Available online at www.sciencedirect.com

journal of
nuclear
materials

www.elsevier.com/locate/jnucmat

’ ScienceDirect

ELSEVIE

Q5.
R Journal of Nuclear Materials 361 (2007) 282-288

The radiation damage database: Section on helium cross section
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Abstract

A radiation damage database with emphasis on spallation interactions is described. Currently, the database contains
damage energy, displacement, helium, and hydrogen cross sections for 23 elemental targets irradiated by proton and
neutron projectiles up to 3.2 GeV. In this paper, the focus is on proton-induced helium cross sections, but it is shown that
for high energies (above about 500 MeV) proton- and neutron-induced helium cross sections are almost equal. The cross
section calculations were run on the Cascade-Exciton Model code (no options) and also on the Bertini code with three
nuclear level-density models and multistage pre-equilibrium model on and off. Calculation and experimental results are
compared. For various targets, we tried to determine which code and options give best agreement with experiment. In some
cases, such determinations are uncertain, partly because of limited and conflicting experimental information and partly
perhaps because of the need for modifications in the codes.
© 2006 Elsevier B.V. All rights reserved.

PACS: 24.10.Lx; 61.80.—x; 61.80.Az; 61.80.Bg; 61.80.Hg; 61.80.Jh

1. Introduction

In recent years, accelerator-driven spallation
sources have aroused great interest in materials
research, life sciences and transmutation of nuclear
wastes. The design and construction of such acceler-
ator-driven facilities impose new challenges to the
target and structural materials regarding their abil-
ity to withstand radiation damage in a spallation
radiation spectrum. The accelerator-driven facility
is usually propelled by high-energy protons in
1 GeV range. At such high energies, the incident
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proton can interact with individual nucleons inside
the struck nucleus, producing abundant high-energy
protons and spallation neutrons. Compared to that
in the fission or fusion spectrum, radiation damage
to materials in the spallation spectrum is more
severe due to the added displacements and the
new particles produced, mainly helium and hydro-
gen for the light particles [1].

Although it is essential to evaluate the radiation
damage by high-energy protons and neutrons for
the spallation facilities, the calculation of radiation
damage (mainly the production of displacements,
helium and hydrogen) is often inconsistent and dis-
crepant due to the various models and codes used.
The object of the NCSU (North Carolina State
University) Radiation Damage Database (the
Database) is, therefore, to assist in establishing a
standard method for calculating spallation damage
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that meets with reasonably widespread acceptance.
The Database would hope to be an accurate and
comprehensive cross section library, incorporating
a referenced variety of radiation-transport codes
for calculation, evaluated cross section values, and
experimental results for benchmarking. The main
content of the Database, cross sections for damage
energy, displacements, helium and hydrogen pro-
duction, is, to a large extent, completed. The design
of a friendly interface for convenient use of the
Database is underway. Damage energy and dis-
placement cross sections are already discussed in
[2,3], and the focus of this paper is on helium pro-
duction cross sections for proton energies from
1 MeV to 3.2GeV and neutron energies from
1E—8 MeV to 3.2 GeV.

2. The NCSU radiation damage database

The radiation damage database contains damage
energy, displacement, helium, hydrogen, and trans-
mutation production cross sections useful for spall-
ation radiation damage calculations. It includes 23
elemental targets and 8 alloys, most of which are
commonly used materials subjected to radiation at
a spallation facility, as listed below:

Target elements
Group 1: 12Mg, 13A1, 14Si
Group 2: 22Ti, 23V, 24CI', 25Mn, 26Fe, 27C0,
28Ni, 2Cu
Group 3: 40Zr, 41Nb, 42MO, 47Ag, SOSH
Group 4. 73Ta, 74W, 79Au, 80Hg, 82Pb, 83Bi
Group 5: 9oU
Target alloys (compositions used in the calcula-
tions given in at.%):
AlMg3 (Al-2.72Mg-0.35Mn-0.25F¢)
EP823 (Fe-12Cr-1.8Si-0.9Ni-0.7Mo-0.7Mn)
Eurofer97 (Fe-9Cr-1.1W-0.4Mn)
F82H (Fe-7.9Cr-2.0W-0.2V)

Table 1
Cross section sources for the NCSU radiation damage database

HT9 (Fe-11.8Cr-1.0Mo0-0.6Ni-0.5Mn)
SS316L (Fe-17.5Cr-12.2Ni-2.5Mo-1.8Mn)
T91 (Fe-8.6Cr—1.0Mn-0.2Ni)

Zr-2 (Zr-1.36Sn-0.17Fe-0.130-0.11Cr-0.07N1i)

As can be seen, the 23 targets are divided into five
groups, according to their atomic masses and the
cross section patterns that they exhibit. The targets
in the same group show similar characteristics in the
evaluation of the cross sections.

The high-energy proton and neutron cross sec-
tions (£ > 150 MeV) in the Database are calculated
by intranuclear cascade (INC) models: Bertini [4,5],
ISABEL [6] and CEM2k (version of the Cascade—
Exciton Model in year 2000) [7,8]. We refer to calcu-
lations using these INC models as ‘high-energy
calculations.” Typically, we ran 10° histories for
each cross section determination for the Bertini
and ISABEL INC calculations and 10° histories
for CEM2k. We use the term ‘low-energy calcula-
tions’ for energies below 150 MeV, where the INC
models are believed to be inaccurate. For the low-
energy cross sections, values from SPECTER [9],
ENDF-6 (Evaluated Nuclear Data Formats) [10]
(E<20MeV, for neutrons) and LA150 [11]
(20 < E< 150 MeV for neutrons; 1 < E <150 MeV
for protons) are adopted in the Database. The
SPECTER information refers to neutron radiation
damage only, and the nuclear reaction data in
SPECTER were obtained from ENDF/B-5. Table
1 shows which sources were used in developing the
Database, depending upon the projectile, type of
cross section, and projectile energy. As for proton-
induced damage energy and displacement cross
sections at low energies, the contribution of the elas-
tic scattering is not fully implemented in INC mod-
els. Neither is it included in the evaluated cross
section sources mentioned above which actually
have no proton-induced damage energy or displace-
ment cross sections at all. This gap is now filled in

Energy range
20 < E <150 MeV

Energy range
150 < E < 3200 MeV

Projectile Cross section Energy range
Type® E <20 MeV

n DECS, DCS ENDF, SPECTER

n HeCS, HCS ENDF, SPECTER

p DECS, DCS SRIM

p HeCS, HCS LA150

LA150
LA150
High-energy calc’n
LA150

High-energy calc’n
High-energy calc’n
High-energy calc’n
High-energy calc’n

hydrogen cross section.

4 DECS, DCS, HeCS and HCS are, respectively, damage energy cross section, displacement cross section, helium cross section and



284 W. Lu, M.S. Wechsler | Journal of Nuclear Materials 361 (2007) 282-288

the Database with the calculations [3] using SRIM
(stopping and range of ions in matter) [12]. Cross
sections are reported in SRIM up to 2 GeV, but
since no account is taken of intranuclear cascades
and spallation, we include SRIM among the low-
energy sources. For Bertini and ISABEL models,
three different level densities, GCCI (Gilbert—Cam-
eron—Cook—Ignatyuk level density) [13-15], HETC
(High-Energy Nucleon—-Meson Transport Code)
[16] and Jiilich [17] with and without the multistage
pre-equilibrium model (MPM) [18], are used for cal-
culating helium and hydrogen cross sections. The
high-energy cross sections are either benchmarked
by experimental results (helium and hydrogen cross
sections) or analyzed as to how good a match is
made where they connect with low-energy values
(damage energy and displacement cross sections
(2,3]).

This paper presents the calculation and evalua-
tion of helium cross sections by examining a typical
target element from each group.

3. Proton-induced helium cross sections

The presence of helium and hydrogen in materi-
als often causes them to become more brittle. There-
fore, these products are an important consideration
in radiation damage. The helium cross sections
calculated by the default options of MCNPX [18],
however, often lead to an unsatisfying disagreement
with the experimental results. One example of such
disagreement is shown by Dai et al. [19] in measur-
ing helium production at the aluminum beam win-
dow of the SINQ target. It is one of the goals for
the Database to help to resolve such disagreement.

As shown in Table 1, the helium cross sections at
high energies are calculated by the high-energy
INC-based models. Three INC models are included
in the Database: Bertini, ISABEL and CEM2k.
Compared to Bertini and ISABEL, CEM2k may
be more validated because it was tested against
some recent measurements [§8]. Also, the cut-off
energy from the intranuclear cascade in CEM2k is
sufficiently low rather than about 7 MeV as in Ber-
tini and ISABEL. But CEM2k has an inherent
MPM and offers no option to remove the MPM
in MCNPX. Bertini and ISABEL, on the other
hand, can be configured with or without MPM.
Furthermore, Bertini and ISABEL have an option
for one of three nuclear level-density models: GCCI,
HETC and Jilich. The level density is a way to
describe the structure of a highly excited nucleus,

which plays an important role in the formation of
light particles including helium.

The proton-induced helium cross sections up to
3.2 GeV from Bertini with the three level densities
and MPM on and off and from CEM2k are plotted
in Figs. 1-5 for typical target elements in each
group. As it only allows incident particle energy
up to 1 GeV, the ISABEL model is not discussed
further here for the helium cross section. It is obvi-
ous in Figs. 1-5 that cross section values in Bertini
calculated with MPM on are lower than those with
MPM off. This is because in the pre-equilibrium
stage part of the energy is used to increase the
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Fig. 1. Helium cross section versus proton energy for Al. High-
energy calculations, experimental data and low-energy calcula-
tions (LA150).
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Fig. 2. Helium cross section versus proton energy for Fe. High-
energy calculations and experimental data.
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Fig. 3. Helium cross section versus proton energy for Ag. High-
energy calculations and experimental data.
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Fig. 4. Helium cross section versus proton energy for Pb. High-
energy calculations and experimental data.

excitation number of the nucleus without producing
light particles. The Jiilich model shows consistently
higher values than the other two level-density
models. But the cross sections of GCCI and HETC
are quite close to each other with HETC values
slightly higher in Groups 1, 4, and 5 and GCCI
values slightly higher in Groups 2 and 3. With
increasing target mass, the cross sections of CEM2k
move from between Jiilich and GCCI/HETC to
below GCCI/HETC.

The high-energy INC-calculated helium cross
sections in Figs. 1-5 are plotted against experimen-
tal data [20-38]. The legends with square symbols
(containing a single lower- or upper-case letter) give
the first-named author and publication year for the
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Fig. 5. Helium cross section versus proton energy for U. High-
energy calculations and experimental data.

experimental investigations. For the calculations,
the differences due to the INC models and their
configurations are thus examined to find the most
realistic cross section data. Fig. 1 shows the
experimental results and the high-energy calculated
cross sections for Al representing Group 1, the light-
est targets. Al is a typical structural material in a
spallation facility. It is used for the proton beam
window and target structure in SINQ and the pres-
sure boundary of the inner reflector plug in SNS
[39]. In Fig. 1, except for one point by Green
et al. [23], the experimental data agree best with cal-
culated Bertini values using the Jiilich level-density
model. CEM2k and the other two level-density
models in Bertini underestimate the helium produc-
tion. LA150 cross sections are also plotted in Fig. 1
(short segment at lower left below 150 MeV), which
indicates a fairly good connection at 150 MeV to
experimental cross sections due to Leya et al. [29].
Close examination indicates perhaps that Bertini—
Julich agrees better with MPM on than with
MPM off. But it does not rule out the use of
Bertini-Jiilich with MPM off.

Group 2 contains nine light targets, among which
Fe, Cr and Ni are the major constituents of stainless
steel, an important structural and reflector material
in a spallation facility. The situation in Fig. 2, which
shows the experimental and high-energy INC-calcu-
lated cross sections for Fe, is complicated. The
experimental data seem scattered among INC mod-
els and different level-density models. But they still
fall within the upper and lower boundary of INC
calculations. The data of Schaeffer and Zahringer
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[20] provide the upper boundary of the experimental
results and are closest to the results of Bertini—Jiilich
with MPM off, the upper boundary of the INC cal-
culations. There is some doubt concerning the data
of Michel et al. [24] since they show a decrease in
helium cross section for proton energies above
1.2 GeV, which is unusual based on INC calcula-
tions and other experiments. Most of the experi-
mental data are clustered around Bertini—Jiilich
curves with a few points falling into the Bertini—
GCCI/HETC range. The investigation of other
targets like Ni and Cu in Group 2 reveals that
calculations using Bertini-Jiilich give cross sections
lying closest to the experimental results.

Fig. 3 shows experimental and INC-calculated
helium cross sections for Ag in Group 3, the inter-
mediate-weighted targets. Reasonable agreement is
found between Bertini-GCCI or HETC and the
experimental cross sections. For proton energies
below 1 GeV, the experimental data fall on the
HETC/GCCI curve with MPM off. Above 1 GeV,
the experimental data are closer to HETC/GCCI-
calculated data with MPM on. But in the whole
energy range, Bertini-HETC/GCCI agrees better
with MPM off than with MPM on. It has to be
reminded that the curves for Bertini-HETC and
Bertini-GCCI lie so close to one another, it is diffi-
cult to decide which model is the better choice for
Group 3 targets.

Figs. 4 and 5 show the same kind of information
for heavy targets Pb and U, respectively. In Group
4, Pb and also W, Hg, and Bi are common target
materials in spallation facilities. U is categorized
in a separate group due to its fission ability. As
observed in Figs. 4 and 5, for heavy targets CEM2k
results show a nice agreement with the experimental
data. The Bertini model clearly overestimates
helium production.

Current tentative recommendations for calcula-
tion of helium cross sections may be summarized
as in Table 2. For light and intermediate-weighted

Table 2
Tentative recommendations for calculation of proton-induced
helium cross sections

E <150 MeV 150 < E <3200 MeV
Groups 1 and2 LA150%

Bertini-Jiilich

Groups 3 LA150% Bertini-HETC/GCCI-MPM
off
Groups4and 5 LA150% CEM2k

% LA150 when available; otherwise same as for 150 < E <
3200 MeV.

targets (Groups 1-3), the Bertini model shows the
closest agreement to the experimental data though
the level density has to be carefully configured for
materials in the different groups. For heavy targets
(Groups 4 and 5), CEM2k gives closest agreement.

4. Neutron-induced helium cross sections

The neutron-induced helium cross sections at
high energies are calculated in the same way as dis-
cussed above for the proton-induced helium cross
sections. However, due to the difficulty in producing
monoenergetic neutrons at high energies, there are
nearly no experimental data to benchmark the
INC-calculated neutron-induced helium cross sec-
tions. But for high-energy protons, Coulomb inter-
actions have only a slight effect on spallation
reactions. Therefore, the neutron-induced helium
cross section at a given energy can be estimated to
be approximately the same as the proton-induced
cross section. Fig. 6 shows the ratios of neutron-
to proton-induced helium cross sections for Al, Fe
and W. The cross sections are calculated using the
same INC model with the same level-density option
for each material. For particle energies above
500 MeV, we see in Fig. 6 that the neutron- and
proton-induced cross sections are nearly equal.
Therefore, the recommended calculation codes and
sources for neutron-induced helium cross sections
can be taken from Table 2, where the correspond-
ing proton cross section recommendations are
summarized.
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Fig. 6. Ratios of neutron-induced to proton-induced helium
cross section versus particle energy for Al, Fe and W (calculated
by Bertini-Jillich with MPM on for Al and Fe and CEM2k
for W).
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For energies below 20 MeV, there are more
calculated cross section data available for neutrons
(from ENDF-6, SPECTER, and LA150) than for
protons (provided only by LLA150). Fig. 7 shows
the low-energy and high-energy cross sections for
neutrons on Al. Below 20 MeV, SPECTER has
two types of cross sections, as discussed by Charlton
et al. [40] and designated as Type 1 and Type 2.
SPECTER-Type 2 does not take into account the
(n,xn) channels for helium production where
x> 1. SPECTER-Type 1, however, includes all the
He produced and is usually the more relevant quan-
tity. As can be seen in Fig. 7, the SPECTER-Type 1
cross sections agree well with ENDF-6 values, and
they make a better match with LA150 values at
150 MeV.

5. Summary

The NCSU radiation damage database is
described. The Database contains damage energy,
displacement, helium, and hydrogen cross sections
for 23 elemental targets and 8 alloys for proton
and neutron energies up to 3.2 GeV. In this paper,
our attention is concentrated on cross sections for
the production of helium mainly by protons, but it
is shown that above 500 MeV the neutron and pro-
ton cross section values are quite similar. The high-
energy INC calculations are benchmarked with the
available experimental data. The results show that
the Bertini model is good for estimating helium pro-
duction for light and intermediate-weighted targets,
but overestimates the cross sections for heavy

targets. Even for light and intermediate-weighted
targets, a proper level-density model has to be
carefully chosen when using Bertini model. CEM2k,
on the other hand, is in fair agreement with experi-
ment for heavy targets, but gives underestimates for
low and intermediate-weighted targets. In general, it
must be said that, based on the type of information
presented (Figs. 1-5), recommendations as to which
codes and which options within the codes give best
agreement with experiment are somewhat uncertain.
In order to achieve more reliable cross section calcu-
lations for particular targets and energy ranges,
there needs to be available a wider body of well-
based experimental and calculated information con-
cerning helium production in spallation-irradiated
materials.
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