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Abstract

Production cross-sections for neutrons and charged particles as well as excitation energy distributions in spallation
reactions were measured recently by the NESSI-collaboration and have been employed to test different intra nuclear
cascade models and the subsequent evaporation. The INCL/GEMINI code, which describes best the experimental data
has been employed to calculate the damage cross-sections in Fe and Ta as well as the He/dpa ratio as a function of
proton energy. For the same amount of neutron production in a typical target of a spallation neutron source the proton
beam induced radiation damage in an Fe window is shown to decrease almost linearly with proton energy. For heavier
materials such as Ta a similar decrease of the radiation damage is found only for energies above about 3 GeV. © 2001

Elsevier Science B.V. All rights reserved.

1. Introduction

For future high power spallation neutron sources
such as ESS [1] and SNS [2], detailed knowledge of beam
induced radiation damage is mandatory in order to es-
timate lifetimes of materials employed in the target
station. This is in particular true for the entrance win-
dow of the proton beam separating the radioactive tar-
get medium from the accelerator vacuum. The expected
radiation-induced damage of materials employed in
spallation neutron sources is mainly due to (i) helium
gas production and (ii) elastic scattering of neutrons,
charged particles, and in particular energetic heavy res-
idues (HR) produced in the spallation process. Helium
gas production can cause embrittlement and blistering of
metallic materials while the elastic scattering of particles
causes changes in the microstructure of materials due to
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atom displacements/vacancies. The essential contribu-
tion to such atom displacements, described by the
damage or displacement cross-section gy, is due to re-
sidual target-like nuclei or HR produced in the spalla-
tion reaction. The induced damage is very similar to the
one induced by fission fragments.

Compared to the extensively studied radiation dam-
age in fission reactors the damage in spallation neutron
sources is characterized by an about 500 times larger
ratio of produced helium gas per atom to displacements
per atom (He/dpa) [3] in materials which are directly
exposed to the incident proton beam. The correlation of
both effects — He and dpa — can result in new damage
phenomena of mechanical properties. In one year of
operation of ESS the produced helium is about 1 or 2.5
at.% for Fe or Ta, respectively, irradiated by 1.3 GeV
protons with a uniform beam flux across a diameter of 7
cm at 5 MW, that is an integrated flux of ¢t = 1.9 x 10%
p/cm?. In order to make simulations for radiation
damage of target materials it is important to have a
good knowledge of the helium production in spallation
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reactions. A recent investigation indicated that for he-
lium concentrations below about 0.5-1 at.% no drastic
effects on the mechanical properties of steel alloys [4]
should occur. On the other hand Maloy et al. [5] re-
ported on changes in the ductility at helium levels far
below 0.5 at.%.

Detailed experimental investigations of spallation
reactions as a function of proton energies test computer
codes, which are needed for the simulation of radiation
induced damage of materials employed in the target
station. In the following we will discuss particularly the
question whether radiation damage can be reduced by
changing the incident proton beam energy while keeping
the neutron production constant.

2. Comparison of models and data for spallation reactions

Before presenting model calculations describing
damage parameters of window materials due to GeV
proton induced spallation reactions we confront in the
following recently measured thin and thick target data
of the NESSI collaboration with predictions obtained
with various computer codes.

2.1. Neutron production in thick targets

The essential figure of merit or efficiency of neutron
production can be described by the mean number of
neutrons (mean neutron multiplicity) produced per in-
cident proton and divided by its energy. This quantity
would be constant if the neutron production would in-
crease linearly with incident proton energy. In Fig. 1 this
figure of merit is shown as a function of proton energy
for lead and tungsten targets for different target geom-
etries. The points display recently measured data [6,7]
while the lines are results of calculations with high en-
ergy transport codes [8]. We observe an increase of the
measured mean neutron number per incident proton and
unit energy (expressed in GeV) from 0.1 to about 1 GeV
and for higher energies only a slight decrease. The
measured data are well described by calculations for a
given target geometry and material. By increasing the
size of the target to 20 cm diameter and 60 cm length,
corresponding to typical target dimensions of a spalla-
tion neutron source, the number of neutrons produced
increases as well, as indicated in the case of a lead target
by the dotted line. We will employ this latter calculation
as a reference for the neutron production as a function
of incident proton energy between 1 and 4 GeV. The
neutron production in a Hg-target of the size proposed
for ESS [1] is presumably very similar [6] to this calcu-
lated reference from Pb.

While the mean neutron production in thick targets
agrees reasonably well with previous data [6] as well as
calculations with different transport codes [8] consider-
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Fig. 1. Average neutron multiplicity per unit beam energy
(expressed in GeV) and per incident proton as a function of
beam energy for thick Pb and W targets. The targets are cy-
lindrical with a length (1) and diameter (®) as indicated. The
solid, dotted, and dashed curves are the results of HERMES
simulations for Pb: 35 cm x 15 cm (/ x @), Pb: 60 cm x 20 cm,
and W: 35 cm x 15 cm targets, respectively. The figure has been
adapted from [6].

able discrepancies are observed for measurements with
thin targets, that is for production cross-sections of
charged particles.

2.2. Charged particle production in thin targets

A compilation of published data [9] for proton in-
duced helium production shows a large dispersion as can
be seen in the left panel of Fig. 2 in the case of the
spallation reaction p + Fe. That is why the NESSI col-
laboration had started a campaign to measure the pro-
duction cross-sections of charged particles for GeV
proton induced spallation reactions in thin targets [9,10].
Recent NESSI data are also shown in Fig. 2 for p + Fe
(left panel) and p + Ta (right panel), Ta we will consider
in the following as an example for a heavy window
material. The data for both reactions are compared with
calculations obtained with the Liege intra nuclear cas-
cade (INC) code coupled with the GEMINI evaporation
code referred to as INCL in the following, the LAHET
(version 2.7d) and the HERMES code. In the case of the
LAHET code two options were employed for the choice
of the subsequent evaporation-fission models assuming
the Coulomb barriers to be independent of (ORNL) or
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Fig. 2. Left panel: compilation [9] of p + Fe He-production
cross-section data as a function of incident proton energy. The
lines have been obtained with the indicated codes; LA-
HET(RAL) and LAHET(ORNL) refer to different evapora-
tion-fission models, which are optionally available in LAHET.
The NESSI-99 results are preliminary. Right panel: same for
p + Ta.

to decrease (RAL) with excitation energy. Pre-equilib-
rium emission was taken into account. Further details of
these codes and the employed parameters are described
in [8-10].

The helium production cross-sections from NESSI
are about a factor of 2 smaller for p + Fe and show in
particular a different energy dependence than the data of
Michel et al. [12]. The cross-sections as calculated with
the LAHET and HERMES codes are somewhat smaller
than the NESSI data in the case of p + Fe while for
p+ Ta HERMES and LAHET(RAL) predict larger
cross-sections and LAHET(ORNL) smaller ones. The
calculations with the INCL code are in good agreement
with the data of both reactions: p + Fe and p + Ta.

The observed agreement between data and calcula-
tions with the INCL code is found also for all other
targets including heavier targets as is shown in Fig. 3 for
the helium production cross-sections. In contrast to this
the LAHET code, with the two versions of evaporation
models differing by assuming constant (dashed-dotted
line) or with the excitation energy decreasing (dotted
line) Coulomb barriers, under- or overestimate, respec-
tively, the helium yield considerably. Since the Coulomb
barriers for He-isotopes employed in LAHET(ORNL)
are similar to the ones used in GEMINI and the exci-
tation energy transferred during the INC in LAHET is
larger than in INCL (as will be discussed in the next
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Fig. 3. Experimental [9,10] and calculated helium production
cross-sections for 0.8, 1.2, 1.8, and 2.5 GeV proton induced
reactions as a function of target atomic number Z,se.. The thick
solid line refers to INCL, the dashed-dotted or dotted line was
obtained with the LAHET code employing an evaporation-
fission model with constant Coulomb barriers (ORNL) or with
excitation energy decreasing Coulomb barriers (RAL), respec-
tively. Note the different scales of the left and right panels. The
NESSI-99 results are preliminary.

section) it is surprising that the predicted helium cross-
sections are smaller than the ones calculated with INCL/
GEMINI. This observation can be understood by the
fact that (i) the Coulomb barriers for protons (at zero
excitation energy) in LAHET are considerably smaller
than in GEMINI [10] and (ii) at higher excitation en-
ergies an increasing fraction of the He-yield is due to the
evaporation and subsequent decay of *He [10] which is
taken into account in GEMINI in addition to the
emission of the stable 3*He-isotopes.

2.3. Excitation and kinetic energy of HR

In addition to the above-described comparison of
production cross-sections it was shown [9,10] that the
distribution of excitation energy, residing in the nucleus
after the fast INC step, is well described by the INCL
code while the LAHET and HERMES codes predict
considerably larger excitation energies. The excitation
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energy E* is correlated in two ways with the energy of
the recoiling target-like nuclei. Both recoil and excita-
tion energy increases with a decreasing fraction of the
incident proton momentum carried off by prompt cas-
cade particles (pions, n, p) emitted in the forward di-
rection. The subsequent chain of evaporated particles
induce a further, though smaller due the isotropic
emission, increase of the recoil energy. While the mass
loss due to the evaporation decreases the kinetic recoil
energy of target-like residues. We exploit model calcu-
lations, which also reproduce the E* distribution cor-
rectly, to obtain the recoil energy Fyr of residual nuclei
of charge Zyr and atomic number Ayg.

Recent measurements [11] of Eggr (Apr) for 1 -4 GeV
28Pb + H can furthermore be confronted directly with
the results of such codes. LAHET as well as INCL re-
produce reasonably well the functional dependence of
the kinetic energy Fyr on the HR mass Aygr. The pre-
dictions, however, for the mean excitation energy (E*) of
the two INC codes differ up to factor of 2 as shown in
Fig. 4 leading to residue mass distributions of much
higher yield at smaller masses (with higher recoil ener-
gies) in LAHET than in the INCL simulations. Conse-
quently the mean recoil energy will be considerably
larger in the case of the LAHET code as will be shown
below. It might be interesting to note that the mean
nuclear excitation efficiency (E*)/E, in spallation reac-
tions is quite small. It decreases from about 15% at a few
hundred MeV to about 3% at 4 GeV for p + Fe and to
6% for the larger nucleus Ta.

Since the INCL code describes the helium cross-sec-
tion and the excitation energy distributions and thus
also the mean excitation energy very well we rely in the
following on this code. The calculations for charged
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§ 30
(="
E 25 e [NCL
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L\ﬂ/ 20 +
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Fig. 4. Calculated mean fraction (E*)/E, of the incident proton
energy E, which is dissipated into excitation energy E*. The
INCL calculation is shown by the thick solid line, the one of
LAHET by the dotted line.

particle yields with the LAHET code will also be shown
in Section 3.3 for comparison; they should be consid-
ered, however, with some caution.

3. Beam induced radiation damage in the window

As discussed in Section 2.1 and shown by the dotted
line in Fig. 1 the neutron production per proton is
increasing almost linearly between 1 and 4 GeV for
typical spallation targets. What consequences does this
observation have for the radiation damage induced in
the target window? In order to produce the same
number of neutrons at 4 GeV as at 1 GeV only about
1/4 of the incident proton current is needed. In the
following we will investigate whether with the reduc-
tion of the proton current the induced damage due to
helium gas and atom displacements decreases corre-
spondingly and thus could result in an increase of
window life times.

3.1. Helium gas production

For investigating the radiation damage induced by
the deposition of helium gas of low mobility in a metallic
material the helium production rate per produced neu-
tron in a thick target (downstream of the window) can
be considered as a good figure-of-merit: oy, /n where oy
is the helium production cross-section and »n the number
of neutrons produced in a thick target per incident
proton.This ratio oy, /7 is shown in Fig. 5 for an Fe-like
(Z = 26) window material (left panel) and as an example
for a heavy material Ta with Z = 73 (right panel). In the
case of Fe we observe a drastic decrease of helium
production per produced neutron. From 1 to 4 GeV
one/n decreases from 17 to 6 mb/n. For a heavy material
such as Ta the helium production is about 2.5 times
larger than for Fe and furthermore a decrease with
proton energy sets in only above about 3 GeV. Thus if
helium gas production would be a critical parameter for
beam induced radiation damage higher incident proton
energies would clearly be more advantageous for steel
windows.

3.2. Displacements per atom

As pointed out above the essential parameter de-
scribing the displacements produced per atom (dpa) is
given by the damage or displacement cross-section .
This quantity has been calculated by the relation

n

1 i
04 = Oinel X ; Z ZNvac(Eij7Zij7A[j)7 (1)
=1 j=1

where gy, 1s the total inelastic cross-section [13] of the
spallation reaction, Ny, is the number of vacancies cre-
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Fig. 5. Proton induced He-production cross-sections on Fe (left
panel) and Ta (right panel) per produced neutron in a Pb
spallation target in units of mb/n as a function of incident
proton energy. The employed n/p has been deduced from the
dotted line in Fig. 1.

ated by a charged particle of kinetic energy E;;, charge Z;,
and mass A4;;, M; is the multipilicity of charged particles in
the ith simulated reaction, and # is the total number of
events as calculated with LAHET or INCL. In the fol-
lowing damage cross-sections have been calculated for
H, He and HR. Fission was neglected here since the fis-
sion probability is too small for such a relatively light
nucleus as Ta, whereas for Au and proton energies above
1 GeV the damage by fission fragments can amount to
about 10% of the HR damage cross-section. Vacancy
production due to elastic scattering of neutrons coming
back from the neutron production target was not taken
into account. It should be noted here, however, that the
atom displacements induced in the window by neutrons
from the spallation target can be up to twice as large as
those induced by the proton beam [14].

For the calculations a window thickness of 2 mm was
assumed. This thickness is only of importance for cal-
culating the damage cross-section for energetic protons
which have ranges comparable or larger than the win-
dow thickness. Since the probability to produce vacan-
cies is largest towards the end of the range protons are
contributing more effectively to the vacancy production
in thicker windows.

The energy E;, charge Z;, and mass 4; (in Eq. (1)) of
the particles have been obtained from the INCL code or
LAHET code and used event-wise as input for the
TRIM code [15] employing the Kinchin-Pease approxi-

mation [16] to follow secondary cascades of recoiling
atoms. The employed effective threshold displacement
energies derived from polycrystal damage rate mea-
surements [17] were 40 eV for Fe and 88 eV for Ta.

The results as a function of incident proton energy
are shown in Fig. 6 for an Fe- and a Ta-target. The thick
and thin lines refer to results of the INCL and LAHET
code, respectively. The top panels show the mean recoil
energy (Euyg) after the prompt INC-cascade (dashed
line) and after de-excitation by evaporation (solid line).
The additional recoil energy transferred by the evapo-
rated particles to the HR is relatively small for Fe while
for Ta it amounts up to 20%. The corresponding de-
pendence of the mean charge loss of HR (AZygr) =
(Zur) — Zr,with (Zyr) and Zr the mean atomic number
of HR and target atomic number (26 for Fe and 73 for
Ta) before (dashed line) and after (solid line) evapora-
tion is shown in the second row of panels.

The third row of panels in Fig. 6 shows the essential
quantity of interest for radiation damage, namely the
damage cross-section o4 in barns. The relative effect of
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Fig. 6. With the code INCL (thick lines) and LAHET(RAL,
ORNL) (thin lines) calculated proton energy dependence of the
mean recoil energy (Eyr); mean charge loss (AZyr) after INC
(dashed) and after INC plus evaporation (solid line); damage
cross-section o4 of hydrogen (H) , helium (He), and HR; He/
dpa ratio oy./oq for beam exposed Fe (left) and Ta (right)
windows with a thickness of 2 mm, see also text.
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the various reaction products in a 2 mm thick window is
indicated. The slightly larger damage cross-sections ob-
served for hydrogen isotopes than for helium isotopes is
due to the 5-7 times larger (INCL) hydrogen yield
compared to helium. The damage cross-section is,
however, completely dominated by the HR.

The essential point to make here is the finding that the
damage cross-sections are almost constant above about
1-2 GeV of proton energy: 2.8 x 10° b for Fe and
12 x 10° b for Ta. For one year of operation of ESS with
an integrated proton flux of ¢¢ = 1.9 x 10?2 p/cm? this
corresponds to 55 and 230 displacements per atom
(dpa = g4 ¢t) for Fe and Ta, respectively. These num-
bers do not include neutron induced displacements which
can be, however, of the same order of magnitude [14].

As pointed out in Section 1 radiation damage in-
duced by spallation reactions is particularly character-
ized by a large He/dpa ratio compared to 0.5 x 1076
observed in fission reactors. The ratio He/dpa of helium
production per atom to displacements per atom is given
by He/dpa = oy /aq4. The thus obtained ratio is shown
in the bottom two panels of Fig. 6. We observe that the
He/dpa ratio increases with proton energy up to about
1-1.5 GeV while for higher energies it is essentially
constant and approaches 200 x 10°® for Fe and
140 x 107 for Ta.

3.3. Comparison of different codes: INCLILAHET

Since the LAHET code was employed extensively for
simulation calculations of the target station of spallation
neutron sources, it is of particular interest to compare
the results from INCL with those of LAHET.

The predictions of LAHET and INCL for the helium
gas production per produced neutron (see Fig. 5) are
similar for Fe concerning the energy dependence as well
as the absolute values. For a heavy material such as Ta
the LAHET(RAL) code strongly overestimates the he-
lium gas production while LAHET(ORNL) underesti-
mates it in particular for proton energies below 3 GeV.

The mean recoil energy (Eyr) as calculated with
LAHET reaches considerably larger values, 8 instead of
5 MeV for Fe, than obtained with INCL at proton en-
ergies above about 2 GeV in agreement with the finding
of larger mean excitation energies as shown in Fig. 4.
Thus one would expect larger damage cross-sections,
about 10% as obtained from TRIM calculations, to be
predicted by LAHET. The damage cross-section calcu-
lated with LAHET are, however, smaller for Fe (2 kb)
and about the same for Ta compared to the ones ob-
tained with the INCL code. The reason for this unex-
pected finding is due to the considerably smaller mean
charge (Zyr) and mass (4yg) of the HR in the case of
LAHET compared to INCL. The lower charge of the
lighter HR reduces the probability to produce vacancies
despite the larger recoil energy. In the case of Ta both

effects cancel each other almost completely . Damage or
displacement cross-sections for Fe as calculated with the
HETC-SID code are very similar to the present LA-
HET-TRIM results in absolute numbers as well as
proton energy dependence [18].

In summary, both codes result in almost the same
and constant damage cross-sections while He/dpa is
strongly increasing with proton energy in the case of the
two versions of the LAHET code (RAL and ORNL)
while it is almost constant for the INCL code. The ob-
served approximately constant damage cross-section
above about 1 GeV means that the induced damage
decreases with increasing incident proton energy for the
same amount of neutrons produced in a thick target as
discussed above.

4. Conclusions

In summary we conclude that for the same amount of
neutron production in a spallation target the proton
beam current can be decreased almost linearly with in-
creasing proton energy above about 1 GeV. With this
reduction of beam current the radiation damage induced
in Fe-like window materials due to helium gas produc-
tion and atom displacements reduces also almost pro-
portionally. While for windows made from heavier
material such as Ta a similar decrease as for Fe can be
expected only for proton energies above about 3 GeV.
Since in the present work only proton and no neutron
induced displacement cross-sections were calculated the
above-discussed decrease of dpa with proton energy will
be less steep depending on the atom displacements in-
duced by the constant neutron flux coming back from
the neutron production target.

The damage cross-sections calculated with the LA-
HET and INCL codes were shown to be very similar
despite considerable differences in other observables.
For the He/dpa ratio, however, the two codes differ
considerably both in absolute numbers as well as in the
energy dependence. Above about 1 GeV the electronic
stopping power is nearly constant and thus the heating
of the window decreases with the reduction of beam
current as well. Though it might be advantageous with
respect to the induced radiation damage to employ
higher proton energies, there are off course also disad-
vantages such as for instance the increased yield of en-
ergetic neutrons from the production target requiring
larger shielding.
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