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An overview is reported of nuclear data evaluation for the JENDL High Energy (JENDL-HE) file
which contains neutron and proton cross sections for energies up to 3 GeV for the whole 132 nuclides. The
JENDL-HE evaluations are performed on the basis of experimental data and theoretical model calculations.
For the cross section calculations, a hybrid calculation code system is constructed using some available
nuclear model codes and systematics-based codes. The evaluated cross sections are compared with
available experimental data and the other evaluations. Some preliminary results of benchmark tests are also
presented.

1. Introduction

In recent years, nuclear data for energies over 20 MeV are needed from the point of view of
accelerator-related applications, such as accelerator-driven transmutation system, radiotherapy with particle
beams, and estimation of radiation effects induced by cosmic rays in microelectronics, €tc. These
applications require charged-particle data, particularly proton data, as well as neutron data in macroscopic
transport and activation calculations. Under these backgrounds, there are several activities on high-energy
nuclear data evaluations in LANL, NRG Petten, FZK, IPPE, KAERI and so on. Some of the data libraries
produced in these evaluations are currently available. Among them, the LA150 library[1] is widely used in
macroscopic transport calculations, which treats the nuclear interaction of neutrons and protons having
energies up to 150 MeV with materials. In such calculations, the Monte Carlo codes based on microscopic
simulation approach such as the intra-nuclear cascade model are built-in to deal with the nuclear processes
at energies above 150 MeV, instead of the nuclear data library. Because of saving the computation time,
however, the nuclear data above 150 MeV are also required in macroscopic transport and activation
calculations. Thus, the Japanese Nuclear Data Committee (JNDC) has launched the JENDL High-Energy
file (JENDL-HE) project[2], in which the cross sections for neutron and proton induced reactions up to 3
GeV are included for the total 132 nuclides shown in Table 1.

In this paper, the current status of the JENDL-HE file is reported with an outline of a nuclear model
calculation code system used in the evaluation and comparisons of the JENDL-HE evaluation with
available experimental data and other evaluations. Preliminary results of some benchmark tests using the
transport code MCNPX are also given.

Table 1. List of nuclides to be included in JENDL High Energy file
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2. Nuclear model calculation code system

In the present JENDL-HE evaluation, a model calculation code system combining some nuclear model
codes is used to produce the high-energy cross section data. A schematic diagram of the code system is
illustrated in Fig.1. It consists of two different parts in accordance with the incident energy. For energies
below 150-250 MeV, the conventional codes used widely in the evaluations below 20 MeV are applied, and



Monte Carlo calculation codes based on the intra-nuclear cascade (INC) model or quantum molecular
dynamics (QMD) are used mainly for those above 150-250 MeV.

The main code for energies below 150-250 MeV, GNASH]3], is based on statistical Hauser-Feshbach
plus preequilibrium exciton models to predict nuclear reaction cross sections for particle and y-ray
emissions. A modified version of the code EXIFON][4] is used as an alternative code for N and O as well.
The optical model is employed for predictions of the total, reaction, and elastic scattering cross sections.
Optical model calculations are carried out using ECIS96[5] or OPTMAN]6]. The code OPTMAN is based
on the coupled-channels method with the nuclear Hamiltonian parameters determined by the soft-rotator
model, and is used only for C, Mg, and Si. Transmission coefficients provided by the optical model
calculation are employed in the GNASH calculations of particle and y-ray emission cross sections and
isotope production cross sections. The cross sections for inelastic scattering to low-lying excited states are
also calculated using ECIS96 or OPTMAN. For some cases, the code DWUCK4[7] based on DWBA is
used for direct reaction calculations for discrete state transitions including deuteron pick-up and charge
exchange processes as well.

In the energy range above 150-250 MeV, either JAM[8] or QMD[9] is employed for description of
dynamical processes. For the statistical decay followed by the dynamical processes, the generalized
evaporation model (GEM)[10] is incorporated. Both the frameworks have been demonstrated to reproduce
well the measurements of double-differential nucleon and pion emission cross sections and fragment
production cross sections for proton-induced reactions from 100 MeV up to 3 GeV.

In addition, the code TOTELA[11] based on systematics is used as a tool for evaluation of the total,
elastic, and reaction cross sections for energies above 150-250 MeV The Niita systematics is used in
TOTELA. For calculations of high-energy fission cross sections, the systematics-based code FISCAL[2] is
applied. Furthermore, y-ray energy spectra are calculated with the code ALICE-F[12].
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Fig.1  Nuclear model calculation code system used in the JENDL-HE evaluation

3. Results and comparisons with measurements and other evaluations

The cross sections were evaluated for nucleon-induced reactions on the nuclides listed in Table 1
using the above-mentioned model calculation codes. The evaluated cross sections are as follows: neutron
total cross sections, nucleon elastic scattering cross sections and angular distributions, non-elastic cross
sections, production cross sections and double-differential cross sections of secondary light particles (n, p,
d, t, *He, a, and 7) and y-rays, isotope production cross sections, and fission cross sections. Neutron total
cross sections and isotope production cross sections for several nuclei are evaluated using a fitting
procedure of experimental data in the case where systematic measurements are available over a broad range
of incident energy.

The present status of JENDL-HE file is as follows: the evaluations for 66 nuclides among the entire
132 nuclides have been completed as shown in Table 1, and the evaluated cross section data have been



tabulated in the ENDF-6 format and released as the JENDL/HE-2004 file. For neutrons, the evaluated cross
section data are merged with the data below 20 MeV taken from the JENDL-3.3[13]. For protons, the cross
section data below 20 MeV are also included in the JENDL-HE. It should be noted that double-differential
production cross sections of light particles are stored using the laboratory angle-energy law (LAW=7) of
the ENDF-6 format.

Some representative results of the evaluated cross sections are shown below with experimental data
and the other evaluations (LA150[1] and/or NRG2003[14]). Other results for the following elements are
found elsewhere: C[15], Al[16], Mg and Si[17], K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni and Zn[18], Cu[19], Zr,
Nb and W[20].

Neutron total cross sections and proton nonelastic cross sections for Fe is shown in Fig. 2. Three
evaluations (JENDL-HE, LA150 up to 150 MeV, and NRG2003 up to 200 MeV) are in good agreement
with experimental data[21]. Among them, the JENDL-HE data provide the largest values for neutron total
cross sections over the whole energy range, and the smallest values for proton nonelastic cross sections in
the energy range of 30-80 MeV.

The JENDL-HE result of angular distributions of neutron elastic scattering from **Si is compared with
measurements[21] and the LA150 evaluation for nine incident energies in Fig. 3. Both the evaluations
show excellent agreement with the experimental data to similar extent. As the incident energy increases,
some differences between the JENDL-HE and the LA150 evaluations are seen at backward angles where
there are no available experimental data.

Double-differential production cross sections of protons and deuterons are presented for
proton-induced reactions on '>C at 68 MeV in Fig. 4. For protons, both JENDL-HE and LA 150 evaluations
show good agreement with the experimental data[22]. For deuterons, some differences are obvious in both
the evaluations, and the JENDL-HE is in better agreement with the measurement than the LA150 at 30 and
60 degrees. In Fig. 5, evaluated double-differential neutron production cross sections are compared with
experimental data[23] for the (p,xn) reaction on P7r at 120 MeV. The JENDL-HE evaluation is in fairly
good agreement with the measurement in the continuum preequilibrium region, except for the
Gamov-Teller (GT) resonance and the isobaric analog state (IAS) observed at 0 degree. The nuclear model
codes used in the present evaluation are not capable of predicting such the resonance structure formed by
direct charge-exchange processes.

Finally, an example of isotope production cross sections are shown in Fig. 6. The evaluated cross
sections are compared with the experimental data[21] for Na produced by the proton-induced reaction on
"Si. Both the JENDL-HE and LA150 evaluations reproduce the experimental data fairly well, although
underestimation is seen for the LA150 at incident energies below 50 MeV.

4. Benchmark test

For validation of the evaluated cross sections, benchmark tests using the MCNPX transport
code[24,25] were performed for neutron yields from stopping-length targets. Here, the preliminary result
for carbon target bombarded by 113 and 256 MeV protons is shown in Fig. 7 as an example. For 113 MeV,
the MCNPX calculation using the JENDL-HE data shows excellent agreement with the measurement[26]
except underestimation seen above 30 MeV at 7.5 degree, while the calculation using the LA150 data
overestimates remarkably the measurement for neutrons between 3 and 20 MeV and underestimates it for
neutrons above 30 MeV at 7.5 and 30 degrees. Both the MCNPX results with the JENDL-HE data and the
LA150 data reproduce well the measurement[27] for 256 MeV protons to a similar extent, although
overestimation is seen in the 5 to 20 MeV energy range at forward angles for the calculation with the
LA150 data. It should be noted that the MCNPX calculation with the LA150 data is switched to the
LAHET module automatically above 150 MeV.

5. Summary and conclusions

For the JENDL high-energy file (JENDL-HE), the cross sections were evaluated for neutrons and
protons up to 3 GeV on the nuclides listed in Table 1, mainly on the basis of the nuclear model calculations
and the systematics. The JENDL-HE evaluation were compared with the other evaluations and the
experimental data, showing generally good agreement with them. Evaluations and compilations for the
remaining 66 nuclides are underway. Further benchmark tests using transport codes, MCNPX and
PHITS[28], are being performed for validation of the evaluated cross sections. Some preliminary results



were partly reported. Through the benchmarks, revision and updating work will continue towards
completion of the JENDL-HE file.

The current version of the JENDL-HE file does not contain information for heavy recoils (A > 4).
Double-differential cross sections (DDXs) of all secondary ions are required for estimation of radiation
effects in structural materials, microelectronic devices, and human bodies. Therefore, it will be our future
task with high priority to provide reliable DDXs of heavy recoils and complex charged particles.
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