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Abstract: At the research and production company “PlasmaScience” (Ust-Kamenogorsk, Kazakhstan),
a linear plasma generator installation, KAZ-PSI (Kazakhstan Plasma Generator for Plasma Surface
Interactions), has been developed and constructed for the study of the interaction of plasma and
materials. This article outlines some features of the developed experimental installation designed
for the investigation of surface—plasma interactions. The primary components of the linear plasma
installation include an electron-beam gun with a LaB6 cathode, a plasma-beam discharge chamber,
an interaction chamber, a target device, and an electromagnetic system comprising electromagnetic
coils. The KAZ-PSI unit enables continuous plasma generation using hydrogen, deuterium, helium,

3 and

argon, and nitrogen. The electron density of the plasma is in the range of about 10'7-10'® m—
the electron temperature is in the range of 1 to 20 eV. The incident ion energy is regulated by applying
a negative potential of up to 2 kV to the target. Experiments on the irradiation of tungsten with
helium plasma were carried out using the KAZ-PSI installation for the first time. This article presents
the research findings on the structure and properties of tungsten relative to the temperature of
helium plasma irradiation. Alterations in roughness, microstructure, hardness, modulus of elasticity,
and erosion of the tungsten’s surface following helium plasma irradiation at varying temperatures
were examined. The study’s results indicate that helium plasma irradiation induces changes in the
morphology of the tungsten’s surface, creating surface relief due to sputtering by helium ions, as
well as the formation of blisters. Mechanical testing revealed that after irradiation at T = 500 °C, there
was an increase in hardness of up to 10%, and a slight decrease in modulus of elasticity. And after
irradiation at T =900 °C and T = 1300 °C, both hardness and elastic modulus decreased with rising
temperature. The tungsten surface erosion evaluation results showed that the degrees of surface

erosion increase with increasing target temperature.
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1. Introduction

The plasma-facing material (PFM) serves as the primary interface between the fusion
plasma and the reactor structure, making it highly susceptible to severe irradiation con-
ditions [1]. This susceptibility could constrain the availability of a fusion device utilizing
magnetic confinement, such as the International Thermonuclear Experimental Reactor
(ITER). Tungsten (W) is the primary material employed in the ITER divertor [2]. Addition-
ally, producers of next-generation devices like the China Fusion Engineering Test Reactor
(CFETR) [3] are considering the utilization of a fully tungsten first-wall, owing to its distinct
advantages, which include high thermal conductivity, a high melting point, low tritium
retention, and a low erosion rate [4]. Nevertheless, tungsten’s brittleness poses a limitation
as a PFM, leading to challenges in component manufacturing and the potential for opera-
tional failure at elevated temperatures and under high thermal loads [5]. Critical factors
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influencing tungsten’s performance encompass mechanical properties such as plasticity
and the ductile-to-brittle transition temperature (DBTT) [5].

Furthermore, severe irradiation conditions, including the impact of high-flux particles,
thermal loads, and neutron damage, degrade the mechanical properties of W and increase
its DBTT [6]. Advanced materials, based on W, with high operational characteristics
that can maintain their structure even under severe irradiation conditions are needed [7].
Therefore, the study of plasma-surface interaction characteristics is a key focus of modern
thermonuclear research, as it directly affects the performance, lifespan, and safety of future
thermonuclear power installations. Linear plasma generators make a significant contribu-
tion to these studies, as they enable the systematic solution of complex physical problems
related to plasma—wall interaction, have controllable plasma parameters and flexible target
geometries, and provide good diagnostic access [8-10]. Linear plasma generators are highly
effective tools for testing candidate materials for fusion reactors, and for contributing to the
database on various aspects of plasma—surface interaction [11]. Interest in simulating the
interactions of plasma and fusion reactor materials within simulations of gas discharge us-
ing plasma generators emerged in the last century, in the early nineteen-eighties. Ion beam
facilities have already provided fundamental insights into elementary processes occurring
when ions interact with the surface of a solid material, such as material sputtering, capture,
and reflection of particles. With the commissioning of the full-scale ITER tokamak reactor,
where all damaging factors will be thoroughly combined, the emergence of new synergistic
phenomena and effects can be expected. The study of these phenomena can heavily rely on
the database and physical models developed in simulation experiments.

Among linear plasma generators, linear plasma installations with plasma genera-
tion controlled by an electron beam [12-14] have certain advantages as devices that allow
the combination of plasma impacts and electron beams in tests with high thermal flux.
In connection with this, a new laboratory linear plasma installation, KAZ-PSI, was de-
veloped and built for testing divertor candidate materials and conducting research on
plasma-surface interactions.

This study aims to assess the experimental capabilities of the developed linear plasma
installation KAZ-PSI, and to investigate the irradiation of tungsten with helium plasma
using this installation.

2. Materials and Methods

The developed experimental plasma installation, KAZ-PSI, is versatile and allows
for materials testing under the combined influence of both plasma flux and high thermal
loads generated by an electron beam. The use of this plasma installation provides the
capability to promptly obtain preliminary experimental data on the behavior of materials
under conditions associated with their interaction with plasma at high thermal loads [15].
The overall appearance of the linear plasma installation KAZ-PSI is shown in Figure 1a.

The main elements of the plasma installation shown in Figure 1b consist of a plasma-
beam discharge chamber, an interaction chamber, an electron-beam gun, a target assembly,
and a system of magnetic coils. The electron-beam gun consists of a cylindrical cathode
(LaB6) and an anode ring, separated by a ceramic insulator. The cathode is heated in a
resistive way, with a constant current source providing up to 25 kW of power. The vacuum
chamber consists of a discharge chamber and an interaction chamber. The discharge
chamber is made in the form of a narrow cylinder 1 m long and 0.15 m in diameter. The
interaction chamber is designed as a complex assembly with six ISO160 flanges. The target
assembly contains a holder in which retaining elements in the form of spouts are installed
to place the target in them. The target holder is a hollow cylinder with a diameter of 80 mm
which has pipe connections for water cooling.

The vacuum pumping system comprises a backing pump and a turbomolecular
pump, and is capable of maintaining residual gas pressure in the chamber at a level of
5-10~8 Pa. The typical base working pressure is on the order of 5-10~4-5-107° Pa. The gas
injection system consists of vacuum-leak valves designed to introduce gas into the vacuum
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chamber with a controlled flow rate within a strictly specified small range, allowing for
smooth adjustment.
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Figure 1. General view and essential elements of the linear plasma installation KAZ-PSI. (a) General

view of the installation; (b) Installation diagram.

The power supply system encompasses power units for electromagnetic coils, vacuum
pumping means, diagnostics, cooling, parameter monitoring, and the source providing
negative potential to the target. It also includes a complex set of power supplies for the
electron beam gun, comprising a DC power supply for the heater unit and an adjustable
high-voltage unit for shaping the primary beam of the plasma-beam discharge. The
diagnostic system comprises a quadrupole mass spectrometer, a Langmuir probe, and
pyrometers. The control system incorporates computer programs for remote control of the
installation components.

In Figure 2, a schematic representation of the linear plasma installation KAZ-PSI is
depicted. The operation of the plasma installation unfolds as follows. The electron gun
forms an axially symmetric electron beam. The gun’s cathode is heated using a tungsten
filament. The cathode heating power regulates the power of the gun. Upon the introduction
of the working gas into the discharge chamber, the electron beam interacts with the working
gas, giving rise to a plasma-beam discharge.
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Figure 2. Schematic representation of the KAZ-PSI linear plasma installation.

The working gases employed include hydrogen, deuterium, helium, and others. The
focusing of the plasma beam is achieved through the use of electromagnetic coils which
generate a longitudinal magnetic field in the discharge chamber. The magnetic field strength
is adjusted by varying the electric current flowing through the electromagnetic coils. The
plasma beam impinges upon the target (test material) positioned in the plasma receptacle
located within the interaction chamber. To ensure a high ion concentration and attain the
maximum power of the plasma flow without disruptions, a negative accelerating potential
of up to 2 kV is applied to the target using the PCH6000-20H power supply.

The Langmuir probe is used to determine the parameters of the plasma flow. An
electric conductor is placed in the plasma, depending on its potential [16]. The probe
method of diagnostics is based on active probing of the plasma under study with a current
of low intensity. During diagnostics, a probe is placed in the plasma and discrete step
voltage pulses are applied to it. Then, registering the volt-ampere characteristics, the
plasma space potential is measured [16]. The environment in the interaction chamber
is monitored using an XT-100 quadrupole mass spectrometer produced by “Extorr Inc”
(Columbia, New Kensington, USA). The key parameters of the plasma in the KAZ-PSI
installation are provided in Table 1.

Table 1. Main plasma parameters in the KAZ-PSI installation.

Characteristics Significance
Operating mode Stationary
Working gas He, Ar, H,
Magnetic field, Tl Upto0.3
Working gas pressure, Torr 51075
Residual gas pressure, Torr 51078
Injected electron beam power, kW Upto5
Generated plasma density, m—3 Up to 1018
Electron temperature, eV Up to 20

Negative displacement at the cathode relative to the grounded anode, kV  0-2

Currently, several linear plasma generators are being used to simulate the periph-
eral plasma of tokamaks and nuclear fusion reactors. However, widely recognized and
frequently cited results have primarily been obtained from the following installations:
PSI-2 [17], STEP [18], PISCES-B [19], PREFACE [20], VEHICLE-1 [21], NAGDIS-II [22], Pilot-
PSI [23], Magnum-PSI [24,25], and PSIEC [26]. Table 2 provides the technical specifications
of these linear plasma generators, and the key characteristics of the KAZ-PSI installation
are compared with the characteristics of existing linear plasma devices.
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Table 2. Technical characteristics of existing linear plasma installations and the KAZ-PSI plasma installation [26].
PSI Parameters  PSIEC [26] PSI-2 [5] STEP [6] PISCES-B[7] ~ PREFACE[s] VEHICLEa[9] [NaCP'ST  pilorpsipig  M2gmum-PSL - a7 psr
Ion source hot cathode hot cathode hot cathode reflex arc microwave microwave cusp arc cascaded arc cascaded arc hot cathode
Plasma species H, D, He, Ar, N E: B'e He, At, 11 D He, A N H,D,He, AN H,D,He Ar H,D,He, Ar E: B'e ngr AL H D,He, Ar, N E: B'e He, Ar, 4 p He, Ar, N
Pulse duration (s) steady-state steady-state steady-state steady-state steady-state steady-state steady-state 3-10 steady-state steady-state
fledron 1-40 1-40 <40 3-51 2-6 1-5 <10 1-5 <47 1-20
emperature (eV)
frfféﬁ(’“ density 117018 10161019 10161018 10171019 10161017 10151016 ~1020 10191021 ~10%! 1071018
lon bombarding <110 10-300 <150 10-500 <100 <350 10-200 1-100 1-300 1-2000
energy (eV)
Ion flux m—2s~1)  10%.10% 10%0.10% 10%0.10% 10%1.10% 10%.10%! 10%9.10% ~10%3 ~10% ~10% 10%1.10%2
Magpnetic field (T) 0.28 0.1 0.26 0.04 0.2 0.03 0.25 0.4-1.6 2.5 0.2-0.3
Discharge power . - - -
(kW) 0.5-6.5 <26 0.5-5 <2 <1 <5
Diameter of
plasma column 40 60 50 50 40 70 20 15 100 25
(mm)
Base pressure (Pa) 3 x 1075 - 5x 1075 107° 107> 5x 1075 - - 2x 1074 5x 107>
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From the analysis of Table 2, it can be concluded that our developed KAZ-PSI installa-
tion is competitive with many of its foreign counterparts in terms of various characteristics.
Moreover, it fully meets the requirements for a simulation modeling the interaction between
plasma and materials in a nuclear fusion reactor.

3. Experimental Procedure

Before irradiation, tungsten samples of 99.95% purity in the form of cylinders with a
diameter of 6.3 mm and a height of 5 mm were ground and polished. During irradiation
of tungsten with helium plasma, the pressure in the interaction chamber was 5-10~* Torr.
The tungsten samples were exposed to helium plasma at T = 500 °C, T = 900 °C, and
T =1300 °C. The duration of irradiation was 1 h.

The characteristics of the microstructure were determined using a scanning electron
microscope (SEM) JSM-6390 (Jeol, Tokyo, Japan) combined with an energy-dispersive spec-
trometer (EDS) Oxford INCAEnergy (Oxford Instrument, Abingdon, UK). X-ray structural
analysis was performed using the X'PertPRO X-ray diffractometer (Almelo, Netherlands)
with Cu K« radiation. The diffractometer was calibrated using the Si standard. Surface
roughness was measured using the Precise Roughness Tester HY 230 profilometer. Surface
erosion after irradiation was assessed by weighing the samples before and after irradia-
tion using analytical scales designated VL-224V. To determine hardness and modulus of
elasticity during indentation, a microhardness tester (Fischerscope HM2000 by Helmut
Fischer GmbH, Sindelfingen, Germany) was used. This instrument performs instrumental
indentation testing following DIN EN ISO 14577-1. The loading rate was 2 um/s, and
the applied load was 1.96 N. The results of the tests were initially processed using the
WIN-HCU 7.1 instrument software. A Vickers diamond pyramid indenter with an angle of
136° was used.

4. Results and Discussion

In Figure 3, SEM images of tungsten samples before (Figure 3a) and after exposure
to helium plasma at temperatures of T = 500 °C (Figure 3b), T = 900 °C (Figure 3c), and
T = 1300 °C (Figure 3d) are presented. The research results indicate that exposure to helium
plasma leads to changes in the surface morphology of tungsten. Relief areas are formed on
the surface due to the sputtering by helium ions, as well as the accumulation of helium ions
in the near-surface layer, which leads to the formation of blisters. In the case of tungsten
samples irradiated at T = 500 °C (Figure 3b), etching areas are observed on the surface
due to the sputtering by helium ions. For tungsten samples irradiated at T = 900 °C and
T =1300 °C, a highly relieved morphology forms on the surface. Blisters and eroded areas
on the surface can be observed. The formation of blisters is attributed to the creation of
high-pressure regions within the lattice due to the accumulation of helium atoms, causing
localized expansion of the material and resulting in blister formation on the surface.

R & AT ({, P « .
30 kv X2.000 10pm 0001 1093 SEI 25kV  X1.000 10pm 0001 1086 SEI 25KV X1.000 10pm 0001 0985 SEI

Figure 3. SEM images of tungsten sample surface before (a) and after helium plasma irradiation at
T =500 °C (b), T =900 °C (c) and T = 1300 °C (d).

The X-ray structural phase analysis showed that there is no change in the phase
composition of tungsten after exposure to helium plasma (Figure 4). From the diffractogram,
we can observe a change in the shape of the diffraction peaks. Broadening of the diffraction
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peaks (110) and (211) is observed on the diffractogram. This indicates the emergence
of mechanical stresses after exposure at T = 1300 °C. Mechanical stresses in tungsten
during exposure to helium plasma can arise due to several factors. When helium ions are
implanted into the material, they can create lattice defects such as vacancies and interstitials.
Accumulation of these defects can lead to the generation of internal stresses in the material.
Additionally, this may be associated with the formation of bubbles. Helium ions have a
high affinity for forming helium bubbles (or voids) within the material as they accumulate.
These bubbles can exert pressure on the surrounding material, leading to swelling and the
emergence of mechanical stresses.

W (110)

After irradiation

W (211)

U e n

20,000
15,000 ]
10,000—-

5,000—-

Before irradiation

A

T L] T H T = T 2
40 50 60 70
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Figure 4. Diffractograms of tungsten before and after helium plasma irradiation at T = 1300 °C.

The hardness and elastic modulus of the tungsten samples were measured before and
after irradiation with helium plasma (Figure 5). After irradiation at T = 500 °C, an increase
in hardness by 10% and a slight decrease in elastic modulus was observed. The increase
in hardness may be attributed to the development of mechanical stress due to helium
accumulation in the near-surface layer of tungsten. It is known that the accumulation of
helium in the near-surface layer leads to compressive stresses which reduce the elastic
modulus and increase the hardness of the metal. After irradiation at T = 900 °C and
T = 1300 °C, hardness and elastic modulus decrease depending on the temperature. This
might be associated with structural changes, increased roughness, and an increase in the
volume fraction of voids.

The erosion of tungsten samples was assessed by weighing the samples before and
after irradiation. Surface roughness was also evaluated. Figure 6a shows the dependence
of surface roughness and mass loss of tungsten on the irradiation temperature of helium
plasma. From Figure 6a, it can be observed that surface roughness increases after irradiation.
The increase in roughness is associated with surface sputtering by helium ions, as well
as the formation of blisters. The graph indicates that the surface roughness of tungsten
increases with increasing irradiation temperature. As revealed by microstructural analysis,
defects such as etching pits and blisters increase with temperature. These changes are
reflected in the surface roughness. At the same time, the primary role in changing the relief
is played by the sputtering of the surface with helium ions. It is known that in the case of
irradiation of metals and alloys with ions and plasma of inert gases at temperatures above
the annealing temperature of elementary defects created by irradiation, the formation of
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Figure 5. Hardness and elastic modulus of tungsten samples before and after irradiation with
helium plasma.
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Figure 6. Roughness (a) and mass loss (b) of tungsten samples before and after irradiation with
helium plasma.

The assessment of surface erosion rate based on the loss of sample mass during
irradiation is a commonly used technique in materials science. In this study, the weights
of the samples were measured before and after irradiation, and the dependencies of the
mass losses of the samples on the irradiation temperatures were obtained (Figure 6b). From
Figure 6b, it is evident that the mass loss of tungsten increases with the rise in irradiation
temperature. Moreover, the mass loss is negligible after irradiation at 500 °C and 900 °C.
The degree of erosion increases after irradiation at 1300 °C, which is entirely expected. At
high temperatures, tungsten atoms in the target undergo more thermal vibrations, making
them more mobile. This increased mobility can influence the sputter yield and the behavior
of sputtered atoms.

The surface roughness of the coatings” Ra was evaluated using a profilometer, model 130
(JSC “Plant PROTON”, Moscow, Russia). The Ra value, which represents the arithmetical
mean deviation of the profile, was chosen as the main parameter for evaluating the coatings’
surface roughness. The obtained results have shown that as the target temperature increases,
the degree of surface erosion also increases. However, within the studied temperature
range, the degree of tungsten surface erosion is insignificant. Due to its thermophysical
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properties, noticeable erosion of tungsten from plasma exposure simulating steady-state
plasma conditions only occurs at higher irradiation temperatures.

5. Conclusions

Based on analysis of the literature and the experimental results, it can be stated that
the developed experimental plasma installation KAZ-PSI is not inferior to many foreign
analogs and fully complies with the requirements of simulations modeling the interaction
of plasma and the materials of a fusion reactor. Studying plasma-surface interactions
using a simulated plasma installation creates the possibility of justifying the selection of
materials for the energetic fusion reactor, expanding the database of various aspects of
plasma-surface interaction, verifying computational models, refining diagnostic techniques,
etc. Therefore, the creation of simulation-plasma installations for studying the materials of
fusion reactors holds paramount importance. These installations, by simulating plasma,
enable scientists to replicate and study these conditions on a smaller scale, providing
insights into how materials will behave in a real fusion reactor.

The experiments conducted to investigate the changes in the microstructure of tung-
sten revealed that after exposure to helium plasma, the surface morphology of tungsten
is changed. A relief is formed on the surface due to the sputtering by helium ions, as
well as the accumulation of helium ions in the near-surface layer, leading to the formation
of blisters. In the case of tungsten samples irradiated at 500 °C, regions of etching are
observed on the surface due to the sputtering by helium ions. Meanwhile, in samples irra-
diated at 900 °C and 1300 °C, a significant high-relief morphology is formed on the surface,
which is attributable to the blister formation and the appearance of eroded areas caused by
sputtering. The formation of blisters is attributed to the creation of high-pressure regions
in the lattice due to the accumulation of helium atoms, resulting in local expansions of the
material and the formation of blisters on its surface. X-ray structural analysis confirmed
the occurrence of mechanical stresses in tungsten after exposure to helium plasma. The
results of mechanical tests showed that after irradiation at 500 °C, there is an increase in
hardness of up to 10% and a slight decrease in elastic modulus. However, after irradiation
at 900 °C and 1300 °C, both hardness and elastic modulus decrease, depending on the
temperature. The results of the surface-erosion assessment for tungsten indicated that the
degree of surface erosion increases with higher irradiation temperatures.
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