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Experimental simulations of ITER ELMs with relevant surface heat loads (energy density up to 2.4 MJ/m”) have
been performed with a quasi-steady-state plasma accelerator QSPA Kh-50. Additional shielding effect has been
registered during irradiation of the combined carbon—tungsten (C—W) surfaces. Correlation between mass losses and
thresholds of erosion products ejection has been analyzed depending on the surface heat loads. For heat load below
cracking threshold mass losses are caused by physical spattering. Splashing of liquid material is registered for heat

load exceeding the melting threshold.
PACS: 52.40 Hf

INTRODUCTION

The energy load to plasma facing components
(PFCs) during disruptions in ITER are expected in the
range of tens of GW/m’ with time duration of about
1 ms [1, 2]. In contrast to disruptions that are relatively
rare events, type I Edge Localized Modes (ELMs) are
anticipated to occur with a frequency of the order of
1 Hz (i.e., few hundred ELMs per ITER pulse). Plasma
loads at the tungsten surface for type I ELMs are
foreseen to be of ¢ = (0.2...2) M/Jm” and the ELM
duration of t =(0.1...0.5) ms [2].

The power loads on current tokamaks associated
with the type I ELMs generally do not affect the lifetime
of divertor elements. However, the ITER ELMs may
lead to wunacceptable lifetime [2-5]. Special
investigations on material behavior at the ELM relevant
loads are thus important. To estimate the range of
tolerable loads the effects of ELMs on the lifetime of
plasma facing components should be experimentally
simulated for large numbers of impacts with varying
energy density.

A number of powerful test facilities are available to
provide examination of different materials under
transient ITER-like loads [5-8]. Among most important
tasks for simulation experiments with plasma
accelerators are studies of the threshold conditions for
cracking of different tungsten grades and issues related
to volumetric damages in the course of a large number
of exposures, dynamics of evaporated tungsten and
penetration of W impurities into plasma (especially for
the combination of disruption events with edge-
localized modes (ELMs)).

This paper presents the characteristics of QSPA Kh-
50 plasma streams and analysis of contribution of
different erosion mechanisms to the material damage
under plasma heat loads expected for ITER ELMs.

1. EXPERIMENTAL SETUP AND
DIAGNOSTICS

Experimental simulations of ITER transient events
with relevant surface heat load parameters (energy
density and the pulse duration) as well as particle loads
have been performed with the QSPA Kh-50 quasi-
steady-state plasma accelerator, which is the largest and
most powerful device of this kind [7, 9].The main
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parameters of QSPA plasma streams were as follows:
ion impact energy about 0.4...0.6 keV, the maximum
plasma pressure 3.2 bars, and the plasma stream
diameter about 18 cm. The surface energy loads were
varied in the range of (0.1...1.1) MJm? [10, 11]. The
plasma pulse shape was approximately triangular, and
the pulse duration was about 0.25 ms.

Values of plasma stream energy density were
determined on the basis of time resolved measurements
of the plasma stream density and its velocity [7, 10, 11].
The energy density in the shielding layer was measured
by displacing the calorimeter through a hole in the center
of the exposed targets made of tungsten, graphite or
combined W-C samples [12]. The calorimeter could be
moved into the near-surface plasma up to the distance of
5 cm from the target surface. Observations of plasma
interactions with exposed samples, the dust particles
dynamics and the droplets monitoring were performed
with a high-speed 10 bit CMOS pco.1200 s digital
camera PCO AG (exposure time from 1 ps to 1s,
spectral range from 290 to 1100 nm) [10]. A surface
analysis was carried out with an MMR-4 optical
microscope equipped with a CCD camera.

2. EXPERIMENTAL RESULTS
2.1. ENERGY DENSITY IN SHIELDING LAYER

The energy density measured in shielding layer by
movable calorimeter has been increased with an
increasing distance from the target surface (Fig. 1).
Afterwards, the energy density reaches saturation at
some distance from the surface (2...4) cm, depending
on the energy density in the plasma stream) achieving
the value of energy density in the incident plasma
stream [12]. This allows conclusion that only a part of
the plasma jet energy is transferred to the target through
the shielding plasma layer.

The energy density absorbed by the tungsten target
surface is below 60 % of the QSPA plasma energy
density ¢ > 0.5 MJ/m® This reduction in the energy
density is caused by the formation of a dense layer by
stopped head part of impacting plasma stream. Such
shielding layer protecting the target surface even
without evaporation effects is formed during the first
instants of the plasma-surface interaction. The plasma
density near the target surface achieves 2x10'7 cm™.
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The electron temperature in the near surface layer is
practically constant during all period of plasma-surface
interaction and it does not exceed 4...5 eV [9, 13].
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Fig. 1. Ratio of energy density (q) in the shielding layer
to energy density (qy) of impacting plasma vs. the
distance from the target surface (Z)

Tungsten evaporation onset under the QSPA Kh-50
exposures appears at 1.1 MJ/m*. The melting threshold
is estimated to be 0.56...0.6 MJ/m” [10]. The carbon
evaporation threshold is essentially less, being
0.4...0.45 MJ/m®>. The surface temperature of the
graphite target grows with plasma load, reaches a peak
value of T, = 4000K at ¢ = 0.45MJ/m” and then
remains unaltered with further increase of the plasma
load [7]. For combined carbon—tungsten (W—C) targets,
W melting and evaporation was not achieved under
plasma exposures at a fixed energy density. Additional
shielding of the irradiated surface by a C cloud protects
W from evaporation even at an essentially increased
energy density of impacting plasma (Fig.2). The
fraction of plasma energy, which is absorbed by the
target surface, is rapidly decreased with achieving the
evaporation onset for exposed targets. At this, the value
of heat load to the surface remains practically constant
with further increase of the energy density of impacting
plasma.
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Fig. 2. Ratio of heat load to the target surfaces (qs.y to
energy density of impacting plasma (qq) vs. the energy
density of impacting plasma (q,)

2.2. MATERIAL EROSION

The irradiation of tungsten surface in QSPA Kh-50
with plasma heat load below the cracking threshold
(0.3 MJ/m?) does not trigger the generation of erosion
products. At the heat load above the cracking threshold
but below melting threshold only several dust particles
traces have been registered (Fig.3). Elastic energy
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stored in stressed tungsten surface layer should be the motive
force for the cracking process with following acceleration of
separated solid particles in this case [13, 14].

L"

Fig. 3. High speed imaging of plasma interaction with
tungsten target: t = 1.2 ms after the start of plasma-
surface interaction, toy, = 1:2 ms; a- ¢,y = 0.45 MJ/im?,
b - Gouy = 0.6 MI/m’, ¢ - quuy= 0.75 MJ/m’

Further increase of heat load leads to the surface
melting and results in splashing of eroded material.
Number of ejected particles rises with increasing heat
load due to growing thickness of melt layer. The
majority of W particles are ejected from the exposed
surface 0.2 ms after beginning of plasma-surface
interaction. Maximal velocity of tungsten particles may
achieve few tens of m/s [10]. For heat load exceeding
the melting threshold, the flying particles can be
originated from melt surface due to Kelvin-Helmholtz
or Rayleigh-Taylor instabilities [15]. Analysis of
obtained experimental results and comparison with the
results of numerical simulations [13, 15] allows
conclusion that the generation of tungsten particles in
the form of droplets may occur only during the plasma
pulse and (as latest) few tens microseconds after the
pulse end. Other particles may be exclusively solid dust
that is generated due to the cracking process under the
melt resolidification.

The results of QSPA Kh-50 plasma exposures can be
compared with performed experiments on erosion
product monitoring in QSPA-T facility [7, 16]. Similar
velocity of erosion products and the energy threshold of
particles ejection have been were observed.

Observations of dust/droplets particles ejected from
tungsten are in agreement with measurements of mass
loses during high flux irradiation. The average mass loss
rate  for exposures of 1.1 MJ/m’> is about
(36...40) pg cm > per pulse (Fig.4). This result
correlates with profilometry measurements [9, 7]. The
measured value of losses for evaporation onset is 10
times higher than for exposures with a surface load of
0.75 M/Im* and 25 to 30 times higher than for
exposures below the melting threshold. The increase in
the mass losses by one order of magnitude is observed
with a rise in the target heat load by no more than 50%
(from 0.75 to 1.1 MJ/m®). Thus, the boiling essentially
adds to the mass losses, possibly due to the
intensification of evaporation and the initiation of
tungsten splashing.
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It should be mentioned that, for heat loads above the
melting threshold mass losses periodically fluctuate in
accordance with surface evolution of fine intergranular
cracks. In this case the corrugation damages will appear
for next and next layers, below the surface one. Thus,
the consecutive layer by layer erosion will occur [9].
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Fig. 4. Dependence of mass loss on applied surface heat
load
CONCLUSIONS

Features of plasma surface interaction and tungsten
erosion under repetitive QSPA Kh-50 plasma heat
loads, which are relevant to ITER type I ELMs, have
been studied. The influence of the neighborhood
tungsten and carbon divertor components on the
material response to the repetitive plasma heat loads has
also been analyzed. Distributions of energy density in
shielding layer have been measured as a function of the
energy of the incident plasma streams.

Correlation between tungsten mass loses and
thresholds of erosion product ejection is analyzed and
discussed for different plasma heat loads.
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ONIPEJAEJIEHUE XAPAKTEPUCTHUK IIOTOKOB IIJIA3MBI KCITY B SKCIIEPUMEHTAX 110
B3AMMOJIEMCTBHIO IJIA3MBI C TIOBEPXHOCTBIO: MOJIEJIMPOBAHUE ELMs B UTIPe

B.A. Maxnaii

OxcnepuMeHTanbHoe MojaenupoBanue ELMs B UTOPe ¢ COOTBETCTBYIOUIMMH TEIUIOBBIMH Harpy3kaMu Ha
MOBEPXHOCTH (IIOTHOCTH dHepruu 10 2.4 MJIi/M?) ObUIO BBIIOTHEHO B KBA3HCTALMOHAPHOM MIIA3MEHHOM
yckoputene KCITY X-50. YcraHOBiI€HO HaJIMuMe JOMOJIHUTEIBHOIO SKPAaHUPOBAHUS IOBEPXHOCTH IIPH O0JTy4eHUN
KOMOMHHUPOBAaHHBIX YIJIEPOAHO-BOIb()PaMOBEIX MoBepxHOCTEH. Koppersiuns Mexay morepsmMu Macchl U IOpOraMu
MHKEKIIMK TPOIYKTOB 3p0o3UM ObLIa NMpOaHAIN3UpPOBaHA B 3aBUCHMOCTH OT BEJIMYHMHBI TEIUIOBBIX Harpy3ok. Ilpm
TEIJIOBOW HArpy3ke BBIIIE ITOopora 00pa3oBaHMs TPEIIMH HOTEPH MACCHl 00YCIIOBICHBI (PU3NYECKUM PACIIBIIICHUEM.
Pa30peI3ruBaHne paciulaBIEHHOTO MaTepHaia pPeruCTpUPYETCsl MPU TEIIOBBIX HArpy3Kax, IMPEBBIIAIONINX TOPOT
IUIaBICHUS.

BU3HAYEHHSI XAPAKTEPHCTHK IIOTOKIB IITA3MH KCIIIT B EKCHIEPUMEHTAX 11O
B3A€EMO/II IIVTA3MU 3 IOBEPXHEIO: MOJEJIIOBAHHSA ELMs B ITEPi

B.O. Maxnaii

Excnepumenranbae moaemoBanas ELMs B ITEPi 3 BiAMOBIIHUME TEIUIOBUMH HABAHTAKCHHSIMH Ha TOBEPXHI
(ryctuHa eneprii 10 2.4 MJIx/mM”) 6y/0 BHKOHAHO B KBa3iCTAL[iOHAPHOMY IIa3MoBOMY mpuckoprosadi KCITIT X-50.
BceraHOBNeHO HasABHICTH JOJATKOBOTO EKpaHYBAaHHS IMOBEPXHI MpPH OIPOMiHIOBaHHI KOMOIHOBAaHOI BYTIIEIICBO-
Bob(pamMoBoi moBepxHi. Kopemsmis MiK BTparaMH Mach 1 IOporamMH iHXKEKIil TPOAYKTIB epo3il Oymia
MIPOaHaJIi30BaHA B 3aJICKHOCTI BiJl BEJIMYUH TEIJIOBUX HaBaHTaXeHb. [Ipy TemI0BOMY HaBaHTa)KCHHI BHUILE ITOPOTY
YTBOPEHHSI TPIIIUH BTPAaTH Macu OOYMOBJIEHI (i3MYHMM pO3MOpOLIyBaHHSIM. P030pH3KyBaHHS PO3IUIABICHOTO
MaTepiary peecTpyeThCs IIPH TEIUIOBUX HABAHTAKEHHSX, [0 MEPEBUIIYIOTH MOPIT TIaBICHHS.
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