first-chance fission: 
'l'FF = 1.84 MeV. To fix the normalization relative to the known 
(s.f.) spectrum, we have assumed that the total number of evapo
L'nted neutrons is proportional to the excitation energy. Finally, 
the spectrum shown in Fig. 2 has been obtained by adding incohe
rently 75'10 of the FF spectrum and 25% of the compound nucleus 
spectrum (T = 1.2 MeV) in accordance with the calculated/ 151 

r" Ie r.", + r~) ratio of 250Cf at several tens of MeV of exci
tation energy. 
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Finally, we mention 'a further way of· discriminating pre-
and post-equiliorium emission (provided deviations from Maxwel
lian spectra can be found): .!<'rom the kinetic energy of the frag
ments it should be possible to get a rough estimate for the ;frag
ment masses. In coincidence with a nonevaporative high-energy com
ponent of the neutron spectra, two cases might occur: 

i) 1\.11 of the (probably, very few) fragn)ents belong to asym
metric fj.ssion events. This would indicate tllat a compara111y 
cold nuc],eus has fisstoned. Hence, the fast Qoincident ne~!tron 
was pre-equilibrium. 

ii) Symmetric and asymmetric fission events are more or less 
equally frequent; possibly, symmetric events dominate. This would 
be an incl.ication for fission of a nucleus with several tens of 
MeV of excitation energy, i.e. for the coinoident fast neutron to 
be post-equilibrium. 

Note that in this connection an evaporated (low-energy) neu
tron before fission does not change the situation since after 
this more than 30 MeV excitation energy would still yield a 
quite small peak-to-valley ratio of the mass distribution (which 
must not be measured in detail). 

Due to the probably very poor statistics in the energy re
gion En ~ 20 MeV, it might be advantageous to combine this me
thod with the one described above (neutron coincidence spectra 
in detectors , n 2 , n )·
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J. SOME MODEL CONSIDERATIONS 

In this section we give some arguments and estimates which 
possibly indicate an enhanced post-equilibrium neutron emission 
in heavY-ion induced fission compared to (s.f.). 

i) In/3 ,41 the spectrum of post-equilibrium particles which 
are due to a fast snatching of the neck stubes near scission has 
been calculated. In the energy region of interest (20-30 MeV),it 
turned out that the effect is about two orders of magnitude higher 
than obtained in the experiment /121 (cf. Fig.2). ~'urthermore, it 
has been found that the effect is very sensitive to th~ time 

scale in which the snatching occurs. So, e,g., two-body correla
tions of the pairing type (not included in/3,4/) could stabilize 
the shape of the fissioning nucleus in the vicinity of the scis
sion point and, consequently, lower the collective velocities in

t 
volved. This would directly lead to a drastic reduction of the 
emission probability of fast post-equilibrium particles. This 
explanation of the large overestimation of the effect in/121 

Seems to be reasonable since in the case of pre-equilibrium par
ticle emisston in heavy-ion collisions (Where the influence of 
pairing correlations is expected to be smaller due to the high 
excitation energies inVOlved) TDHF results obtained in the simple 
slab-geometl;y are close to the corresponding TDHF cal
c"lations a!1 well as to the experimental 

me scales for the snatching of the neck stubes are nearly the sa
me in slab collisions and 3-dimensional TDHF calculations (for 
the corresponding diSCUSSion, see refs. /3 ,4/). 

Since in the proposed fusion-fission reaction at scission 
the temperature is larger than 1 MeV, it might occur that post
equilibrium effects are much more pronounced than in the case of 
spontaneous fission due to the decreased influence of pairing cor
relations. Unfortunately, for such a mechanism there is no quan
titative calculation (TDHFB-simulation of the fission process). 

ii) More quantitative predictions are possible in the fra
mework of the model of ref.'61 (one-body dissipation mechanism). 
In that model neutron emission in fission is treated by solving 
the time-dependent Schr6dinger equation for a single nucleon in 
a mean field approximated by two one-term separable potentials, 
which initially have some overlap but then follow a given classi
cal fission trajectory. In the initial state the neutron is bo
und in a two-centre state with a certain energy E • Numerical 
calculations give the following results/6/: B 

- The total emission probability is a few percent, nearly 
independent of the mass asymmetry of the fragments. 

- The average energy of the emitted particles is in the 
range of a few MeV with high-energetic particles of about 20 MeV 
being decreased by a factor of 105_106• The emission spectrum is 
hardened vdth increasing mass asymmetry_ 
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_ The particle emission along the direction of the light 
fragment is favoured oy aoout one order of ulagnitude compared to 
the flight direction of the heavy fragment if high-energetic par
ticles are concerned. 

In order to investigate the possible dependence of the emis
sion probability on the excitatipn ellergy, the influence of the 
initial bOUlld-s tate el1ere;y of the neutron has oeen s tudie<:l. 
This quantity has been varied between 8 and 1 !\leV. In this rangf> 
the total emission probability increases from 1;;6 to 4;;6 ind.ep(lU
dently of the mass asymmetry A. '" A,!A2• 'I'he differential cross 
section 0110 /dE has been calCUlated for three neutron em;rgies:n 
En = 5,15,25 MeV.In the te..\.l,> results are presented in ratio -~o 

de- /dE for the emission from a single state bOUlld at 8 MeV n 
for various cases. 

T H b 1 e 

En ':> IlleV 15 MeV 25 MeV 

~--
126x 2.6 4.1 44.0126 

a)---110 
x 2.5 4.6 48.0

142 

b) 	 1.3 1.3 3.0 

c) 	 2.0 2.7 16.0 

a} Emission from a single state at EB = 1 MeV for symmetric 
(X = 126/126) and asymmetric (X 110/142) fission. 

b) Total emission spectrum is computed as the incoherent 
sum of contributions resulting from emission from partially oc
cupied s.p. states between 8 MeV and 1 MeV; the occupation 
probabilities following a Fermi distribution with T = 1.2 MeV. 

c) 	The same as b) but with equal occupation probabilities. 
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From these data, one c~ conclude that in the present model 

the emission of post-equilibrium particles should be enhanced in 

heavy-ion induced fission compared to spontaneous fission. This 

enhancement is most pronounced in the high-energy tail of the 

spectrum. 


In conclusion, wo state that there seeras to ue a chance to 
obi;ain fast post-equillorium polar particles in heavy-ion induced 
reactions of the fusion-fission type, although the expected ef
fect is still. very small and its investie;atioll requires quite a 
large oearn ti..me and a high precision in the registration and hand
ling of the qata. 

One of the authors (P.M.) would like to aoknowledge useful 
an(l stimulati.ng disoussions with Ju.E. Penionshkevitch, E.M. Kozu
lin and V. V. Pashkevioh. 
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M3,!J;Jiep n., MHJieK E., Pai1¢ P. 

0 B03MOlKHOCTH HCnyCKaHHH nOIIHpHbiX HepaBHOBeCHblX 'laCTHl.l 
C THlKeJiblMH HOHaMH TUna CJIHHHHH-,!I;eJieHI1H 

El?-86-558 

Tipe,!I;IIaraeTCH nOHCK 6biCTpbiX nOJIHpHbiX HepaBHOBeCHblX 'laCTlfl.l 
B npol.lecce 11HAYLIHPOBaHHOI'O THlKeJibiMH HOHaMH ,!l;eJieH11H npH Hal!aJib
HbiX 3Hepnmx liYTh BbiWe KYIIOHOBCKOI'O 6apbepa. 06cylK,!I;alOTCH B03MOlK
HaH cxeMa nocTaHOBKH 3KcnepHMeHTa, a TaKlKe ,!I;Ba He3aBHCHMbiX MeTO,!I;a 
,!!;HCKpHMHHal.IHH HepaBHOBeCHb!X KOMnOHeHT, B03HHKWI1X ,!1;0 H nocJie <f>op
MHpOBaHI1H COCTaBHOI'O H,!!;pa. HeKOTOphie MO,!I;eJibHbie Ol.leHKH YKa3biBalOT 
Ha B03MOlKHOe ycHJieHHe 3<f><f>eKTa B HHAYLIHPOBaHHOM ,!l;eJieHHH no cpaBHe
HHlO CO cnOHTaHHbiM ,!l;eJieHHeM. 

Pa6oTa BbiriOJIHeHa B Jla6opaTopHH TeopeTHl!ecKoH cpH3HKH OIUUL 

Coo6111eHHe OfuenHHeHHoro HHCTHT}'Ta ll,!l;epHbiX HCCJieAOBBHHii • .Ily6Ha 1986 

Madler P., Milek B, Reif R. 

On the Possibility of Post-Equilibrium Polar Particle 
Emission in Heavy-Ion Induced Fusion-Fission Reactions 

E?-86-558 

We propose to search for fast polar post-equilibrium particles in heavy
ion induced fission at incedent energies slyghtly adove the Coulomb bar
rier. A possible schematic experimental set-up and two independent methods 
to discriminate pre- and post-equilibtium components are discussed. Some 
model estumates seem to indicate that the effect might be enhanced in 
heavy-ion induced fission compared to spontaneous fission. 

The investigation has been perfonned at the Laboratory of Theoreti
cal Physics, JINR. 
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