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Abstract
Plasma wall interaction inevitably occurs during the operation of tokamaks. The coaxial gun
device has low operation cost and the parameters of plasma produced by the gun are close to
those of type I edge localized mode (ELM); therefore, the coaxial gun is suitable in simulation
experiments as a heat flux source of transient events such as type I ELM under the condition of
H-mode in the International Thermonuclear Experimental Reactor. In this paper, the plasma
generated by the discharge of a tapered coaxial accelerator thermal shock on a tungsten target is
used to simulate the damage effect of the divertor. The plasma parameters are measured in the
experiment. The velocity of the plasma is 41.7 km s−1, and the kinetic energy of a single
hydrogen ion is 9.2 eV. The energy density at the center of the plasma can reach 1.5 MJ m−2,
and the density can reach about 2.78 × 1015 cm−3. The reflection of plasma in the process of
exposure at different angles is observed. It is observed that droplets of millimeter size splash
from the target. Traces of liquid flow are observed on the surface of the target, which shows that
there is a melting process on the surface of the target. The mass loss of the target is of the order
of milligrams after 20 pulses. The ablation and residual stress of the target surface both decrease
with a decrease in the angle. This is because the accumulated energy per unit area of the target
surface decreases with a decrease in the angle. The results of the simulation experiment help us
to understand the working state around the divertor target in tokamak devices.
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1. Introduction

A large number of studies have been carried out on the plasma
surface interaction (PSI) of divertors during H-mode plasma
operation with type I ELMs [1–6], including experimental
simulation and theoretical calculation. The heat loads dur-
ing the International Thermonuclear Experimental Reactor
(ITER) ELMs-I are estimated to be QELM = (1–3) MJ m−2,
with a pulse length of 0.1–1 ms [1, 4, 6, 7]. The high energy
may cause the breakdown and melting of the divertor W target
and movement of the melting layer, etc, resulting in shorten-
ing the lifetime of the divertors. Due to the high energy density,
temperature and density, the plasma produced by a coaxial gun
discharge can simulate the thermal shock effect of PSI and the
effect of particle flow [8, 9].

Many research groups have used a coaxial gun to simu-
late the damage effect of ELM-I on the divertor wall material
in tokamaks. The National Science Center Kharkov Institute
of Physics and Technology (NSC-KIPT) not only studied the
characteristics of plasma and PSI but also studied the char-
acterization of the materials in detail using a self-developed
piece of equipment called a quasi-stationary plasma acceler-
ator (QSPA) [1, 10]. NSC-KIPT also did other research on
ITER with QSPA/QSPA-M. The Graduate School of Engin-
eering at Hyogo University in Japan has carried out research
related to a compact toroidal plasma with an external mag-
netic field and surface damage characteristics of material
for ITER [3, 4, 6]. The Troitsk Institute for Innovation and
Fusion Research has studied plasma/material interaction in
disruption simulation experiments at the plasma gun facility
MK-200 UG [7, 11].

With the development of ITER, the heat load of ELMs
increases gradually, so it is necessary to use a higher para-
meter plasma source for simulation experiments. In order to
get more suitable results for tokamak in the simulation exper-
iments using a coaxial plasma gun, a tapered coaxial gun with
negative pulse was used [12]. Previous studies have shown that
the energy density and electron energy of the plasma ejected
from the muzzle of a tapered coaxial gun are higher than those
of a cylindrical gun because of the physical compression [13].
On the other hand, the plasmoid ejected from a tapered gun is
relatively uniform and can maintain collimation [12].

In the current tokamak operating state, the angle between
the plasma transport direction and the vertical direction of
the divertor target is variable. The damage effect of the vary-
ing angles on the target is different [14]. NSC-KIPT have
used a variety of measuring instruments to observe the bom-
bardment process at different angles and different pulses by

QSPA/QSPA-M [10, 15]. Material characterization is carried
out for the target after plasma bombardment at different angles
in this study. The blow-by phenomenon occurs in the dis-
charge process of a cylindrical coaxial gun [9, 13, 16–18].
Based on previous research, the blow-by results in tilt of the
plasma sheet and inhomogeneous distribution of the plasma in
the coaxial gun. Therefore, a conventional cylindrical coaxial
gun needs to be further optimized as a plasma source for the
simulation experiments.

Tungsten is selected as the plasma-facing material for most
ITER divertors and DEMO first walls because of its properties
[5, 6, 10, 19]. In the process of plasma thermal shock on a tung-
sten target, the tungsten surface is ablated and melted, caus-
ing droplet splashing and so on. In addition, the thermal shock
causes a change in residual stress on the surface of the tungsten
target. These phenomena need to be analyzed in depth. In this
paper, the tungsten targets are subjected to 20 thermal shock
pulses by the gun. The target is rotated to different angles
from the plasma transport direction during the thermal shock
to study the damage effect.

In tokamak devices, the divertor flows contain primarily
hydrogen isotopes. In order to simulate the working envir-
onment of divertors more realistically, hydrogen is selected
as the working gas. Combined with the above, in this paper,
the development of the experimental platform is introduced.
The plasma parameters produced by a tapered gun are meas-
ured. In addition, the process of plasma thermal shock on
the surface of the tungsten target is observed. The damage
effect on the target surface after 20 pulses in different angles
is studied. The remainder of this paper is organized as fol-
lows: section 2 gives an overview of the experimental setup
and diagnostics. Section 3 presents the experimental results
and discussion, mainly divided into characteristics of plasma,
interaction between the plasma and target, and material char-
acterization. A summary is reported in section 4.

2. Experimental setup

A schematic of the experimental equipment is shown in
figure 1(a). The tapered coaxial gun is composed of a tapered
copper central cathode and a coaxial stainless outer anode.
The outer diameter of the inner electrode is 70 mm and the
inner diameter of the outer electrode is 90 mm at the bottom.
The spacing between the inner and outer electrodes is equal
at each position. The power supply consists of six capacit-
ors of 25 µF in parallel, with a total capacitance of 150 µF.
This paper analyzes the characteristics of plasma and the
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Figure 1. Schematic of (a) experimental devices and (b) gas path.

damage effect of plasma thermal shock on tungsten target at
16 kV of the charging voltage and 20 pulses of the discharge
time. The pulse period is 1 min. The transport channel of the
plasma is composed of a toughened glass cylinder, in order to
observe the experimental phenomenon clearly. The inner dia-
meter and length of the toughened glass cylinder are 400 mm
and 800 mm, respectively. In order to get more suitable res-
ults for tokamak in the simulation, the pressure in the vacuum
chamber is pumped to a minimum (10−4 Pa), and the working
gas used in the experiment is hydrogen. The gas flow path is
shown in figure 1(b). When the vacuum chamber is pumped
to 10−4 Pa, the ball valve is closed and the hydrogen cylin-
der is opened. The mass and time of the gas are controlled
by a solenoid valve. The discharge mode is pre-filled mode:
when the gas flows through the solenoid valve and fills the
gun, the bottom of the tapered gun breaks down and plasma is
generated.

Tungsten with a purity over of 99.95%, provided by Xia-
men Honglu Tungsten Molybdenum Industry Co., Ltd as a
target with a square cross-section of 30 × 30 mm2, is used
in this study. The thickness of the cut target is 2 mm. In the
experiment, the distance between the center of the target and
the inner electrode of the tapered gun is 5 cm. The surface of
the target is kept at room temperature before exposure.

The measuring equipment of the plasma parameters
includes a spectrometer (SP-2500i), an oscilloscope (Pico-
Scope 4000 Series), a Pearson current probe, photodiodes
(THORLABS PDA10A-EC), and optical fiber collimators
(THORLABS F240SMA-A); the full angle beam divergence
of the collimators is 0.027◦. The collimators connected to the
photodiodes by optical fibers are placed at the muzzle of the
gun, and the distance between the two collimators is 5 cm. The
specific positions of the collimators are shown in figure 1(a).
By obtaining the time of the first peak of the optical signal and
the specific position of the two collimators, the velocity can
be calculated. If the distance between the two collimators is
too small, the calculated velocity causes error; if the distance
between two collimators is too large, the calculated velocity
cannot represent the average velocity. The full spectrum of
the plasma is measured by a spectrometer, and the impurity
in the plasma can be observed by analyzing the spectrum line.
The plasma density is calculated using the Stark broadening
method. The radial distribution of the plasma energy density
at the target location is obtained using a calorimeter. The calor-
imeter is made of a thermistor, with the model being Pt100 and
an accuracy of up to 0.1 K. The calorimeter is placed at dis-
tances of 0, 5 and 10 mm from the center axis of the gun. The
measuring diameter of the calorimeter is 5 mm.
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Figure 2. (a) Interval between the time of hydrogen reaching the muzzle and the trigger signal and (b) interval between the time of gas
breakdown at the breech of the tapered coaxial gun and the trigger signal.

A high-speed camera (Veo 410L) is used to photograph the
process of plasma thermal shocks on the targets at different
angles. In order to observe the ablation of the tungsten sur-
face and the cracks with micrometer widths that appear on the
surface of the target, a metalloscope (OLYMPUS GX51) and
a scanning electron microscope (SEM) are used in the experi-
ment. The thermal shock of the plasma affects the surface char-
acteristics of the target. In order to analyze the damage effect
further, an x-ray diffraction meter (XRD) is used to diagnose
the target surface.

The discharge mode of the gun in this experiment is pre-
filled mode [20–23]. The pressure sensor (PCB 113B21) is
used to measure the air pressure signal at the muzzle position,
and the current probe is used to measure the current signal
in the discharge process. As can be seen from figures 2 (a)
and (b), the interval between the time the hydrogen reaches
the muzzle and the trigger signal is 250 µs, and the interval
between the time of gas breakdown at the breech of the tapered
coaxial gun and the trigger signal is 1 µs. The mass of hydro-
gen through the valve is 1.56 mg per pulse, and the duration
of hydrogen supply is 1.22× 10−3 s. The calculated hydrogen
particle flux is 1.23 × 1027 s−1 m2.

3. Results and discussion

3.1. Characteristics of plasma

The charging voltage of the capacitor is 16 kV. When the gas
reaches the muzzle, hydrogen is broken down from the bottom
of the gun. The plasma is ejected from the muzzle by Lorentz
force and thermal expansion.

Figure 3 shows the current signal in the discharge process
and the optical signals measured by two photodiodes. The
single cycle of the loop current is about 20 µs. The current
waveform is a gradually decaying sine wave, indicating that
there are always one or more current paths in the coaxial gun
during the discharge process. The peak current of the first half
cycle is 270 kA. The time interval between the two optical
signals is △t = 1.2 µs. The transport velocity v of the plasma
is 41.7 km s−1 by the formula v = L/△t. If the velocity of
the plasma head is higher than the tail, the calculated value
is maximum. The single ion kinetic energy of hydrogen is

Figure 3. Discharge current and photocurrent signals at a charging
voltage of 16 kV and hydrogen particle flux of 1.23 × 1027 s−1 m2.

9.2 eV at this condition using the kinetic energy theorem for-
mula E = (1/2)mv2.

As shown in figure 4(a), the radial energy density distri-
bution of the plasma at the target location is obtained by a
calorimeter. The energy density at the center of the plasmoid
is about 1.5 MJ m−2. The energy density of the plasmoid
decreases from the center to the edge. In the process of plasma
transport in the vacuum chamber, the thermal diffusion makes
the energy density decrease from the center to the edge. The
energy density at the edge of the plasmoid is 1.1 MJ m−2. As
can be seen from the photocurrent signal in figure 3, the dur-
ation of the plasma stream △tp is 50 µs, it can be estimated
that the average power density at the center of the plasma is
about 30 GW m−2, and that at the edge is about 22 GW m−2.
Figure 4(b) shows the radial average power density distribu-
tion of plasma at the target location.

The researchers in [23] mentioned that the temperature
increase △Ttr at the surface of the tested material is a major
characteristic of the transient heat load. The temperature
increase in pulse duration △tp can be expressed as [24]:

VTtr = 2L

√
Vt

πλQcp
(1)
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Figure 4. (a) Energy density and (b) power density at the target location varying with the center distance.

where L is the constant power density, λ is the thermal con-
ductivity, Q is the density and the cp is the specific. The heat
flux factor (also called the heat flux parameter or damage
factor) is expressed as:

FHF = L
√
∆t. (2)

The heat flux factor which is proportional to△Ttr is derived
from this equation to compare experiments with different pulse
durations and power densities. The calculated heat flux factor
at the center of the plasma is 212.1 MWs1/2 m−2.

As shown in figure 5 from the full spectrum, there are not
only Hα, Hβ and Hγ lines, but also copper ion lines. The
intensity of copper ions in the spectral line is the weakest,
indicating that there is a small amount of copper impurities
in the plasma. These small amounts of copper impurities are
mainly caused by the ion bombardment of the cathode dur-
ing the discharge. The copper impurities are mixed into the
hydrogen plasma and ejected from the muzzle of the gun. In
later experiments, the electrode can be coated with tungsten in
the design of the coaxial gun to further avoid the problem of
impurities caused by ablating the electrode.

In this paper, the Stark broadening method is used to calcu-
late the electron density [9, 12, 23, 25–28]. The fitted line as
shown in figure 6(a) can be obtained by fitting the Hβ line in
figure 5. This paper enumerates the parameters for density cal-
culation. The specific method of Stark broadening calculation
has been described in detail in other articles of the author [12,
28]. The value obtained at this position is the largest density of
plasma. The spectrum line broadening of the fitting obtained
Hβ line is 1.388 mm (full width at half maximum). Figure 6(b)
shows the instrument broadening measured by a He–Ne laser
and the fitted line. The spectrum line broadening of the fit-
ting line of the He–Ne laser is 0.465 nm. The electron dens-
ity ne obtained under the above discharge parameters is about
2.78 × 1015 cm−3; the calculated value is the maximum. The
calculated plasma flux to the target is 1.16 × 1026 s−1 m2 by
the formula γ = ne·v. In summary, the essential data of the
tapered accelerator are shown in table 1.

Table 2 shows the essential data of QSPA kh-50 from the
official website of NSC-KIPT, and table 3 shows the key
design parameters and type I ELM characteristic parameters

Figure 5. Full spectrum of the plasma at the target location at a
charging voltage of 16 kV and gas mass of 1.56 mg.

assumed in the analysis obtained from [29]. Through the ana-
lysis of tables 1–3, we find that the energy density and elec-
tron density of plasma produced by the tapered gun basic-
ally conform to the parameters of ELM. The duration of
the tapered gun is relatively short. The average power dens-
ity of the tapered gun is much higher than that of type I
ELM. The heat flux factor of the tapered gun is relatively
high.

These results are mainly due to the short current cycle and
short electrode length of the actual tapered gun. Therefore, in
order to make the plasma parameters more consistent with the
nuclear fusion device for simulation experiments, the research
group plans to further optimize the power supply parameters,
circuit design and electrode structure on the basis of the exist-
ing conical gun discharge accelerator. At present, the research
group has built a pulse power supply with a maximum fre-
quency of 50 Hz. In addition, referring to the real situation in
ITER devices, the research group is also considering applying
an external magnetic field to the target that conforms to the
simulation experiment.
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Figure 6. (a) Hβ spectral line and its fitting spectral line; the broadening of this spectrum is 1.388 nm. (b) Instrument broadening measured
using a He–Ne laser; spectrum broadening is 0.465 nm.

Table 1. Essential parameters of the tapered accelerator.

Charging voltage 16 kV
Peak current 270 kA
Particle flux 1.23 × 1027 s−1 m2

Duration 50 µs
Velocity ⩽41.7 km s−1

Single-ion kinetic energy ⩽9.2 eV
Central energy density 1.5 MJ m−2

Central average power density 30 GW m−2

Heat flux factor 212.1 MWs1/2 m−2

Electron density ⩽2.78 × 1015 cm−3

Plasma flux ⩽1.16 × 1026 s−1 m2

Muzzle diameter 2 cm

Table 2. Essential data of QSPA kh-50.

Discharge voltage ⩽15 kV
Discharge current ⩽700 kA
Pulse duration 250 µs
External magnetic field ⩽0.54 T
Plasma stream energy density 0.5…30 MJ m−2

Target heat load ⩽1.1 MJ m−2

Average heat flux ⩽4.4 GW m−2

Heat flux factor ⩽69.6 MWs1/2 m−2

Maximal energy of particles 0.2…0.9 keV
Average plasma density 0.2…7 × 1022 m−3

Maximum value of plasma pressure 0.3…1.8 MPa
Plasma stream diameter ⩽0.18 m

3.2. Plasma thermal shock tungsten target

The process of plasma thermal shock on a tungsten target at
different angles is observed. The angles between the plasma
and target are 90◦, 60◦, 30◦, and 2◦. The experimental phe-
nomena are recorded by a high-speed camera. By observing
the thermal shock process, the damage effect of the target at
different angles can be analyzed.

As shown in figure 7, the thermal shock process at differ-
ent angles is captured by a high-speed camera. It can be seen
that the plasma reflects in all directions after exposure at 90◦.
The plasma is reflected along one side after exposure at 30◦

and 60◦. The plasma mainly ablates the edge of the target at

Table 3. Key design parameters and type I ELM characteristic
parameters assumed in the analysis [29].

ELM duration 0.5 ms
Divertor ELM energy density 0.2–2 MJ m−2

Heat flux in between ELMs 5–10 MW m−2

Pedestal density ∼8 × 1019 m−3

Pedestal temperature 3.5 keV
ELM frequency 1 Hz

2◦. The reflection of hydrogen plasma from vessel walls con-
tributes to the recycling of hydrogen and the plasma density in
tokamak device [30, 31]. The [25] points out that the reflec-
tion coefficient is not only related to the incident energy but
also needs to consider the change of angle and surface rough-
ness. However, it is difficult to consider the surface roughness
in theoretical calculations. The research group plans to discuss
methods of measuring the energy reflection coefficient in the
next simulation experiment.

In the full spectrum of the plasma in figure 5, it can be
found that the plasma does not emit light at 522 nm–542 nm
wavelength under the experimental conditions. In order to
observe the thermal shock process more clearly, the author
optimized the method with a high-speed camera. When shoot-
ing with a high-speed camera, an optical filter is installed in
the front of the lens. The optical filter blocks 532 ± 10 nm
of light. The purpose of installing the filter is to prevent the
light emitted by the plasma from entering the high-speed cam-
era during the exposure process. The relationship between the
transmittance and wavelength of the filter is shown in figure 8.
Then, a 532 nm DC continuous wave (CW) laser was used to
supplement the light on the target surface in the experiment;
the result is shown in figure 9. Figure 9 shows the splash-
ing of droplets or particles on the surface of the target after
the thermal shock at 90◦. The surface of the target is kept
at room temperature before exposure. During multiple expos-
ures, no other means is used to cool the target. In the follow-
up experimental scheme, cooling the target will be considered
to obtain experimental results more in line with the simula-
tion experiment. It can be seen from figure 9 that the sizes of
droplets and particles splashed from the target are of the order
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Figure 7. Pictures of the interaction between plasma and tungsten at different angles (90◦, 60◦, 30◦, 2◦) under the same discharge
parameters using a high-speed camera. The interval time is 3.7 µs and the exposure time is 0.71 µs.

Figure 8. Relationship between transmittance and wavelength of
the filter.

of millimeters. Combined with figure 13, there is a liquefac-
tion process on the surface of the target. The muzzle of the
gun is 2 cm, and the size of the target is 3 cm× 3 cm. Figure 9
verifies that the plasma thermally diffuses in the process of
motion.

In tokamak reactors, tungsten impurities in the plasma can
cause large core radiation losses [32]. Generally, the higher the
Z, the lower the concentration limit (Z of tungsten is 74). The
limit of tungsten concentration in the core is 1 × 10−5, which
shows that even a very small fraction can lead to poor plasma
performance up to plasma extinguishing.

Figure 10 shows the sketch of the temporal evolution of the
plasma stream and heat flux reaching the target. Thermal dif-
fusion occurs in the transport process of the plasma stream.
When the heat flux reaches the target, the energy accumulates
on the surface of the target and the surface temperature
increases. The rise in temperature results in strong melting of

tungsten during the 50 µs pulse and subsequent droplet splash-
ing. The plasma stream is reflected after reaching the target.

3.3. Material characterization

This section studies the damage effect of plasma thermal
shocks on the tungsten target. Due to the surface character-
istics of the material, ablation, cracks and residual stress are
mainly observed. The target size is 30 × 30 × 2 mm, and
the surface of the target is polished before the experiment.
Figure 13(a) shows the mirror polished surface photographed
by a metalloscope. Figure 11 shows the target surface abla-
tion at different angles under 16 kV charge and 20 pulses;
(a)–(d) show the surface morphology of the target after plasma
thermal shocks at 2◦, 30◦, 60◦, and 90◦ respectively. It can be
seen that the ablation is at the center at 30◦, 60◦ and 90◦, and
the ablation is mainly at the edge at 2◦. There is almost no
ablation in the center of the target at 2◦. This corresponds to
figure 7 above.

As shown in figure 12, with a decrease in the angle, the
area of the plasma hitting the target increases, resulting in
a decrease in the energy accumulation per unit area. An
obvious crack can be seen on the surface of the 90◦ target
after 20 pulses in figure 11. The large temperature difference
transformation and the thermal stresses introduced by pulsed
plasma loading lead to the generation of the large crack.

The energy distribution of the plasma can be roughly seen
from figure 11. At [15], NSC-KIPT shows that a homogen-
eous distribution of the energy density along the target surface
is observed under normal incidence, and the energy density
along the target surface is essentially not uniform for inclined
plasma irradiation.

The muzzle diameter of the gun is 2 cm and the ablation at
the center of the target surface is more serious than that at the
edge at the angle of 90◦, and the ablation diameter expands
to about 3 cm as can be seen in figure 11. This is due to

7
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Figure 9. (a) Actual profile of the sample. (b) Images taken with a high-speed camera. The angle between the surface of the target and the
direction of the plasma transport is 90◦. A 532 nm laser is used for light compensation. The interval time is 3.7 µs and the exposure time is
2.07 µs.

Figure 10. Sketch of the evolution of the plasma stream and heat flux reaching the target.
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Figure 11. Surface morphology of the target after plasma thermal shock with 20 pulses. The white box is the location for further material
characterization. (a) 2◦, (b) 30◦, (c) 60◦, (d) 90◦.

Figure 12. Sketch of the damage area on the surface of the target when the angles are (a) 90◦ and (b) θ.

the thermal diffusion of the plasma. This corresponds to the
energy density discussed in figure 4 above.

The target surface after mirror polishing and the marked
positions of the four samples in figure 11 are photographed
by a metallographic microscope. The results are shown in

figure 13. It can be seen from the photograph that there are
obvious traces of liquid flow on the surface of tungsten at
60◦ and 90◦ in figures 13(b) and (c). This proves that the
surface of the target has begun to melt in the process of the
interaction. The melting process of the target surface affects

9
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Figure 13. (a) Surface of the target plate after mirror polishing, and (b) 90◦, (c) 60◦, (d) 30◦, (e) 2◦ is the surface morphology of tungsten
target at the mark in figure 11 taken by a metallographic microscope, respectively.

the surface roughness. Combined with the above discussion,
the energy accumulated at the surface of the target is high
enough to make the surface melt at 60◦ and 90◦. After melt-
ing, droplets splash from the surface. Droplet splash and tung-
sten atom gasification on the surface result in mass loss of
the target as shown in table 1. Several dense cracks can be
seen on the surfaces of the targets in figure 13. Pulsed plasma

loading introduces thermal diffusion, which results in a crack
network.

In order to further study the cracks, SEM is needed. It can
also be seen that the surface cracks of 2◦ present a wavy shape
in figure 13(e), which is due to the large temperature difference
on the surface of the target, and the wavy cracks are produced
during the temperature propagation process on the surface.
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Figure 14. Surface morphology of tungsten target taken by SEM. (a) 2◦, (b) 30◦, (c) 60◦ and (d) 90◦ is the 450 times magnified image at
the mark in figure 10, respectively. (e)–(h) is the 11 K times magnified image at the marked positions (A), (B), (C), and (D), respectively.

Figure 14 shows the target surface photographed by scan-
ning electron microscopy (SEM), in which the edge is photo-
graphed at 2◦ and the center is photographed at 30◦, 60◦, and
90◦. The shooting positions in (a)–(d) are the marked positions
of the samples in figure 11. It can be seen from (c) and (d) that

when the included angle is 60◦ and 90◦, the target surface is
severely ablated. The areas (A), (B), (C) and (D) in the figure
are enlarged 11 K times by SEM to obtain (e)–(h).

In figures 14(e) and (f), it can be found that there are obvi-
ous cracks on the surface of the target when the angle is
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Table 4. Mass and mass loss of the tungsten target before and after 20 pulses.

Degree (◦) Before (g) After (g) △ (g)

2 29.10 29.09 0.01
30 29.49 29.47 0.02
60 28.49 28.46 0.03
90 27.87 27.84 0.03

Table 5. Surface residual stress at the mirror polished surface at different angles after 20 pulses.

Angle Mirror surface 2◦ 30◦ 60◦ 90◦

Residual stress (MPa) −892.1 ± 14.2 286 ± 14.4 302 ± 13.5 322 ± 12.6 294 ± 6.3

2◦ and 30◦. From figures 14(g) and (h), it can be found that
the target surfaces with the angles of 60◦ and 90◦ are uneven,
and fine cracks with a network are found on the resolidified
surface of the shedding area. This may be due to the target sur-
face falling off during the plasma thermal shocks at 60◦ and
90◦, resulting in the uneven target surface. In the process of
thermal shock, the temperature difference between the target
surface and a certain depth causes cracks on the target surface.

Combined with figures 11–14, it can be found that the
damage effect on the target decreases with a decrease in the
angle. In the above calculation, the maximum kinetic energy
of hydrogen ion is 9.2 eV, which is far less than the sputtering
threshold of tungsten. The damage effect of plasma on the tar-
get is mainly due to the increase in surface temperature caused
by the energy accumulation on the surface. The sudden cooling
and heating of the target surface makes the tungsten material
brittle [1, 10, 14], and the large surface temperature gradient
produces uneven expansion deformation. The surface cracks
are formed in the process of the damage effect.

Referring to the previous report, in order to further analyze
the damage effect of tungsten target in the simulation experi-
ment, the research team analyzed the mass loss of target plate
after bombardment at different angles. Table 4 shows the mass
andmass loss of the target before and after 20 pulses. Themass
loss of the target is mainly due to the droplet splash and tung-
sten atom gasification, and may also be caused by liquefaction
or other damage effects. In this simulation experiment, it is
found that there will be a certain amount of tungsten impurity
sputtering without external magnetic field constraint, which
will seriously affect the stable operation of the tokamak device
combined with the discussion above.

In order to further verify the generation mechanism of the
surface crack of the target, the macroscopic residual stress of
the target after thermal shock is measured by XRD. The aver-
age first kind of internal stress at the marked position on the
target surface in figure 11 is measured in this paper.

Table 5 shows the measured surface residual stress at the
mirror polished surface, the edge of the 2◦ and the center of the
30◦, 60◦ and 90◦ after 20 pulses. It can be seen from table 5
that the residual stress of the original mirror polished surface
is −892.1 ± 14.2 MPa. The material of the tungsten target
is fabricated by longitudinal stretching and transverse ham-
mering, so the surface residual stress of the original mirror is
negative. The surface residual stresses of 2◦, 30◦, 60◦ and 90◦

are 286± 14.4, 302± 13.5, 322± 12.6 and 294± 6.3 respect-
ively. It can be found from table 5 that the residual stress on
the surface of the target after thermal shock increases, from
compressive stress to tensile stress. In the process of plasma
thermal shock on the target, the temperature of the target sur-
face rises rapidly, forming a large temperature gradient, res-
ulting in uneven expansion deformation and resulting in resid-
ual stress on the surface. When the angle between the plasma
transport direction and the target is 2◦, 30◦ or 60◦, the sur-
face stress increases with an increase in the angle. With an
increase in the angle, the accumulated energy of plasma on the
surface of target increases and the temperature gradient of the
target falls, so the surface residual stress increases. As can be
seen in figure 11(d) above, under the condition of 90◦, there
is an obvious crack after 20 pulses. The large crack releases
the stress on the surface of the target so the measured residual
stress decreases slightly.

4. Conclusion

In this paper, the damage effect of ELM-I on a divertor target
in a tokamak under H-mode is simulated by thermal shocks
of pulsed plasma on a tungsten target. A discharge system of
a tapered coaxial accelerator is set up. The conclusions are as
follows:

The plasma is produced by a charging voltage of 16 kV and
pre-filled mode discharge, and the working gas is hydrogen.
The current waveform is a gradually decreasing sine wave, and
there are always multiple current paths in the coaxial gun dur-
ing the discharge process. During the transport of the plasma,
thermal diffusion causes the energy density to decrease from
the center to the edge. The duration of the plasma stream
is about 50 µs. The heat flux factor is 212.1 MWs1/2 m−2.
In the next step, it is necessary to change the power supply
and circuit to increase the duration and reduce the heat flux
factor below 100 MWs1/2 m−2. It is also necessary to shorten
the pulse period and cool the target during the discharge
process.

The damage effect is at the center at 30◦, 60◦ and 90◦, and
there is almost no ablation in the center of the target at 2◦. In
the 90◦ exposure process, it can also be observed that there
are millimeter-sized droplets or particles splashing from the
surface of the target.
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Based on the actual situation of tokamak devices, this paper
makes an in-depth analysis of the material characterization
(surface liquid splash, mass loss, etc) after bombardment at
different angles, which is different from previous reports. The
diagnosis method is introduced in detail. There are obvious
traces of liquid flow on the surface at 60◦ and 90◦, and the sur-
face is uneven, which indicates that the target surface liquefies
during the interaction. Small cracks are found on the uneven
surface. The melting process contributes considerably to the
surface roughness. There are obvious cracks of the order of
micrometers on the surface. The mass loss of the target is
mainly due to the droplet splash and tungsten atom gasific-
ation, and may also be caused by liquefaction or other damage
effects.

With the decrease in angle, the accumulated energy of the
surface decreases, so the stress decreases. At the angle of 90◦,
an obvious crack appears on the surface of the target plate,
which releases the stress, and reduces the surface residual
stress.
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