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Effect of the preequilibrium process upon fast neutron fission spectra from?U
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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
233 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 Ohsaved al. The calculated total neutron emission spectra and their energy-
angle distributiongdouble-differential cross sectionare compared with the experimental data, and a strength
of the residual interactiolV, 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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[. INTRODUCTION prefission neutron which is emitted before scission. The
mechanism of the prefission neutron is the same as the pre-
Recent progress in the quantum-mechanical approach tquilibrium nuclear reaction, and it is able to study this pro-
the preequilibrium nuclear reaction has brought about a goodess in the MSC and MSD frameworks. Such an approach
understanding of the smooth forward-peaked angular distriwas examined foP*%Pu reactions by Chadwick and Young
butions which are observed in the particle emission spectra 9], but an investigation of the angular distributions has not
high energy nuclear reactions. There are three well-knowmeen done.
statistical multistep direc{MSD) theories; those are the On the other hand, a prompt neutron fission spectrum has
theories of Feshbach, Kerman, and Koorih (FKK),  often been represented by simple functions such as a
Tamura, Udagawa, and Lenskg] (TUL), and Nishioka, Maxwellian-type or a Watt-type formula. Madland and Nix
Weidenmiler, and Yoshidd3] (NWY). Those theories em- [10,11] proposed a new theory to express the prompt neutron
ployed different statistical assumptions for the multistep refission spectra, and their theory reproduced the experimental
actions; however, descriptions of the first stepe-stepare  fission spectrum data fairly well. Following the work of
the same in principl¢4]. A validation of the statistical as- padland and Nix, Ohsawa and co-workerE2—16 im-

sumption employed in the various theories is still under di?proved it to give a better fit of the experimental data. How-

cussion[5], but the difference among those theories ma ever, the prefission neutron emission in a multiple-chance

ﬁ)ﬁ)’s’ii;rmigg%?nigso ?\;erl'/g)]h tr']réc(')dn?;tzner?éiié;rggrviglrzsqfssion process was represented by simple evaporation from a
9 in~= ! PP highly excited compound nucleus; then, neutron emission re-

the multistep compoun@MSC) process can be adopted to sults in being isotropic. At higher energies, the prefission

analyze an experimental particle emission spectrum. neutron removes a large momentum from the composite
In Ref. [6] we showed that double-differential cross sec- 9 P

tions at incident energies below 20 MeV were reproduced b nucle:-us, and it may affect the multiple-chance fission process
the incoherent sum of one-step MSD and MSC calculationsconsiderably. o
where a MSC correction factor was introduced. Up to now Boikov et al.[17,18 analyzed the neutron emission spec-
such analyses have been carried out by many authors, pl§g from 14.7 MeV neutron induced fission reactions of Th,
those efforts concentrated on analyses of an inelastic scattdd. and Np isotopes, and they included the preequilibrium
ing process or a charge exchange reaction, and so far rffect in the prefission neutron. However, they applied an
analysis with quantum-mechanical theories has done for &xciton model, so that the angular distributions of the emit-
fission neutron spectrum. ted neutron were not calculated. If one investigates the
The fission neutron spectra frof®U bombarded by high quantum-mechanical effect in the fission neutron spectrum,
energy neutrons show a forward-peaked angular distributiothe emitted neutrons may have a forward-peaked nature, and
[7,8], and one can recognize that this anisotropy is due to #his is consistent with the experimental findings.

0556-2813/2001/63)/0346018)/$15.00 63 034601-1 ©2001 The American Physical Society



T. KAWANO, T. OHSAWA, M. BABA, AND T. NAKAGAWA PHYSICAL REVIEW C 63 034601

Il. ANALYSIS ementT;.°"™(¢) is given in Ref.[22] with an appropriate

form factor f g, (r) which represents the p-h excitation.

Wh high ‘ lid ith a fissionabl We assume that the nucleon-nucleon interaction has the
€n a high energy neutron collides with a TIssionabley.a\ya form. For the sake of simplicity, the spin transfer is
nucleus, the neutron can be emitted before the Compos'Weglected' therl,= . The form factorf, o, (r) can be calcu-
system reaches a fully equilibrium state, and the fission Promted as[Zé] L MO

cess occurs if an excitation energy of the residual nucleus is

A. FKK model to the prefission neutron

larger than the fission threshold. An energy spectrum and a - ~q N 12— 1S
angular distribution of the prefission neutron can be analyze aon(1) = 477\/5\/0' g (—1)M TR g
with the MSD-MSC model of FKK 1]. There is no interfer-

ence between preequilibrium and fission processes because

><<J'pjh1/2,—1/2|>\0>f Up(r)ga(r’,r)up(r’)dr’,
preequilibrium takes place on a fast time-scale compared to

slow fission decay. Therefore no formal modifications are )
needed to the FKK model. The FKK model gives an inclu-

sive cross section which can be written asn(’ X), so that . 1

the cross section includes processes other than fission. an(r’,r)= 4

?Kx+1/2(ar>)|>\+1/2(ar,<),
We analyze here relatively the low energy experimental avrr
data of Babeet al.[7,8]. The prefission neutron can be rep- wherel,, 1y, j,. andj, are the quantum numbers of the

resented by the MSC as well as the one-step MSD process. . o
The MSC spectrum is assumed to be isotropic. The doubl single-particle statesl(r) and K(r) the modified Bessel

; -1
differential cross section from the MSC process is given b unctions,a " the range parameter, ah the strength of

effective interaction. Parity conservation demands that

1 .
[1] +jp+A=even. o _ _
20 \MSC 1 o (T1) Equation(2) represents an excitation of a certain p-h pair
( ) == > (20+1)2m in the shell structure with an angular momentum transfer of
dQdE 4 k=3 (D1 \. To calculate the continuum excitation, one has to calculate

s (e (UN) "t (Thy)
vj <FNJ> M=1 <FMJ>’

=

whereN is the class of preequilibrium statg@ss the angular
momentum of the emitted particle, labels the three exit
modes AN=0 and 1), 27(I"1;)/(D,;) is the entrance
strength for producing bound two-particle—one-h@e-1h
states of spi), (I'|p”(V)) is the escape widthT'},;) is

the damping width, andl" ;) is the total width. Those quan-

all p-h pairs which satisfy the energy, spin, and angular mo-
mentum conservation21]. Instead of that, it is possible to
obtain the one-step cross section by an averaging of a certain
number of calculated cross sections in E2), and it is mul-
tiplied by a phenomenological state dengit].

It is often assumed that the target spin is zépe7 0, so
Ig=A\; the cross section is given by

d20_ MSD
(de E) -

1 step

2N+1 papp  Kp
' 2s,+1 (27822 kg,

tities are calculated quantum mechanically as in Refs.

[6,19,20. A constant wave-function approximation is used,

and the MSC correction factor 1/2 is includggl (note that
the factor 3/R in Ref.[6] is a mistake

The one-step MSD cross section is calculated as a

distorted-wave Born approximatiofDWBA) cross section
which excites a 1p-1h state in the continuum.
avoid ambiguities in the MSD calculation meth@&21], an

explicit formulation is given here although it is redundant.

The DWBA cross section is given 42]

do 2|B+1 MaMp I(b
dQ/) . (214+1)(25,+1) (27h2)? k,

1 step

>

Ammymy

Ty 0)]2,

)

wherea is the incident particleq,, |,, j., andm,), b the

outgoing particle ¢,, Iy, jp, andmy), A the target state
(Op-0h, B the residual statélp-1h, | the orbital angular
momentum transfeis the spin transfer, and the total spin
transfer A=I1+s=Ig—15=]ja—]p). The transition matrix el-

In order to

X X | TE™™()2w(p,h, Ex)Ra(N),

mmym,
(5)

wherew(p,h,E,) is the density for th@-particleh-hole state

at the excitation energy d,, andR,(\) the spin distribu-

tion for n excitons i=p+h). We use the expression of
Bétak and Dobég24] for w(p,h,E,), and a Gaussian distri-
bution is assumed foR,(\) with the spin cutoff factors?
=0.240A%3 [25]. The single-particle state density in
w(p,h,E,) is taken to beg=A/13 MeV 1. The binding en-
ergies for the single-particle states are calculated with the
Nilsson model parameters of Bengtsson and Ragnarsson
[26].

B. Madland-Nix model to the fission neutron

The fission neutron spectra are calculated with the theory
of Madland and Nix 10], modified by Ohsawat al. [12—
14]. The prompt neutron fission spectrum is calculated as a
weighted average of spectra from both the light and heavy
fragments,
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X(E)=w xL(E)+ vuxu(EN/(v + vy), (6) of the compound. The total energy release is calculated with
the mass formula of Tachibarms al. [27], and the values of
wherey, andyy are the normalized spectra from those frag-E, are taken from measurements. The temperatures for the
ments, and the average number of neutrons. The ratioof  light and heavy fragments are determined from the relation
to vy is not well known at high energies, sQ=v,, is as-  a, T3 +a,T3,=aT2. The level density formula of Ig-

sumed.
The spectrunmy,_ y is given by[10]

natyuket al. [28] is adopted for the fission fragments in or-
der to include the shell effect.
Above the threshold energy of multiple-chance fission,

(E)= 1 f(\@ JE_f)ZU (e)Vede (n,nf), (n,2nf), etc., occur. The fission spectra for those
XLH 2 J (VE- JE)? R reactions can be obtained by a weighted sum of the spectra
2VET/( ) - e
from fission fragments and the spectra from a statistical de-
Tm e cay before scission. The weight is calculated with the aver-
X fo k(T)Texp < dT, (7)  age number of neutrons; , and the fission probabilitfs; ,
wherei stands for thath chance fission. When up to the
whereE; and T, are the average energy and the maximumsecond-c_hance fission processes contribute, the total spec-
nuclear temperature of the fission fragmemisT) the tem-  trum is given by
perature dependent normalization integral], and og(e€)

the inverse reaction cross section calculated with the optical vix1(E)P+{1h1(E) + vox2(E) Py
model. The maximum temperatufig, can be related to the x(E)= ,
neutron binding energB,,, the incident energf, , the total V1Pt (1+v2)Pr

energy releas&,, and the total kinetic energl, as aTﬁ1
=E,+B,+E,—Ey, wherea is the level density parameter and the case for the third-chance fission is

B v1X1(E)P1+{h1(E) + vox2(E)}Pro+{h1(E) + ho(E) + v3x3(E) } Py
1P+ (14 v2) P+ (2+v3)Pys

x(E) : C)

wherey;(E) (i=1 and 2 are the prefission neutron spectra, position of the total fission cross section. Note that the
and y;(E) is calculated by Eq(7) but the excitation energy first-chance fission cross section is denotedrbyin order to

of the compound must be corrected by the neutron bindinglistinguish from the total fission cross sectiop.

energies and the energies removed due to statistical decays. The decomposed fission cross sections’f8i are shown
The average number of neutren is obtained from energy in Fig. 1. The total fission cross sections in this figure were
conservation, which is expressed[d4] obtained based on the least-squares fitfiR] to the experi-
mental data. The decomposition of the total fission cross sec-

2 . . .
aT,—E, (10 tion was made by means of the method described in Ref.
V=—""",
Shte 15 . . .
. — total fission
whergEyi is total average prompg-ray e.nergy,Sn the > aver- - Secg!fjc} gﬂgggg T
age fission fragment neutron separation energy, aride I third chance -

. fourth chance ---—--
average energy of the emitted neutrons.

Ill. RESULTS AND DISCUSSIONS
A. Double-differential cross section

Double-differential cross section®DX) of 238 reac-
tions at the neutron energies of 14.1 and 18 MeV were mea-
sured by Babat al.[7,8]. To represent those DDX data we
decompose them into various processes. Up to the third-
chance fission processes are taken into account.

The first-, second-, and third-chance fission neutrons ex-
cluding the prefission neutrons are expressed by
v1011X1(E), v20n1x2(E), and v3oanix3(E), where xi(E) FIG. 1. Decomposition of the total fission cross section*8f

is calculated by Eq(7). The multiple-chance fission cross into the first-, second-, third-, and fourth-chance fission cross sec-
sectionsoy;, ons, and oy, can be obtained by a decom- tions.

Fission Cross Section [b]

E, [MeV]
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[10] using experimental data of the fission probabiliB0— ' " 'Baba (1990) —o—i
33]. 10000 E first chance fission

The inelastic scattering neutron,fi’X) has a normalized second chance fission -
spectrumg,(E). Since it is an inclusive process, the cross (nn’X) reaction -------
sectiono,y is given by a sum of all possible neutron emis- = % S vaporation
sion reactions; thenr,x= o,/ + 0o, + 03+ o+ o2ns, and T 1000 F Wglotal neutron emission J
this is different from the first-chance prefission neutron spec- ié oo
trum ¢4 (E) in Egs.(8) and(9). The spectrump,(E) has a m o ®
forward-peaked angular distribution, and it is calculated with 3 ‘ o °
the MSC-MSD model as described previously. © o KV m§ “;_

For the (,2nX) and (n,3nX) reactions, two or three neu- o
trons are evaporated from the compound before scission.
Those spectra are expressedoggx®-(E) and o3,¢3(E), E
where o,,x= 0,1+ 03, t 0oni. The spectrag,(E) and ol i1 v L
¢3(E) are assumed to be isotropic in the center-of-mass sys- 0 2 4 6 8 10 12 14 16
tem, and those are calculated with the Hauser-Feshbach Secondary Neutron Energy [MeV]
theory. FIG. 2. Comparison of the calculated energy distribution of the

~ With the quantities defined above, the observable anglesmitted neutrons fron®U at the incident neutron energy of 14
integrated cross sections can be represented by MeV with the experimental data. The thick dashed, dotted, and
d dot-dashed lines are the multiple-chance fission spectra but for the
o — - .
- prefission neutrons. The spectra for the prefission neutrons includ-
dE_Unx¢1(E)+02“X¢2(E)+03“¢3(E)+ v1o11x1(E) ing the contributions from inelasticn(2n), and (,3n) reactions
are shown by the thin lines.

+vo00x2(E) + v30 201 x3(E). (11

] . ) ] the value ofV, is not well determined because the preequi-
The double-differential cross section can be easily 0byipriym emission has a small fraction to the total amount of

tained by reph’J}Cing(ﬁo(gES)Lr(ﬁ(E:@), X(E)—x(E.0), €. no,tron emission, and the number of fission neutrons is af-
The cross sections f reactions have been well deter- fected by uncertainties in the neutron multiplicities and

mined by experiments and theoretical calculations, so thaﬁssion probabilityP;; . If one uses an averaged valv
™ . i
we can utilize the evaluated cross sectig28,34). =46.6+4 MeV for both incident neutron energies, the cal-

culations are still in good agreement with those data.
A comparison of the calculated angle-integrated neutron

An optical potential parameter of Madland and Youngemission spectra with the experimental dgthis shown in
[35] is employed to calculate the reaction cross section anffig. 2. The thick dashed, dotted, and dot-dashed lines are the
the transmission coefficients for the Hauser-Feshbach arfission spectra in which the prefission neutrons are excluded.
MSC calculations. The same potential is used to generat€he spectra for the prefission neutrons including the contri-
distorted waves in the one-step MSD calculation. Thebutions from inelastic, 1{,2n), and (,3n) reactions are
Hauser-Feshbach calculations are carried out witletiresH ~ shown by thin lines, the dashed line is for thgrf’ X) reac-
code [36]. The inverse reaction cross sections for fissiontion, the dotted line is forr{,2nX), and the dot-dashed line is
fragments in Eq.(7) are calculated with the Walter-Guss for the (n,3n) reactions. The calculation does not include
global optical potential37]. elastic scattering and direct inelastic scattering to the collec-

The adjustable parameter is the strength of effective intertive levels in order to see the effect of preequilibrium clearly,
actionVy in Eg. (3). An absolute magnitude of the one-stepso the calculated cross sections decrease monotonously
MSD cross section is proportional ¥§; however, the total above 8 MeV. Below 8 MeV the calculated spectrum agrees
reaction cross section is conserved throughout the calculavith the data well, and one can see clearly the contribution
tion, and an increase in the MSD process results in a desf the preequilibrium process above 5 MeV.
crease of a fraction of the statistical decay. Therefdge The double-differential cross sections were calculated at
determines the ratio of the preequilibrium to the compoundhe scattering angles of 30°, 60°, 90°, 120°, and 150°.
emission. Comparisons of those with the experimental data are shown

The strengthVy was searched for by fitting the calculated in Fig. 3. The one-step MSD components are only shown in
total neutron emission spectra to the experimental data ahose drawings, since the contributions from the other pro-
neutron incident energies of 14 and 18 MEXE]. Values of  cesses are isotropic. The preequilibrium effect can be ob-
50.5 and 42.6 MeV were obtained for the 14 and 18 MeVserved at high energies, and the effect is more evident at
data, respectively. Watanalet al. [38] reported thatVy is  forward angles. On the other hand, it is weak at backward
proportional toE Y2 although this relation was found for angles and lower emission energies where fission spectra
(p,p’) reactions. Our results are roughly expressedvgy dominate. This feature of the preequilibrium process is well
=185 2. However, such a steep energy dependence hagproduced by inclusion of the FKK model in the fission
not been reported fom(n") reactions. For fissionable nuclei spectrum calculations.

B. Comparisons with the experimental data
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NPV 1 T T —T T T T T —
Baba (1990) —e— Baba (1990) —e—

1000 E e 1000 F s Semanil Baba (1991) +—e—

total neutron emission

total neutron emission

10000 | first chance fission ------- E
F second chance fission e 3
third chance fission ='=:=:= 1
(n,n’X) reaction ------- 1

second evaporation -
third evaporation

o
3

(a) 30 deg

dPo/dEde [mb/MeV sr]
Po/dEQ [mbMeV sr]

% 1000 k. g total neutron emission
10 F E 4 =
& o
i E
L
1 D
1 L L 5
2 4 6 8 10 12 14 16 0 2 4 6 8 1 12 14 16 o @
Secondary Neutron Energy [MeV] Secondary Neutron Energy [MeV]

Baba (HQQKBI [
1000 | MSD - 1000 E D ---e- E

total neutron emission

total neutron emission

100 | (b) 80 deg 100 (e) 150 deg

10 .<|.:‘3|.|:."‘-‘r"\.|.|.| 1 1 1

0 2 4 6 8 10 12 14 16 18 20 22
Secondary Neutron Energy [MeV]

oPo/dEdS2 [mb/MeV sr]
Po/dEAQ [mb/MeV sr]

52 FIG. 4. Comparison of the calculated energy distribution of the

. T k emitted neutrons front*3 at the incident neutron energy of 18

2 oy Neuton Erar el 1 © 2ot Nevton By et ™ MeV with the experimental data. The thick dashed, dotted, and
T e (sl | dot-dashed lines are the multiple-chance fission spectra but for the
prefission neutrons. The spectra for the prefission neutrons includ-
ing the contributions from inelastich(2n), and (,3n) reactions

i are shown by the thin lines.

1000 |
total neutron emission

100 | (c) 90 deg

dPordEds: [mb/MeV sr]

* ing to compare our calculations with these data in order to
o &= . see the validity of our calculation method. The same model

) parameters were used to calculate the fission spectra. Though
ST W-j 0 the neutron energy of the experiment was 11.8 MeV, calcu-
Secondary Neutron Energy [MeV] lations were carried out at 12 MeV. The strendth was

FIG. 3. Comparison of the calculated double-differential Crosscalculated by the relation obtained in the 14 and 18 MeV

sections for?®®U at E,=14 MeV with the experimental data. The data analyses, and it was 53.4 MeV. )
dot-dashed lines are the one-step MSD component, and the solid The calculated double-differential cross sections are com-

lines are the total emission spectra. pared with the experimental dqt40] in Fig 6. At scattering
angles of 30° and 90°, the measured values were available
Figure 4 shows a comparison of the calculated energghove 6 MeV, but the whole spectra were measured at 60°
spectra at the incident energy of 18 MeV with the experi-and 120°. In the energy region 6-10 MeV one can see the
mental datd8]. The elastic and the collective inelastic scat- preequilibrium emission clearly, and the magnitude of the
tering cross sections are excluded in this study. As seen ifgjculated MSD process is in good accordance with the ex-
the low energy region of this figure, the calculation is abOUtperimental data. Therefore it supports the relativg
20% lower than the measurement. This disagreement i§E‘1’2, as suggested by Watanageal. for proton-induced
mainly due to the value of used. Since the fission spectra rgactions[38]. At scattering angles of 60° and 120°, the
are multiplied by thev values to give the total neutron emis- cqjcylated double-differential cross sections reproduced the

sion, the uncertainty of directly influences the total mag- experimental data well, from low energies up to 9 MeV.
nitude of the emitted neutrons. The valuesgffor each

fission chances were estimated with the relation in (&),
and the totalv value was renormalized to a reported value o _
[39] since the total values have been determined by inde- A Prompt neutron fission spectrum is often expressed by a
pendent experiments and they have relatively small unceformalized energy distribution as
tainties 2%). However, the decomposition of the total .
into each fission chance is still ambiguous. f x(E)dE=1, (12)

The calculated double-differential cross sections are com- 0
pared with experimental data in Fig. 5. One can see clearly
the preequilibrium effect above 6 MeV, and these forward- ) )
peaked components are well reproduced with the one-ste®y more generally it can be expressed in the energy-angle
MSD contributions. The calculations underestimate the exdifferential form
perimental data, which is also seen in the energy distribution
in Fig. 4. .

Recently the double-differential cross sections at 11.8 f”f Y(E, 0)sin(6)dEde=1, (13
MeV were measured at the same instit#6]. It is interest- o Jo

C. Normalized fission neutron spectrum
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so that the spectra obtained are converted into this expres- Normalized fission spectra at neutron-induced energies of
sion. The total spectra in Figs. 2 and 4 contain contributiond4 and 18 MeV are shown in Figs. 7 and 8, respectively. In
of the reactions in which fission does not take place, such asig. 7, a small preequilibrium effect can be observed in the
(n,n") and (,2n); therefore, those processes should be exsecondary neutron energy region 4—8 MeV. Above 8 MeV
cluded. We subtracted a contribution of thgr{’) reaction the fission neutron spectrum does not contain the prefission
in which the excitation energy of the residual nucleus iscomponent, so that the preequilibrium effect is sharply cut
lower than the fission barrier energy. On the other hand, weff there, and its component is observed as inelastically scat-

did not pay attention to the spectra from,2n) and (,3n),

because those contributions were small.

tered neutrons. Consequently the shape of the fission spec-

trum involves a bump near 7 MeV, which was reported by

T T T
—e—

" Miura (1999) —e— " Miura (1999)
1000 MSD ------ 1000 MSD ------ E
total neutron emission total neutron emission

_ o —

; (a) 30 deg z ; (c) 90 deg

3 100 T 2 100 J

g i g iy

w w

2 3 3
o 10 % 10 & § ﬂ{ 4

© © ™ % %

/ 4 % FIG. 6. Comparison of the calculated double-
L . 1 O\ differential cross sections for?*U at E,
o 2 4 & 8 f0 12 14 2 4 8 8 10 12 14 =12 MeV with the experimental data. The dot-
i it .
< e.“h;;':é(::r:g)[ il il ?““;:j:é(:zrggg)[ i dashed lines are the one-step MSD component,
1000 £ MSD - 1000 MSD - and the solid lines are the total emission spectra.
total neutron emission total neutron emission The neutron incident energy Of the experimental

E (6) 60 deg E (@) 120 deg data is 11.8 MeV.

2 100 LI 2 100 4

3 . 3

E £

g *]

o o

w 2 ]

2 3

o] J © 4
o 1OF e 3 o 10 ;‘%

2 N 5
1 1 L
0 2 4 6 8 10 12 14 2 4 8 8 10 12 14

Secondary Neutron Energy [MeV]

Secondary Neutron Energy [MeV]
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10° . .

15
Angle Integrated

Fission Spectrum [1/MeV sr], [1/MeV]
Fission Spectrum [1/MeV sr], [1/MeV]

10-5 1 I NI P IS N
0 5 10 15 20 0 5 10 15 20

Secondary Neutron Energy [MeV] Secondary Neutron Energy [MeV]

FIG. 7. Normalized prompt-neutron fission neutron spectra at FIG. 8. Normalized prompt-neutron fission neutron spectra at
the neutron incident energy of 14 MeV. the neutron incident energy of 18 MeV.

Boikov et al. [17]. Our analysis showed that this bump is  Neutron emission spectra thus calculated were compared
larger at forward angles, but it can be ignored at backwardvith the experimental data of double-differential cross sec-
angles. tions at incident energies of 14 and 18 MeV. The strength of
In the case of the 18 MeV calculation in Fig. 8, one canthe effective interactio’/, was determined for those mea-
see the effect of prefission neutron clearer than Fig. 7. Asurements, and values of 50.5 and 42.6 MeV were obtained
bump appears near 11 MeV, which is due to the sharp cutoffor the 14 and 18 MeV data, which were roughly expressed
of the inelastic scattering component at the second-chandey V,=185 2 The 14 MeV data were well reproduced
fission threshold, and then(n’) reaction is connected by the present calculation method, not only the energy dis-
smoothly above there to yield the total neutron spectrum agribution but also angular distributions. However, the 18
seen in Fig. 4. Because of the existence of the prefissioMeV data were systematically underestimated. This underes-
neutron, the angle-differential spectra become anisotropic itimation is probably due to the average number of neutrons,

the energy region 5-12 MeV. v;, and the fission probabilitieBy; for each fission chance.
The calculations were carried out for 11.8 MeV double-
IV. CONCLUSION differential cross section data, and it was found that our cal-

o . culation method gave a good fit to the experimental data, and
A fission neutron spectrum from the neutron-induced re+ne relationV,eE 2 still holds at this energy
H 23 i ilibhri .. . : .
actions on*** was decomposed into the preequilibrium,  The fission spectra obtained were expressed in a normal-
multiple-chance fission, and multiple neutron emission projzeq form. The preequilibrium effects in the fission spectrum

cesses. The multiple-chance fission probabilities were obyppeared below the second-chance fission threshold. Because
tained by experimental data. The Feshbach-Kerman-Koonigf the existence of the prefission neutron, the angle-

model was adopted for the preequilibrium neutron emissionyitferential spectra became anisotropic.
process to reproduce a forward-peaked angular distribution
of the secondary neutrons. The fission neutron spectra for the
multiple-chance fission process were calculated with the
Madland-Nix model modified by Ohsawat al, and the We thank Dr. M.B. Chadwick for valuable discussions.
FKK model calculation was incorporated into this model as aOne of the authors(T.K.) also acknowledges Dr. A.
prefission neutron for the second-chance fission process. Marcinkowski for useful comments.
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