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For the validation of the number of displacements per atom (dpa) calculated by Monte Carlo codes,
an experimental program has been launched to measure displacement cross sections of metals with
120-GeV protons at Fermilab Test Beam Facility (FTBF) in Fermi National Accelerator Laboratory
(FNAL). Experiments will be performed at the M0O3 beam line high-rate tracking area in FTBF in the US
fiscal year 2022 (October 2021 — September 2022). For the preparation of experiments, the sample
assembly with four-wire samples of aluminum, copper, niobium and tungsten with 250-um diameter have
been developed. The sample assembly will be maintained at around 4 K by using a Gifford—McMahon
(GM) cryocooler in a vacuum chamber. Then, changes in the electrical resistivity of samples will be
obtained under 120-GeV proton irradiation. To obtain a sufficient resistance increase under the beam
irradiation, approximately 40 hours is needed for all samples. Recovery of the accumulated defects
through isochronal annealing, which is related to the defect concentration in the sample, will also be
measured after the cryogenic irradiation.

1. Introduction

To predict the operating lifetime of materials in high-energy radiation environment at accelerator
facilities, Monte Carlo codes such as PHITS[1,2,3], MARS[4], and FLUKA[5] are used to calculate the
number of displacements per atom (dpa) related to the number of Frenkel pairs. The Norgertt—Robinson—
Torrens (NRT) model has been widely used to predict the number of the “initial” Frenkel pairs (NRT-



dpa) [6]. For more accurate estimation of the actual damage production, athermal-recombination-
corrected displacement damage (arc-dpa) was proposed [7]. For the validation of codes, it is necessary to
measure displacement cross-sections of metals in relation to changes in electrical resistivity at cryogenic
temperature (around 4 K) where the recombination of Frenkel pairs by thermal motion is well suppressed.

To validate the code, we developed the cryogenic irradiation chamber and measured displacement
cross section of copper with 125 MeV protons [8], data of aluminum, copper and tungsten with 200 and
389 MeV protons [9,10], and data of copper and iron with 0.4 — 3 GeV protons [11], respectively. The
comparison of displacement cross sections between the data and calculated results indicates that the arc-
dpa results are in a good agreement with the data while the NRT-dpa results are larger than the data by
about a factor of three. The measurement of aluminum, copper, iron and tungsten with 30-GeV protons
will be performed at J-PARC. Since there is no experimental data with energy over 30 GeV, we have
launched an experimental program to measure displacement cross sections of metals with 120-GeV
protons at Fermilab Test Beam Facility (FTBF) in Fermi National Accelerator Laboratory (FNAL). In
this paper, we introduce the experimental plan and the progress of the preparation.

2. Experimental plan and progress of the preparation
2.1. Experimental device

Experiments will be performed at the M03 beam line high-rate tracking area in FTBF in the US
fiscal year 2022 (October 2021 — September 2022). The beam consists of 120 GeV protons. The length
of spill is 4.2 seconds and approximate repetition is 60 seconds. Figure 1 shows the layout of the
experimental area at M03 and picture of the irradiation chamber with the cold head of the Gifford-
McMahon (GM) cooler (RDK-408D2, Sumitomo Heavy Industries, Ltd.) with 1.0 W cooling capacity at
4.2 K.
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Figure 1: The experimental area at MO03 (left) and an irradiation chamber with the GM cooler (right).

The irradiation chamber developed in our previous study [9,10] will be put on the beam line in the
experimental area. A data taking system and the helium gas compressor for the operation of the GM
cryocooler will be set at the data taking area. A segmented wire ionization chamber (SWIC) will be
installed for the beam profile at front and back of the irradiation chamber. Beam scan is possible in



horizontal and vertical directions with SWIC. An ion chamber operational in the upstream enclosure in
the same beamline will be used for the beam current measurement. Figure 2 shows layout of the irradiation
chamber drawn by PHITS.
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Figure 2: Layout of the irradiation chamber with the cold head of the GM cryocooler drawn by PHITS.

The sample assembly is connected with the cold head of the GM cryocooler and 1-mm-thick aluminum
shields cover the entire sample assembly to intercept any thermal radiation from the irradiation chamber.
Two 50.8 pum thick titanium windows will be connected with the irradiation chamber as a vacuum
partition. Figure 3 shows the sample assembly connected with the cold head of the GM cryocooler in the
irradiation chamber and the data taking system.
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Figure 3: The sample assembly connected with the cold head of the GM cryocooler in the irradiation
chamber (left) and the data taking system (right).



The aluminum plate is a support plate of a wire sample with a beam hole open to the beam. A root mean
square (RMS) beam size can be 4 mm for protons. Since a 5-sigma of beam size or more is needed for
the beam clearance in this experimental area at M03, the diameter of the beam hole was set to 48 mm
(6-sigma). Since beam loss permits less than 3 % of the interaction length at M03, which is 12 mm for
120 GeV proton on aluminum, we cannot use aluminum nitride plates and the aluminum plates covering
the sample wire in the beam line in the same way as our previous experiments at RCNP, Osaka university
[9,10]. In the experiment at MO3, four wire samples, aluminum, copper, niobium, and tungsten, with a
250-um diameter were attached as shown in Figure 3 to minimize a beam loss. Before attaching an
aluminum plate, wire samples were annealed with a vacuum electric furnace for aluminum and copper
and an electron gun for niobium and tungsten. Table 1 lists the annealing temperature for these samples.

Table 1: Melting point, annealing temperature and annealing time for wire samples.

Melting point (K) Annealing temperature (K) Time (min.)
Al 933.5 840 30
Cu 1358 1289 30
Nb 2750 1923 15
W 3695 2473 15

Annealing under vacuum conditions (~10-4 Pa) was performed by heating the samples to the temperatures
shown in Table 1.

The electrical resistance of wire will be measured using an apparatus combining a current source
(model 6221, Keithley Instruments Inc.) and a nano-voltmeter (model 2182A, Keithley Instrument Inc.).
This apparatus is based on four-point technique with cancel effects of thermal electromotive force. The
precision of the electrical resistance at 3 K was 0.001 pQ. A CX1050-CU-HT Cernox resistance
thermometer was attached in the aluminum plate near samples. A 48 Q electrical heater was attached to
the copper block for the study of the recovery of accumulated defects through isochronal annealing after
the cryogenic beam irradiation. The measurement procedure of recovery of defect is as follows: the
sample is warmed to the annealing temperature with a heater, and sample temperature holds with constant
for about 10 minutes. After the sample is cooled to 4 K by the GM cryocooler, electrical resistivity of the
sample is measured [8-11].

2.2. Estimation of required beam time and heat load

The required beam time for this experiment was estimated from arc-dpa displacement cross sections
calculated by PHITS. The displacement cross section o can be related to the resistivity increase and the
beam fluence:
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where pep is the Frenkel pair resistivity of sample, ¢ is the beam fluence, Apsgmpie IS the electrical
resistivity change of sample and ARgump.e is the electrical resistance change under the beam irradiation.

Table 2 lists the estimation of the required beam fluence for samples.

Table 2: Estimation of required beam fluence.

Al Cu Nb W
Calculated arc-dpa displacement 236 x10% | 9.44x10% | 1.66x10% 2.9 x 102
cross section ¢ (M?)
Frenkel pair resistivity prp (LQM) 3.7 2.2 14 27
Length of two potential points (mm) 40 37.5 38.5 37.5
Geometry factor (A/L) (m) 491 x 10 5.24 x 10 5.10 x 106 5.24 x 10
Resistance increase ARggmpie (L) 0.4 1.0 10 35
Beam fluence ¢ (1/m?) 2.25 x 10% 2.52 x 10%° 2.19 x 10%° 2.34 x 1019

In Table 2, the arc-dpa displacement cross section o was calculated by PHITS, prp was obtained from
Ref. [12], and the geometry factor was obtained by the ratio of the area (A) of the cross section of the
wire to the length of two potential points (L) of the wire. ¢ was estimated with ARqmpe, Which is a
measurable value. On the other hands, the proton beam intensity is around 5 x 10! (protons/minute) and
estimated beam area is about 5 x 10° (m?) at M03. In this beam condition, the beam fluence on the wire
sample is 1.2 x 10%° (protons/m?) for 20 hours irradiation, 2.4 x 10%° (protons/m?) for 40 hour irradiation,
and 3.6 x 10%° (protons/m?) for 60 hours irradiation, respectively. To obtain the resistance increase listed
in Table 2, approximately 40 hour irradiation is needed.

Since the cold head of the GM cooler has 1.0 W cooling capacity at 4.2 K, we estimated the heat
load of beam in the cold head and sample wires using PHITS. The heat load in the cold head was regarded
as a sum of the energy deposition in the cold head, the sample assembly including wire samples and the
1 mm thick aluminum shields as shown in Figure 2. Table 3 lists the heat loads in the wire samples and
the cold head calculated by PHITS.

Table 3: Heat load in wire samples and cold head calculated by PHITS.

Heat load
J/proton J/shot
Wire samples 4.81 x 1014 2.41 x 102
Cold head 5.68 x 1013 2.84 x 10!

The beam intensity was estimated to be 5 x 10! (protons/shot). Since the results are lower than 1 W, the
cooling power of the cold head is enough to cool samples during the beam irradiation.

3. Summary
The paper describes the plan to measure displacement cross sections of aluminum, copper, niobium and
tungsten with 120-GeV protons at FTBF in FNAL. Experiments will be performed at the M03 beam line



high-rate tracking area. For preparation of experiments, we developed the sample assembly with four
wire sample with 250-um diameter. The sample assembly will be maintained at around 4 K by using the
GM cryocooler in a vacuum chamber. Then, changes in the electrical resistivity of samples will be
obtained under 120-GeV proton irradiation. To obtain the sufficient resistance increase under the beam
irradiation, approximately 40 hours is needed for all samples. The cooling power of the cold head is
enough to cool samples during the beam irradiation. Recovery of the accumulated defects through
isochronal annealing will also be measured after cryogenic irradiation.
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