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A B S T R A C T

The number of displacements per atom (dpa) is widely used as an indicator of irradiation damage of materials in 
proton accelerator facilities. Experiments have been carried out to validate the dpa of metallic materials for 
protons with energies below 3 GeV. However, measurements of the displacement cross-sections for high-energy 
protons above 3 GeV have not been carried out and the calculations have not been validated. To validate the 
displacement cross section of metals in high-energy region, electrical resistivity changes in wires of aluminum, 
copper and tungsten at 8 K were measured using protons with energies of 120-GeV. The results show that the 
Norgett-Robinson-Torrens dpa model of the Particle and Heavy Ion Transport Calculation Code overestimates the 
experimental data. On the other hand, the calculated results using the athermal recombination corrected dpa 
model were in agreement with the measured displacement cross sections. In the proton energy region above 1 
GeV, the displacement cross section is almost constant, which is due to the fact that the damage energy of the 
material under 1 GeV proton irradiation is almost the same as under 120 GeV proton irradiation. Damage re
covery of defects accumulated in the sample was also measured using isochronal annealing: At 80 K, approxi
mately 60 % and 80 % of the damage remains for copper and tungsten, respectively. These results are the same as 
those obtained from other experiments on proton and neutron irradiation.

1. Introduction

High-intensity proton accelerator facilities at the Japan Proton 
Accelerator Research Complex (J-PARC) [1], the Fermi National 
Accelerator Laboratory (FNAL) [2], the European Organization for Nu
clear Research (CERN) [3] and elsewhere provide new means of 
research using a wide variety of secondary particles and contribute to 
research and development in a wide range of fields from fundamental 
physics to industrial applications. The beam power of these accelerator 
facilities is limited by the viability of the production targets and beam 
windows. It is recognized that the most important cross-cutting issue for 
high power target facilities is radiation damage to component materials. 

Damage assessment of materials is essential for the reliable operation of 
high-power accelerators.

The displacement per atom (dpa) value is widely used for the lifetime 
estimation of materials at proton accelerator facilities with Monte Carlo 
(MC) particle transport codes. In MC codes, the Norgertt-Robinson- 
Torrens (NRT) model is employed to calculate the number of Frenkel 
pairs (NRT-dpa) [4]. Molecular dynamics (MD) simulations [5], on the 
other hand, have been in use for the last two decades for the study of 
defect formation in a wide variety of materials. As an example, Nordlund 
et al. used MD simulations to account for real-world displacement 
damage and reported the athermal recombination correction (arc) in 
which many Frenkel pairs in the metal recombine in 10-10 s [5].
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For the validation of dpa calculations with MC codes, it is necessary 
to measure the electrical resistivity change at cryogenic temperature 
where the thermal motion of Frenkel pairs is frozen. The displacement 
cross section is the probability that an irradiated particle will displace an 
atom of material, and the value of dpa is the product of the fluence of the 
irradiated particle and the displacement cross section. We have 
measured the displacement cross sections of various metals (aluminum, 
copper, and tungsten) under proton irradiation of 100 MeV ~ 3 GeV 
energy using our cryogenic irradiation chamber [6–9].

Comparing the experimental and calculated results, the arc-dpa 
values agreed well with the experimental values, while the NRT-dpa 
values were about three times larger than the experimental values in 
the proton energy range of 100 MeV-3 GeV. In contrast, no experimental 
data for incident protons with energies over 3 GeV are available. The 
FNAL-led Radiation Damage In Accelerator Target Environments 
(RaDIATE) collaboration supports advances in particle physics by 
identifying ways to mitigate radiation damage to accelerator materials, 
with the aim of significantly increasing beam power in the future [10]. 
This collaboration recognizes the importance of displacement cross 
section measurements for the assessment of radiation damage to mate
rials in accelerator facilities. In particular, experimental data are 
essential to validate the assessment of damage to materials for 3 GeV- 
400 GeV proton beams at J-PARC, FNAL and CERN, which are required 
for neutrino physics experiments.

In this study, for the validation of dpa calculations for high-energy 
proton irradiation over 3 GeV, displacement cross sections of 
aluminum, copper and tungsten under 120 GeV proton irradiation were 
measured at the Fermi Accelerator Test Beam Facility (FTBF) [11]. The 
experimental results were compared with computational results with the 
Particle and Heavy Ion Transport code Systems (PHITS) [12]. Isochronal 
annealing was also performed to measure the amount of recovery of 
accumulated defects in the sample.

2. Methods

This section indicates experimental and calculation methods to 
obtain the displacement cross section based on our previous papers 
[6–9].

2.1. Experimental methods

The experimental displacement cross section, σexp [m2], is deter
mined by measuring the increase in electrical resistivity, Δρm [Ωm], of 
the sample due to beam irradiation at cryogenic temperatures, using the 
following formula: 

σexp =
1

ρFP

Δρm

ϕ
=

1
ρFP

A
L

ΔR
ϕ

(1) 

where A/L is the geometry factor of the sample. L [m] is the length 
between both potentials of the wire. A [m] is the wire cross-sectional 
area. ϕ [1/m2] is the incident proton fluence on the target. ΔR [Ω] is 
the changes in electrical resistances of the wire. Table 1 lists the varia
tion of resistivity per density of Frenkel-pair for selected metals, ρFP, 
[13] adopted in this study. In the experiment, Δρm and ϕ were measured 
to obtain the experimental displacement cross section.

The measurement was performed in the M03 tunnel at FTBF. Fig. 1
shows the arrangement of the experimental apparatus.

The 120 GeV proton beam with a spill time of 4.2 sec every 60 sec 

was irradiated onto the sample wire in the target chamber. The beam 
intensity was about 1.8 × 1011 protons per spill. For beam scanning, a 
Segmented Wire Ionization Chamber (SWIC) was installed at the rear of 
the target chamber. A helium gas compressor to operate the cryocooler 
and a data aquation system were located approximately 15 m from the 
target chamber. The target chamber developed in our previous study [8]
was placed on a moving table in the beamline. Fig. 2 shows the target 
chamber with the air-cooled Gifford-McMahon (GM) refrigerator (RDK- 
408D2, Sumitomo Heavy Industries, Ltd.). To prevent thermal radiation 
to a sample assembly in the target chamber, a sample assembly was 
covered with a 1 mm thick aluminum plate. A 0.5 mm thick titanium 
window is used in the target chamber beam window as a vacuum 
barrier.

Fig. 2 also shows the sample assembly. Sample wires were placed on 
the insulator tape made of Kapoton® on the aluminum plates with an 
aperture of 50 mm to avoid beam interaction on the plate. Four different 
wire samples (aluminium, copper, niobium and tungsten) with a diam
eter of 0.25 mm purchased from Niraco were used in the experiments. 
Note that this study did not employ experimental data using niobium 
wire, the reasons for which are explained in the following paragraphs.

Table 2 lists the properties of the wire samples for aluminum, copper, 
and tungsten. To measure the temperature on the plate, a calibrated 
Cernox resistance thermometer (CX1050-CU-HT) was mounted on an 
aluminum plate. A 24 Ω resistance electric heater was mounted on a 
copper block and current generated by a Lakeshore Model 335 cryogenic 
controller was passed through the heater to heat the wire sample and 
aluminum plate. The recovery of accumulated defects by isochronous 
annealing after irradiation was investigated using an electric heater. The 
temperature of the aluminum plate was 4 K after cooling the samples at 
room temperature for 6 h. Note that a niobium wire was also attached to 
the aluminum plate. The electrical resistance of niobium at 4 K was 10− 8 

Ω due to its superconducting state. The temperature of the aluminum 
plate was set at 8 K by an electric heater to avoid the superconducting 
state of niobium wire. In this work, the experimental data for niobium 
have not been reported in this paper due to the unexpected increase in 
electrical resistance during proton irradiation. The results for niobium 
will be discussed in another paper.

To reduce defects in the wires prior to irradiation, aluminum 
(melting point 933.5 K) and copper (melting point 1358 K) were 
annealed using a vacuum electric furnace capable of heating to 1500 K, 
and tungsten (melting point 3695 K) was annealed using an electron gun 
capable of heating to about 2500 K. For aluminum and copper, the 
annealing temperatures were set so that the ratio between annealing 
temperature and melting point was 0.9–0.95. For tungsten, the 
annealing temperature was set at 2473 K, taking into account an elec
tron gun heating limit of 2500 K.

The data acquisition system for measurement of the electrical resis
tance is shown in Fig. 3. A current source (6221, Keithley Instruments) 
in combination with a nanovoltmeter (2182A, the same company) 
measured the electrical resistance for the sample wire. The principle of 
operation is the application of pulses of opposite polarity and the mea
surement of the voltage during each pulse. The effect of thermal elec
tromotive force can be cancelled out by taking the difference between 
the measured values of the positive and negative pulses [14]. Table 2
also shows the length between the two potential points on the wire 
sample. DAQ6510 and 7700 20-channel multiplexers were used to 
switch the electrical signals of the four samples sequentially to the 
current source and nanovoltmeter. As shown in Fig. 2, a Lakeshore 
Model 335 cryogenic temperature controller was used to collect signals 
from a Cernox resistance thermometer and a 24 Ω electric heater. All 
signals were sent to a laptop. A data acquisition program was written in 
Labview.

2.2. Calculation methods in PHITS

The damage energies which are characteristic of the displacement 

Table 1 
Variation of resistivity per density of Frenkel-pair for selected metals [13]
adopted in this study.

Material Aluminum Copper Tungsten

Adopetd ρFP [μΩm] 3.7 ± 0.6 2.2 ± 0.5 27 ± 6
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cascade are used for the description of the different irradiation condi
tions. The damage energy is the energy that is available to produce a 
displacement of atoms by means of elastic collisions. Fig. 4 shows the 
method used to calculate dpa in arbitrary geometry with the [t-dpa] 
tally in PHITS. The incident particle generates primary knock-on 
atoms (PKA) by Coulomb scattering until a nuclear reaction occurs, 

which leads to defects. Secondary charged particles produced by the 
nuclear reaction between the incident particle and the target nucleus 
also generate PKA by Coulomb scattering, which leads to defects. This 
flow is repeated in MC simulation with the number of trials and the 
averaged dpa values in a region are calculated. Details of the calculation 
methods are described in our previous paper [15,16]. The main features 
of the calculation are described as follows.

The projectile and the secondary particles produce PKA in the target 
material. The damage energy to the target material during Coulomb 
scattering by the incident and secondary particles is proportional to PKA 
production. When neutral particles such as neutrons are produced, the 
charged particle produced by the nuclear reaction between the neutral 
particle and the target nucleus is considered PKA.

The damage energy depends on the kinetic energy of the particles, 
especially the kinetic energy of the secondary particles, which is 
determined by the nuclear reaction between the incident particles and 
the matter. In PHITS, nuclear reactions are described using INCL4.6 [17]
and the Jet AA Microscopic transportation Model, JAM [18], in the 
respective energy regions. When the residual nuclei with excitation 
energies are calculated by these methods, the de-excitation process of 
the residual nuclei is described by the Generalized Evaporation Model 

Fig. 1. Arrangement of the experimental apparatus. in the M03 tunnel at FTBF.

Fig. 2. Target chamber with GM cryocooler (left and center sides) and the sample assembly (right side).

Table 2 
Properties of wire samples, including the length between two potential points, 
and geometry factor which is the ratio of wire cross sectional area to length 
between two potential points.

Material Aluminum Copper Tungsten

Purity [%] 99.99 99.999 99.95
Melting point [K] 933.5 1358 3695
Annealing temperature [K] 840 1289 2473
Annealing time [minute] 30 30 15
Diameter [mm] 0.25 0.25 0.25
Length between two potential points 

[mm]
40 37.5 37.5

Geometry factor [m] 1.23 × 10-6 1.31 × 10- 

6
1.31 × 10-6
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GEM [19]. The calculations using these nuclear reaction models give the 
type and number of secondary particles and the kinetic energy of each.

The NRT model, as a function of the damage energy, Td, gives the 
number of production defects in the irradiated material, νNRT , as: 

νNRT(Td) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

0,Td < Ed

1, Ed < Td <
2Ed

0.8
0.8Td

2Ed
,
2Ed

0.8
< Td

(2) 

where Ed is the averaged displacement energy of a target atom. Fig. 5
shows the damage energy relative to the PKA energy, T, during the self- 
irradiation [20]. In the low PKA energy region, there is energy loss due 
to elastic collision and there is no electronic excitation, therefore the 
damage energy increases linearly with increasing PKA energy. In the 
high PKA energy region, the energy loss due to electronic excitation, 
which does not contribute to displacement damage, increases with PKA 
energies, while the energy loss due to elastic collisions remains constant. 
The damage energy is therefore constant in the high PKA energy region. 
Furthermore, when inelastic collisions occur in the high PKA energy 
region, the secondary particles produced contribute to displacement 
damage through elastic collisions.

The average NRT-dpa per incident proton in a target region, DPANRT, 
is calculated by the MC method on the basis of the following equations 
for summing over delivered protons, Np: 

Fig. 3. Data acquisition system for measurement of the electrical resistance.

Fig. 4. Method used to calculate dpa in arbitrary geometry with the [t-dpa] tally in PHITS.

Fig. 5. Damage energy, Td, relative to the PKA energy, T, during the self-ion 
irradiation [20].
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DPANRT =
1

Nt × Vt × Np
×
∑n

i
li ×

∫ tmax,i

td

dσCoul

dti
νNRT(Td)dti, (3) 

where ti is the dimensionless collision parameter of an ith charged 
particle including the transferred energy, Td, to target atom [21]. td is 
the dimensionless collision parameter corresponding to the displace
ment threshold energy, Ed, and tmax,i is the maximum dimensionless 
collision parameter of an ith charged particle. Nt is the target atom 
density and Vt is the volume of a target region. n is the total number of 
charged particles. li is the travel distance of an ith charged particle in a 
target. dσCoul

dt is a universal one-parameter differential scattering cross 
section equation with a function of a dimensionless collision parameter t 
[21]. For the calculated displacement cross section, σNRT is obtained 
from the following equation: 

σNRT =
DPANRT

ϕp
, (4) 

where ϕp is the particle fluence of the projectile. The energy deposition 
to the target is negligible for 120-GeV proton.

The arc model with the defect production efficiency, including the 
effect of Frenkel pair recombination, has been applied to the NRT-dpa 
with the following equation: 

ξarc(Td) =
1 − c

(2Ed/0.8)bT
b
d + c, (5) 

where b and c are the material constants as determined by MD simula
tions [5,22]. The material parameters for b, c and the threshold 
displacement energy Ed are given in Table 3.

The number of displacements calculated with NRT model in Eqs. (2), 
3, and 4 are replaced with the following: 

νarc(Td) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

0,Td < Ed

1, Ed < Td <
2Ed

0.8
0.8Td

2Ed
ξarc(Td),

2Ed

0.8
< Td

, (6) 

DPAarc =
1

Nt × Vt × Np
×
∑n

i
li ×

∫ tmax,i

td

dσCoul

dti
νarc(Td)dti, (7) 

σarc =
DPAarc

ϕp
, (8) 

Previous measurements of the displacement cross section using 
protons with energies below 3 GeV have shown that arc-dpa, which 
takes recombination corrections into account, reproduces the experi
mental data well, while conventional NRT-dpa, which does not include 
recombination corrections, overestimates the experimental data.

3. Results

This section describes the experimental displacement cross section 
including electrical resistance change during 120 GeV proton beam 
irradiation. Experimental results on the recovery of point defects by 
annealing with an electric heater after beam irradiation are also 

discussed.

3.1. Displacement cross section measurements

3.1.1. Proton beam fluence
A calibrated multi-wire chamber was placed in front of the sample to 

observe the intensity of the beam. The target chamber was placed on a 
moving stage that could be moved to within 0.1 mm. The beam profile at 
the sample position was measured by moving the stage horizontally by 1 
mm and scanning the beam. Specifically, the electrical resistance of the 
tungsten wire at a temperature of 8 K was measured at each horizontal 
position for 20 min during irradiation with 120 GeV proton beams. The 
profile of the beam is fitted with a Gaussian distribution. The beam 
width induced in the wire (1 σ) was 5.74 ± 0.70 mm. Note that only 
horizontal beam scanning was carried out, as wires of 37.5 to 40 mm in 
length were attached vertically to the aluminum plate and variations of 
about mm in the vertical direction can be ignored. The vertical beam 
width at the sample location was adopted from the measurements of the 
multiwire chamber for beam scan as shown in Fig. 1.

The average fluence ϕ is given by the following [9]: 

ϕ =
Np

2πσhσvLD

∫ D/2

− D/2
exp

(
− x2

2σ2
h

)

dx
∫ L/2

− L/2
exp

(
− y2

2σ2
v

)

dy, (9) 

where x represents the horizontal position and y the vertical position. Np 
is the integral number of protons in the incident beam, 6.43 × 1024. L 
and D is the distance between two potentials and the diameter of a wire, 
respectively as indicated in Table 2. The damage rate is the ratio of the 
increase in resistivity to the average proton fluence along the sample 
line. The proton fluence was determined as follows. Half the length of 
the potential point (20 mm) is greater than the vertical beam width of σv 
(5.7 mm). Consequently, the integral value of the Gaussian to the ver
tical direction can be simplified to the following equation. 

1
̅̅̅̅̅̅
2π

√
σv

∫ L/2

− L/2
exp

(
− y2

2σ2
v

)

dy ≅ 1, (10) 

Therefore, the averaged proton fluence, ϕ, is as follows. 

ϕ =
Np

̅̅̅̅̅̅
2π

√
σhLD

∫ D/2

− D/2
exp

(
− x2

2σ2
h

)

dx, (11) 

Finally, ϕ is 1.12 × 1018.

3.1.2. Damage rate
The motion table was moved horizontally to adjust the beam center 

position on the wire based on the beam scanning results before 
measuring the damage rate of the wire. Fig. 6 shows the time variation of 
the electrical resistance of the sample during the 120 GeV proton beam 
irradiation. The temperature was measured using a thermometer 
attached to the sample holder. The temperature was maintained at 8 K 
with the electrical heater during the proton beam irradiation.

Table 4 lists the increase of the electrical resistance, the electrical 
resistivity, and the damage rate. Those experimental errors are based on 
the electrical resistance measurements of all wires before the beam 
irradiation. The standard error of the damage rate is 22 % for aluminum, 
4.8 % for copper, and 0.1 % for tungsten, respectively.

3.2. Displacement cross section

Table 4 also lists the experimental displacement cross-sections of 
wire samples obtained by Eq. (1). Note that the error in Table 1 of the 
Frenkel pair resistivity changes is sufficiently large in comparison to the 
error in the damage rate for copper and tungsten. Therefore, it is 
dominant for the error in the displacement cross section. On the other 
hand, the error component of the damage rate for aluminum, 22 %, is 

Table 3 
Material parameters for b, c, and the threshold displacement energy, Ed. The 
parameters for aluminum were obtained from Konobeyev et al. [22] and those 
for copper and tungsten were obtained from Nordlund et al. [5].

Material Aluminum Copper Tungsten

b − 1.00 − 0.68 − 0.56
c 0.44 0.16 0.12
Ed [eV] 27 33 70
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also large for the error of displacement cross section.
Fig. 7 shows displacement cross sections of aluminum, copper and 

tungsten with protons. The dots indicate experimental data measured at 
the FTBF for 120 GeV proton (red points) and other facilities for low- 
energy protons of all targets [23], 185-MeV protons of aluminum and 
copper [7], 0.4–3 GeV protons of copper [9], 1.1 and 1.94-GeV protons 
of copper and tungsten [24], and 196-MeV protons of tungsten [8], 
respectively. The solid line shows the arc-dpa cross section and the 
dashed line shows the NRT dpa cross section calculated by PHITS, 
respectively. In all cases, the NRT-dpa cross sections are higher than the 
experimental data and the arc dpa cross sections are in close agreement 
with the experimental data over a wide range of proton energies. The 
displacement cross section decreases with proton energy below 20 MeV, 

depending on the Coulomb scattering cross section of the proton and 
target nucleus. Nuclear reaction products contribute more to the 
displacement cross section than incident protons in the proton energy 
region above 20 MeV.

3.3. Point defect recovery through annealing

When annealing irradiated metals, there is a stage at which defects 
disappear by diffusion into the sink or recombination, and a temperature 
range corresponding to this stage [25]. At cryogenic temperatures, 
electrical resistance measurements under irradiation are performed, 
where defects do not migrate. The duration of exposure determines the 
appearance of each stage. Therefore, there is no precise definition. Since 
the electrical resistivity is proportional to the total concentration of 
point defects induced by the irradiation, the damage rate is an indicator 
of the concentration of stable defects at a given temperature [25]. The 
electrical resistivity changes as a function of annealing temperature 
determine the defect reaction kinetics [25]. In this experiment, the 
isochronal holding times were set at 10 min for each annealing tem
perature. Fig. 8 shows defect concentration changes (Δρ/Δρ0, where 
Δρ0 is an initial resistivity increase) to annealing temperature in metals 
after low temperature (below 10 K) irradiation. The left side of Fig. 8 has 
experimental data of copper irradiated with 120 GeV proton, 3 GeV 
proton [9], 196 MeV proton [7], 0.54 MeV proton [26], reactor neutron 
[27] and 1.3 MeV electron [28]. On the right are experimental data of 
tungsten irradiated with 120 GeV protons, 2.1 MeV electrons [29], 

Fig. 6. Electrical resistance changes of aluminum, copper, and tungsten wires at 8 K during the 120-GeV proton irradiation.

Table 4 
Results of the displacement damage of wire samples at 8 K under proton irra
diation at 120 GeV.

Material Aluminum Copper Tungsten

Electrical resistance 
increase, ΔR [Ω]

(6.79 ± 1.48) 
× 10-8

(1.65 ± 0.08) 
× 10-7

(7.33 ± 0.01) 
× 10-6

Electrical resistivity 
increase, Δρ0 [Ωm]

(8.33 ± 1.82) 
× 10-14

(2.17 ± 0.10) 
× 10-13

(9.59 ± 0.01) 
× 10-12

Damage rate, Δρm/ϕ 
[Ωm3/proton]

(7.46 ± 1.63) 
× 10-32

(1.82 ± 0.09) 
× 10-31

(8.05 ± 0.01) 
× 10-30

Displacement cross 
section, σexpt. [barn]

202 ± 55 826 ± 192 2981 ± 662

Fig. 7. Displacement cross sections of aluminum, copper and tungsten with proton. The dots indicate experimental data measured at the FTBF for 120 GeV proton 
(red points) and other facilities for low-energy protons of all targets [23], 185-MeV protons of aluminum and copper [7], 0.4–3 GeV protons of copper [9], 1.1 and 
1.94-GeV protons of copper and tungsten [24], and 196-MeV protons of tungsten [8], respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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reactor neutrons [30], and 389 MeV protons [8]. Δρ/Δρ0 is the ratio of 
the amount of residual radiation defects to the initial amount of radia
tion defects. Note that due to the low Δρ0, 8.33 × 10− 14 Ωm, for 
aluminum, the isochronal annealing curve for aluminum was not 
correctly obtained.

4. Discussion

Fig. 7 shows the calculated arc-dpa cross sections for 120 GeV pro
tons agree with the experimental data within the error bars. The 
displacement cross sections of metals were nearly constant over the 
incident proton energy range from 1 GeV to 120 GeV. Yin et. al. [31] also 
reported the same tendency with their calculation at energies up to 100 
GeV. As shown in Fig. 5, the damage energy increases proportionally to 
the PKA energy up to about 200 keV for aluminum, about 1 MeV for 
copper and about 10 MeV for tungsten. Beyond these PKA energies, the 
damage energy remains constant. At proton incident energies above 1 
GeV, nuclear reaction products produced in the metal contribute to the 
damage and are considered as PKA in the calculations. Comparing the 
case of 1 GeV and 120 GeV proton incidence, the kinetic energy of the 
nuclear reaction products is sufficiently high and the energy loss due to 
elastic collisions is the same in both cases. The agreement between 
experimental data and calculated results at 120-GeV indicates that the 
displacement damage approximation proposed by Lindhard et al [22] is 
applicable to secondary particles produced by nuclear reactions.

Previous studies [16] have also shown that for proton energies above 
1 GeV, the type and amount of nuclear reaction products depend on the 
proton energy, but the displacement cross section is constant. For 
example, when the proton incident energy is 1 GeV, the main nuclear 
reaction products are nuclides close to the proton number of the target, 
whereas when the proton incident energy is 50 GeV, a wide variety of 
nuclides with a wide range of proton numbers become nuclear reaction 
products and contribute to damage [16]. In terms of dpa index, proton 
incidence at 1 GeV and 120 GeV is almost the same, but the actual defect 
formation in the metal may be different. Both inelastic and elastic pro
cesses contribute to the overall damage, with the inelastic cross-section 
dominating the total cross section. Consequently, the simple displace
ment damage approximation may not accurately describe the damage at 
energies above 1 GeV. Additionally, secondary particles produced from 
primary collisions (p + p and p + n) further interact with the materials, 
causing additional damage. Future studies on the damage of materials to 
high-energy proton irradiation using other measurement methods, such 
as microscopy, are considered necessary.

In Fig. 8, the thermal recovery of metals under 120 GeV proton 
irradiation is almost the same as that of copper and tungsten irradiated 
with 196 MeV, 389 MeV and 3 GeV protons and reactor neutrons. This 
indicates that the damage densities of copper and tungsten caused by 
nuclear reaction products are the same in the high-energy proton and 
neutron irradiation environment, where nuclear reactions occur. It also 
shows that these damage densities are the same as those resulting from 
PKA due to elastic scattering of low-energy neutrons. In the case of 
copper, Stage I corresponds to the beginning of the self-interstitial 
migration of atoms [25] at temperatures below about 50 K. The 
recombination of vacancy-interlattice pairs, which were not placed far 
enough apart to escape attraction, occurs at low temperatures below 
about 30 K. [25]. As a result, the interlattice material recombines with 
the vacancies [25]. This suggests that the Frenkel pair density produced 
by neutrons and protons is higher than that of electrons, since the 
damage from proton and neutron irradiation remains about 55 %, while 
the damage from electron irradiation remains about 10 %. For tungsten, 
no different stages of thermal recovery are observed. About 80 % of the 
damage remains below 80 K. This indicates that tungsten has a higher 
damage density than copper. The defects are less easily recovered by 
heat, regardless of the energy of the incident particles.

5. Conclusion

To validate the dpa values for metals under 120 GeV proton beam 
irradiation, we measured the defect-induced changes in the electrical 
resistivity of wire of aluminum, copper and tungsten for proton irradi
ation with energies of 120 GeV at the FTBF. The experimental 
displacement cross sections were 202 ± 55 barn for aluminum, 826 ±
192 barn for copper, and 2981 ± 662 barn for tungsten, respectively. 
The results show that the NRT-dpa model of PHITS overestimates the 
experimental data, as the measurements for proton incidence below 3 
GeV. On the other hand, the calculated results using the arc dpa model 
were in agreement with the measured displacement cross sections. The 
displacement cross sections are nearly constant above 1 GeV, because 
the damage energy of materials under 1 GeV proton irradiation is almost 
the same as that under 120 GeV proton irradiation. Measurements of 
damage recovery of accumulated defects in the sample by isochronal 
annealing as a function of defect concentration in the sample showed 
that approximately 60 % of the damage was recovered at 80 K for copper 
and 80 % for tungsten. The trend of damage recovery for 120 GeV 
protons was similar to the experimental results for other proton and 
neutron irradiations.

Fig. 8. Isochronal annealing curves of copper and tungsten samples irradiated at cryogenic temperature below 10 K.
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