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Abstract:
including the improved Iwamoto-Harada pickup mechanism for the preequilibrium process. It is allowed that some

Production of light complex particles from the n+23®U reaction is analyzed with the exciton model

of the nucleons forming the complex ejectile come from levels below the Fermi energy, and the intrinsic structure
of the emitted particle is taken into account. The equilibrium-state emissions are also considered by using Hauser-
Feshbach theory with the width fluctuation correction and the evaporation model. Moreover, all cross sections,
angular distributions, energy spectra and double differential cross sections of neutron, proton, deuteron, triton and
alpha emissions for the n+23%U reaction are consistently calculated and analyzed with nuclear theoretical models in
the energy range E,< 150 MeV. ENDF-formatted nuclear data including information about the production of light

charged particles are obtained.
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1 Introduction

Since 2*3U is usually the major component of nuclear
fuel and nuclear waste, the analysis of neutron-induced
reactions on 238U at incident energies below 150 MeV is
of great importance in the field of nuclear energy and
nuclear waste transmutation [1, 2], including for the de-
sign of accelerator driven systems (ADS). In such reac-
tions, the light charged particle (proton, deuteron, triton
and alpha) production is almost negligible at incident en-
ergies below 20 MeV, while their contribution becomes
larger as the incident energy increases. Data on light
charged particle (LCP) production are as important as
those on neutron production for ADS [3], as they are
required in the calculation of heat. However, no evalua-
tion data exist which include LCP production, and the
theoretical prediction of LCP production is a challenging
problem.

A set of experimental data on double differential cross
sections (DDXs) and energy spectra of LCP emission
from neutron-induced reactions on natural uranium at
several incident energies from 25 to 65 MeV was mea-
sured [4]. Later, another set of DDXs of LCP produc-
tion induced by 96 MeV neutrons on natural uranium
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was available [5]. These two sets of experimental data
are currently the only measurements of DDX of LCP
production for neutron-induced reactions on actinides.
They provide a requisite base to test nuclear theoret-
ical models for LCP production predictions and com-
prehensive analysis of neutron-induced reactions on ac-
tinides at intermediate energies. Raeymackers et al. [4]
and Blideanu et al. [5] used three different approaches to
predict these DDXs. The first was the original exciton
model [6] embodied in the GNASH code [7]. In the exci-
ton model, complex particle emission is treated by an ar-
rangement factor [8]. The calculated results strongly un-
derestimated the experimental data for complex particle
production. The second was the Kalbach semi-empirical
method [9, 10] adopted in the TALYS code [11]. It is
well known that for neutron-induced complex-particle
emission reactions, directlike mechanisms such as pickup
are important and not entirely included by the origi-
nal exciton model. The Kalbach semi-empirical method
considers the directlike mechanisms using systematics
and combines them with the original exciton model.
Some improvements were obtained using the Kalbach
semi-empirical method compared to the original exciton
model, but there was still considerable underestimation.
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The third was the approach proposed by Ribansky and
Oblozinsky [12], which assumes that complex ejectiles
are formed from excited nucleons within the same volume
in momentum space during the preequilibrium process.
The third approach obtained a better agreement, but its
predictive power is limited because it contains some clus-
ter formation probabilities 5 which are free parameters
and determined by fitting the experimental data.

A microscopic DYWAN model [13] was also proposed
for the theoretical description of neutron-induced reac-
tions at intermediate energies. This model treated the
nuclear dynamics using the wavelet technique. However,
the model greatly overestimates the LCP production.

In this paper, we use the exciton model with an im-
proved Iwamoto-Harada pickup mechanism [14-16] to
analyze the LCP production. The theoretical model was
originally proposed by Iwamoto and Harada [14], and im-
proved by Zhang et al. by considering the restriction of
the excitation energy [15, 16]. The main physical idea is
that some of the nucleons forming the complex ejectiles
can come from the levels below the Fermi surface, and
the formation probability of the complex particle is cal-
culated explicitly with the statistical phase space integra-
tion method. The details of the model will be described
in Section 2. The equilibrium-state contribution is also
analyzed with Hauser-Feshbach theory with the width
fluctuation correction and the evaporation model. Since
the available experimental data on LCP production from
neutron-induced reactions on uranium are scarce, consis-
tent calculation of all the channels of the n+238U reaction
is required in order to predict the LCP production cross
sections reliably. Therefore, the purpose of this paper
is to test the reliability of the exciton model considering
the improved Iwamoto-Harada pickup mechanism used
to predict the complex particle production induced by
neutrons on fission nuclei, and to calculate the physical
quantities of all reaction channels of the n+23¥U reaction
and give ENDF-formatted nuclear data in the incident
energy region F, <150 MeV.

Section 2 gives a brief description of the theoretical
models applied in this work. Section 3 compares the
calculated results with experimental data and analyses.
Section 4 gives our conclusion.

2 Theoretical models

The optical model is applied to predict the total, non-
elastic, and elastic scattering cross sections, and the elas-
tic scattering angular distribution, as well as to calculate
the transmission coeflicients and inverse cross sections of
compound-process particle emission. The neutron and
proton optical model potentials are taken from Ref. [17].
The deuteron [18], triton [19] and alpha particle [20] opti-
cal model potentials are adopted in the statistical model

calculation. The direct inelastic scattering cross sections
and angular distributions are analyzed by using the dis-
torted wave Born approximation (DWBA) theory.

The equilibrium and preequilibrium emission pro-
cesses are analyzed by using the unified Hauser-Feshbach
and exciton model [15] at incident energies below 20
MeV, and by using the Hauser-Feshbach theory with
width fluctuation correction, evaporation model, in-
tranuclear cascade model and exciton model above 20
MeV. The exciton model assumes that the incident
nucleon and the target nucleus interact through the
nucleon-nucleon interaction and form a compound sys-
tem excited to a particle-hole (p-h) state. Then succes-
sive nucleon-nucleon interactions in the compound sys-
tem lead the system to exciton states with higher exci-
ton number, and eventually result in a fully equilibrium
state. In the process, nucleons or clusters of nucleons
can be excited occasionally to unbound states and sub-
sequently be emitted. In the framework of the exciton
model, the improved Iwamoto-Harada model is applied
to describe the complex particle emission in the preequi-
librium process. This model allows that some of the nu-
cleons forming the complex ejectiles can come from levels
below the Fermi energy, and introduces the probability
of several nucleons forming the complex particle, so the
pickup type contribution of the composite particle emis-
sion is considered in this model. The internal structure of
the emitted complex particle is taken into account in the
formation probability. In this work, the internal struc-
ture of the emitted particle is described with a harmonic
oscillator wave function. The formation probability is
assumed to be proportional to the number of the mi-
croscopic states occupied by the complex particle in the
phase space and calculated explicitly with the Fermi-gas
model, namely,

i 1 N—-1
. (E 75):(27771)3(N71)/Hdpid"1i7 (1)
=1

where F? (E*,¢) is the formation probability of particle
b with [ nucleons above the Fermi level and m nucleons
below. E* is the excitation energy of the compound sys-
tem. ¢ is the outgoing energy. N is the nucleon number
of the b particle, and r; and p; are the intrinsic relative
coordinates and momenta of the b particle.

The emission rate of the b particle in the exciton state
n is obtained by
T * 25 +1 b *
W)™ (n,E* ) = #MW&I (e)eFy, (E*,e)Qu(n)

w(p—1,h,E*—e—DBy)
wp,h,E*) 7

(2)

where sy, py, By, 0" denote the spin, reduced mass,
binding energy and inverse cross section, respectively, of
the b particle. F? (E*,e)=1 for nucleons. @Q,(n) is the
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combination factor, which gives the combination proba-
bility of the emitted particle at the exciton state n and
the effect of the projectile type. w(p,h,E*) denotes the
exciton state density. The expressions for Q,(n) and
w(p,h,E*) are given in Refs. [15, 16].

Fission is included as a decay channel of equilibrium
states. The Bohr-Wheeler theory [21, 22] is applied in
the transmission coefficient calculation at each fission
barrier. The fission spectrum is calculated by an energy-
dependent Watt spectrum.

The angular dependent formula of Kalbach system-
atics [23, 24] is used to obtain the DDXs of neutron,
proton, deuteron, triton and alpha emissions on the base
of the calculated energy spectra.

3 Calculated results and analysis

The total, non-elastic and elastic scattering cross sec-
tions, and elastic scattering angular distribution, are cal-
culated by using the global optical model potential [17].
The inelastic scattering cross sections and angular distri-
butions are calculated with DWBA and nuclear reaction
statistical theories. The calculated results are in good
agreement with experimental data, as shown in Ref. [17].

The calculated results of fission, (n, xn) and (n, )
cross sections also reproduce the experimental data well.
The calculated fission cross section is compared with the
experimental data [25-27] in Fig. 1. The crosses denote a
set of new experimental data [25] which was measured at
the Los Alamos Neutron Science Center (LANSCE) with
world-class advanced experimental facilities in 2014, af-
ter the release of ENDF/B-VIL.1 and JENDL-4.0. The
new experimental data are consistent with the previ-
ous data taken from Ref. [26] and denoted by the solid
squares. The calculated result is in good agreement with
the experimental data taken from Refs. [25, 26], and sim-
ilar to the data from ENDF/B-VIIL.1 (dashed lines) at
incident energies below 30 MeV. The JENDL-4.0 data
(long-dashed lines) are lower than the experimental data
at some energies.

Based on the agreement of all calculated cross sec-
tions and angular distributions with experimental data,
the energy spectra and DDXs for neutron, proton,
deuteron, triton and alpha emissions, and the v produc-
tion energy spectrum, are calculated with the theoretical
models.

The calculated proton emission energy spectra at in-
cident neutron energies from 25.5 to 62.7 MeV are com-
pared with experimental data [4] in Fig. 2. The calcu-
lated results at incident energies above 37.5 MeV are in
good agreement with experimental data. The shape of
the calculated result curves at incident energies below
37.5 MeV is consistent with that of experimental data,
but the magnitude is smaller. The calculated results are

smaller than experimental data at lower emission ener-
gies, where the contribution is mainly from the equilib-
rium reaction and suppressed by the Coulomb barrier.
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Fig. 1. (color online) Calculated results for fission

cross section (solid lines) compared with the ex-
perimental data (crosses [25], solid squares [26],
and solid circles [27]) and the evaluated data
from ENDF/B-VII.1 (dashed lines) and JENDL-
4.0 (long-dashed lines) at incident energies below
30 MeV and below 150 MeV.

The calculated deuteron emission energy spectra at
incident neutron energies from 28.5 to 62.7 MeV are
compared with experimental data [4] in Fig. 3. The
calculated results are in reasonable agreement with ex-
perimental data at incident energies below 49 MeV and
smaller than experimental data above 53.5 MeV.

The calculated triton emission energy spectra are
compared with experimental data at incident energies
from 41.0 to 62.7 MeV in Fig. 4. The calculated re-
sults reproduce the experimental data well except that
the calculated results at incident energies of 41.0, 45.0
and 49.0 MeV are larger than experimental data in the
middle emission energy region.

The calculated alpha emission energy spectra are
compared with experimental data at incident energies
from 34.5 to 62.7 MeV in Fig. 5. The calculated results
are in good agreement with experimental data for emis-
sion energy above 25.0 MeV. It can be seen that the
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emission probability decreases with increasing emission
energy. The calculated results are smaller than experi-
mental data at emission energies below about 25.0 MeV,
where the equilibrium emission is dominant.
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Fig. 2. Calculated proton emission spectra com-
pared with experimental data [4]. The data are
shifted downward by factors of 10°, 107!, 1072,

etc.
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Fig. 3. Calculated deuteron emission spectra com-
g P

pared with experimental data [4]. The data are
shifted downward by factors of 10°, 107!, 1072,
etc.

The proton emission DDXs are compared with ex-
perimental data at incident neutron energies from 25.5
to 62.7 MeV. The calculated results at incident neu-
tron energies 25.5, 28.5, 31.5, 34.5 and 37.5 MeV are

in good agreement with experimental data for proton
emission angles above 90.0° and emission energies above
10.0 MeV. The shapes of the calculated result curves for
proton emission angles below 90° are in good agreement
with those of experimental data, but the magnitude is
smaller at these incident energies. A comparison of cal-
culated results with experimental data at incident en-
ergy 34.5 MeV is given in Fig. 6. The calculated results
at incident energies from 41.0 to 62.7 MeV are in good
agreement with experimental data. Figure 7 shows the
comparison at incident energy of 45.0 MeV. The proton
emission DDXs at incident energy of 96.0 MeV are com-
pared with experimental data [5] in Fig. 8. A reasonable
agreement is obtained.
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Fig. 4. Calculated triton emission spectra com-
pared with experimental data [4]. The data are
shifted downward by factors of 10°, 1071, 1072,

etc.
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Fig. 5. Calculated alpha emission spectra com-

pared with experimental data [4]. The data are
shifted downward by factors of 10°, 107!, 1072,
etc.
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Calculated proton emission DDXs compared with experimental data [4] at incident energy of 34.5 MeV. The
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Calculated proton emission DDXs compared with experimental data [4] at incident energy of 45.0 MeV. The

data are shifted downward by factors of 10°, 107!, 1072, etc.

The calculated deuteron emission DDXs are com-
pared with experimental data [4, 5] at incident energies
from 28.5 to 96 MeV. The calculated results are in rea-
sonable agreement with experimental data at incident
energies below 49.0 MeV. Figure 9 shows the comparison
of calculated results with experimental data at incident
energy of 45.0 MeV. The calculated results at incident

energies 53.5, 62.7 and 96.0 MeV are consistent with
experimental data for emission angles above 50.0°, but
lower than experimental data below 50.0°, especially for
the higher emission energy region. The comparison of
calculated results with experimental data at incident
energy of 53.5 MeV is given in Fig. 10. The underes-
timation for the higher emission energy region may be
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Calculated proton emission DDXs compared with experimental data [4] at incident energy of 96.0 MeV. The

data are shifted downward by factors of 10°, 107*, 1072, etc. The experimental data are taken from Ref. [5]
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Calculated deuteron emission DDXs compared with experimental data [4] at incident energy 45.0 MeV. The

data are shifted downward by factors of 10°, 1071, 1072, etc.

because the contributions of direct (n, xd) reactions, such
as the knock-out reaction, are not considered. Accord-
ingly, the energy spectra at incident energies of 53.5 and
62.7 MeV are also underestimated, as shown in Fig. 3.
The triton emission DDXs are compared with exper-
imental data at incident energies 41.0, 45.0, 49.0, 53.5
and 62.7 MeV. The calculated results at incident ener-

gies below 53.5 MeV are in reasonable agreement with
experimental data except for some emission angles. For
those emission angles, the experimental data have some
big structures which are not physically reasonable. The
comparisons of calculated results with experimental data
at incident energies of 49.0 and 53.5 MeV are given in
Figs. 11 and 12. Some structures in the experimental
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data can be seen for angles of 30° and 40° at incident
energy of 49 MeV and for angles above 90° at incident
energy of 53.5 MeV. The calculated results at incident
energy of 62.7 MeV are in good agreement with exper-
imental data, as shown in Fig. 13. The shapes of the
calculated result curves at incident energy of 96.0 MeV
are in good agreement with those of experimental data,

as shown in Fig. 14, while the magnitudes of the calcu-
lated results are smaller. Since the calculated results for
triton emission DDXs are larger than experimental data
for some emission angles at incident neutron energies be-
low 53.5 MeV, the calculated results for the energy spec-
tra are correspondingly larger than experimental data,
as shown in Fig. 4.
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The data are shifted downward by factors of 10°, 107!, 1072, etc.
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Though the experimental data for alpha emission
DDXs show some structures, the calculated results at
incident energies from 34.5 to 62.7 MeV are in reason-
able agreement with experimental data for emission en-
ergy above 26.0 MeV. The comparison of calculated re-
sults with experimental data at incident neutron energy
of 53.5 MeV is given in Fig. 15. The calculated results at

incident energy of 96.0 MeV are consistent with exper-
imental data, as shown in Fig. 16, except for the lower
emission energy region, where the contribution is mainly
from the equilibrium reaction. The description of the
alpha emission spectra and DDXs for the low emission
energy region is still an open subject in theory and exper-
iment. It can be observed that most LCP emissions occur
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in the preequilibrium progress, while for alpha particles,
a large component comes from the equilibrium process
at low emission energies.

In some cases, the highest emission energy of exper-
imental data is larger than that of the calculated re-
sults. Since (n, p), (n, d) and (n, t) reactions are en-
dergonic processes, with Q,=-2.82 MeV, Q4=-5.40 MeV,

and Q,=-4.91 MeV, and the (n, «) reaction is an exoer-
gic process with Q,= 8.72 MeV, the highest energy of
the emitted particle should be about the incident energy
plus Q. Therefore, the calculated results are reasonable.
Some of the fluctuations in the experimental data, es-
pecially for emission angles above 90°, also need to be
checked experimentally.
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Fig. 15.

Calculated triton emission DDXs compared with experimental data [4] at incident energy 96.0 MeV. The
data are shifted downward by factors of 10°, 107!, 1072, etc. The experimental data are taken from Ref. [5]
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Calculated alpha emission DDXs compared with experimental data [4] at incident energy 53.5 MeV. The
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Fig. 16. Calculated alpha emission DDXs com-

pared with experimental data [4] at incident en-
ergy 96.0 MeV. The data are shifted downward by
factors of 10°, 107, 102, etc. The experimental
data are taken from Ref. [5]

4 Conclusions

All cross sections, angular distributions, energy spec-
tra and DDXs for the n+23®U reaction have been con-
sistently calculated at incident energies below 150 MeV.
Good agreement with experimental data is generally ob-
tained. The LCP emissions have been analyzed using the
exciton model including the improved Iwamoto-Harada
model and the equilibrium-state theories. The theoret-
ical models reproduce the measured energy spectra and
DDXs of LCP emissions reasonably well, and give gener-
ally better agreement with experimental data than pre-
vious analyses. In some cases, the calculated results un-
derestimate the experimental DDXs at low emission en-
ergies, where the contribution is mainly from the equi-
librium reaction and more investigation is needed. The
agreement shows that the exciton model considering the
improved Iwamoto-Harada pickup mechanism is reliable
for predicting the preequilibrium LCP emissions induced
by neutrons on fission nuclei. All of the present results
have been transformed to ENDF-formatted files for ap-
plication.
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