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Several nuclear model codes were applied to calculations of nuclear data in the energy
region from 10 MeV to 1 GeV. At energies up to 100 MeV the nuclear theory code GNASH
was used for nuclear data calculation for incident neutrons for 238U, 233-236u, ^ - ^ p u , ^ N p ,
232Thj 24i-243Am a n d 242-247^ A t e n e r g i e s f r o m 1 0 0 M c v to 1 GeV the intranuclear cascade

exciton model including the fission process was applied to calculations of protons and
neutrons with 233UJ

 23SU, 238U, 232Th, ^Pa, ^Np, ^Np, ^Pu, 241Am5
 242Am and " " " C m .

Determination of parameter systematics was a major effort in the present work that was aimed
at improving the predictive capability of the models used. An emphasis was made on a
simultaneous analysis of data for a variety of reaction channels for the nucleus considered,
as well as of data that are available for nearby nuclei or other incident particles. Comparison
with experimental data available on multiple reaction cross sections, isotope yields, fission
cross sections, particle multiplicities, secondary particle spectra, and double differential cross
sections indicates that the calculations reproduce the trends, and often the details, of the
experimental data.
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1. Introduction

Applications such as nuclear waste transmutation, radiation protection for manned
space exploration and neutron and charged particle radiotherapy require expanded nuclear data
bases [1-3]. The nuclear models play the increased and important role in the provision of
nuclear data for such applications.

The previous paper [4] dealt with the actinide nuclear data generation in the energy
region from 1 to 20 MeV. The present paper is devoted to the energy region from 10 MeV
to 1 GeV.

In this energy region for the majority of actinides experimental data are scarse or
nonexistent. For generation of nuclear data the nuclear theory code GNASH [5] and the
intranuclear cascade exciton model code CEM [6] were extensively used. An emphasis was
made on a simultaneous analysis of data for a variety of reaction channels for the nucleus
considered, as well as data that are available for nearby nuclei or other incident particles.
Determination of parameter systematics is a major effort in the present work and it is aimed
at improving the predictive capability of the models used.

2. Energy Region up to 100 MeV

2.1 Model and Parameters Used in the Energy Region from 10 MeV to 100 MeV

The nuclear theory code GNASH [5], [7] was used in the present work to calculate

the fission, (n,xn), (x s 8) cross sections and composite neutron spectra for 21 nuclides-
233-236U) 238^ 238-242pUj 2 3 7 ^ 2 3 2 ^ 241-243^ a n d 242-247Cm h ±Q e n £ r g y r e g ; o n u p t Q 1 Q 0

MeV. The code used is the base version [7] and represents statistical plus preequilibrium
models with full angular momentum conservation.

For calculation with incident neutrons or protons on nuclei that are strongly deformed
such as actinides, the coupled-channel method - the ECIS code developed by Raynal [8] -
was used in the present work to obtain transmission coefficients and direct scattering cross-
sections. The transmission coefficients are required from low energies up to 100 MeV and
they were obtained using relativistic kinematics. In the deformed potential parameters
available for actinides [9-11] only a surface absorption term of the imaginary potential was
taken into account.

The results of the calculations of at(
238U) using these parameters show that they

reproduce the experimental data for the total cross section quite well up to 18 MeV, but from
20 MeV these parameters lead to too high values of at.

The introduction of the volume absorption term leads to a better agreement with the
experimental data for at in the energy region above 20 MeV. The real part of the potential
VR, the surface part of the imaginary potential WD and the volume absorption term Wv
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term Wv for 238U were determined to be the following:
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2.2 Results of GNASH Calculations

The calculations using the GNASH code were done for ^ U , ^ U , ""Pu, 7SirTh, M7Np
for which the experimental data for the neutron fission cross sections above 20 MeV exist
[12], and for 233V, ™U, ^ U , ^Pu, 240"242Pu, M1-243Am and 242"247Cm for which there are no
experimental data available in the intermediate energy region.

GNASH calculations of the fission cross section of ^ U were made with the Ignatyuk
et al[13] level density model and with the Gilbert and Cameron level density representation
[14] to a neutron energy of 90 MeV (Fig. 1). The Gilbert and Cameron results are seen to
be 20 % higher than the experimental data of Lisowski et al [12] and the use of the Ignatyuk
et al [13] level density model leads to a better agreement with the experimental data at
energies up to 80 MeV. At 90 MeV the present calculated results for 238U with the Ignatyuk
et al level density representation have a tendency to underpredict the values of Lisowski et
al. At these energies the decay of the 10th and 11th compound nuclei (^°U and 229U) should
be taken into account (the contribution of 230U to the total fission cross section is about 10
% at 90 MeV). The results of the intranuclear cascade model calculations are also illustrated
in Fig. 1. Cascade model results for the fission cross section are too low at energies below
100 MeV.

In Fig. 2 the comparison of the fission cross section of 235U calculated using the
GNASH code and the intranuclear cascade model is given. Again, as in the case of 238U, the
cascade model gives too low fission cross section values at energies below 100 MeV. The
GNASH results arc in agreement with experimental data of Lisowski et al [12] up to 100
MeV, even showing the fluctuations of of at 20 and 50 MeV. It should be noted that the
fission barrier heights obtained are rather high for the last four compound nuclei 228"231U (Ef

A

~ 6.2 MeV) compared to the first ones (= 5.6 MeV), and Ef
D remains practically constant for

A = 228 - 236 (Ef
B - 5.5 McV).
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The results of calculations of (n,xn) cross sections for ^ U are given in Fig. 3. The
agreement with experimental data for the (n,3n) cross section by Veeser et al [15] is
reasonable.

The results of calculations of the fission and (n,xn) cross sections for ^ P u are given
in Figs. 4 and 5. The GNASH results are in good agreement with the experimental data of
Lisowski et al [12] for aj(239Pu) up to 100 MeV (Fig. 4). The decay of nine subsequent
compound nuclei was taken into account.

The comparison of the calculations with experimental data available at energies up to
100 MeV generally indicate reasonable agreement. The importance of using realistic optical
model parameters and level density models is demonstrated. Unfortunately, experimental data
are nonexistent for actinide (n,xn) reaction cross sections which could be of a significant
value for validation of the nuclear reaction models used in the 50 - 100 MeV energy range.

3. Energy Region from 100 MeV to 1 GeV

3.1 The Model Used in the Energy Region from 100 MeV to 1 GeV for Actinide Nuclear
Data Calculations

In the energy region from 100 MeV to 1 GeV the intranuclear cascade exciton model
CEM92 [6,16,17] was used for calculations of proton and neutron induced actinide nuclear
data.

The cascade stage of the nuclear reaction is described by the Dubna version of the
intranuclear cascade model with the pion production taken into consideration [18]. The
emission of n, p, d, t, 3Hc and 4He at both the preequilibrium and the evaporation stages of
nuclear reactions are included into the model. The competition between particle emission and
fission at the evaporative stage of the reaction is also considered in the model [19].

The approach combines essential features of the exciton and intranuclear cascade
models. It was shown by Gudima et al [6] that the experimental data for neutron and proton
spectra and neutron double differential cross sections can be reasonably described by the
model for Nb, Ni, Fe, Sn for bombarding proton energies below 100 MeV. The model also
adequately describes nuclear reactions at higher energies (up to 3 GeV) and is claimed to
have a good predictive power [16]. Therefore the model has been chosen for theoretical
prediction and systematic investigations of neutron and proton induced fission cross sections
and other nuclear characteristics for heavy fissile nuclei. However, it should be noted that
this model, although successfully marrying specific features of the cascade model with the
exciton pre-equilibrium decay approach, apparently can not be successfully applied to
actinides in the energy region below 100 MeV.

3.2. The Sensitivity of the Fission Cross Section Calculated to the Model Parameters
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The dependence of actinide fission cross sections on different models for fission
barrier height calculations, level density models, ground state shell corrections for fission
barriers and the parameter a/an was investigated here. The aim of the investigation is to find
a parameter set which allows all experimental data available for incoming neutrons and
protons to be described.

The fission cross section of ^ U for proton bombardment for the energy region from
100 MeV to 1 GeV calculated using the CEM92 code is given in Fig. 6. The comparison is
made of the experimental data [20-28] and calculations done using different models for
fission barrier height calculations [29-35]. It is seen that the phenomenological approach by
Barashenkov et al [29],[30] (curves 6,7), as well as the liquid drop model (LDM) with Myers
and Swiatecki parameters [31] (curve 5) leads to too low o{. Better results can be achieved
using the subroutine BARFIT by Sierk [35] which provides the macroscopic fission barrier
heights Bf within the framework of the Yukawa-plus-exponential modified LDM, as well as
by the approximation by Krappc ct al [34]. The most adequate description of macroscopic
fission barriers B((A, Z, L) for nuclei with Z from 20 to 100 and for the entire range of
angular momentum L has been made by Sierk [35].

The change of properties of nuclei with excitation energy increase influences strongly
the nuclear fissility leading to the Bf decrease. In the energy region from 100 MeV to 1 GeV
this effect is rather small and the Bf(E') dependence by Sauer et al [36] was taken into
account in final calculations of a^- 5 % increase in a,).

The dependence of the fission barrier height Bf on the rotation of nuclei was calculated
using the approximation by Sierk [35] who provides fission barrier heights and saddle point
moments of inertia as functions of Z, A and L, where L is the angular momentum transferred
to a fission nucleus.

The results of the calculation of the fission cross section of 23SU using different level
density parameters showed that the dependence of the fission cross section on the different
level density systematics presently available [13], [39], [40], [41] is not essential - about 7
% in of at 0.1 - 1 GeV.

3.3. Results of Calculations Using the CEM92 Code

The following set of the parameters was used in the calculations using the CEM92

code: the fission barrier height values by Sierk [35], with B^E*) dependence by Sauer et al

[36], with B,(L) dependence by Cohen et al [38], ground state shell and pairing corrections

by Truran et al [42], level density systematics by Iljinov et al [41] (the third set), and a/a,,

= 1.0. No further adjustments of any parameters was made.

Fig. 7 shows experimental spallation yields by Pate and Poskanzer [43] for 238U, and

calculated curves. The comparison is also made with the calculated results of Hahn and

Bertini [44] and Barashenkov et al [18]. The better agreement of the present calculated

results for the 23sU(p,pxn) isotope yields with the experimental data than the calculations [44]
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and [18] is seen from Fig. 7 for incoming proton energy of 1.8 GeV. Barashenkov et al [18]
have used a constant value of the a-parameter (a = A/15 MeV1) and Hahn and Bertini [44]
employed a rather crude approximation - the energy - independent expression for rn/Tf

(curve 2, Fig. 7). The use of energy-dependent Ta/Ti values, on the contrary, in the
calculations by Hahn and Bertini [44] gave results which did not follow the experimental data
(curve 1).

If the fission process of the excited residual nuclei is neglected and their decay is
assumed to be due to the evaporation process, the calculated results are several orders of
magnitude higher than the experimental data (curve 5, Fig. 7).

The experimental data for ^ U , 23SU, "^Pu, 232Th and a7Np for the neutron induced
fission cross sections obtained by Lisowski et al [12] in the energy region up to 300 MeV
give another possibility to test the model. The calculations of the neutron induced fission
cross sections were made with the same parameters as the proton induced fission cross
sections.

The results of the neutron induced fission cross section calculations for ^ U and
245-24S£m a r c s n o w n j n pjgS> g and 9. A reasonable agreement of calculated results and
experimental data by Lisowski et al [12] for 238U is seen.

Neutron angular distributions for 238U for incoming neutron energies 100, 500 and
1000 MeV are illustrated in Fig. 10. Some increase is seen at angles near 180° both for
neutrons and protons.

Double differential cross sections for the production of neutrons from 585 MeV proton
bombardment of the U target have been measured at emission angles 30°, 90° and 150° by
Cierjacks et al [45]. The present calculated results are compared with these experimental data
in Figs. 11 and 12. The calculated results obtained using the CEM92 code were corrected
for additional neutrons emitted by fission fragments, taking into account the data by
Barashenkov and Tonecv [46]. The total number of neutrons emitted at 585 MeV is equal
to 13, including 1.44 cascade (the mean energy E = 77.5 MeV), 1.81 preequilibrium (E = 15.5
MeV), 1.80 prefission evaporative neutrons and 8.0 evaporative neutrons emitted from fission
fragments (E = 2.5 MeV).

The comparison of calculated and experimental results shows that the agreement is
reasonable for all three angles in the energy region below 100 MeV. At higher energies
(100-300 MeV) a systematic underevaluation of high energy cascade neutrons can be seen
which increases with neutron emission angle increase. But the overall agreement is
surprisingly good, in particular, if one takes into account a large spread of results obtained
by different models [47].

4. Conclusion

The use of two codes - GNASH and CEM92 - with the respective parameter
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systcmatics allows nuclear data to be generated in the energy region from 10 MeV to 1 GeV.
For use at energies above 100 MeV GNASH will need some modification, in particular taking
into consideration multiple preequilibrium neutron emission [48]. The use of the code
CEM92 for the energy region below 1.00 MeV for actinides leads to unrealistic results. The
code CEM92 with the parameter systematics discussed can reliably be used for generation of
nuclear data above 100 MeV. Corrections for neutrons emitted by fission fragment have to
be introduced into the calculated CEM92 results.

Parameter systematics adopted here allows to improve the predictive capability of the
models used. Comparison with experimental data available for multiple reaction cross
sections, fission cross section, isotope yields, particle multiplicities, neutron spectra and
double differential cross sections both for incoming neutrons and protons indicates that the
calculations reproduce the trends, and often the details, of the experimental data.
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