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The plasma energy transfer to plasma-facing materials, as well as the energy and particles exhaust, needs to be
extensively studied for the implementation of the next-step fusion reactor project. Analysis of plasma-surface inter-
action features has been performed using QSPA exposures of reference plasma-facing materials. The parameters of
the plasma streams imitated conditions of transient events in a fusion reactor. The influence of an external magnetic
field on the energy balance during the plasma-surface interaction is also discussed.
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INTRODUCTION

The lifetime of the plasma-facing components
(PFCs) of the divertor, as well as the first wall, against
high particle and heat fluxes during off-normal transient
events (edge localized modes (ELMs), vertical displace-
ment events (VDESs) and plasma disruptions), is still of
concern in the design and realization of projects of nov-
el fusion reactors like ITER and DEMO [1 - 3]. Erosion
of PFCs caused by high-energy plasma impacts results
in both surface damage and impurities production which
could lead to radiative cooling of the plasma. All these
aspects are critical issues for the successful performance
of the fusion reactor.

One of the preliminary ITER designs proposed to
use tungsten (W), CFC (Carbon Fibre Composite), and
beryllium (Be) as armour materials for PFCs. Tungsten
is the choice for the divertor baffle areas where a high
concentration of neutral particles exists [3]. CFC was
proposed for the lower part of the ITER divertor vertical
targets affected by high heat fluxes. The beryllium was
chosen as an armour material for ITER’s first wall.
Surfaces of W and Be could be damaged due to the
creation and loss of a molten layer during transient
events. CFCs do not melt, they have a high thermal
shock and thermal fatigue resistance (low crack propa-
gation), and high thermal conductivity [3]. However,
besides brittle destruction, a general disadvantage of all
carbon-based materials for fusion application is high
tritium retention in redeposited layers. Therefore, CFCs
were excluded from plasma-facing materials (PFM) in
the last design of ITER [1, 2].

Tungsten and beryllium have low tritium retention.
Additionally, W has a lower erosion rate due to its low
sputtering yield and higher sputtering threshold energy
compared to Be and CFC. However, tungsten has some
disadvantages, including brittleness and a significant
radiative power loss from the plasma even with a small
amount of it present in the confined plasma region [2,
4]. Nevertheless, tungsten is proposed as a primary
plasma-facing armour material for the divertor and first
wall of DEMO. Consequently, comprehensive experi-
mental investigations focusing on the selection of W
grades based on their behaviour under plasma thermal
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loads; simulating normal heat flux, disruption, and
thermal shocks are still required [1 - 6].

A liquid metal (LM) divertor was proposed as an al-
ternative to a full metal tungsten divertor for DEMO
and future fusion devices [7, 8]. LM components have a
number of advantages, including the mitigation of sur-
face melting, cracking, and embrittlement as well as the
reduction of neutron-induced lattice defects that can
appear in solid tungsten mock-ups [8]. It should be
noted that the evaluation of plasma energy transfer to
PFC produced from different materials still needs to be
extensively studied experimentally.

Quasi-stationary plasma accelerators (QSPAS) have
the capability to reproduce disruption and ELM impacts
in terms of both heat load and particle flux to the sur-
face which mimics the divertor conditions [9 - 12]. The
energy transfer from powerful plasma to tungsten sur-
faces during plasma-surface interactions (PSIs) has been
investigated within the quasi-stationary plasma accel-
erators: QSPA Kh-50 and QSPA-M [13 - 19]. The stud-
ies of vapour shielding of liquid-metal tin capillary
porous structures (CPSs) under plasma loads relevant to
fusion reactor transient events have been also performed
in simulation experiments using QSPA experimental
facilities [19]. The article presents a comparative study
of the contribution of shielding layers in front of ex-
posed surfaces to energy transfer from the powerful
QSPA plasma streams to surfaces of different materials.

1. EXPERIMENTAL FACILITIES, SAMPLES
AND DIAGNOSTICS

The experiments were performed within two QSPA
devices: QSPA-M and QSPA Kh-50. The QSPA-M
device can reproduce conditions of ITER ELM [12, 13,
18]. The discharge voltage in the QSPA-M accelerating
channel achieved 10 kV and the discharge current was
400 kA. The plasma pulse duration slightly exceeded
0.1 ms. The maximum value of the hydrogen plasma
pressure measured with a piezo detector amounted to
0.3 MPa. The plasma stream diameter was around 5 cm
in the presence of a B-field and increased to 15cm
when the external magnetic field was switched off. The
value of energy density in the axis region of the plasma
stream varied in a range of 0.1 to 1 MJ/m? [12, 13, 18].
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The average value of plasma density in free pure hydro-
gen plasma stream was Ne = (2...3)-10** m® without an
external B-field and reached Ne = (2...3)-10%? m® when
the magnetic field was applied [12, 13].

A large-scale QSPA Kh-50 device [10, 11, 14 - 16]
was used to simulate plasma disruptions and giant
ELMs when a strong vapour shield dominates in plasma
surface interaction significantly decreasing the energy
transfer to the surface. The main parameters of the
QSPA Kh-50 hydrogen plasma streams were as follows:
an ion impact energy of about 0.4 keV, a maximum
plasma pressure of 0.32 MPa, and a stream diameter of
18 cm. The plasma pulse shape was approximately
triangular with a pulse duration of 0.25 ms. Energy
density in the plasma stream achieved 3 MJ/m? [10, 11].

Optical spectroscopy was used for the determination
of plasma parameters (electron density and temperature)
in front of exposed surfaces and the studies of the target
impurity behaviour in the plasma shield during the PSI
[10, 13]. The plasma stream energy density and heat
loads on the surface were measured with a set of mova-
ble calorimeters [11 - 16]. A high-speed (10bit CMOS
pco.1200 s) digital camera PCO AG was used to per-
form observations of the plasma interactions with ex-
posed targets and studies of the dynamics of material
droplets and solid dust particles in front of the irradiated
surface. The velocities of the emitted particles and the
instants of their ejection (from the target surface) were
calculated using the information from the subsequent
camera frames (with visible traces of the particles flying
from the target surface after a plasma shot) [11 - 20].

Pure tungsten of size 5x5x0.5 cm was used for the
experiments. The combined W-C target consisting of a
tungsten rod with a diameter of 1 cm surrounded by
MPG-7 graphite with a diameter of 8 cm was also irra-
diated. The two types of CPS samples were exposed as
well. The first sample included two stainless steel (SS)
meshes wetted by Sn, placed in a copper target cap with
a diameter of 5 cm. The average cell size of the mesh is
150%150 um, the wire thickness is 90 um [19]. The
second CPS target was a cylindrical tungsten sample
with a diameter of 2.45 cm and a height of 1.7 cm; filled
with tin (the design is described in more detail in [8,
20)).

2. INVESTIGATION OF TRANSIENT
PLASMA LAYERS DURING PLASMA
SURFACE INTERACTION

Fig. 1 shows the heat load to the surfaces of tung-
sten, combined W-C, and tin (Sn) targets, measured
using calorimetry, as a function of the energy density of
the impacting plasma stream within QSPA Kh-50.
Tungsten vapour shield formation and its influence on
the plasma energy transfer to the surface become clearly
seen as an impacting energy density achieves
2.4 MJ/m?. The absorbed surface heat load does not
exceed 1.1 MJ/m? The value of the heat load to the
surface remains practically constant with further in-
crease of the energy density of impacting plasma (see
plateau region in Fig. 1). Plasma impacts with loads
near the evaporation threshold cause the tungsten sur-
face evaporation and the droplets splashing (Fig. 2,a).
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Fig. 1. Heat load to the target surfaces vs. the energy
density of impacting plasma stream within QSPA Kh-50
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Fig. 2. Images of plasma stream interaction with
different surfaces: W (a), W+C (b), Sn (c, d). The
energy density of the exposing QSPA Kh-50 plasma
stream is 2 MJ/m?. Plasma impact is from right to left

Measurements of the energy transfer for the com-
bined tungsten-graphite target demonstrate a reduction
in the value of the energy density delivered to the target
surface compared to tungsten irradiation alone. The
formation of a carbon vapour shield during exposures of
the combined W-C target results in an additional de-
crease in the heat loads to the W surface (from 1.1 to
0.8...0.85 MJ/m?) and prevents tungsten evaporation.
Hot spots are observed on the graphite surface of the
combined W-C target (Fig. 2,b), indicating overheated
local areas. The hot spots are likely formed due to the
development of the relief on the graphite surface.

Evaporated tungsten is concentrated in a rather thin
plasma layer of < 0.5 cm close to the surface and it does
not propagate significantly upstream during the QSPA
Kh-50 pulse. In the case of the graphite exhaust, the
thickness of the shielding layer increases during the
pulse and exceeds 5cm. Spectroscopy measurements
demonstrate that carbon lines are registered both in front
of the target surface and at larger distances (at least up
to 20 cm) from the target [10].
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The shielding near the Sn surface develops at a low-
er impacting energy density (~ 1 MJ/m?). The value of
heat load to the CPS target is no more than 0.45 MJ/m?.
The energy density delivered to the CPS tin target is
reduced compared to similar measurements performed
for tungsten and W+C surfaces under identical treat-
ment conditions. This result shows that for the CPS
target, the energy shielding starts earlier and the shield-
ing coefficient increases considerably due to the lower
boiling temperature of Tys, = 2875 K compared to tung-
sten boiling (Tpw=~5933 K) and carbon sublimation
(The~ 4000 K) temperatures [9]. Nevertheless, particle
emission is observed from the SS meshes wetted by Sn
(Fig. 2,c) and from the CPS tungsten sample filled with
Sn (Fig. 2,d). More intensive particle ejection is ob-
served for the CPS tungsten target due to liquid particles
leaving not only the Sn pool but also solid tungsten dust
from the exposed matrix [20].

The influence of the magnetic field on the energy
transfer to the exposed surface has been studied within
QSPA-M. The maximum energy density of the free
plasma stream achieved a value of Q = 0.75 MJ/m?. No
substantial difference has been observed in the energy
density values of free plasma stream or their behaviour
with and without a magnetic field [17 - 19].

High-speed images of plasma-surface interaction
with tungsten and tin are presented in Fig. 3. The bright
area in the images corresponds to the maximum density
of the transient plasma layer that arises near the surface
during the impact of the plasma stream. Moderated
particle splashing is observed in the case of irradiation
of tin target with plasma streams having an energy den-
sity of 0.75 MJ/m? within QSPA-M (see Fig. 3,b).

a
Fig. 3. Images of plasma stream interaction with
different surfaces: W (a), Sn (b). The energy density
of the exposing QSPA-M plasma stream is 0.75 MJ/m?.
Plasma impact is from right to left

The heat load absorbed by the tungsten surface is
approximately 60% of the impact plasma energy
(Fig. 4). Nevertheless, such heat load caused the melting
onset of the exposed tungsten surfaces. The heat load to
Sn surfaces reached a saturation point at 0.3 MJ/m?
under the same impacting energy conditions. The ener-
gy density in the shielding layer increases with the dis-
tance from the target surface. It illustrates the influence
of the shielding effect during the plasma stream interac-
tion with exposed surfaces (see Fig.4). The energy
density absorbed by the tin surface is lower compared to
tungsten surfaces, as previously shown for QSPA Kh-50
(see Fig. 1).
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Fig. 4. Distributions of plasma energy density
in the shielding layer vs the distance from the tungsten
(W) and tin (Sn) target surfaces at different values
of magnetic field (B) in QSPA-M: B =0.8 T (a),
B=0 (b). The energy density of the exposing QSPA-M
plasma stream is 0.75 MJ/m?

In the presence of an external magnetic field, the ener-
gy density saturates at a certain distance from the sur-
face of both tin and tungsten samples. Only a part of the
plasma energy is transferred to the target’s surfaces
through the shielding plasma layer (see Fig.4,a). A
different dynamics of energy dissipation in the shielding
layer is observed without an external magnetic field.
The energy density initially increases up to a maximum
value within a layer of (1...2) cm, slightly exceeding the
energy of the incident plasma. Afterward, the specific
energy decreases with increasing distance and becomes
comparable to the energy of the incident plasma. This
behaviour is similar for both tungsten and tin surfaces
(see Fig. 4,b). It could be attributed to the pinching effect
and the formation of a current vortex near the exposed
surface due to the compression of the head part of the
plasma stream at the point of impact to the surface [10,
11].

Spectroscopy studies of plasma stream dynamics
with and without an external magnetic field were also
carried out. The measured chord-averaged plasma den-
sity in the shielding layer near the surface achieves a
value in the range of (2...7)-10° m~® [12, 13, 17, 19].
This value weakly depends on a further increase of the
energy density in the plasma stream for both tin and
tungsten targets. The electron density in the plasma
shielding layer is found to be 5-10 times higher than in
the impacting plasma stream. This dense plasma shield
is completely non-transparent for the impacting plasma,
being considerably larger in size than the particle free
path length. It leads to a strong screening effect that
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significantly reduces the plasma energy transfer to the
surface [17 - 19].

The thickness of the shielding layer increases with
the growth of the magnetic field. For small energy
loads, the transient layer in front of the surface consists
of plasma stream species only.

Sn lines are detected at distances of up to 3 cm from
the exposed surface in the magnetic field of 0.8 T. The
spectral lines of Sn were registered only in a very thin
plasma layer near the exposed surface (< 0.5 cm from
the surface) when the magnetic field was switched off.
Thus, a magnetic field promotes the plasma shield con-
finement in front of the surface [19].

The tungsten spectral lines WI and WII start to ap-
pear only after the heat load exceeds the melting thresh-
old of the material. Further increase of the energy load
results in the development of a strong vapour shield
consisting of both plasma and material ions. The evapo-
rated tungsten is concentrated in a relatively thin plasma
layer (of < 0.5 cm) near the surface. It does not signifi-
cantly extend to greater distances upstream during the
plasma pulse. This could be explained by a greater
atomic mass of tungsten in comparison with carbon and
tin. Due to the impacting plasma stream pressure and
the flow of plasma around the target, the motion of
evaporated tungsten around the target is also observed
[17].

Radiation intensity near all kinds of samples is up to
ten times higher when an external magnetic field is
present compared to the case when there is no magnetic
field (B=0) [17 - 19]. It is important to note that in the
presence of an external magnetic field, visible radiation
from the transient plasma layer is registered even after
the end of a plasma pulse, as the sequence of plasma
confinement in the shield is altered by the applied mag-
netic field.

CONCLUSIONS

Plasma energy transfer to surfaces has been evaluat-
ed during QSPA plasma interaction with surfaces of
reference plasma-facing materials. The energy density
of the impacting plasma streams achieved 3 MJ/m®.
Plasma layers are created near exposed surfaces. The
electron density of the shielding layer is up to 10 times
higher than in the impacting plasma stream.

The heat load to the combined carbon-tungsten tar-
get was about 80 percent of the energy density absorbed
by tungsten surfaces. Nevertheless, carbon spectral lines
were registered at large distances (up to 20 cm) com-
pared to both tin (up to 3 cm) and tungsten (< 0.5 cm)
materials. The disadvantage of carbon is its high ability
to absorb tritium.

The energy density delivered to the capillary porosi-
ty system wetted by tin is half as small as that of a tung-
sten surface. The lower evaporation threshold of Sn
causes a large shielding effect. Thus, the combined
tungsten-tin target can mitigate the influence of the
plasma stream with larger energy compared to pure
tungsten samples. Nevertheless, a large splashing of
particles accompanied plasma-surface interaction with
the target wetted by tin. Therefore, the evolution of CPS
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target stabilities requires further experimental investiga-
tion at large heat loads.
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BHECOK IEPEXIJTHUX IIIAPIB Y IIEPEJAYY EHEPTII IIJTA3MHA PI3HAM IMOBEPXHAM
P B3AEMO/III IIJTA3MH KCIII 3 IOBEPXHSMU

B.O. Maxnaii, 1.€. I'apkywa, C.C. I'epawjenxo, I0.€. Boaxosa, I0.B. Ilempos, M.M. Axcvonos, M.B. Kynuk,
J.B. €nicees, ILB. Illesuyk, T.M. Mepenkoea

[Tepenaua eHeprii Marepianam, 0 KOHTAKTYBaTUMYTh 3 TUIA3MOIO B TEPMOSIICPHOMY PEaKTopi HOBOI'O HOKOJIi H-
HS, @ TAKOXX BIIBEJICHHS €HEPTil Ta YACTHHOK MOBHHHI OYTH JETaJHO BHBUCHI JJIS peatizamii MPoeKTy TepMosiaep-
Horo peakropa. IIpoBemeHo aHami3 ocoOMMBOCTEH B3a€MOZIi IIa3MH 3 MOBepXHsAMH mpu onpoMiHerHi B KCIIII
MaTepialiB, 0 0OpaHi B AKOCTI OCHOBHHX MaTepialliB, sIKi KOHTAKTYBaTHMYTH 3 IUIa3Mor0. [lapaMeTpu mra3mMoBuX
MOTOKIB IMITYBaJIM YMOBH IEPEXiTHUX TPOIECIB y TEPMOsIIEpHOMY peakTopi. OOroBOpeHO TaKOX BIUIMB 30BHIII-
HBOTO MarHiTHOTO TI0JIS1 HA €HePreTHYHNH OalaHC IPH B3a€MOAII IIa3MH 3 TIOBEPXHSIMHU.
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