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Fission of heavy nuclei induced by stopped antiprotons.
II. Correlations between fission fragments
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Antiproton-induced fission has been investigated with a novel double-arm fission fragment spectrometer.
The correlations in mass, energy, and velocity between two fragments were measured. The dependence of total
kinetic energy, velocity, momentum of the fissioning nucleus, and momentum of the fission fragments on the
mass loss was deduced and analyzed in the framework of the dynamical statistical model. This model takes
into account all stages before, during and afterp̄-induced fission~atomic cascade, intranuclear cascade, evapo-
ration cascade, fission of the compound nucleus, evaporation from the fission fragments!. The mass loss was
used as a measure of the excitation energy to classify the fission events according to the corresponding
excitation energies. Some discrepancies between the model calculation and the experiment show the important
role of dissipative effects in thep̄-induced fission process.@S0556-2813~96!04511-6#

PACS number~s!: 25.43.1t, 24.75.1i, 25.85.Ge
o
a

v
o

t

p
l
,

l

w

fi

s
n

y
-

ass
o

nd
ure
y
nt

d
ly
he
t
e
-
u-
xis
ti-
e

ect,
r-

se-
st

e

I. INTRODUCTION

Related to the investigation of nuclear matter at high e
citation energyE* there is an increasing interest in hig
energy fission. The fission phenomenon is like a microsc
through which we can have a close look at the nature
behavior of hot nuclear matter. One very good example is
study of fission time which gives us a clue to dissipati
effects in fission@1#. Some authors have tried to search f
exotic nuclear phenomena such as fireballs@2# or cleavage of
the nucleus@3# by measuring correlated fission fragmen
while others tried to learn about multifragmentation by loo
ing at the total-mass–total-kinetic-energy correlation of c
incident fragments@4#. In this respect the antiproton- (p̄-!
induced fission is very interesting because it produces
only another set of fission data but it can also shed so
light on the p̄-nucleus interaction, which is quite differen
from conventional nuclear reactions.

The first part of our publication@5# dealt with the general
aspects of fission induced by stopped antiprotons by com
ing the inclusive experimental spectra with model calcu
tions for four sequential processes: the atomic cascade
intranuclear cascade~INC!, the decay of the compound
nucleus~simulated with the statistical evaporation mode!,
and the fission process~simulated with a diffusion mode
based on the Fokker-Planck equation!. The double-arm fis-
sion fragment spectrometer with which we measured t
masses, two kinetic energies, and the folding angle betw
the fission fragments is explained elsewhere@6#. The spec-
trometer was employed at LEAR/CERN to measure the

*Present address: Korea Institute of Geology, Mining and Mat
als, Taejon, South Korea.
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sion fragments resulting fromp̄ annihilation in 238U,
232Th, and 209Bi targets.
In the present paper we will examine various correlation

between mass, energy, and velocity of coincident fissio
fragments fromp̄-induced fission which has properties dif-
ferent from those of heavy-ion-induced fission: Only ver
little linear and angular momenta are involved. Such corre
lations can provide information on bothp̄ annihilation and
subsequent evaporation and/or fission processes. The m
loss Dm ~the target mass minus the mass sum of the tw
coincident fragments after all evaporation processes! will be
used as a measure for the excitation energy of the compou
nucleus right after the fast cascade process. This proced
will be justified later. This experimental observable is ver
useful since it enables us to classify each single fission eve
according to its excitation energy.

Recently some evidence arose from heavy-ion-induce
fission experiments that the fission process is so strong
overdamped that the fissioning nucleus is almost cold at t
time of scission@7#. A direct measurement of such an effec
in the case ofp̄-induced fission would be desirable, becaus
only little angular momentum is involved. The common ex
perimental method to study such an effect is to measure ne
tron spectra at various angles with respect to the fission a
and to deconvolute the spectra to obtain the neutron mul
plicity before and after scission. Apart from this techniqu
the correlation between the total kinetic energy~TKE! and
the mass loss can also provide a means to observe the eff
since particle evaporation before and after fission has diffe
ent consequences on the fission kinematics.

II. INC, EVAPORATION, AND FISSION CALCULATIONS

The calculation of the intranuclear cascade and the sub
quent evaporation and fission is described in detail in the fir
part of our publication@5#. Here only some results will be

ri-
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2470 54Y. S. KIM et al.
shown. First of all, the correlation between average exc
tion energyĒ* and mass lossDm is shown in Fig. 1.Dm is
given byDm5At212M tot , with At the number of nucleons
in the target nucleus andM tot the total number of nucleons in
both fission fragments. AtDm.10, Ē* depends almost lin-
early onDm for both U and Th. This kind of correlation wa
first used in the work of Remsberget al. @8# who combined
the results of the two early pioneering works by Metropo
et al. @9# and by Dostrovskyet al. @10#. The slope of 10
MeV/~emitted nucleon! is the same Remsberget al. had ob-
tained. Hence it is justified to useDm as a measure ofĒ*
with a conversion factor of 10 MeV/~emitted nucleon!. Fig-
ure 2 shows the number of protons and neutrons emi
during the cascade as a function of the mass loss and,
sequently, ofĒ* . There is practically no difference in th
slope for U and Th, and a linear relationship holds betwe
the number Dn of cascade nucleons andDm:
Dn/Dm50.14 for neutrons,Dn/Dm50.06 for protons, and
thusDn/Dm50.20 for cascadenucleons. This leads to 50
MeV per cascade nucleon, which is the same value Metro
lis et al. had obtained. The number of nucleons evapora
from the compound nucleus before fission is shown in Fig
as a function ofDm. Some small substructure in the curves
due to the statistics of the calculation. The number of eva
rated neutrons increases with increasingDm until Dm518
(Ē*'100 MeV; cf. Fig. 1! and then drops slowly with in-
creasingDm. It is remarkable that neutron evaporation is n
a dominant decay channel atDm.30, i.e.,Ē*.220 MeV.
Proton evaporation is highly suppressed because of the ra
high Coulomb barrier and contributes only very little. Th
emission ofa particles, however, is important for the ma
loss during evaporation before scission. Charged parti
carry away the largest part of the mass of the hot compo
nucleus because their binding energy for neutron-defic
compound nuclei may become even negative~fission frag-
ments, neutron-rich nuclei, emit predominantly neutrons!. As
a result of the competition with the emission of other pa
ticles, the number of prescission neutrons does not incre
with the excitation energyE* of the compound nucleus~i.e.,
with the decrease of the total massM tot), as was observed in

FIG. 1. Result of a model calculation for the average excitat
energyĒ* as a function of the mass lossDm. The slopes of the
graphs imply thatDm51 roughly corresponds toE* 510 MeV.
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heavy-ion experiments@7#. Hence the mass loss in fission o
hot nuclei may not be identified with the neutron multiplic
ity, as is often done. Again, there is no large difference in
gross feature between U and Th, except that the neu
evaporation saturates atDm'22 for Th. It has to be kept in
mind that the above-mentioned relations are the results
our calculations.

It is instructive to see the change of TKE due to vario
particle evaporations. The simple liquid drop model@11# pre-
dicts theTKE* ~total kinetic energy of two fission fragment
after full acceleration assuming no evaporation from t
fragments! to be

TKE* 5 0.124Z2/M tot*
1/3 MeV, ~1!

whereZ and the massM tot* are the charge and mass of th
fissioning nucleus, respectively. The average total kinetic
ergy that can be compared with the experiment is the va
after all evaporations which can be approximated by

TKE5TKE*
M tot

M tot*
, ~2!

on

FIG. 2. Result of a model calculation for the average number
cascade protons~dotted lines! and neutrons~solid lines! as a func-
tion of Dm, ~a! for 238U and ~b! for 232Th. Adding protons and
neutrons gives 0.2 nucleon/Dm, which corresponds to 50 MeV pe
cascade nucleon.
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54 2471FISSION OF HEAVY NUCLEI . . . . II. . . .
whereM tot is the sum of the masses of the two fragmen
after all evaporations are finished. Now the change ofTKE
per evaporated nucleondTKE/dM tot can be obtained from
Eqs.~1! and ~2! for various evaporated particles in the cas
of 92

238U as function ofZ/M tot as shown in Fig. 4~a!. The
dTKE/dM tot for prescission neutrons, protons,a particles,
and postscission neutrons are about 0.4,23, 21.4, and
20.7 MeV/nucleon, respectively. Note that only prescissio
neutron evaporation increases the TKE.

It may be even more instructive to see the change of t
fragment velocities due to the particle evaporations becau
the postscission evaporation will, on average, not affect t
velocity, enabling us to observe rather purely the effect
prescission evaporations. We introduce the root mean squ
velocity of the two fragments as

v rms5Av1 v2. ~3!

From the fission kinematics one obtains

TKE*5
M tot*

2
v1 v2 . ~4!

FIG. 3. Result of a model calculation for the average number
evaporated protons~double-dot-dashed lines!, neutrons~solid lines!,
and other charged particles~dashed lines! as a function ofDm ~a!
for 238U and~b! for 232Th. The ordinate gives the number of nucle-
ons. FromE*'300 MeV upward neutron evaporation is no longe
the dominant decay channel.
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From Eqs.~1!, ~3!, and~4! and assuming TKE*' TKE* as
well as v rms ' v̄ rms, it follows, for the case of the mos
probable mass and charge of the fragments,

v̄ rms 5 S 0.248 Z2

M tot*
4/3D 1/2. ~5!

Based on Eq.~5!, we can also obtainv̄ rms for various
charges and masses of the fissioning nuclei. The role of
ticle evaporation onv rms calculated in this way is shown in
Fig. 4~b!. The major difference from Fig. 4~a! is that the
postscission particle emission has no effect onv̄ rms. The
dv̄ rms/dM tot values for prescission neutrons, protons, anda
particles are calculated to be about 0.004,20.09, and
20.003 cm/~ns nucleon!, respectively.

The importance of these calculatedd TKE /dM tot and
dv̄ rms /dM tot values is obvious: In the~2E,2v) correlation
measurement, one obtains the correlation of TKE and vel
ity to the mass lossDm, and the slopes at each givenDm in
those correlations can be interpreted as the consequenc
the various particle evaporations before or after scissi
Such a correlation can, therefore, reveal some information
prescission and postscission particle evaporations as wil
shown in Sec. III D.

of

r

FIG. 4. The slope of~a! TKE and ~b! v̄ rms as a function of
particle evaporation before and after scission versusZ/A. The val-
ues were calculated with Eqs.~1!, ~2!, and~5!. Charge and mass o
the fissioning nucleus were arbitrarily selected approximately f
lowing the line ofb stability in the nuclide chart.
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III. DISCUSSION AND COMPARISON
OF EXPERIMENTAL AND CALCULATED

CORRELATIONS BETWEEN
FISSION FRAGMENTS

A. Experiments

Our double-energy double-time-of-flight experiment wa
performed with a double-arm fission fragment spectrome
consisting of twop-i -n diode arrays~with 144 diodes each!
using U, Th, and Bi targets. The experimental details a
explained elsewhere@6#. With the spectrometer it is possible
to obtain the masses (M1,M2), kinetic energies (E1,E2), and
velocities (v1,v2) of and the folding angle (Q f) between two
coincident fragments and to determine correlations betwe
mass, kinetic energy, velocity, and momentum. Mass, e
ergy, and time resolution were about 8 nucleon, 2 MeV, a
1.5 ns full width at half maximum~FWHM!, respectively.
The number of registered coincident fission events is 17 0
4000, and 420 for U, Th, and Bi, respectively. One shou
take the different number of events into account when co
paring correlations among different targets because sca
plots do not show the real width of the distributions. Th
inclusive single distributions have already been shown in o
previous paper@5#.

B. Correlations between mass, energy, and velocity
of coincident fission fragments

Figure 5 shows the correlation between the two fragme
masses. The events with mass,25 are not included in the
plots and the events are not corrected for the efficiency of
spectrometer. If they were corrected, the center of the dis
butions would move slightly to lower masses in the cases
U and Th, and somewhat more in the case of Bi because
average folding angle for Bi is larger than that for U and th
counting efficiency decreases with increasing folding ang
The total mass M tot can be obtained just by
M tot 5 m11m2. The points beyondM tot 5237 for U,
M tot5231 for Th, andM tot 5208 for Bi — one nucleon is
lost by annihilation — are due to the limited mass resolutio
The overall feature of the correlations shows the typic
liquid-drop nature of the fission process, with the large wid
apparently due to the broad distribution ofE* of the com-
pound nucleus after antiproton annihilation. In the cases o
and Th the slight curvature of the mass correlation plots
dicates a small contribution of asymmetric mass divisio
which is typical for low energy fission. This effect is no
evident for Bi. Outside the boundaries of the general cor
lation, there are a few events at the lower-left parts. T
M tot values of these events are extremely small and may
due to other processes rather than to binary fission. The
ergy and velocity correlations in Figs. 6 and 7 show no r
markable substructure but only the typical broad distributio
Note that the velocity correlation is much stronger than t
energy correlation. The effect of the energy and time reso
tions on the width of the distributions is negligible in thes
cases. With lower target mass the average energy beco
lower while the average velocity stays more or less consta

C. Correlation between the total kinetic energy and the total
mass of fission fragments

The dependence of the average total kinetic ener
TKE of the fragments on their total massM tot is shown in
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Fig. 8. The TKE value decreases asM tot is reduced. Such a
behavior is explained by a well-known regularity in fissio
physics @12#: The kinetic energy of fission fragments is
mainly defined by the energy of their Coulomb repulsion
the scission point~the contribution of the prescission kinetic
energy of the fragments to theTKE value is not larger than
10%!. As a result, the TKE value grows linearly with
Z0
2/A0

1/3 and the TKE value is larger for heavy compound
nuclei; here,Z0 is the number of protons andA0 the number
of nucleons in the residual nucleus after the cascade.

The calculation of TKE agrees reasonably well with ex
periment~see Fig. 8! for small values of the total mass loss
Dm< 30, i.e., in the region of moderate excitation energy
the compound nucleus,E*<220 MeV, but the calculated
TKE values lie about 10–20 % higher than the experimen
ones in the region of 30<Dm< 80 ~i.e., 220<E*<600
MeV!. This discrepancy may be attributed to the scissio
shapes being more compact in the diffusion model than
reality for fission of hot compound nuclei. The diffusion
model @12# calculates the potential deformation energy o

FIG. 5. Experimental mass correlations of two coincident fra
ments from the reactions~a! 238U( p̄, f ), ~b! 232Th(p̄, f ) and ~c!
209Bi( p̄, f ).
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54 2473FISSION OF HEAVY NUCLEI . . . . II. . . .
fissioning nuclei using the liquid-drop model which does n
take into account the temperature dependence of its par
eters. The global liquid-drop properties of hot nuclei, how
ever, are considerably different from those of cold nuc
@13,14# ~in particular, a hot nucleus has a larger radius and
larger diffuse layer than a cold one!. If we would take into
account such thermal effects in the diffusion model, th
nuclear shapes at the scission point would be less comp
and, hence, the TKE of the fission fragment would b
smaller.

D. Effect of particle evaporation on TKE and velocity
of fission fragments

The discrepancy between calculation and measuremen
TKE as a function ofDm may, however, also indicate tha
the enhanced number of prescission particles affects T
seriously, as is often observed in heavy-ion reactions@7#. We
note that the slope in Fig. 8 becomes steeper as more nu
ons are missing in the regionDm>30. As discussed in Sec
II, this indicates that more charged particles are evapora

FIG. 6. Experimental kinetic energy correlations of two coinc
dent fragments from the reactions~a! 238U( p̄, f ), ~b! 232Th(p̄, f !,
and ~c! 209Bi( p̄, f ).
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before scission than is calculated with our model. Note t
we are concerned about the slope and not the TKE v
itself, which means that the temperature effect mentione
the previous section has only minor consequences.

It is advantageous to examine the behavior of the fr
ment velocity and thusdv̄ rms /dM tot . The measuredv̄ rms
data are shown in Fig. 9 for the three targets as a functio
M tot . The slight increase ofv̄ rms with decreasingM tot ~i.e.,
increasingDm) is clearly visible. Thedv̄ rms /dM tot values at
Dm'26 are about 631024, 631024, and 1.431023 cm/ns
nucleon for U, Th, and Bi, respectively. Note that the slo
for Bi is twice as large as that for U or Th. The fissio
probability of Bi is much smaller than that of U and Th@15#.
This implies that a comparatively larger number of neutro
than charged particles is emitted before scission of Bi, co
pared with U or Th.

An estimate of what the particle evaporation before a
after scission means tov̄ rms can be obtained by comparin
experimentalv̄ rms values with the following extreme case
~1! all evaporations take place after scission,~2! all evapora-
tions take place before scission, and~3! dissipative effects

i- FIG. 7. Experimental velocity correlations of two coincide
fragments from the reactions~a! 238U( p,f!, ~b! 232Th(p̄, f ), and~c!
209Bi( p̄, f ).
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2474 54Y. S. KIM et al.
play no role~the number of evaporated nucleons is the o
given by Fig. 3!. If one tries to be more realistic, one ca
assume that three neutrons are evaporated from the fis
fragments due to the deformation energy. Let us further
sume that the number of evaporated charged particles be
scission is given by Fig. 3 for case~2!. Then the average
charge and mass of the fissioning nucleus can easily be
tained from the INC and statistical evaporation calculatio
~Figs. 2 and 3! for each case as a function ofDm. Now Eq.
~5! can be used for calculatingv̄ rms for each case. The results
are shown in Fig. 10 together with the measured values
U. It is understandable thatv̄ rms is almost constant in case
~1!, since the effects of the cascade emission of protons
neutrons approximately cancel@Figs. 2 and 4~b!#, and the
average velocities of the fragments will not be changed
evaporation from the fragments. In the other extreme ca
v̄ rms increases drastically with increasing excitation ener
as a result of the evaporation of many neutrons. In the c
of the statistical calculation, the trend is even reversed ow
to the fact that charged-particle evaporation becomes m
and more probable asE* becomes larger~Fig. 3!. Note that

FIG. 8. Averaged values of the total kinetic energyTKE as a
function of the total massM tot of fission fragments forp̄-induced
fission for 238U ~upper part!, 232Th ~middle part!, and 209Bi ~lower
part!. Data points, experimental results of this work; histogram
calculated results.
ne
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none of these curves are similar to the measured curve.
comparison between the calculation for case~3! and the mea-
sured values is very instructive. At smallDm the v̄ rms values
agree, which indicates the validity of both experimental an
theoreticalv̄ rms values. At a mass lossDm'26, however,
the difference is about 0.015 cm/ns. According to Fig. 4~b!,
this is a consequence of the evaporation of roughly four a
ditional neutrons before scission, compared to the statistic
calculation. With larger mass loss the difference becom
even larger.

It was mentioned in the previous sections that the tot
kinetic energy of hot nuclei may be reduced due to the the
mal effect. Therefore, it may be dangerous to calculate th
exact numbers of prescission and postscission particles fro
the correlation betweenv̄ rms andM tot . The comparison in
Fig. 10 of the experimental values with the ones calculate
for the three different cases shows at least qualitatively th
the number of prescission nucleons is enhanced at high e
citation energies.

E. Correlation between the momentum of the compound
nucleus or of the fission fragments and the total mass

Figure 11 demonstrates the correlation between the m
mentumP of the fissioning nucleus~calculated from frag-
ment momenta and folding angle! and the mass lossDm of

,

FIG. 9. Measured average root mean square velocity of fissi
fragmentsv̄ rms ~solid circles! and widthsv rms

~solid curves! of the
v rms distribution as a function of the total massM tot for ~a! 238U,
~b! 232Th, and~c! 209Bi.
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54 2475FISSION OF HEAVY NUCLEI . . . . II. . . .
the fission fragments. The average momentumP̄ increases
with mass lossDm ~i.e., with the excitation energy of the
compound nucleusE* ). Such behavior was predicted in Re
@16#: The more the collisions that take place in the intr
nuclear cascade, the higher are the values of excitation
ergy E* and momentumP acquired by the compound
nucleus. The values ofP andDm are changed as a result o
subsequent evaporation from the compound nucleus
from the fission fragments, but this effect does not mod
the general shape of the curve. The calculated correlati
which takes into account the evaporation effect, is in reas

FIG. 10. v̄ rms as a function ofDm calculated for the three case
discussed in the text:evaporation only after scission~solid line!, all
evaporation before scission~dashed line!, and statistical calculation
~dotted line!, together with the experimental data points for238U.

FIG. 11. Average momentumP̄ of the fissioning nucleus as a
function of the mass lossDm of fission fragments forp̄2induced
fission of 238U ~upper part! and 232Th ~lower part!. Data points,
experimental results of this work; histogram, calculated results.
f.
a-
en-

f
and
ify
on,
on-

able agreement with the experiment in a wide range
Dm, except for smallDm values. It should be noted that the
experimental correlation is not corrected for the spectrome
resolution. In principle the momentum should be zero
Dm 5 0, but due to the finite resolution in mass, energy, an
angle, the momentum tends to be always larger than the r
value atDm'0; note that this effect is most pronounced a
Dm50. Taking this fact into account, the experimental co
relation supports the calculated results even in the low-Dm
domain.

The correlation between the momentum ratio of heav
and light fragmentsPH /PL and the mass lossDm is another
interesting topic. The following expression for the averag
value of this ratio has been deduced in Ref.@17#:

PH /PL511Dmaf
L /ML2D maf

H /MH1 higher order terms,
~6!

whereM andDm af are the mass and mass loss after scissi
of the heavy (H) and light (L) fragment. The excitation
energy of the compound nucleus will be shared between
two fission fragments proportionally to their masses if scis
ion takes place after thermalization, and the
Dmaf

H /MH'Dmaf
L /ML and PH /PL'1. Consequently, the

PH /PL ratio may be used as a measure of the degree
thermalization in the fissioning nucleus.

A comparison of the calculated and experimental depe
dence of thePH /PL ratio onDm is shown in Fig. 12 for the
Th target. As one would expect, thePH /PL ratio is close to
unity for mostDm values and theory is in good agreemen
with experiment. The calculatedPH /PL ratio is slightly
larger than 1.0 forDm>30 ~i.e., for the fission of hot com-
pound nuclei! due to the increasing role of evaporation o
charged particles~mainly a particles!. The experimental
PH /PL ratios atDm>60, however, are larger than the theo
retical ones. The discrepancy between theory and expe
ment, visible in Fig. 12, may indicate fast cracking of th
nucleus into two fragments before thermal equilibration
breakup of the nucleus into several fragments starts to pla
role. The first process~called cleavage! was observed in an
11.5 GeV proton-induced-fission experiment@18#, but it

s

FIG. 12. Average values of the momentum ratioPH /PL as a
function of the mass lossDm for p̄-induced fission of232Th. Data
points, experimental results of this work; solid line, calculated r
sults.
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2476 54Y. S. KIM et al.
seems that such a mechanism is unlikely in the case
nuclear absorption of antiprotons with ‘‘zero’’ primary mo
mentum. The second process was investigated in Ref.@19#. It
was predicted that the explosive breakup of hot residual
clei into several fragments~called multifragmentation! may
be observed with finite ~rather small! probability in
p̄-nucleus annihilation. Breakup of the nucleus into a sm
number of fragments may take place inp̄-nucleus annihila-
tion at rest, either as quasievaporation~i.e., breakup into a
large fragment and one or two small fragments! or as qua-
sifission ~i.e., breakup into two fragments with approxi
mately equal masses and one or two small fragments!.

IV. SUMMARY

Fission of heavy nuclei induced by stopped antiproto
was investigated experimentally in a systematic way both
the present and in a previous@5# publication. Both inclusive
characteristics of the fission fragments and correlations
tween them were measured. The data were discussed in
framework of the dynamical statistical approach which tak
into account all stages before, during, and afterp̄-induced
fission ~atomic cascade, intranuclear cascade, evapora
cascade, fission of the compound nucleus, evaporation fr
the fission fragments!. The approach in general gives a goo
description of the experimental data. Some discrepanc
however, indicate that the diffusion model, which describ
the dynamics of descent of the fissioning nucleus fro
saddle to scission point, needs to be improved. The influe
of thermal effects on the surface of the deformation ener
of
-
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be-
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om
d
ies,
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m
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y,

the emission of neutrons and other particles during desc
from saddle to scission point, and the temperature dep
dence of the nuclear viscosity coefficient must be taken in
account. It is possible to do this in the framework of th
diffusion model based on the Langevin equation@20–22#.

The examination of the correlation data, especially t
correlations of total kinetic energy and velocity to mass los
indicates that a larger number of prescission particles
evaporated than is expected from the statistical evaporat
model.
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