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The paper presents experimental investigations of plasma-surface interaction (PSI) and materials behavior under
plasma loads relevant to giant ELMs in ITER. The experiments were performed with QSPA Kh-50 and GOL-3 devices
located in Kharkov, (Ukraine) and Novosibirsk (Russia) respectively. QSPA provided repetitive plasma pulses of the
duration of 0.25 ms and the energy density up to 2.5 MJ/m*. In GOL-3 multimirror trap the impacting plasma was
heated up to 2...4 keV temperature by a high power relativistic electron beam (0.8 MeV, ~30 kA, ~12 ps, ~120 kJ).
Surface morphology of the targets exposed to QSPA and GOL-3 plasma is analyzed. Development of cracking on the

tungsten surface and droplets splashing are discussed.
PACS: 52.40.Hf

1. INTRODUCTION

Divertor armor response to the repetitive plasma
impacts during the transient events in ITER remains to be
among the most important issues which determine the
tokamak performance and the lifetime of plasma-facing
components. Energy loads to the divertor surfaces
associated with the Type I ELMs are expected to be up to
Q = 1-3 MJ/m’ during 7= 0.1-0.5 ms. It is important that
about million ELMs will be generated during the ITER
operation cycle. Tungsten is a candidate material for
major part of the surface, but its brittleness can result in
substantial macroscopic erosion after the repetitive heat
loads. Transient loads in ITER will result in both material
erosion and plasma contamination by impurities.

Quasi-Steady-State Plasma Accelerators (QSPA) well
reproduce the energy densities (Q) and pulse durations (t)
of ITER ELMs [1, 2]. Experimental investigations of plasma-
surface interaction in ITER relevant conditions are aimed
the determination of main erosion mechanisms for the
divertor armour materials, dynamics of erosion products,
vapor shield effects under plasma heat loads. In turn, the
obtained results are used for validation of predictive
models developed for ITER [3], estimation of tolerable
size of ITER ELMs and lifetime of divertor armour.

Primary task of the GOL-3 facility is development of
a multiple mirror magnetic confinement scheme for
fusion. This approach differs from other magnetic
confinement schemes by higher plasma density and
multimirror (corrugated) magnetic field of linear
topology. Principal feature of GOL-3 experiments is the
use of a high-power relativistic electron beam for fast
collective plasma heating. In the discussed experiments
the beam parameters were 0.8 MeV, ~30 kA, 12 us, ~120
kJ. The temperature of deuterium plasma of ~10*' m™
density was 2-4 keV [4]. Such plasma parameters are
extremely attractive from the point of view simulation of
PSI issues in fusion reactor.

2. EXPERIMENTAL SETUP

In GOL-3 facility the relativistic electron beam loses
~40% of initial kinetic energy in average during the

collective relaxation in the plasma. Several linked
collective processes occur during the beam relaxation
which results in fast effective heating of plasma electrons
and ions. The energy confinement time reaches ~1 ms in
best regimes. The relaxed beam electrons and plasma
exhaust from the trap are dumped to the exit beam
receiver whish is placed in a decreasing magnetic field in
order to reduce energy load to the collector below the safe
margin (Fig.1). Energy density in the exhaust plasma
stream reaches ~30 MJ/m” in the exit mirror and then it
decreases correspondingly with the broadening of the
magnetic flux tube in the exit expander. At the collective
beam relaxation in the plasma a significant fraction of
initial beam energy is transferred to suprathermal
electrons with energies up to and above the initial beam
energy. Energy distribution of electrons in the plasma
stream was carefully studied in previous experiments on
action of hot-electron plasma stream with graphite targets
[5,6]. Fig. 2 shows general shape of power density
spectrum in the exit mirror (taken from [6]).
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Fig.1. Layout of experiments on targets exposing by hot-

plasma stream on GOL-3 facility. 1 — exhaust of plasma,

2 — end of multi-mirror trap, 3 — target, 4 — plasma dump

The energy density of the plasma stream was reduced
down to ~2 MJ/m’ in current experiments with targets.
This corresponds to estimated transient energy density in
ITER ELMSs type I regime. The targets of tungsten and
graphite were exposed to such flow of hot plasma with
different dose.

The experiments with quasi-steady-state plasma
accelerator QSPA Kh-50 [1,2] were performed using
repetitive pulses of hydrogen plasma of the duration of 0.25ms
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and the energy density in the range of (0.5...2.5) MJ/m®.
The plasma stream diameter is 18 cm, the ion energy is
about 0.4 keV, and maximum plasma pressure achieves
3.2 bar. Scheme of target irradiation is shown in Fig.3. It
is described in details in [7]. In some experiments an
Ohmic heater was installed behind the tungsten target to
study the influence of target preheating up to it = 650°C
on surface cracking [7, 8].
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Fig. 2. Energy distribution of power density of irradiating
electron stream in the exit mirror
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Fig.3. Scheme of targets exposures in QSPA Kh-50

Calorimetry (both at plasma stream and at the target
surface), piezo-detectors, electric and magnetic probes,
Rogowski coils, spectroscopy and other diagnostics were
applied for measurements of plasma parameters and
surface heat loads in different regimes of operation.

3. EXPERIMENTAL RESULTS

Fig.4 shows surface morphology of tungsten targets
exposed with 5 pulses of QSPA Kh-50 (a) and GOL-3 (b,c)
respectively. In both cases the energy load was sufficient to
provide strong melting of the surface and also evaporation.
Boiling bubbles are observed with microscopy. Surface
changes for irradiation in both devices are similar. This
means that in spite of qualitative differences in energy
distribution function of bombarding particles (essentially
different directed energy of particles), surface heat load plays
key role under powerful plasma impact.

Plasma exposures of tungsten targets with initial
temperature at RT level resulted in formation of large size
cracks and fine inter-granular cracks on the surface.

Flg 4, Tungsten surface after 5 pulses of 1 1 MJI/mZin QSPA Kh 50 (a) and after 5 pulses of 2.1 MJ/m in GOL-3(b,c)

Surface cracking leads to essentially increased surface
roughness of tungsten and swelling of the surface profile
as whole according to initial reference line. Crack pattern
is shown with larger magnification in Fig.5. It is seen that
cracking is source of the tungsten dust, which can be
deposited to surrounding areas. It should be mentioned
that even for heat loads, which not resulted in complete
melting of the surface, dust melting can be achieved in
result of dust covered surface exposure with next plasma
pulses. Microscopy analysis shows growing width of the
cracks with increased number of exposures.
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Fig.5. Enlarged view of crack structure after 5 pulses of
GOL-3

For plasma exposures with high energy loads above
the tungsten boiling threshold, tungsten erosion is
dominated by droplet splashing. Images of droplet traces,
velocity and angular distributions of ejected droplets are
presented in Fig.6. The velocity of the droplets can be
estimated from the lengths of their traces. Movement in
perpendicular direction to the image plane is derived from
consecutive frames. Consequences of the images form
movie with possibility to analyze the dynamics of droplets
splashing from the surface. Droplets continue to be
ejected from the melt after plasma impact during ~ 10 ms.
Tungsten cracking causing decrease of the heat transfer
between the melt layer and a cold bulk, as well as the
vapour shied formation in front of the surface, may
influence significantly on the resolidification time and,
thus, on the measured duration of droplets splashing. It is
obtained that droplets velocities may achieve several tens
m/s. Fast droplets are generated at earlier time moments.
Smaller velocities are observed for late stage of
observation. During intermediate stage both groups of
droplets with fast and lower velocities are observed.
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4. CONCLUSIONS

Comparative studies on tungsten targets irradiation
with powerful plasma streams generated in GOL-3 and
QSPA Kh-50 are performed. It is shown that for applied
high energy loads > 1 MJ/m’, similar evolution of surface
morphology after exposures is observed, in spite of
qualitative differences in energy distribution function of
bombarding particles. Thus, surface heat load plays key

The plasma impacts cause cracking, dust formation
and the droplet splashing from the tungsten surface.
Angular distribution of splashed droplets was analyzed.
The W-droplets continue to be ejected from the melt for
about 10 ms after the impact. The droplets velocities may
achieve several tens m/s. Fast droplets are generated at
earlier time moments, and small droplet velocities
correspond to the late stage of observation.

role under powerful plasma impacts.
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B3AUMOJIEHCTBHE ILJIA3MBI C HOBEPXHOCTBIO B IEPEXO/IHBIX PEXXUMAX UTIPa:
MOJEJIBHBIE SKCITEPUMEHTBI HA YCTAHOBKAX KCIIY X-50 U I'OJI-3

U.E. I'apxywa, A.B. bypoakos, H.A. Heanoe, 3.11. Kpyznaxoe, K.H. Kyknun, H.C. /lanoman,
B.A. Maxnai, C.B. Ilonocamkun, A.A. lllowun, B.U. Tepewun, H.H. Axcenos

[IpencraBneHsl pe3ybTaThl HCCICAOBAHNN B3aUMOACHCTBUS TUIa3MBI C ITOBEPXHOCTBHIO M TIOBEICHHS MaTepHaloB
IIPY IUTa3MEHHBIX Harpys3kaxX, COOTBETCTBYIOIIMX I'PAHHUYHBIM JIOKAIN30BaHHBIM Monxam B UTOPe. OkcmepumeHTHI
npoBoamwiuchk Ha ycranoBkax KCITY X-50 (XapekoB) u ['OJI-3 (HoBocubupck). O6nyuenue Ha KCITY npoBoaniocsk
TIOBTOPSIEOIIMMICS HMITY/TbCAMH UTHTEIBHOCTEIO 0,25 MC ¥ IUIOTHOCTBIO dHEpriu 10 2,5 MJhx/M2. B rodpupoBanHoit
MHoromnpobouHoit soBymke ['OJI-3 B3ammozeWcTByomas ¢ MaTepHajaMH IDla3Ma HarpeBajach 10 TEMIIEpaTypHI
2...4 k5B MOLIHBIM PEJISITUBUCTCKUM 3JIeKTPOHHBIM TydkoM (0.8 MnaB, ~30 kA, ~12 mkc, ~120 k/Ix). AHanusupyercs
MopdoJorus MOBEepXHOCTH MullieHeH, ooyueHHbIX Ha KCITY u I'OJI-3. O0cykaaercs pa3BUTHE TPEIIUH U KaIelbHas
3po3usi BoJb(pama.

B3AEMOAIA IIJIA3MU 3 ITIOBEPXHEIO Y IIEPEXI/THUX PEJKUMAX ITEPy:
MOJAEJIBHI EKCIEPUMEHTHU HA YCTAHOBKAX KCIIII X-50 TA I'OJI-3

L.E. I'apkywa, O.B. Bypoakos, 1.0. Isanos, 3.11. Kpyznakoe, K.M. Kyxnin, 1.C. /lanoman, B.O. Maxnaii,
C.B. Ilonocamkin, A.A. lllowmun, B.I. Tepewun, M.M. Axcbonos

[IpencraBneni pe3yiabTaTH JOCTIHKEHb B3a€MOZII IUIa3MH 3 TIOBEPXHEIO U MOBEAIHKH MaTepialliB IpH IIIa3MOBHX
HABAaHTAXXCHHSX, BIANOBIIHUX TpaHUYHUM JoKamizoBaHuM Momam B ITEPi. ExcmepumeHTH mpoBOIWIHCH Ha
ycranoBkax KCIIIT X-50 (XapkiB) it ['OJI-3 (HoBocubipcrk). Onpominenns Ha KCIIIT npoBoAMIOCE TOBTOPIOBAHUMH
iMmyascamu TpuBamicTio 0,25 MC Ta TYCTHHOIO eHeprii 10 2,5 MIx/m%. Y rodpoasiii 6araronpo6ousiii mactixi TOJI-3
IIa3Ma, sKa B3aEMOJIE 3 MarTepiajamMu, HarpiBajgack a0 Temmeparypu 2...4 keB TOTyXHHUM peIsITHBICTCHKUM
enektpoHHEM mydkoM (0.8 MeB, ~30 kA, ~12 mxkc, ~120 k/Ix). AHamizyerscst MOpQOIOTiS MOBEpXHI MilleHEH, 110
onpowmineHi Ha KCIIIT ta 'OJI-3. OOroBopro€ThCsI PO3BUTOK TPIIIKH i KpareibHa epo3is BoJabhpamy.
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