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Abstract

The radiation damage calculation model in the Particle
‘3 and Heavy Ion Transport code System (PHITS) has been de-
+ veloped to calculate the displacement per atom (DPA) value
£ due to the target Primary Knock-on Atom (PKA) created
<% by the projectile and the secondary particles which include
= all particles created from the sequential nuclear reactions.
'é For the DPA value in the high-energy (E>100 MeV) proton
‘6 incident reactions, a target PKA created by the secondary
& particles was more dominant than a target PKA created by
Z the projectile. To validate prediction of displacement cross
2 sections in copper and aluminum irradiated by >100 MeV
2 protons, we developed a proton irradiation device with a
Z Gifford-McMahon (GM) cryocooler to cryogenically cool
& wire samples. By using this device, the defect-induced elec-
§ trical resistivity changes related to the displacement cross
© section of copper were measured under irradiation with 125,
g 200MeV and 3 GeV protons and that of aluminum under
§ 200 MeV protons at cryogenic temperature. A comparison
Z of the experimental displacement cross sections with the
< calculated results indicates that the athermal recombination-
m corrected displacement cross section (arc-dpa) provides bet-
8 ter quantitative descriptions than the conventional displace-
£ ment cross section (NRT-dpa) used widely for radiation dam-
‘6 age estimation.
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INTRODUCTION

As the power of proton and heavy-ion accelerators in-
creases, the prediction of the structural damage to materials
under irradiation is essential. Radiation damage of materials
is usually measured as a function of the average number of

isplaced atoms per all atoms in a material. DPA is related to
the number of Frenkel pairs, where a Frenkel pair is defined
~ as a vacancy and a self-interstitial atom in the irradiated
£ material. For example, ten DPA means each atom in the ma-
= terial has been displaced from its lattice site of the material
E an average of ten times. DPA serves as a quantitative mea-
sure of damage: DPA=0,¢. o is the displacement cross

may be used under the terms
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section; and ¢ is the irradiation fluence. The level of the radi-
ation damage in DPA units is used, for example, to estimate
radiation damage of those materials experiencing signifi-
cant irradiation by primary and "secondary particles" which
include all particles created from the sequential nuclear reac-
tions at high-energy (E>100 MeV), high intensity facilities
such as the Facility for Rare Isotope Beams (FRIB) [1], the
Japan Proton Accelerator Research Complex (J-PARC) [2],
European Spallation Source (ESS) [3], and others. The DPA
value is a useful measure in correlating results determined
by different particles and fluxes in an irradiation environ-
ment. It is however difficult to measure the DPA value in
high energy reactions and the relationships between DPA
and material property changes are at present unclear.

SRIM [4] is one of the major codes used to estimate radia-
tion damage in the low-energy reaction region. SRIM treats
the transport of the projectile with its Coulomb scattering
and makes an approximation of cascade damage. As SRIM
does not treat nuclear reactions, the calculated damage is
that produced by the primary knock-on atom, PKA, because
damage created by the "secondary particles" produced in
nuclear reactions is not considered. On the other hands, the
nuclear reaction models in advanced Monte Carlo particle
transport code systems such as PHITS [5], MARSI15 [6],
FLUKA [7] and MCNPX [8] have been developed for the
calculation of the transport of particles, nuclear reactions be-
tween particles and materials, energy distribution of PKAs,
and DPA values [9, 10].

For validation of calculated DPA values, one possibil-
ity is to measure displacement cross-sections in relation to
changes in electrical resistivity at cryogenic temperature.
The number of surviving defects is related experimentally to
defect-induced changes in the electrical resistivity of metals
at around 4 K, where the recombination of Frenkel pairs by
thermal motion is well suppressed. The increase in elec-
trical resistivity due to incident high-energy protons can
be used to determine the experimental displacement cross
section. Recently, we developed a proton irradiation de-
vice with a Gifford-McMahon (GM) cryocooler to cryogeni-
cally cool wire samples. By using this device, we measured
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the defect-induced electrical resistivity changes related to
the displacement cross section of copper were measured
under irradiation with 125MeV [11], 200 MeV [12] and
3 GeV [13, 14] protons and that of aluminum under irradia-
tion with 200 MeV [12] protons at cryogenic temperature.

RADIATION DAMAGE MODEL IN PHITS

High-energy ions traveling through a target lose their en-
ergy in three ways: nuclear reactions, electron excitations,
and Coulomb scattering. The lower the projectile energy, the
higher is the energy transfer to the target atom via Coulomb
scattering. The target atom directly hit by the projectile usu-
ally has much lower energy than the projectile itself and,
therefore, has a larger cross-section for Coulomb scattering
with other target atoms. Thus, the target PKA creates local-
ized cascade damage where many target atoms are displaced
from their original lattice site, leav-ing the same number
of interstitials and vacancies. These point defects and their
clusters affect the macroscopic material properties, such as
hardness [15].

The conditions of various irradiations will be described
by using the damage energy to characterize the displacement
cascade. This is defined as the initial energy of target PKA,
corrected for the energy lost to electronic excitations by all
of the particles composing the cascade. There are mainly
two ways to produce the target PKA. One is the Coulomb
scattering due to PKA’s directly created by the projectile,
and the other is that due to PKA’s created by the secondary
particles. For the secondary particle production, the conser-
vation of energy and momentum is sustained in each event
using nuclear reactions for high energy particles.

To estimate the displacement cross sections, the “NRT”
formalism of Norgett, Robinson, and Torrens [16] is em-
ployed as a standard to determine the fraction of the energy
of the target PKA to produce damage, e.g., further nuclear
displacements. The displacement cross sections can be eval-
uated using the following expression:

t"lﬂ_x
ONRT = / dog./dt - Nygrdt (D

ta

where do./dt is a universal one-parameter differential scat-
tering cross section equation using the screening functions
£(t'/?) in reduced notation is expressed as:

dose/dt = mazg[2 - f(e')]1 ()
where arr is the screening distance and ¢ is a dimensionless
collision parameter defined by

t = €T [Tyax = €*sin*(6/2) 3)
where 6 is the center-of-mass (CM) scattering angle. One-
parameter “¢” in a function is convenient to integrate Eq. (1)
in the PHITS calculation. T is the transferred energy to the
target, and T}, is the maximum transferred energy as

Toax = 4M\ M /(M + Ma)* - E,, 4
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where E, is the projectile or secondary energy. € is the
dimensionless energy as
€ = arpE (21 22€%) )
f(¢'/?) in Eq. (2) can be generalized to provide a one param-
eter universal differential scattering cross section equation
for interatomic potentials such as screened and unscreened
Coulomb potentials. The general form is
F@7?) = 2 27m L artmyay e ©6)
where A, m, and ¢ are fitting variables, with 1=1.309, m=1/3
and ¢=2/3 [9] for the Thomas-Fermi version of f(r'/?).
Nngrr in Eq. (1) is the number of defects produced in
irradiated material as shown in the following equation:

Nyrr = (0.8 - T4)/(2 - Eq) @)

The displacement threshold energy E, is typically in the
range between 10 and 90 eV for most metals [9]. The damage
energy, Ty, is the energy transferred to the lattice atoms and
is reduced by the losses from electronic stopping in the atom
displacement cascade and is given:

Ty =T/(1 + keascade * 8(6)) (8)

where T is the transferred energy to target atom given by Eq.
(3) as

©)
where €, is the dimensionless projectile energy given by Eq.

(4) and the projectile energy Ej,. The parameters kcqscades
and g(e) are as follows:

T = Tax - t/efy

Keascade = 0.13372)/%(Z5 A2)'/? (10)

g(e) = € +0.40244 - €¥/* +3.4008 - €'/°  (11)

The dimensionless transferred energy, €, is given by Egs. (5)
and (7).

In Eq. (1), tax, Which is dimensionless, is equal to €
from Eq. (3) when 6 = 7. f4 is the displacement threshold
energy, also dimensionless, given by Eq. (5).

DPA Distributions in Thick Targets

Based on the above formalism, we calculated DPA distri-
butions in thick copper and tungsten targets when irradiated
by 20, 200 and 800 MeV/u (MeV per atomic mass unit) pro-
ton, *He and *Ca ions using the PHITS and SRIM codes [4].

Figure 1 shows the depth dependence of the DPA per
beam fluence for 5 cm radius and 0.1 cm thick copper and
tungsten targets irradiated by 20 MeV/u beams. The DPA
value in a material is related to the energy deposition. The
ion ranges of proton, *He and “8Ca are less than the mean
free path for nuclear collisions with nuclear reactions, and
therefore most of the ions stop without undergoing collisions.
The energy dependence of the DPA value thus exhibits a
so-called Bragg peak. Because the production rate of the
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Figure 1: Depth dependence of DPA values per beam fluence
for a 5 cm radius and 0.1 cm thick copper and 0.06 cm thick
tungsten target irradiated by 20 MeV/u proton, *He and **Ca
beams.
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secondary particles” is small, SRIM results are in good
agreement with PHITS results .

In the cases of the 200 MeV/u proton and *He beams, nu-
clear collisions occur before the stopping range is reached,
and displacement cross section contributions produced by
g PKA created by the “secondary particles” increase the over-
"‘é all DPA value at target depths smaller than the range, as
i shown by the PHITS results in Fig. 2. SRIM results however
keep the shape of Bragg peak due to the lack of the nuclear
reaction model.
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Figure 2: Depth dependence of DPA values per beam flu-
ence for a 5 cm radius and 5 cm thick copper and 3 cm thick
tungsten target irradiated by 200 MeV/u proton, *He and
48Ca beams.

In the case of the 800 MeV/u proton and *He beams as
shown in Fig. 3, the amount of production of the “secondary
particle” is larger than that for the 200 MeV/u proton and
3He beams, and the DPA values as a function of target depth
shows the characteristics of well-developed hadronic cas-
cade. Because many secondary protons are produced by
z nuclear reactions, a Bragg peak of the projectile is not ap-
E peared in Fig. 3. DPA values for the 800 MeV/u *3Ca ion
8 beam also exhibits an increase for target depths smaller than
« the ion beam range.

We can conclude that damage calculations using only
PKA’s directly created by the projectile, such as within
SRIM, leads to severe underestimation when the projec-
tile energy is high enough to create nuclear reactions. For
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Figure 3: Depth dependence of DPA values per beam fluence
for a 5 cm radius and 45 cm thick copper and 25 cm thick
tungsten target irradiated by 800 MeV/u proton, *He and
48Ca beams.

proton and 3He beams, the DPA values near surface of the
target increase with the incident energy (E>200 MeV/u) of
ions [9].

BENCHMARKING EXPERIMENTS OF
DISPLACEMENT CROSS SECTIONS

For validation of the displacement cross section calcula-
tions, we have obtained experimental displacement cross
sections of copper in the case of 125, 200 MeV and 3 GeV
proton irradiation using the Fixed-Field Alternating Gradi-
ent (FFAG) [17] accelerator facility at Institute for Integrated
Radiation and Nuclear Science (KURNS) [11], the cyclotron
facility at Research Center for Nuclear Physics (RCNP), Os-
aka University [12] and J-PARC [13, 14]. The experimental
displacement cross section of aluminum was also obtained
at RCNP. In this section, we introduce measurements of
displacement cross sections of copper and aluminum under
200 MeV protons at RCNP.

Figure 4 shows a schematic of the cryogenic irradiation
chamber with the GM cryocooler (RDK-408D2, Sumito-mo
Heavy Industries, Ltd.) with a cooling capacity of 1 W at
4 K and the twin sample assembly connected to the 2nd stage
of the cold head. The GM cryocooler cooled the sample by
means of a conduction coolant via the aluminum plate and
the oxigen-free high thermal conductivity copper (OFHC)
block. The 1-mm-thick aluminum plates of the thermal ra-
diation shield connected to the 40 K stage of the refrigerator
covered the entire sample assembly to intercept any thermal
radiation from the ambient irradiation chamber.

A pre-calibrated electrical resistance thermometer (Cer-
nox thermometer, Lake Shore Cryotronics, Inc.) was at-
tached in the OFHC block and the aluminum nitride (AIN)
plate to confirm the cooling performance of the GM cry-
ocooler. To simultaneously measure the changes in electrical
resistivity of two samples under 200 MeV proton irradiation,
two aluminum plates with the aluminum and copper wire
samples were connected to the OFHC block by using bolts,
as shown in Fig. 4.

Table 1 lists the characteristics of the wire samples. Each
aluminum and copper wire with a 0.25-mm diameter, pur-
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Figure 4: Schematic of cryogenic irradiation chamber and
twin sample assembly with side view and view from beam
upstream.

chased from the Nilaco Corporation, was set on the AIN
plate in a serpentine-shaped line. The AIN plate was used
because of its excellent electrical insulation and high ther-
mal conductivity. Before irradiation, the aluminum wire and
the copper wire were annealed in vacuum for 1 h at 550 °C
(823 K) and 1100 °C (1273 K), respectively. The wire and
the CX1050-SD Cernox resistance thermometer were care-
fully sandwiched between the 1-mm-thick AIN plate and the
1.5-mm-thick AIN plate.

Table 1: Characteristics of Wire Samples in the RCNP Ex-
periment

Material Aluminum Copper
Diameter 0.25 mm 0.25 mm
Length 123 mm 134 mm
Electrical resistivity ~ 2.19x107%  1.47x1078
at room temperature QOm Qm
Electrical resistivity ~ 4.43x107!'"  2.02x107!!
at3 K QOm Qm

The electrical resistance of the wire was measured using
an apparatus combining a current source (model 6221, Keith-
ley Instruments, Inc.) and a nano-voltmeter (model 2182A,
Keithley Instrument, Inc.). This apparatus is based on the
current-reversal method (four-point technique) in the delta
mode, which works by sourcing pulses with opposite polarity
and taking one measurement during each pulse. A current
of +100 mA was fed into the copper wire with the polarity
changing at a frequency of (10 Hz). The precision of this re-
sistance measurement at 3 K was +0.001 uQ corresponding
to an electrical resistivity of £0.67 fQm for aluminum and
+0.60 fQm for copper, where the electrical resistivity of the
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sample p is expressed as follows:

p=RA/L (12)

where R is the measured electrical resistance, L is the length
between two potential points, and A is the area of the sam-
ple. The temperature of the Cernox resistance thermometer
was measured using a temperature controller (model 335,
Lake Shore Cryotronics, Inc.). According to the manual
of the temperature controller, the accuracy of temperature
measurement using the Cernox thermometer is 7.1 mK at
4.2K.

The number of protons during irradiation was measured
at the beam relative monitor in situ by counting the num-
ber of events produced by neutron-proton scattering at the
2.2 mg/cm? thick polyethylene in front of the cryogenic ir-
radiation chamber [12]. Because the 200 MeV proton beam
lost energy in the sample holder to materials such as AIN
and aluminum plates in the beam line, the proton energies in-
cident on the samples were estimated to be 185.3 + 0.9 MeV
for the aluminum wire and 195.5 + 0.5 MeV for the copper
wire, as determined using the PHITS code

The temperature increase due to beam heating was 1.2 K,
1.5K, and 2.0K in the cases of the 1.35nA, 2.0nA, and
3.0 nA currents, respectively, and the temperature was main-
tained below 5 K during beam irradiation. The electrical
resistances of the aluminum and copper samples increased
during beam irradiation owing to the production of defects
in the wires. The total beam fluence on the sample was
3.89 x 10'8 protons/m?. The total increase in resistance was
0.76 uQ for aluminum wire and 2.34 uQ for copper wire.
The damage rates of the aluminum and copper wires did not
change considerably under proton irradiation with currents
between 1.35 and 3.0 nA.

The displacement cross section can be related easily to the
measured increase in resistivity and the calculated damage

energy in the metal. The experimental displacement cross- :

section o, was obtained using the measured damage rate,
which is the ratio of the change in resistivity of metal Apesar
at around 5 K to the beam average fluence ¢ [12]:

13)

where ppp is the change in resistivity per Frenkel-pair den-
sity for a particular metal (experimental data on ppp were
summarized and discussed in [18,19]). In this work, prp was
set to 3.9 £0.6 pQm for aluminum [20] and 2.2 + 0.5 uQm
for copper [21], and the same values were used for estimat-
ing the displacement cross section of the 125-MeV-proton-
irradiation experiments [11], the 1.1- and 1.94-GeV-proton-
irradiation experiments [22], the 3-GeV-proton-irradiation
experiments [13, 14] and the Jung data [23] for the sake of
comparison with our experimental data.

Figure 5 shows the experimental displacement cross-
section data of aluminum and copper obtained in FFAG
data [11], RCNP data [12], J-PARC data [13, 14], BNL
data [22] and Jung data [23]. It is assumed that the increase
in resistivity is the sum of resistivity-per-Frenkel-pair values.
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= . . . .
§ The displacement cross-sections with energies are almost
5 constant with energies above 100 MeV.
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Figure 5: Displacement cross-sections for proton irradiation
of aluminum (left) and copper (right): FFAG data [11] (black
triangle), RCNP data [12] (black circles), BNL data [22]
E (open circles), J-PARC data [13, 14] (black square), Jung
; data [23] (open squares), NRT-dpa cross-section (blue line),
§ the arc-dpa cross section (red line) and SRIM results (dashed
é line). The displacement energy is 27 eV for aluminum and
% 30eV for copper.
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Moreover, Fig. 5 shows results calculated by SRIM code,
PHITS code with the NRT-dpa in Eq. (1) and the athermal-
recombination-corrected displacement damage (arc-dpa)
cross sections, which includes the results of the Molecu-
lar Dynamics simulation method (MD) for more accurate
estimation of the actual damage production [24]. Because
SRIM cannot calculate nuclear reactions, SRIM results are
much smaller than others in high-energy region. The arc-dpa
cross section was calculated using the efficiency function

{ [24].

tmaX
Oarc—dpa = / doc/dt - Nygr - {dt (14)
1

d

1 - Carc—dpa bzm?fdpu

- (2Ed/0'8)barc—dpu d

The arc-dpa displacement parameter is based on two tab-
ulated parameters: bure_dpa, and Care—gpa. To obtain these
& parameters, the results of MD modelling were taken for alu-
« minum from Almazouzi et al. [25] and copper from Nord-
& lund et al. [24]. These parameters are listed in [12]. In terms
& of the cross sections of aluminum and copper in the exper-
5 imental data and those determined using arc-dpa, PHITS
£ with the efficiency function shows better agreement with
3 the experimental data than with the NRT-dpa cross section,
§ which has been widely used for radiation damage estimation.
' Further studies on measuring other metals under the low
£ radiation damage are in progress, which will allow us to
% study the basic physics of point defects in the high-energy
£ jon irradiation region.

¢ (15)

+ Carc—dpa
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CONCLUSION

The radiation damage calculation model in the PHITS
cde has been developed to calculate the DPA value due to
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the target PKA created by the projectile and the secondary
particles which include all particles created from the sequen-
tial nuclear reactions. For the DPA value in the high-energy
(E>100 MeV) proton incident reactions, a target PKA cre-
ated by the secondary particles was more dominant than a
target PKA created by the projectile.

To validate predictions of displacement cross sections in
copper and aluminum irradiated by >100 MeV protons, we
developed a proton irradiation device with a GM cryocooler
to cryogenically cool wire samples. By using this device, the
defect-induced electrical resistivity changes related to the
displacement cross section of copper were measured under
irradiation with 125, 200 MeV and 3 GeV protons and that of
aluminum under 200 MeV protons at cryogenic temperature.
It is concluded that the experimental displacement cross
sections agree better with calculated arc-dpa cross sections
than with calculated NRT-dpa cross sections.
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