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Abstract
16MeVprotons have been used to irradiate 300 μmthickmacroscopicW samples in a pilot
experiment to 0.006 dpa damage dose under low and high temperature scenarios of∼373K and
∼1223K, respectively. The linear pre-Bragg region has been used for damagewhere the electronic loss
(heat) in the sample amounts to 1.5MW ·m−2. Post high-temperature irradiation, theW sample has
been recrystallized as seen under the scanning electronmicroscope. Indentationmeasurements on the
surface show a softening of 0.6GPa post-recrystallization against an irradiation hardening of 0.8GPa
for the low-temperature irradiation scenario.

1. Introduction

Nuclear fusion reactors are designed tomaximize high energy deuterium and tritium ion collisions within a
confinedmagnetic field. The fusion reactor inner walls are the first point of contact for errant ions, neutralised
energetic particles and high energy neutrons. The inner wall is subjected to plasma impingement of 1021m−2s−1,
heatfluxes between 1-10MW ·m−2 and neutron fluxes of 1019m−2s−1 [1–3]. Hence, understanding the
combined influence of plasma, heat loads and neutron damage is essential in the selection of plasma-facing
materials.

The influence of fusion neutron damage is not completely understood, let alone combined damage. Ions are
often used to recreate and accelerate radiation damage inmaterials. Heavy ion accelerator experiments, focus on
concentrating large damageswithin a narrowwidth (∼1μm) of the Bragg peak to probe neutron damage [4–7].
This damage is additionally devoid of nuclear transmutation reactions.However, heavy-ion irradiation damage
morphology is compact-large clusters of damage, and the cluster size is thought to be similar to neutron
irradiation damage. Proton irradiation studies have also been used tomimic various aspects of neutron damage
[8]. Conventionally these have been performed using low energy protons up to 5MeV energy, and the emphasis
has still been to use the Bragg peak accumulated damage.While the damage cluster size produced by low energy
proton irradiation is smaller as compared to heavy-ion damage, the damage clusters are spaced further apart,
similar to neutron interactions [9]. Another approach, which is followed in this work, is based on the use of the
linear pre-Bragg damage region, as previously described in [10]. Using higher energy protons (12–30MeV), as
shown infigure 1 for 16 and 30MeVprotons on tungsten(W), the range of proton damage in the plateau region
prior to the Bragg peak is over 300 μmand can be used to investigatemacroscopic properties. Additionally, at
higher energies, protons can induce transmutational reactions [11, 12]. Thismakes themethod complementary
tofission reactor studies. Combining the range of uniform pre-Bragg damagewith amaximum5×limit on the
variation in transmutation as explained in [11], the sample thickness for the corresponding proton energy is
established. Limiting the sample thickness to the linear pre-Bragg regime alsomitigates implantation of
protons/hydrogenwithin the sample. Furthermore, at higher proton energies, head-on collisionswith simple
Coulomb interaction increases in probability, thus additionally allowing the production of high energy
recoils [9].

Furthermore, the pre-Bragg region realises energy transfer from the stopping of protons to the electrons.
This induces an additional simultaneous heat load on the sample.While the heat is depositedwithin the sample,
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the 1-dimensional nature of conduction occurring within the sample body can be suitablymodelled as virtual
heatflux and particle flux on the surface of the sample.High current (∼ μA) and energies of 10×MeVonmm-
sized samples would result in a heatflux ofMW ·m−2 level, which is a close approximation to the value of the
fusion conditions.W is often coldworked to induce ductility throughmicrostructure [14]. At high
temperatures, recovery is seen inW,which leads to recrystallization at higher temperatures and longer times.
However, upon recrystallization,W shows embrittlement, and inter-granular cracks [15]. The embrittlement is
further enhanced by irradiation and a combined radiation under high heat flux is essential tomaterial property
selection. The higher energy proton irradiation is capable of inflicting high heatfluxes and simultaneously
induce irradiation damage. These irradiations aim to quantify engineering properties under fusion relevant
irradiation conditions.

This contribution describes the accelerator irradiation technique in a pilot irradiation. The sample
preparation and holder arrangement are initially explained, alongside irradiation temperature control through
contact and cooling. Post-irradiation, first results from a high temperature operation scenario are subsequently
detailedwith nuclear transmutation quantification,microscopy and hardnessmeasurements.

2. Sample design and setup for proton irradiation

The possibility of sampleminiaturization to reduce radiation exposure to personnel andmachine has been
previously investigated forfission reactors [16–19]. In order to have easy inter-changeability and compare values
betweenfission and proton irradiation, the proton sampleswere designed conforming to the above
recommendations. In accelerators, the beam size and volume often varies between 6–12 mm in diameter and
induces further space constraints [20]. To suitably comply, a nominal sample diameter of 12 mmwith 10 mm
active size is considered towards compatibility withinmost accelerators. Additionally, from the perspective of
post-irradiation testing, the sample is designed to incorporate specially developed testing techniques for
macroscopic yetminiaturized samples; tensile testing, punch testing and instrumented indentation. Thus, the
sample has a tensile stub in the centre with four surrounding disks of 3 mmdiameter (TEMdisks) as shown in
figure 2. Themultiple 3 mmdisks add redundancy to the irradiation and testing. The sample is cut using electro-
dischargemachining and then polished up to 1 μmgrain size.

The sample is loaded onto awater-cooled copper sample holder. Heat removal from the sample occurs
through conduction, and a proper physical contact is required between the sample and the holder. To facilitate
this, a copper diskwith precise grooves for the tensile and 3 mmdisks is placed over theW sample as shown in
figure 3. A copper nut is then screwed on to lock the sample in position and press the copper disk downonto the
W sample and ensure thermal contact. Additionalmodificationswere carried out to incorporate in situ
temperaturemeasurement. Three 0.5 mmdiameter holes were drilled through the copper sample holder to
incorporate three thermocouples, as shown infigure 3. These thermocouples are also locked into position
through the use of a spring.

The thermocouples are typeNwith Inconel600 as the sheathmaterial and having an operating regime
between 73K to 1423 K. They are in contact with the backside surface of the sample andmeasure the
temperature in situ during irradiation. The initial temperature pre-irradiation is recorded as 285 K.Once

Figure 1. Loss of energy for charged particles with the linear pre Bragg damage region highlighted, calculated using SRIM [13]. The
Bragg peak has a high damage rate within a very concentrated region, while the linear pre-Bragg region has a low damage rate over a
longer damagewidth.
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irradiation starts, a rapid increase in temperature is noted, stabilising at 373± 5 K. Keeping the heatflux
constant, and by changing the surface contact between the sample and the copper sample holder, the irradiation
temperatures can be changed. Two different contact scenarios; full-sample contact or low-temperature
irradiation scenario and outer-edge contact or high-temperature scenario are investigated and explained in the
next section.

3. 16MeVproton irradiation

Apilot irradiation to demonstrate the two operation scenarios; full-contact or low-temperature irradiation and
outer-edge contact or high-temperature irradiation as shown infigure 4 is carried out on the Baby cyclotron [21]
using 16.5 MeVprotons on a 300 μmthickW sample. The irradiation is performed at 10 μA current and a beam
diameter of 10 mm. SRIM estimates that 99.9%of the protons exit the sample with an energy of∼4.6 MeV; thus
undergoing an electronic stopping loss of 12 MeVper protonwithin the 300 μmrange. This results in a heatflux

of∼1.5MW ·m−2 m
p
´ A12 MeV 10

52( ) as per equation (1), where E is the energy loss per proton inMeV and I is the

proton current in μA and S is the proton irradiated area (spot size) in mm2.

=
´

Q
E I

S
1( )

Initially, the sample is irradiated at the low-temperature scenario for two hours (20 μA · hours) after which it is
readjusted in the sample holder for a high-temperature irradiation to a total of 40 μA · hours. The damage
calculation is performed using the quick calculation setup on SRIM [13]with a displacement damage threshold
of 90eV [22] in accordance to the technique prescribed by Stoller et al [23]. However, as the range is restricted to

Figure 2. Sample designed for higher energy proton irradiationwith a 10 mmactive diameter. Each sample consists of one tensile
samplewith four 3 mmdisks arranged around the tensile sample.

Figure 3. Sample holder design and assembly. (a)PolishedWsample in aCu sample holder pressedwith aCu disk for thermal contact.
(b)Model sketch slice of the assembled sample holder displaying the thermocouples, coolingwater channel and the sample holder.
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300 μm, internal target vacancies from SRIMare substituted for displacements per ion (DPI) in equation (2). For
an atomicmaterial density ρ, the proton current I projected on spot size S in range R as per equation (2) provides
the damage dose rateDPA(t) [10]. This corresponds to a dose rate of 4.3× 10−7dpa · s−1 culminating in a
damage dose of 0.006 dpa.During the low-temperature scenario, the thermocouples displayed a constant
temperature of 373 K. A second sample is additionally irradiated at 1 μA current (no significant thermal loads) to
a similar dose of 0.007 dpa in order to study the effects of pure irradiation hardening using 16MeVprotons.
Both samples are irradiated under aminimumvacuumpressure of 5× 10−2mbar to avoid oxidation effects.

r
= ´DPA t

I

R S
DPI 2( ) ( )

Thermocouple readings and the heat deposition are used in a steady-state thermal ANSYS19.1 simulation to
determine the exact irradiation temperature as shown infigure 5. As the sample is thin, with good thermal
contact the sample temperature is not expected to change significantly as shownbyANSYS and the low-
temperature irradiation scenariomaximum temperature is 377 K. This is theminimum temperature at which
irradiation can be carried out at 10 μAproton current onW.During the high-temperature irradiation, only the
outer edge contact is enforced.Here a proper contact to the thermocouple is possible only at the outer edge and
not directly at the sample. This is used as an input in ANSYS and the high-temperature scenario describes the
maximum irradiation temperature at 1226 K. The tensile sample portion, which is furthest from connection to
themain body, is seen to be at themaximum temperature.

Figure 4.The contact scenario between the sample and the holder induces the range of irradiation temperatures. (a) Low temperature
irradiation scenariowith full backside sample surface contact. (b)High temperature irradiation scenario- only sample outer-edge
contact.

Figure 5. Irradiation temperature simulated using steady state thermal analysismode in ANSYS19.1 displaying the low temperature
and high temperature irradiations.
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4. Post irradiation analysis

Rhenium(Re) is a transmutation product and is seen to precipitate out infission reactor studies, leading to
irradiation hardening [24–27]. However, fission reactors have a thermal neutron peaked spectrum compared to
the high energy shifted spectrum in fusion reactors. The large thermal neutron capture cross-section leads to an
overproduction of Re through (n, γ) transmutation compared to a fusion irradiation scenario. 16–30MeV
proton irradiation simulations using FISPACT-II suggest a closer fusion relevant Re transmutation rate. Post-
irradiation, the sample radioactivity ismeasured using an energy and efficiency calibratedHPGe detector of 30%
efficiency. The sample placed 80 cm away from the detector is counted for a total live time of 86 400 seconds. The
cooling time post-irradiation is suitably adjusted to reflect themeasured activity. A comparisonwith combined
MCNP6.1 [28] and FISPACT-II [29] simulated activity calculations using TENDL-2015 cross-sections [30] is
shown in table 1. The results in table 1 indicate a good agreement within 2×for the 184Re isotopes, while there is a
higher discrepancy for 183Re. This discrepancy is due to the use of computed cross-sections in the absence of
experimental cross-sections. There has been a correction in the updated version TENDL computed cross-
sections. On average, the 184W (p,n)183Re cross-section in the later versions TENDL-2017 andTENDL-2019are
0.1×of the 2015 data, which accounts for the discrepancy in 183Re production and if corrected, also agrees with
themeasured activity within 2×of predicted activity. Correspondingly, themeasured dose rate 4.3mSv/hr, is
3.5× lower than the simulated dose rate of 14.7mSv/hr. Such an outcome of over prediction of dose rates
ensures a degree of safety with the radioactive sample.

Scanning electronmicroscopy of the sample performed after high-temperature irradiation shows a drastic
change on the sample surface. Figure 6 shows a comparison of the unirradiated (pristine) sample (a)& (b), with
the irradiated (0.006 dpa) surface (e)& (f) and the copper casing protected surface (0 dpa)(c)& (d), at similar
magnifications of 100×and 1000×under the scanning electronmicroscope. The pristine picture represents a
clean sample with grains seen on the surface. They are clearly visible at the highermagnification of 1000×. Part
of the sample lies below the copper casing and is not subject to direct proton exposure. However, heat transfer
takes place from the copper disk through the sample and results in a change inmicrostructure. A roughening of
the surface is noticed, and under 1000×magnification, a heat-affected surface is seen. The sample, which is
under direct proton irradiation and the heatflux, shows the onset of the recrystallization of the sample.
Similar observations have beenmade, albeit undermuch higher heatfluxes of 10& 20MW ·m−2 [31]. A
recrystallization post neutron irradiation at a similar irradiation temperature of 1223K atHFIR is reported,
however at a higher irradiation dose of 0.7dpa corresponding to 94 days [32]. Thus, the recrystallization seen in
this work after 2 hours of irradiation at 377K and 2 hours at 1223K can be attributed to a combination of a
slightly worse contact than expected, resulting in a higher temperature than that predicted throughANSYS
(∼+ 100K, as higher temperatures would result inmelting of the copper disk), combinedwith an initially
heavily damaged (rolled and double forged) state of the sample and the combined simultaneous effect of
radiation and thermal loads on the sample, through active annealing during the irradiation.

Hardnessmeasurements performed subsequently using instrumented indentation on aZwiki ZHU0.2
shows a softening of the sample due to recrystallization. The indentations are carried out using aVickers
indenter to a depth of 15 μmat a loading rate of 0.133N/s and a holding time of 10 seconds at amaximum
loading of 15N force. A pristine sample shows an average indentation hardness of 5.48± 0.2GPa. Similar
indentationmeasurements on the low temperature irradiated samplemeasures 6.28± 0.13GPa for 0.007 dpa
dose, a rise of 0.8± 0.4GPa over unirradiatedW,which agrees well withfission irradiationmeasurements [26].
However, the recrystallized sample displays an indentation hardness of 4.86± 0.4GPa, a drop of 0.6± 0.4GPa,
in spite of the 0.006dpa irradiation damage. Similar behaviour has been reported previously on tungsten [33].
This softening is characteristic and agrees with the onset of recrystallization as seen on the sample.Hence it is
reasoned that the protons are suitably able to simultaneously subject thermal loads and irradiation damage.
Further work to repeat the high-temperature experiment with soldered thermocouple-temperature
measurement is foreseen.

Table 1.Comparison of FISPACT-II simulated
activity with gamma ray analysismeasurement
activity

Nuclide Simulated (Bq) Measured (Bq)

184Re 1.42×106 8.05 ± 0.2×105

184mRe 1.96×105 8.79 ± 0.3×104

183Re 1.03×107 9.22 ± 0.3×105

182Ta 99.1 3.38 ± 0.1×103
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5. Summary

Amethod to irradiate fusion relevantmacroscopic samples with higher energy protons (12-30MeV) using the
linear pre-Bragg region has been designed and tested. It involves sample arrangement and size design and has
been used to testWunder a low-temperature and high-temperature scenario. The electronic loss fromprotons
results in deposited heat which can bemodelled as a heatflux for thin samples. Thus a simultaneous heat load
and irradiation damage can be tested using higher energy protons.

Post high-temperature irradiation, theW sample ismeasured for transmutation under a gammadetector
and compareswithin 2×of the radiometricmodelling. Due to an update in production crosssections forW,
further use of TENDL-2017 is recommended against the earlier TENDL-2015. Post high-temperature
irradiation, the sample also underwent recrystallization as seen under a scanning electronmicroscope.
Indentation hardnessmeasurements show irradiation hardening of 0.8± 0.4GPa for low temperature
(measured at 373K) irradiation, while the recrystallized high temperature (estimated at 1223K) sample showed
a softening of 0.6± 0.4GPa against an unirradiatedW sample.

The result indicate pre-deformed state, high temperatures, heat fluxes, and irradiation damage as a
combination of factors responsible for the early recrystallization of pureW. Recent fission reactor studies
suggest large proportions of Re introduced through transmutation delays the recrystallization ofW.As higher
energy protons can predict the correct production of Re inW, further experiments to higher heat loads and
irradiation doses by increasing the proton current alongside grain growthmeasurements are essential to study
the recrystallization behaviour ofW.

Data availability statement

The data that support thefindings of this study are available upon reasonable request from the authors.
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