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Abstract

A neutron generating target and surrounding components, such as moderators and proton-beam windows, of
intense pulsed spallation sources suffer serious radiation damage. In order to construct a maintenance scenario of
the Japanese Spallation Neutron Source, the life estimation of those components due to the radiation damage becomes
indispensable. For this purpose, we calculated DPA values of the important components, based on the calculation of
displacement cross-sections using PHITS and NJOY codes with the LA150 library. Maximum DPA values at the end of
5000 MW h are 3.9 for the target vessel, 2.8 for the reflector and moderator vessels, and 0.4 for the proton-beam win-
dow. We also discuss the effect of the proton-beam profile and proton-energy dependence on the DPA values. Briefly,
we showed the calculation result on the helium and hydrogen production.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Japanese Spallation Neutron Source (JSNS) is being
constructed as one of the major facilities in Japan Pro-
ton Accelerator Research Complex (J-PARC). As major
components of the source, which are susceptible to seri-
ous radiation damage, JSNS has a proton-beam window
and vessels for a mercury target, three super-critical
hydrogen moderators and a reflector. 1 MW proton
beam (3 GeV and 25 Hz) hits the mercury target and
slow neutrons are extracted from these moderators for
neutron scattering experiments. Vessels and windows
of these components suffer the most serious radiation
damage. 316L stainless steel will be used as a target ves-
sel material and aluminum alloy AS5083 for the proton-
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beam window. For moderator and reflector vessels, alu-
minum alloy A6061-T6 will be used. For the construc-
tion of a maintenance scenario, the life estimation of
those structure materials becomes indispensable. There-
fore, we need to evaluate DPA (displacement per atom)
value of each component, since DPA is a major index of
the radiation damage.

For DPA calculations, flux data calculated by a par-
ticle transport code and displacement cross-sections of
each element are necessary. To realize a general purpose
particle and heavy-ion transport code system, PHITS [1]
(Particle and Heavy lon Transport code System) has
been developed by the collaboration of Tohoku Univer-
sity, Japan Atomic Energy Research Institute and
Research Organization for Information Science & Tech-
nology. PHITS is based on a high-energy hadron
transport code, NMTC/JAM [2], and combined with a
low-energy transport code, MCNP-4C [3]. Therefore,
PHITS is equipped with a low-energy capability in addi-
tion to a high-energy one, covering from thermal to
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high-energy. A function to calculate the displacement
cross-sections has been introduced in NMTC/JAM [4].
Recently, we implanted a DPA calculation function in
PHITS. With this new PHITS, it becomes possible to
perform DPA calculations without successive calcula-
tions using two different code systems as NMTC/JAM
and MCNP-4 C.

In this paper, we discuss the calculated displacement
cross-sections and report calculated values of DPA with
DPA maps. The production of hydrogen, helium and sil-
icon is also briefly shown. We also discuss the effect of
the proton-beam profile and the proton-energy depen-
dence on DPA.

2. Calculation method of DPA and calculated
displacement cross-section

2.1. Calculation method of DPA

DPA calculations can be archived from the following
equation:

DPA = ( [ on(E) 4(6) - aE) -1 1)

where opx(F) is the displacement cross-section for an
incident particle at an energy E, ¢(F) the incident parti-
cle flux of protons or neutrons and ¢ the irradiation time.
To perform DPA calculations using Eq. (1), opx(E)
must be determined. For neutrons in the energy range
where evaluated cross-section libraries are available,
opx (E) were processed by the NJOY code [5] with the
HEATR modules and an evaluated library. Above the
energy range where no available evaluated library exists,
opx(E) for neutrons and protons were calculated using
energies of fragments obtained by PHITS.

In general, opx(E) can be obtained from the follow-
ing equation,

oox(E) = 3 /T vd(T).w.dﬂ 2)

where T is the PKA energy, Tiax the maximum of 7, Ty

the atomic threshold displacement energy. v4(7) the dis-

placement damage function. d%g’m the energy-differen-

tial cross section to be T at E for i-th element. The
values of *4™) can be calculated by PHITS and NJOY

dr
with the evaluated library.

va(7T) is expressed by the following equation [6],

(D) = (55 Tom ()

where f is the constant of 0.8 [6]. T4., the damage
energy.

The important parameters necessary to calculate
opx(E) are listed in Table 1 for elemental materials used.

Table 1

Important parameters necessary to calculate opx(E)

Material Atomic Atomic Low limit
displacement displacement energy in
energy in energy in PHITS (MeV)
NJOY? T4 (eV) PHITS® T, (eV)

Be 31 40 25

C 31 40 155

Al 27 25 155

Cr 40 40 155

Fe 40 40 155

Ni 40 40 155

Cu 40 30 155

Pb 25 25 155

% These are default values in NJOY.
® These are taken from Ref. [7].

Values of T4 [7] used in PHITS and NJOY are also listed
in Table 1. For the opx(FE) calculation, we can utilize
existing cross-section library below 20 MeV. The LA
150 library [8] can be used up to 150 MeV. For the val-
ues of Tyqum, Lindhard-Robinson model [6,9] is used in
PHITS.

2.2. Calculated displacement cross-section

As an example of opx(E), Fig. 1 shows calculated
values of opx(E) of **Fe for neutrons using various
codes and libraries [4,10]. In an energy range from
20 MeV to 150 MeV, the DPA values for neutrons cal-
culated by PHITS and LAHET [11] are lower than those
by NJOY with LA 150. It is known that, at lower ener-
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Fig. 1. Comparison of displacement cross-sections of **Fe for
neutrons. All curves are smoothed.
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gies (<150 MeV), the nuclear reaction model used in
PHITS was not in good agreement with experimental
data [12]. On the other hand, calculations of neutron
spectra with LA 150 gave fairly good agreement with
measurements [12]. Therefore, we adopted the DPA val-
ues for neutrons below 150 MeV obtained by NJOY
with LA150. However, for neutrons above 155 MeV
and for proton in all energies we adopted the results ob-
tained with PHITS, because there is no available library
for neutron above 1 GeV (up to 1 GeV, BISERM-2 li-
brary [13] is available). One important advantage of
PHITS is the capability to obtain DPA in high-energy
region above 150 MeV directly.

We considered that the difference between the calcu-
lated opx(E) with PHITS and LAHET was due to the
difference in reaction cross sections [14] and nuclear mod-
els. As already mentioned, the high-energy part of
PHITS is essentially same as NMTC/JAM, which has al-
ready been validated in various applications [15-18]; for
example, calculations on double differential cross sec-
tions of neutron emission from a lead target bombarded
by 3 GeV proton compared with measurements [2].
There is another comparison between calculation and
measurement for those cross-sections bombarded by
800 MeV protons [15]. Calculation by INC/GEM gave
better agreement with measurement than by LAHET.
INC code is almost same as the Bertini code, which are
included in both PHITS (NMTC/JAM) and LAHET.
One of differences between PHITS (NMTC/JAM) and
LAHET is with GEM and without. Therefore, we think
that PHITS has been validated also in the application.

The lowest energy limit to apply opx(£) obtained
with PHITS was 155MeV. We connected opx
(E =155 MeV) with PHITS to opx (E =150 MeV) ob-
tained with LA150 (using NJOY) by straight line (bro-
ken line in Fig. 1). Fig. 2 shows opx(E) of >’Al and
Fe for neutrons and protons using PHITS combined
with the LA150 library as mentioned above. opx(E) of
27A1 and *°Fe for neutrons are higher than those for
proton up to about 150 and 300 MeV, respectively,
being almost the same beyond these energies. opx(E)
of 2’Al are lower than those of *°Fe at E > 8 MeV for
neutrons and E > 20 MeV for protons, while higher than
the latter below these energies.

opx(E) for alloys were obtained by linear combina-
tions of opx(E) of each element of the alloys. As an
example, Fig. 3 shows those for 316L stainless steel ob-
tained with procedure mentioned above, compared with
those for >°Fe.

To obtain more precise DPA, we have to take into ac-
count the effect of the Rutherford scattering of protons.
Note that the Rutherford scattering is not included in
PHITS. We calculated opx(E) for protons including
the Rutherford scattering. We calculated opx(E) for pro-
tons including the Rutherford scattering using the equa-
tion in the reference [19]. The result is shown in Fig. 4.

4000 — e
Al & 5°Fe

Proton : PHITS
Neutron : PHITS
3000 + NJOY with LA150

56Fe(Neutron)

27A|(
2000

1000

Displacement cross section (barns)

#7 Al(Proton)

0 s vindeaem®et” il vl il
10" 10° 10’ 10° 10°
Energy (MeV)

Fig. 2. Displacement cross-sections of *’Al and *°Fe for
neutrons and protons.
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Fig. 3. Displacement cross-sections of 316L stainless steel and
36Fe for neutrons and protons.

3. Calculation model and calculated results of DPA
3.1. Calculation model

Fig. 5 shows a calculation model used for the present
study. This is very close to an engineering model.
The main parameters of the source are summarized in
Table 2.
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Fig. 4. Displacement cross-sections by the Rutherford scatter-
ing of *°Fe for protons.

We assumed three different proton-beam profiles in
real space as shown in Fig. 6. Originally we assumed a
Gaussian profile in phase space with a small footprint
(13 x 5 em?, case 1), but we found that an unacceptable
pressure wave effect appeared on the mercury target con-
tainer vessel [20]. Therefore, we improved the profile to a
uniform in phase space with the unchanged beam foot-
print (13 x 5 cm?, case 2) resulting in still unacceptable

R BN

). EE

level in the pressure wave. As a more practical profile
based on the various experiences, we finally assumed a
profile consisting of a uniform core part and a Gaussian
halo part with an expanded footprint (18 x 7 cm?, case
3) to reduce the pressure effect to an acceptable level.
Fig. 7 shows proton and neutron spectra at the pro-
ton-beam window, the front windows of mercury con-
tainer vessel and the reflector vessel (at maximum
DPA region). DPA in these regions were calculated
using the proton and neutron fluxes shown in Fig. 7.

3.2. Calculated DPA

The calculated maximum DPA values for major com-
ponents are listed in Table 3. We obtained the maximum
DPA values at the end of the 5000 MW h operation
(5000 h/y at 1 MW) to be 3.9 for the target container
vessel, 2.8 for the reflector and moderator vessels, and
0.4 for the proton-beam window, respectively. Note that
the effect of Rutherford scattering on DPA is small as
listed in the sixth column of Table 3 (not counted to
the total value), although the value of opx(E) for the
Rutherford scattering at lower proton energy is mono-
tonically increasing with decreasing proton energy. This
is because the energy spectrum of proton is rapidly
decreasing at lower energies (see Fig. 7).

Design lives of the major components are listed in the
fourth column of Table 4. Note that the design life is not
determined only by the radiation damage (DPA) but
also other factors: for example in case of decoupled
moderators, the lives of decouplers and a poison are also

Fig. 5. Schematic 3D-view of target-moderator-reflector assembly (vertical cross-section view along proton-beam axis).
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Main parameters of calculation model

Item

Calculation condition

Proton-beam
Power
Operation time
Profile

Repetation rate

Proton-beam window
Material and thickness

Target
Material
Vessel material
Moderator

Material
Vessel material

Reflector
Material and sizes (inner)
Material and sizes (outer)
Coolant material, fraction

Water-cooled shield
Material
Coolant material, fraction

Middle section
Material
Coolant material, fraction

1 MW at proton-beam window
5000 h/year

Emittance: 81mmm mrad
Gaussian + uniform (see Fig. 6)
Footprint: 180 x 70 mm?

25 Hz

A5083, 2.5 mm’ x 2 plates

Mercury
316L stainless steel

Super-critical hydrogen, 20 K
A6061-T6

Be, ¢ 500 x 1000 mm?
Iron, ¢ 1000 x 1000 mm?
D,0, 5%

316L stainless steel
H,O0, 10%

316L Stainless steel
H,O0, 10%

important factors which determine the life of a modera-
tor, due to the burn-up of those components. In a Hg
container vessel, the pitting damage is the major factor
which determines the mercury container vessel life. The
role of the present paper is to discuss whether the
DPA values during the design life are well within
the maximum acceptable DPA values for each compo-
nent. The maximum DPA values are listed in the sixth
column in Table 4, which were determined from the irra-
diation data [21-24] and required mechanical strengths
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Fig. 7. Energy spectra (time averaged fluxes) for neutrons and
protons at various important regions (at maximum DPA
region). PBW: Proton-beam window; TV: Target vessel
(entrance window) and RV: Reflector vessel (near target
region).

for each component. For example, in case of a hydrogen
moderator vessel made of A6061-T6, the complete lost
of the uniform elongation occurred at about 25 DPA
[21,22]. The calculated stress level under the service con-
dition of 1.5 MPa (design pressure 2.1 MPa) is about
60 MPa. This requires a uniform elongation of about
0.5 % at the end of the service life. We determined, from
these considerations, the maximum acceptable DPA to
be about 20 DPA. If those values for major components
are determined as listed in the sixth column, the calcu-
lated values of the total DPA over design lives (fifth col-
umn) are smaller than the maximum acceptable DPA.
The distributions of calculated DPA values in
the proposed model are depicted in Figs. 8 and 9 as

Current desntiy
(uA/em?)

Fig. 6. Two-dimensional current densities for various proton-beam profiles. (Case 1) Footprint: 13 x 5 cm?, Gaussian in phase space;
(Case 2) Footprint: 13 x 5 cm?, uniform in phase space; (Case 3) Footprint: 18 x 7 cm?, uniform + Gaussian in phase space (adopted in

the present JSNS design).
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Table 3

Maximum DPA values for each component
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Component

Position of maximum value

Maximum DPA (DPA/5000 MW h)

Total Proton Neutron Rutherford scattering

Target

Target container vessel Center of front window 39 081 3.09 0.18

Inner water-cooled containment shroud Center of front window 2.2 0.84 1.36 0.13

Outer water-cooled containment shroud Center of front window 2.2 0.84 1.36 0.11
Reflector

Reflector vessel Center of vessel nearest target 2.8 0.02 2.78 0.03
Moderator

Coupled moderator vessel Center of vessel nearest target 2.8  0.02 2.78 0.02
Proton-beam window

Upstream window Center of window 0.40 0.33 0.07 0.07

Downstream window Center of window 044 034 0.1 0.06
Water-cooled shield

Vessel Around proton-beam entrance hole 0.16 0.00 0.16 0.00
Middle-section

Vessel Around proton-beam entrance hole 0.04 0.01 0.03 0.00
Table 4

Calculated DPA, design life and the maximum acceptable DPA for each component

Component Material Maximum DPA Design life  Total DPA over Maximum acceptable
(DPA/5000 MW h)  (year®) design life (DPA) DPA (DPA)
Target
Target container vessel 316L stainless 3.9 0.5 2.0 5
Reflector
Reflector vessel A6061-T6 2.8 6 16.8 20
Moderator
Coupled moderator vessel ~ A6061-T6 2.8 6 16.8 20
Proton-beam window
Downstream window A5083 0.44 >10 4.4 10
Water-cooled shield
Vessel 316L stainless  0.16 >30 4.8 10
Middle section
Vessel 316L stainless  0.04 >30 4.8 10
1 MW x 5000 h operation is assumed per 1 year.
particle =all
ymin = -0.5 [em]
ymax = 0.5[cm]
particle = all
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Fig. 8. DPA map of target-moderator-reflector assembly at
horizontal plane through proton-beam center.
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Table 5

Comparison of the maximum DPA values for various beam profiles

Case Peak current density Maximum DPA (DPA/5000 MW h)
(nA/cm?) Proton-beam window Target container vessel Reflector vessel Moderator vessel
1 14.0 1.3 8.8 3.2 3.2
2 9.8 0.9 7.0 3.0 3.0
3 43 0.4 3.9 2.8 2.8
Table 6

Dependence of the maximum DPA on proton-energy

Case® Peak current density Maximum DPA (DPA/5000 MW h)

(nA/cm?) Proton-beam window Target container vessel Reflector vessel Moderator vessel
3 4.3 0.4 3.9 2.8 2.8
4 13.0 1.3 6.7 34 34

% Proton-beam condition per MW: Case 3: 3 GeV and 0.333 mA in total, Case 4: 1 GeV, 1 mA in total.

two-dimensional DPA maps. As apparent in the figures,
the DPA values near the target are the highest.

Table 5 shows the DPA dependence on proton-beam
profile. The DPA values of the moderator and the reflec-
tor vessels are almost independent of proton-beam con-
dition, since those are mainly determined by neutrons.
However, the DPA values of the target container vessel
and the proton-beam window largely depend on the pro-
ton-current density, since the proton contributions in
case 3 are about 83% and 40% for the proton-beam win-
dow and the front (incident) window of the target vessel,
respectively (see Table 3). These ratio is consistent with
calculations for SNS [25,26].

Table 6 shows the proton-beam energy dependence
on DPA. Proton energies are 3 GeV for the case 3 and
1 GeV for the case 4. The proton-beam profile and the
power are the same for the both cases. The DPA values
of the target vessel and the proton-beam window in case
4 are greater than those in case 3. This is because those
components receive proton directly (lower the proton
energy the higher the proton-beam current for a given
beam power). However, the DPA values in the modera-
tor and reflector vessel are almost the same in case 3 and
case 4.

4. Discussions

The DPA values can not be determined in experi-
ments. However, there exists a finite difference between
the calculated opx(E) in the present study and those re-
ported by other groups. For example, in SNS, spallation
neutron source in USA, the DPA values after
5000 MW h operation are reported to be 10 for target
vessel and four for moderator vessel [27]. Of course,
there are some differences in the proton-beam energy,

the proton-current density, the calculation code, and
so on. However, the present DPA values are very consis-
tent with those evaluated for SNS, taking into account
the difference in proton-beam energy and current den-
sity. The important thing is that, in the prediction of
DPA in the source design, we have to use the same code
and opx(E) with those used for the analyses of irradia-
tion experiments. An acceptable DPA limit must be
judged from the mechanical properties of a respective
material after irradiation based on the same DPA
evaluation.

As shown in Fig. 2, the proton-energy dependence on
opx(E) of 2’A1 and **Fe for GeV protons is rather small
compared those at lower energies. Considering that the
proton-energy dependence above 1 GeV is almost un-
changed, for a given proton-beam power, a high proton
energy is more acceptable as far as DPA is concerned.

The prediction of hydrogen and helium in structural
materials is also an important issue. We simply report,
here, those values without detail discussions. From the
present calculation using PHITS, we found that hydro-
gen and helium production rates in JSNS are 470 appm
H/DPA and 50 appm He/DPA for the target vessel,
40 appm H/DPA and 4 appm He/DPA for the modera-
tor and reflector vessel, respectively. The present pro-
duction rates are well consistent with reported values
for SNS [27]. Calculations with the GEM mode, which
is used in PHITS, gave a good agreement with experi-
ments of the production of light atoms such as H and
He [28].

The production of silicon in aluminum alloy is also an
important issue. It is known that the silicon production
occurs via a neutron capture reaction of 2’Al and a beta
decay of 28A1 to 28Si. However, we do not discuss this is-
sue in details in the present paper. The silicon production
rate in the moderator and reflector vessel is about
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280 appm Si/DPA (780 appm Si/5000 MW h) in JSNS.
When compared with the SNS calculations [27], the pro-
duction rates are within £20% per DPA, i.e. the present
results are consistent with the SNS calculations.
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