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For the first time, the features of the interaction of plasma with materials and the erosion mech-
anisms have been evaluated for surfaces in a three-dimensional geometry exposed by powerful
plasma. Experimental studies of the powerful interaction of plasma with the three-dimensional
structures have been carried out on a quasistationary plasma accelerator QSPA Kh-50. The
plasma streams with surface heat loads of 0.9 MJ/m2 and plasma pulse duration 0.25 ms, rel-
evant to ITER ELM, have been used in the experiments. The significant erosion occurs under
the action of plasma heat loads. Erosion is accompanied by the separation of material particles
from the irradiated surfaces. It is found that the number and the velocity of particles emitted
from the surface depend on the number of plasma pulses. The most significant factors causing
a macroscopic erosion for a three-dimensional tungsten structure have been studied.
K e yw o r d s: divertor, castellated structure, quasistationary plasma accelerator, plasma-
surface interaction.

1. Introduction

Divertor plates in a fusion reactor ITER will be con-
structed in a three-dimensional geometry, the so-
called castellated structures, for which the tungsten is
selected as the main armoring material [1]. Tungsten
has a high energy threshold for the physical sputter-
ing, high melting point, and high thermal conductiv-
ity. It is also characterized by low tritium retention
[2, 3]. However, tungsten has a high ductile-to-brittle
transition temperature, resulting in the cracking un-
der repetitive thermal loads during transient events
in the ITER such as disruptions and ELMs (Edge
Localized Modes). During the operation of the reac-
tor, the castellated structures can reduce the influence
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of the induced surface currents. Another advantage
of such structures is a reduction in thermal stresses,
which lead to the formation of macro- and microc-
rack networks on the surface of tungsten. This is one
of the significant mechanisms of erosion of a tung-
sten armor [4, 14]. The formation of a melted layer
with the following droplet splashing erosion causes
the essential damages of the divertor during tran-
sient events. Numerical and experimental simulations
of the behavior of castellated structures under con-
ditions relevant to the ITER transient events have
shown that the processes on the unit structure edges
result in the special contribution to the erosion. The
development of instabilities on the edges (Rayleigh–
Taylor instability, Taylor criterion) leads to the par-
ticle ejection into the plasma volume. The “bridges”
are formed through the gaps between the structure
units, and they may be also separated from the struc-
ture under the further plasma impacts [5, 6]. The
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quasistationary plasma accelerators (QSPA) can re-
produce the required parameters of a plasma load
such as the pulse duration and the energy density
in the experimental simulations of ITER transient
events. Thus, the QSPA enables to investigate the be-
havior of structural elements of the reactor under the
impacts of plasma with required parameters and ir-
radiation doses [7]. Some aspects of the castellated
structure behavior under thermal loads, which lead
to the melting of a material have been investigated
previously [8, 9]. However, the evaluation of the in-
fluence of edge effects on the mechanism of erosion
of the tungsten castellated structure still requires a
further experimental study. This paper presents the
series of experiments on the study of the interaction
of repetitive powerful plasma streams of QSPA Kh-
50 with a three-dimensional tungsten structure under
conditions relevant to the ITER transient events.

2. Experimental Setup and Diagnostics

The experimental study of erosion of a three-di-
mensional structure has been carried out on a
powerful quasi-stationary plasma accelerator QSPA
Kh-50 – the largest and most powerful device of
this kind [7, 10]. The main parameters of hydrogen
plasma streams are as follows: ion impact energy
is about (0.4 ... 0.6) keV, the maximum plasma pres-
sure is up to 0.32 MPa, and the stream diameter
of 18 cm. The plasma pulse shape is approximately
triangular, and the pulse duration of 0.25 ms. The
energy density of the plasma stream is in the range
of – (0.5 ... 30) MJ/m2. The energy density in a free
plasma stream and the surface heat load were mea-
sured by local calorimeters. The plasma pressure was
measured by piezoelectric detectors. The observation
of erosion products during the interaction of repet-
itive plasma pulses with the tungsten structure was
performed with a high-speed 10-bit CMOS pco.1200
s digital camera PCO AG (exposure time from 1 𝜇s
to 1 s, spectral range from 290 to 1100 nm). The reg-
istration and the analysis of erosion products were
made by a scheme, which was used in the earlier ex-
periments on QSPA Kh-50 [11].

The target design is a collection of nine tungsten
cylinders fixed in polyamide. The diameter of each
cylinder is 5 mm, height – 20 mm, and minimal gap
between the cylinders – 1 mm. The ceramic plate was
placed behind the target for collecting the erosion
products (Fig. 1).

Fig. 1. Scheme of a three-dimensional target

The three-dimensional tungsten target was irra-
diated by plasma streams with a surface heat load
of 0.9 MJ/m2 (between the melting and evaporation
thresholds of tungsten defined earlier) [10]. The sur-
face of the target was placed perpendicularly to the
plasma stream direction. The target temperature be-
fore and between irradiating pulses was slightly dif-
fered from room temperature. The maximum number
of plasma impacts – 100 pulses. The analysis of the
exposed target surfaces and particles collected on the
ceramics was carried out with an optical microscope
MMR-4 equipped with a CCD camera.

3. Experimental Results

The molten layer is formed on the target irradiated by
plasma with the above-mentioned surface heat load
[7, 10]. The melt moves under the action of external
forces, first of all, the pressure gradient and the tem-
perature gradient [12]. The plasma-surface interac-
tion is accompanied by the intense droplet/dust ejec-
tion from the exposed surfaces. After the first irradi-
ating pulse, the local overheating of the target edges
and the particle ejection are observed (Fig. 2). Partic-
les are ejected from the target surface, as well as from
the target volume. It is found that the separation of
particles from the target depends on the number of
impacting plasma pulses and has threshold charac-
ter (Fig. 3). At the initial irradiation dose up to 5
pulses, the particles are emitted during each pulse. A
lot of particles is emitted from the target during 20–
31 pulses, but with a larger interval of 5–6 plasma
pulses. The next local maximum of the emission of
particles occurs after 61–62 pulses, probably, due to
the development of mountains of a displaced material
at the target edges. A small number of ejected par-
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a b

c d
Fig. 2. Frames of the digital camera after 20 (a), 30 (b), 61
(c), and 100 (d) plasma pulses. The exposure time – 1.2 ms

Fig. 3. Number of ejected particles vs. the number of plasma
pulses

ticles are observed on the frames of a digital camera
with next exposed pulses and till the end of a plasma
irradiation series.

The distributions of velocities and the number of
ejected particles depending on the time of a start from
the target were obtained on the basis of an exposure
time of the frame and the particle track length. The
particles with the large values of velocity correspond

a b
Fig. 4. Distributions of velocities (a) and numbers (b) of
ejected particles vs. the start-up time from the exposed sur-
face after the 20-th plasma pulse

a b
Fig. 5. Distributions of velocities (a) and the number (b) of
ejected particles vs. the start-up time from the exposed surface
after the 61-st plasma pulse

to the longer tracks with lower glow intensity on the
frames. The analysis of camera frames after 20 pulses
has shown that most particles start from the surface
in the time range of (0 ... 0.4) ms (0 – the beginning of
the plasma-target interaction), and the maximum ve-
locity is up to 20 m/s (Fig. 4). As the irradiation dose
increases up to 60 plasma pulses, most particles start
from the surface in the time range of (0.4 ... 0.7) ms,
the maximum velocity being up to 10 m/s (Fig. 5).

As was been shown early, the melt exists on the
surface up to 0.25 ms. After this, it is solidified [12].
Thus, at the irradiation dose less than 20 pulses, most
of the emitted particles are in the liquid state and
have velocities up to 15 m/s. After the 61-st pulse,
the majority of emitted particles are in the solid state
with velocities up to 10 m/s. The velocity of liquid
particles reduces to 4 m/s probably due to an increase
in the size of such particles.

The analysis of the exposed target surfaces showed
the development of crack networks on the surface
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a b
Fig. 6. General view of the exposed target surfaces after 10
(a) and 100 (b) plasma pulses

and the melt motion (Fig. 6). The macrocrack net-
work with average cell size up to 500 𝜇m is formed
on the exposed surface after first several plasma
pulses (Fig. 6, a). Such kind of cracks appears due
to the ductile-to-brittle transition effect, and it may
result in the ejection of a solid dust from the ex-
posed surfaces. The macrocrack width is about 6
𝜇m. The microcracks with a cell size about 50 𝜇m
are observed against the background of macroc-
racks due to the resolidification of the melted layer
(Fig. 7). The width of such cracks does not ex-
ceed 1 𝜇m.

The roughness of the exposed surfaces increases
with the number of the irradiating plasma pulses. It
is caused by growing the width and a swelling of
the edges of cracks, as well as the melt motion and
the development of instabilities in the melted layer.
Nevertheless, the macrocracks are partially filled by
the molten material (Fig. 6, b). The most overheated
cylinder edges are smoothed out after several first
plasma impacts. Further, the melt motion and its so-
lidification lead to the appearance of pronounced pro-
tuberances on the edges of the cylinders, so-called
“umbrellas”. The “umbrellas” are not uniform due to
the development of instabilities on the edges of the
cylinders. In particular, on some units, the “umbrel-
las” become longer. They may cover the gaps between
the elements of the three-dimensional structure. As a
result, the “bridges” appear between the elements of
the structure, as was shown earlier [6, 8]. The “um-
brellas” may be destroyed under the action of fur-
ther irradiating plasma pulses. Therefore, they can
be a source of emitted particles (Fig. 6, b). Thus, it
is shown that the development of cracks and the melt
motion on the exposed surfaces lead to an essential
modification of the target surface.

Fig. 7. Networks of macro- and microcracks on the exposed
surface of the three-dimensional target

a

b
Fig. 8. View of the surface area of the collected plate (a) and
the distribution of particles re-deposited on the collected plate
vs. the particle size (b)

The analysis of the surfaces around the cylinder
structure and the collecting plate (Fig. 1) shows the
presence of re-deposited particles from the struc-
ture. The surface analysis of the collecting ceramic
plate showed that the maximum size of collected
particles exceeds 200 𝜇m (Fig. 8). Most of the col-
lected particles have sizes in the interval (10 ... 70) 𝜇m
(Fig. 8, b).
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The erosion of flat tungsten targets was investi-
gated during earlier experiments on the QSPA Kh-
50 in detail. The erosion of both flat and three-
dimensional targets is characterized by the cracking
of surfaces irradiated by plasma with similar param-
eters. It should be noted that the crack networks
on the surfaces of flat and three-dimension targets
have similar typical sizes [13]. At same time, some
cracks are partially filled by a melt under the sequen-
tial plasma irradiation [14]. For both target types,
the development of instabilities is observed in the
melted layer during its motion along the exposed sur-
face. The Kelvin–Helmholtz instability is dominated
in the erosion of flat targets. The Kelvin–Helmholtz
and Rayleigh–Taylor instabilities develop on the
three-dimensional target. The Rayleigh–Taylor insta-
bility and the Taylor criterion breach are predominant
factors, which influence the development of a surface
relief due to the presence of sharp edges in the tar-
get. In general, the damages of tungsten targets due
to the cracking and the development of instabilities
at the surface layer lead to the particle ejection from
the exposed surfaces. Earlier, it was found experimen-
tally that the sizes of particles re-deposited on sur-
faces around the target are in range of (1 ... 60) 𝜇m
[15]. In the current experiment, as was mentioned
above, most of the particles have sizes in the interval
(10 ... 70) 𝜇m. But the particles with size more than
200 𝜇m are observed as well. This can be explained
by effects on the edges of three-dimensional construc-
tion units (in particular, formation and destruction
of “umbrellas” and “bridges”) (Figs. 3 and 8).

4. Conclusions

The features of the interaction of plasma with tung-
sten targets of three-dimensional geometry have been
studied under repetitive plasma loads with param-
eters relevant to ITER ELM (surface heat load of
0.9 MJ/m2 and pulse duration of 0.25 ms).

It has been shown that the plasma heat loads lead
to a significant erosion of the target, which is accom-
panied by the separation of tungsten droplets/dust
from the target surface. The number and velocities
of ejected particles depend on the number of irra-
diating plasma pulses: as the number of pulses in-
creases, the velocities of particles decrease, whereas
the start-up time increases. The formation of cracks
and the melt motion modify the surface and edges

of the irradiated construction depending on the num-
ber of plasma pulses. These processes determine the
number and properties of particles ejected from the
tungsten target.

This work has been performed in the frame of the
program of the NAS of Ukraine “Prospective studies
on plasma physics, controlled thermonuclear fusion,
and plasma technology”, project П-5/24-2015, and
was partially supported by the STCU project 6057.
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ЕРОЗIЯ СКЛАДЕНОЇ ТРИВИМIРНОЇ
ВОЛЬФРАМОВОЇ МIШЕНI ПIД ВПЛИВОМ
ПОТУЖНИХ ПЛАЗМОВИХ ПОТОКIВ З КСПП Х-50

Р е з ю м е

Вперше дослiдженi особливостi взаємодiї плазми з матерiа-
лами та механiзми ерозiї в тривимiрнiй геометрiї поверхнi,
пiд впливом потужного плазмового опромiнення. Експери-
ментальнi дослiдження взаємодiї потужної плазми з триви-
мiрними структурами виконанi на квазiстацiонарному пла-
змовому прискорювачi КСПП Х-50. В експериментах за-
стосовували потоки плазми з тепловим навантаженням на
поверхню – 0,9 МДж/м2 та тривалiстю плазмового iмпуль-
су – 0,25 мс, що є близькими до умов IТЕР ELM. Пiд впли-
вом зазначених теплових навантажень вiдбувається суттєва
ерозiя мiшенi, що супроводжується вiдокремленням часток
матерiалу вiд опромiнюваних поверхонь. Встановлено, що
кiлькiсть та швидкiсть часточок, якi вiдлiтають з поверх-
нi, залежить вiд кiлькостi iмпульсiв. Дослiдженi найбiльш
значущi джерела макроскопiчної ерозiї вольфрамової три-
вимiрної конструкцiї.
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