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Effect of the preequilibrium process upon fast neutron fission spectra from238U
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A preequilibrium process for the prefission neutron which is emitted before scission is calculated with the
model of Feshbach, Kerman, and Koonin. A forward-peaked angular distribution of the neutron emission from
238U bombarded by 14 and 18 MeV neutrons is expressed with the statistical multistep compound process and
the one-step direct process. The fission neutron energy spectra are calculated with the model of Madland and
Nix, with some modifications by Ohsawaet al.The calculated total neutron emission spectra and their energy-
angle distributions~double-differential cross sections! are compared with the experimental data, and a strength
of the residual interactionV0 is estimated. The comparisons of the calculations with the experimental data
show that the 14 MeV data are well reproduced but the 18 MeV data are underestimated. Anisotropy is seen
in the angle-differential fission spectra, and this is due to an existence of the prefission neutron.
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I. INTRODUCTION

Recent progress in the quantum-mechanical approac
the preequilibrium nuclear reaction has brought about a g
understanding of the smooth forward-peaked angular di
butions which are observed in the particle emission spectr
high energy nuclear reactions. There are three well-kno
statistical multistep direct~MSD! theories; those are th
theories of Feshbach, Kerman, and Koonin@1# ~FKK!,
Tamura, Udagawa, and Lenske@2# ~TUL!, and Nishioka,
Weidenmu¨ller, and Yoshida@3# ~NWY!. Those theories em
ployed different statistical assumptions for the multistep
actions; however, descriptions of the first step~one-step! are
the same in principle@4#. A validation of the statistical as
sumption employed in the various theories is still under d
cussion@5#, but the difference among those theories m
appear in reactions at high incident energies. Therefor
low energies (Ein<20 MeV), the one-step process as well
the multistep compound~MSC! process can be adopted
analyze an experimental particle emission spectrum.

In Ref. @6# we showed that double-differential cross se
tions at incident energies below 20 MeV were reproduced
the incoherent sum of one-step MSD and MSC calculatio
where a MSC correction factor was introduced. Up to n
such analyses have been carried out by many authors
those efforts concentrated on analyses of an inelastic sca
ing process or a charge exchange reaction, and so fa
analysis with quantum-mechanical theories has done fo
fission neutron spectrum.

The fission neutron spectra from238U bombarded by high
energy neutrons show a forward-peaked angular distribu
@7,8#, and one can recognize that this anisotropy is due
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prefission neutron which is emitted before scission. T
mechanism of the prefission neutron is the same as the
equilibrium nuclear reaction, and it is able to study this p
cess in the MSC and MSD frameworks. Such an appro
was examined for239Pu reactions by Chadwick and Youn
@9#, but an investigation of the angular distributions has n
been done.

On the other hand, a prompt neutron fission spectrum
often been represented by simple functions such a
Maxwellian-type or a Watt-type formula. Madland and N
@10,11# proposed a new theory to express the prompt neu
fission spectra, and their theory reproduced the experime
fission spectrum data fairly well. Following the work o
Madland and Nix, Ohsawa and co-workers@12–16# im-
proved it to give a better fit of the experimental data. Ho
ever, the prefission neutron emission in a multiple-cha
fission process was represented by simple evaporation fro
highly excited compound nucleus; then, neutron emission
sults in being isotropic. At higher energies, the prefiss
neutron removes a large momentum from the compo
nucleus, and it may affect the multiple-chance fission proc
considerably.

Boikov et al. @17,18# analyzed the neutron emission spe
tra from 14.7 MeV neutron induced fission reactions of T
U, and Np isotopes, and they included the preequilibri
effect in the prefission neutron. However, they applied
exciton model, so that the angular distributions of the em
ted neutron were not calculated. If one investigates
quantum-mechanical effect in the fission neutron spectr
the emitted neutrons may have a forward-peaked nature,
this is consistent with the experimental findings.
©2001 The American Physical Society01-1
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II. ANALYSIS

A. FKK model to the prefission neutron

When a high energy neutron collides with a fissiona
nucleus, the neutron can be emitted before the compo
system reaches a fully equilibrium state, and the fission p
cess occurs if an excitation energy of the residual nucleu
larger than the fission threshold. An energy spectrum and
angular distribution of the prefission neutron can be analy
with the MSD-MSC model of FKK@1#. There is no interfer-
ence between preequilibrium and fission processes bec
preequilibrium takes place on a fast time-scale compare
slow fission decay. Therefore no formal modifications a
needed to the FKK model. The FKK model gives an inc
sive cross section which can be written as (n,n8X), so that
the cross section includes processes other than fission.

We analyze here relatively the low energy experimen
data of Babaet al. @7,8#. The prefission neutron can be re
resented by the MSC as well as the one-step MSD proc
The MSC spectrum is assumed to be isotropic. The dou
differential cross section from the MSC process is given
@1#

S d2s

dVdE
D MSC

5
1

4p

p

k2 (
J

~2J11!2p
^G1J&

^D1J&

3(
N

(
n j

^GNJ
↑n jrn~U !&

^GNJ&
)

M51

N21 ^GMJ
↓ &

^GMJ&
, ~1!

whereN is the class of preequilibrium states,j is the angular
momentum of the emitted particle,n labels the three exi
modes (DN50 and 61), 2p^G1J&/^D1J& is the entrance
strength for producing bound two-particle–one-hole~2p-1h!
states of spinJ, ^GNJ

↑n jrn(U)& is the escape width,̂GMJ
↓ & is

the damping width, and̂GNJ& is the total width. Those quan
tities are calculated quantum mechanically as in Re
@6,19,20#. A constant wave-function approximation is use
and the MSC correction factor 1/2 is included@6# ~note that
the factor 3/2R in Ref. @6# is a mistake!.

The one-step MSD cross section is calculated a
distorted-wave Born approximation~DWBA! cross section
which excites a 1p-1h state in the continuum. In order
avoid ambiguities in the MSD calculation method@5,21#, an
explicit formulation is given here although it is redunda
The DWBA cross section is given by@22#

S ds

dV
D

1 step

5
2I B11

~2I A11!~2sa11!

mamb

~2p\2!2

kb

ka

3 (
lmmbma

uTlsl
mmbma~u!u2, ~2!

wherea is the incident particle (sa , l a , j a , andma), b the
outgoing particle (sb , l b , j b , and mb), A the target state
~0p-0h!, B the residual state~1p-1h!, l the orbital angular
momentum transfer,s the spin transfer, andl the total spin
transfer (l5 l1s5IB2IA5 ja2 jb). The transition matrix el-
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ementTlsl
mmbma(u) is given in Ref.@22# with an appropriate

form factor f lsl(r ) which represents the p-h excitation.
We assume that the nucleon-nucleon interaction has

Yukawa form. For the sake of simplicity, the spin transfer
neglected; then,l 5l. The form factorf l0l(r ) can be calcu-
lated as@23#

f l0l~r !5A4pA2V0Î B
21~21!l2 j h21/2i l p2 l h1l̂h̂p

3^ j pj h1/2,21/2ul0&E up~r 8!gl~r 8,r !uh~r 8!dr8,

~3!

gl~r 8,r !5
1

aArr 8
Kl11/2~ar .!I l11/2~ar ,8 !, ~4!

where l p , l h , j p , and j h are the quantum numbers of th
single-particle states,I (r ) and K(r ) the modified Besse
functions,a21 the range parameter, andV0 the strength of
effective interaction. Parity conservation demands thatj p
1 j h1l5even.

Equation~2! represents an excitation of a certain p-h p
in the shell structure with an angular momentum transfer
l. To calculate the continuum excitation, one has to calcu
all p-h pairs which satisfy the energy, spin, and angular m
mentum conservations@21#. Instead of that, it is possible to
obtain the one-step cross section by an averaging of a ce
number of calculated cross sections in Eq.~2!, and it is mul-
tiplied by a phenomenological state density@19#.

It is often assumed that the target spin is zero,I A50, so
I B5l; the cross section is given by

S d2s

dVdE
D

1 step

MSD

5(
l

2l11

2sa11

mamb

~2p\2!2

kb

ka

3 (
mmbma

uTl
mmbma~u!u2v~p,h,Ex!Rn~l!,

~5!

wherev(p,h,Ex) is the density for thep-particleh-hole state
at the excitation energy ofEx , andRn(l) the spin distribu-
tion for n excitons (n5p1h). We use the expression o
Běták and Dobesˇ @24# for v(p,h,Ex), and a Gaussian distri
bution is assumed forRn(l) with the spin cutoff factors2

50.24nA2/3 @25#. The single-particle state densityg in
v(p,h,Ex) is taken to beg5A/13 MeV21. The binding en-
ergies for the single-particle states are calculated with
Nilsson model parameters of Bengtsson and Ragnars
@26#.

B. Madland-Nix model to the fission neutron

The fission neutron spectra are calculated with the the
of Madland and Nix@10#, modified by Ohsawaet al. @12–
14#. The prompt neutron fission spectrum is calculated a
weighted average of spectra from both the light and he
fragments,
1-2
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EFFECT OF THE PREEQUILIBRIUM PROCESS UPON . . . PHYSICAL REVIEW C63 034601
x~E!5„nLxL~E!1nHxH~E!…/~nL1nH!, ~6!

wherexL andxH are the normalized spectra from those fra
ments, andn the average number of neutrons. The ratio ofnL
to nH is not well known at high energies, sonL5nH is as-
sumed.

The spectrumxL,H is given by@10#

xL,H~E!5
1

2AEfTm
2
E

(AE2AEf )
2

(AE1AEf )
2

sR~e!Aede

3E
0

Tm
k~T!T exp2e/T dT, ~7!

whereEf andTm are the average energy and the maxim
nuclear temperature of the fission fragments,k(T) the tem-
perature dependent normalization integral@10#, and sR(e)
the inverse reaction cross section calculated with the op
model. The maximum temperatureTm can be related to the
neutron binding energyBn , the incident energyEn , the total
energy releaseEr , and the total kinetic energyEk as aTm

2

5Er1Bn1En2Ek , wherea is the level density paramete
a

in
ca

e
e
ir

e
b

s
-
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of the compound. The total energy release is calculated w
the mass formula of Tachibanaet al. @27#, and the values of
Ek are taken from measurements. The temperatures for
light and heavy fragments are determined from the relat
aLTmL

2 1aHTmH
2 5aTm

2 . The level density formula of Ig-
natyuket al. @28# is adopted for the fission fragments in o
der to include the shell effect.

Above the threshold energy of multiple-chance fissio
(n,n f), (n,2n f), etc., occur. The fission spectra for tho
reactions can be obtained by a weighted sum of the spe
from fission fragments and the spectra from a statistical
cay before scission. The weight is calculated with the av
age number of neutrons,n i , and the fission probabilityPf i ,
where i stands for thei th chance fission. When up to th
second-chance fission processes contribute, the total s
trum is given by

x~E!5
n1x1~E!Pf 11$c1~E!1n2x2~E!%Pf 2

n1Pf 11~11n2!Pf 2

, ~8!

and the case for the third-chance fission is
x~E!5
n1x1~E!Pf 11$c1~E!1n2x2~E!%Pf 21$c1~E!1c2~E!1n3x3~E!%Pf 3

n1Pf 11~11n2!Pf 21~21n3!Pf 3

, ~9!
re

ec-
ef.

ec-
wherec i(E) ( i 51 and 2! are the prefission neutron spectr
andx i(E) is calculated by Eq.~7! but the excitation energy
of the compound must be corrected by the neutron bind
energies and the energies removed due to statistical de
The average number of neutronn i is obtained from energy
conservation, which is expressed as@11#

n5
aTm

2 2Eg

S̄n1 ē
, ~10!

whereEg is total average promptg-ray energy,S̄n the aver-
age fission fragment neutron separation energy, andē the
average energy of the emitted neutrons.

III. RESULTS AND DISCUSSIONS

A. Double-differential cross section

Double-differential cross sections~DDX! of 238U reac-
tions at the neutron energies of 14.1 and 18 MeV were m
sured by Babaet al. @7,8#. To represent those DDX data w
decompose them into various processes. Up to the th
chance fission processes are taken into account.

The first-, second-, and third-chance fission neutrons
cluding the prefission neutrons are expressed
n1s1 fx1(E), n2sn fx2(E), andn3s2n fx3(E), wherex i(E)
is calculated by Eq.~7!. The multiple-chance fission cros
sectionss1 f , sn f , ands2n f can be obtained by a decom
,

g
ys.

a-

d-

x-
y

position of the total fission cross sections f . Note that the
first-chance fission cross section is denoted bys1 f in order to
distinguish from the total fission cross sections f .

The decomposed fission cross sections for238U are shown
in Fig. 1. The total fission cross sections in this figure we
obtained based on the least-squares fitting@29# to the experi-
mental data. The decomposition of the total fission cross s
tion was made by means of the method described in R

FIG. 1. Decomposition of the total fission cross sections of238U
into the first-, second-, third-, and fourth-chance fission cross s
tions.
1-3
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T. KAWANO, T. OHSAWA, M. BABA, AND T. NAKAGAWA PHYSICAL REVIEW C 63 034601
@10# using experimental data of the fission probability@30–
33#.

The inelastic scattering neutron (n,n8X) has a normalized
spectrumf1(E). Since it is an inclusive process, the cro
sectionsnX is given by a sum of all possible neutron em
sion reactions; then,snX5sn81s2n1s3n1sn f1s2n f , and
this is different from the first-chance prefission neutron sp
trum c1(E) in Eqs. ~8! and ~9!. The spectrumf1(E) has a
forward-peaked angular distribution, and it is calculated w
the MSC-MSD model as described previously.

For the (n,2nX) and (n,3nX) reactions, two or three neu
trons are evaporated from the compound before sciss
Those spectra are expressed ass2nXf2(E) and s3nf3(E),
where s2nX5s2n1s3n1s2n f . The spectraf2(E) and
f3(E) are assumed to be isotropic in the center-of-mass
tem, and those are calculated with the Hauser-Feshb
theory.

With the quantities defined above, the observable an
integrated cross sections can be represented by

ds

dE
5snXf1~E!1s2nXf2~E!1s3nf3~E!1n1s1 fx1~E!

1n2sn fx2~E!1n3s2n fx3~E!. ~11!

The double-differential cross section can be easily
tained by replacingf(E)→f(E,u), x(E)→x(E,u), etc.
The cross sections for238U reactions have been well dete
mined by experiments and theoretical calculations, so
we can utilize the evaluated cross sections@29,34#.

B. Comparisons with the experimental data

An optical potential parameter of Madland and You
@35# is employed to calculate the reaction cross section
the transmission coefficients for the Hauser-Feshbach
MSC calculations. The same potential is used to gene
distorted waves in the one-step MSD calculation. T
Hauser-Feshbach calculations are carried out with theGNASH

code @36#. The inverse reaction cross sections for fiss
fragments in Eq.~7! are calculated with the Walter-Gus
global optical potential@37#.

The adjustable parameter is the strength of effective in
actionV0 in Eq. ~3!. An absolute magnitude of the one-ste
MSD cross section is proportional toV0

2; however, the total
reaction cross section is conserved throughout the calc
tion, and an increase in the MSD process results in a
crease of a fraction of the statistical decay. ThereforeV0
determines the ratio of the preequilibrium to the compou
emission.

The strengthV0 was searched for by fitting the calculate
total neutron emission spectra to the experimental dat
neutron incident energies of 14 and 18 MeV@7,8#. Values of
50.5 and 42.6 MeV were obtained for the 14 and 18 M
data, respectively. Watanabeet al. @38# reported thatV0 is
proportional toE21/2 although this relation was found fo
(p,p8) reactions. Our results are roughly expressed byV0
5185E21/2. However, such a steep energy dependence
not been reported for (n,n8) reactions. For fissionable nucle
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the value ofV0 is not well determined because the preeq
librium emission has a small fraction to the total amount
neutron emission, and the number of fission neutrons is
fected by uncertainties in the neutron multiplicitiesn i and
fission probabilityPf i . If one uses an averaged valueV0

546.664 MeV for both incident neutron energies, the ca
culations are still in good agreement with those data.

A comparison of the calculated angle-integrated neut
emission spectra with the experimental data@7# is shown in
Fig. 2. The thick dashed, dotted, and dot-dashed lines are
fission spectra in which the prefission neutrons are exclud
The spectra for the prefission neutrons including the con
butions from inelastic, (n,2n), and (n,3n) reactions are
shown by thin lines, the dashed line is for the (n,n8X) reac-
tion, the dotted line is for (n,2nX), and the dot-dashed line i
for the (n,3n) reactions. The calculation does not includ
elastic scattering and direct inelastic scattering to the col
tive levels in order to see the effect of preequilibrium clear
so the calculated cross sections decrease monotono
above 8 MeV. Below 8 MeV the calculated spectrum agre
with the data well, and one can see clearly the contribut
of the preequilibrium process above 5 MeV.

The double-differential cross sections were calculated
the scattering angles of 30°, 60°, 90°, 120°, and 15
Comparisons of those with the experimental data are sh
in Fig. 3. The one-step MSD components are only shown
those drawings, since the contributions from the other p
cesses are isotropic. The preequilibrium effect can be
served at high energies, and the effect is more eviden
forward angles. On the other hand, it is weak at backw
angles and lower emission energies where fission spe
dominate. This feature of the preequilibrium process is w
reproduced by inclusion of the FKK model in the fissio
spectrum calculations.

FIG. 2. Comparison of the calculated energy distribution of
emitted neutrons from238U at the incident neutron energy of 1
MeV with the experimental data. The thick dashed, dotted, a
dot-dashed lines are the multiple-chance fission spectra but fo
prefission neutrons. The spectra for the prefission neutrons inc
ing the contributions from inelastic, (n,2n), and (n,3n) reactions
are shown by the thin lines.
1-4
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EFFECT OF THE PREEQUILIBRIUM PROCESS UPON . . . PHYSICAL REVIEW C63 034601
Figure 4 shows a comparison of the calculated ene
spectra at the incident energy of 18 MeV with the expe
mental data@8#. The elastic and the collective inelastic sca
tering cross sections are excluded in this study. As see
the low energy region of this figure, the calculation is abo
20% lower than the measurement. This disagreemen
mainly due to the value ofn used. Since the fission spect
are multiplied by then values to give the total neutron emi
sion, the uncertainty ofn directly influences the total mag
nitude of the emitted neutrons. The values ofn i for each
fission chances were estimated with the relation in Eq.~10!,
and the totaln value was renormalized to a reported val
@39# since the totaln values have been determined by ind
pendent experiments and they have relatively small un
tainties (<2%). However, the decomposition of the totaln
into each fission chance is still ambiguous.

The calculated double-differential cross sections are c
pared with experimental data in Fig. 5. One can see cle
the preequilibrium effect above 6 MeV, and these forwa
peaked components are well reproduced with the one-
MSD contributions. The calculations underestimate the
perimental data, which is also seen in the energy distribu
in Fig. 4.

Recently the double-differential cross sections at 1
MeV were measured at the same institute@40#. It is interest-

FIG. 3. Comparison of the calculated double-differential cro
sections for238U at En514 MeV with the experimental data. Th
dot-dashed lines are the one-step MSD component, and the
lines are the total emission spectra.
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ing to compare our calculations with these data in order
see the validity of our calculation method. The same mo
parameters were used to calculate the fission spectra. Th
the neutron energy of the experiment was 11.8 MeV, cal
lations were carried out at 12 MeV. The strengthV0 was
calculated by the relation obtained in the 14 and 18 M
data analyses, and it was 53.4 MeV.

The calculated double-differential cross sections are co
pared with the experimental data@40# in Fig 6. At scattering
angles of 30° and 90°, the measured values were avail
above 6 MeV, but the whole spectra were measured at
and 120°. In the energy region 6–10 MeV one can see
preequilibrium emission clearly, and the magnitude of t
calculated MSD process is in good accordance with the
perimental data. Therefore it supports the relationV0
}E21/2, as suggested by Watanabeet al. for proton-induced
reactions@38#. At scattering angles of 60° and 120°, th
calculated double-differential cross sections reproduced
experimental data well, from low energies up to 9 MeV.

C. Normalized fission neutron spectrum

A prompt neutron fission spectrum is often expressed b
normalized energy distribution as

E
0

`

x~E!dE51, ~12!

or more generally it can be expressed in the energy-an
differential form

E
0

pE
0

`

x~E,u!sin~u!dEdu51, ~13!

s

lid

FIG. 4. Comparison of the calculated energy distribution of
emitted neutrons from238U at the incident neutron energy of 1
MeV with the experimental data. The thick dashed, dotted, a
dot-dashed lines are the multiple-chance fission spectra but fo
prefission neutrons. The spectra for the prefission neutrons inc
ing the contributions from inelastic, (n,2n), and (n,3n) reactions
are shown by the thin lines.
1-5
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FIG. 5. Comparison of the calculated doubl
differential cross sections for238U at En

518 MeV with the experimental data. The do
dashed lines are the one-step MSD compone
and the solid lines are the total emission spect
re
on
h
ex

i
w

s of
In

the
eV
sion
cut
cat-
pec-
by
so that the spectra obtained are converted into this exp
sion. The total spectra in Figs. 2 and 4 contain contributi
of the reactions in which fission does not take place, suc
(n,n8) and (n,2n); therefore, those processes should be
cluded. We subtracted a contribution of the (n,n8) reaction
in which the excitation energy of the residual nucleus
lower than the fission barrier energy. On the other hand,
did not pay attention to the spectra from (n,2n) and (n,3n),
because those contributions were small.
03460
s-
s
as
-

s
e

Normalized fission spectra at neutron-induced energie
14 and 18 MeV are shown in Figs. 7 and 8, respectively.
Fig. 7, a small preequilibrium effect can be observed in
secondary neutron energy region 4–8 MeV. Above 8 M
the fission neutron spectrum does not contain the prefis
component, so that the preequilibrium effect is sharply
off there, and its component is observed as inelastically s
tered neutrons. Consequently the shape of the fission s
trum involves a bump near 7 MeV, which was reported
e-

t-
nt,
ra.
tal
FIG. 6. Comparison of the calculated doubl
differential cross sections for238U at En

512 MeV with the experimental data. The do
dashed lines are the one-step MSD compone
and the solid lines are the total emission spect
The neutron incident energy of the experimen
data is 11.8 MeV.
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EFFECT OF THE PREEQUILIBRIUM PROCESS UPON . . . PHYSICAL REVIEW C63 034601
Boikov et al. @17#. Our analysis showed that this bump
larger at forward angles, but it can be ignored at backw
angles.

In the case of the 18 MeV calculation in Fig. 8, one c
see the effect of prefission neutron clearer than Fig. 7
bump appears near 11 MeV, which is due to the sharp cu
of the inelastic scattering component at the second-cha
fission threshold, and the (n,n8) reaction is connected
smoothly above there to yield the total neutron spectrum
seen in Fig. 4. Because of the existence of the prefis
neutron, the angle-differential spectra become anisotropi
the energy region 5–12 MeV.

IV. CONCLUSION

A fission neutron spectrum from the neutron-induced
actions on 238U was decomposed into the preequilibrium
multiple-chance fission, and multiple neutron emission p
cesses. The multiple-chance fission probabilities were
tained by experimental data. The Feshbach-Kerman-Koo
model was adopted for the preequilibrium neutron emiss
process to reproduce a forward-peaked angular distribu
of the secondary neutrons. The fission neutron spectra fo
multiple-chance fission process were calculated with
Madland-Nix model modified by Ohsawaet al., and the
FKK model calculation was incorporated into this model a
prefission neutron for the second-chance fission process

FIG. 7. Normalized prompt-neutron fission neutron spectra
the neutron incident energy of 14 MeV.
.
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Neutron emission spectra thus calculated were compa
with the experimental data of double-differential cross s
tions at incident energies of 14 and 18 MeV. The strength
the effective interactionV0 was determined for those mea
surements, and values of 50.5 and 42.6 MeV were obtai
for the 14 and 18 MeV data, which were roughly express
by V05185E21/2. The 14 MeV data were well reproduce
by the present calculation method, not only the energy d
tribution but also angular distributions. However, the
MeV data were systematically underestimated. This unde
timation is probably due to the average number of neutro
n i , and the fission probabilitiesPf i for each fission chance

The calculations were carried out for 11.8 MeV doub
differential cross section data, and it was found that our c
culation method gave a good fit to the experimental data,
the relationV0}E21/2 still holds at this energy.

The fission spectra obtained were expressed in a norm
ized form. The preequilibrium effects in the fission spectru
appeared below the second-chance fission threshold. Bec
of the existence of the prefission neutron, the ang
differential spectra became anisotropic.
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t FIG. 8. Normalized prompt-neutron fission neutron spectra
the neutron incident energy of 18 MeV.
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