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The damages of tungsten targets with different geometries under repetitive transient hydrogen plasma loads have
been studied with a quasi-stationary plasma accelerator QSPA Kh-50. The results of the experiments on target with
geometry close to ITER divertor reference design have been compared to results of previous experiments on flat
target. The plasma stream parameters were relevant to ITER ELMSs (surface heat load above the melting (0.6 MJ/m?)
and below the evaporation (1.1 MJ/m?) thresholds of tungsten and pulse duration of 0.25 ms). Surface erosion and
dynamics of erosion products have been investigated in the course of repetitive plasma pulses. The crack networks
and progressive corrugation occurred on the surface of all the targets exposed to a large number of plasma pulses.
Melt motion leads to grow of protuberances on edges of castellated target units. Unlike the flat targets, the
separation of liquid/solid particles from the edges of the units is the most significant source of the castellated targets

erosion.
PACS: 52.40.HF

INTRODUCTION

At present day, tungsten is a leading candidate
material for plasma facing components (PFCs) for most
loaded areas in fusion reactor. Tungsten has low
sputtering yield, high melting temperature and high
thermal conductivity. Stationary heat loads up to
10 MW/m? and short duration (<10 ms) transient heat
loads up to 20 MW/m? are expected in Deuterium-
Tritium phase of the experimental tokamak ITER [1].
During normal operation of tokamak in H-regime so-
called ELMs (Edge localization mode) are expected.
The strongest ELMs (unmitigated type 1) are supposed
to have the energy density up to several MJ/m? during
0.1-1 ms at 1...2 Hz frequencies. Transient off-normal
events such as vertical displacement events (VDEs,
60 MJ/m® in 100...300 ms) and the thermal quench of
disruptions (30 MJ/m? in 1...10 ms), will cause exreme
heat loads to PFCs [2]. Transient heat loads produce
strong surface damage (cracking and melting) of
tungsten, which significantly affects lifetime and
performance  of  tungsten  PFCs.  Therefore,
comprehensive investigations of the heat/particle loads
influence on PFCs in conditions relevant to fusion
reactor are required.

Castellated geometry is approved as a reference
design for ITER divertor plates [3]. Such sectioning of
the surface of PFCs is to be used in order to reduce the
influence of electric currents induced on the metallic
surfaces during the reactor operation as well as to
minimize the thermal stresses and resulting tungsten
erosion, which caused by the formation of macro-crack
meshes on the surface [4]. Nevertheless it is expected
that sharp edges in the castellated geometry of the ITER
divertor structure may be additional source of enhanced

erosion, i.e., the emission of liquid/solid particles into
the plasma region [5]. Presence of a liquid layer of
molten material could further results in splashing of
droplets under the influence of different external forces,
such as gradients of both plasma pressure and recoil
pressure of evaporating material, as well as surface
tension, Lorentz forces, and melt instabilities [6-13].

This paper presents a comparison of surface
damages, erosion and dynamics of liquid/solid particle
ejection for planar and castellated tungsten targets under
the QSPA Kh-50 plasma exposures simulating ITER
ELMs.

1. EXPERIMENTAL DEVICE,
DIAGNOSTICS AND TARGET DESIGN

Experimental simulations of ITER transient events
with relevant heat load parameters (energy density and
the pulse duration) as well as particle loads were carried
out with a quasi-stationary plasma accelerator
QSPA Kh-50 [5-14]. Targets with two different
constructions were used in the experiments. Targets have
been manufactured from sintered tungsten sample of
Plansee AG trademark with sizes 5x5x1cm. Flat
target was covered by a molybdenum diaphragm with a
hole of 3 cm to protect the target edges from the plasma
impact [5, 9]. For another target, slits were cut on the
target's surface to obtain castellated geometry in
accordance with ITER divertor reference design [15]
(Fig. 1), with the size of each castellated element of
24x12x5 mm and the width of gaps between elements of
1 mm.

The main parameters of QSPA Kh-50 plasma
streams were as follows: ion impact energy was about
0.4 keV, the maximum plasma pressure up to 0.32 MPa
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(that is larger than plasma pressure expected in ITER
(up to 0.01 MPa), and the stream diameter of 18 cm.
The plasma pulse shape was approximately triangular,
and the pulse duration of 0.25 ms [8, 11-14].

The flat and castellated tungsten targets were
irradiated by plasma streams with a surface heat load
reproducing unmitigated ITER ELMs Type | i.e. above
the melting (0.6 MJ/m? and below the evaporation
(1.1 MJ/m?) thresholds of tungsten [8, 12]. The surface
of the target was placed perpendicularly to the plasma
stream direction. The target before each irradiating
pulse was kept at room temperature.

The energy density in impacting plasma stream and
surface heat loads were measured by the local
calorimeters. The plasma pressure was measured by
piezoelectric  detectors. Observations of plasma
interactions with exposed surfaces (see Fig. 1), the dust
particle dynamics and the droplets monitoring were
performed with a high-speed 10 bit CMOS pco0.1200 s
digital camera PCO AG (exposure time from 1 psto 1 s,
spatial resolution 12x12 mand within the spectral range
from 290 to 1100 nm).

Surface analysis of exposed samples was carried out
with an optical microscope MMR-4, equipped with CCD
camera.

Fig. 1. Images of droplet traces after small number of
plasma exposes of castellated (a) and flat (b) targets
Better to indicate number of pulse

2. EXPERIMENTAL RESULTS
2.1. STUDIES OF LIQUID/SOLID PARTICLES
EJECTION

Pronounced particle ejection was observed during the
plasma-surface interaction (see Fig. 1). The quantity of
the particles ejected from the surface varies from pulse
to pulse. For castellated target, continuous decrease of
number of ejected particles was observed with increase
of plasma pulses [15]. Number of ejected particles is
essentially less after hundred plasma pulses. In the case
of flat target irradiation, mass loss rate also changes
with increase of pulse number. After 100 pulses the
mass loss reached 3ug-cm 2 per pulse and increased up
to 5 pg-cm 2 per pulse for the next 100 pulses [13].

The dependence of ejected particles” velocity
distribution from the start-up time from the exposed
surface was revealed from the analysis of camera

ISSN 1562-6016. BAHT. 2019. Nel(119)

frames. Values of velocities of ejected particles are
found to be similar to the typical velocities of particles
registered in earlier experiments [11-13, 15]. The
particles start time from the surface is in range of
0...1.4 ms (t=0 corresponds to the beginning of plasma-
target interaction). The maximum velocity of ejected
particles achieved 25 m/s for both castellated and flat
targets [11, 15].

2.2. THE EROSION FEATURES OF THE
TARGET'S SURFACE

Either castellated or flat tungsten target’s surface
was significantly damaged after large number of plasma
pulses. Cracks networks and re-solidified layer
developed on the surfaces™ in the course of plasma
irradiation (Fig. 2). Edges of the castellated target units
demonstrate higher erosion/damaging rates compared to
flat target’s surface. At some locations, erosion of
millimeter-scale chunks of material has been observed
on castellated target edges.

Fig. 2. General view of a castellated (a) and flat (b)
tungsten target exposed to 200 plasma pulses

Major crack networks appear on all targets™ surfaces
after plasma pulses. An average cell size of major crack
networks is up to 500 um (Fig. 3). It was shown in
previous experiments that mean unit size of the major
cracks mesh does not depend on the tungsten grade.
This mesh is attributed to the ductile-to-brittle transition
effects and elastic energy stored in the stressed tungsten
surface layer [8, 10]. Re-solidification of the molten
layer causes the micro-crack networks development
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against the background of major crack mesh. The
micro-crack network has a cell size of about
10...50 um. The width of micro-cracks does not exceed
1um. They appear after the melt thickness exceeds
5...10 um. The melt motion also causes the partial
filling of macro-cracks [10-12]. Evolution of fine cracks
become very important for the surface erosion changes
after several hundreds of pulses. A large number of
plasma impacts with heat loads above the melting
threshold causes the progressive corrugation inside each
surface cell in between of fine cracks and also pits and
submicron structures on surfaces of both targets [10, 11,
19].

Fig. 3. Images of castellated (a) and flat (b) tungsten
target’s surface after exposure to 200 QSPA plasma
pulses

The droplet splashing and dust ejection during the
plasma-surface interaction may occur due to the
development of Kelvin-Helmholtz or Rayleigh-Taylor
instabilities [16, 17] and separation of particles from the
crack edges. The most overheated parts of castellated
target are edges of the units. Therefore, they are melted
earlier in comparison to the surface. The melt motion
and its solidification lead to appearance of pronounced
protuberances on the edges of castellated units [15, 18].
The largest protuberances are observed on the outer
edge of target, which is the most overheated part of the
target (Fig. 4). Appearance of protuberances on the
edges of the units leads to their further separation during
following plasma impacts. Protuberances appear after
first few plasma pulses then they constantly grow and
break away from target during applied cycle of plasma
pulses. Edges of units are substantial source of large —
size liquid and solid particles, which ejected from the
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castellated target. In comparison, average size of

emitted particles from flat targets is essentially smaller
due to absence of edges.

Fig. 4. Images of castellated target’s edge after 20 (a),
and 200 (d) plasma pulses

CONCLUSIONS

Comparative studies of erosion features and surface
morphology for flat tungsten target and that for
castellated target geometry (similar to ITER reference
design) have been performed with quasi-stationary
plasma accelerator QSPA Kh-50. The applied repetitive
plasma loads were above the melting, but below the
evaporation thresholds of tungsten.

Significant erosion and damage of target” surfaces is
observed after plasma heat loads. Plasma impacts
resulted in ejection of liquid/solid tungsten particles
from the irradiated surfaces. For castellated target, the
number of ejected particles and their velocities strongly
depends on the number of plasma pulses performed. As
the pulse number increases, the amount of particles
separated from target became smaller and their velocity
decreases. Flat target’s mass loss rate also depended on
number of plasma pulses.

For both targets, macro-crack networks and micro-
crack meshes inside the macro-crack networks appeared
on exposed surfaces. Micro-cracks are filed during melt
stage and appear again after the re-solidification.

Castellated structure leads to growing protuberances
on the edges of target units and their separation during
following plasma pulses.

For castellated targets, erosion of unit edges
substantially exceeds the erosion of central surface
areas. Unit edges are primary source of separated
liquid/solid particles, which is not typical for flat
targets.
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XAPAKTEPUCTUKA MAKPOCKOIMYECKOM 3PO3UU MMOBEPXHOCTEM 3YBUYATBIX
U IJIOCKUX MUILIEHEM B YCJIOBUAX NEPEXO/IHBIX IIVIA3SMEHHBIX HAT'PY30K B UTOP

M.O. Mupownuk, C.C. I'epawenxo, B.A. Maxnait, H.E. I'apkywa, H.H. Axcenos, O.B. Bvipka,
B.B. Yeoomapes, H.B. Kynuxk, C.HU. Jlebeoes, ILb. Ille¢uyk, B.B. Cmanvyos

W3y4ens! NOBpeXICHUS BOJIB(PAMOBBIX MHUIICHEH C pa3IMuHOI reoMeTpuel IPH MOBTOPSIOIINXCS HMITYJIbCHBIX
Harpy3kax BOJOpOJHOHM I1a3MoOil B KBa3ucTauMOHapHOM MazMeHHoM yckoputene KCIIY X-50. PesynbTarsl
9KCIIEPUMEHTOB C MHIIECHBIO, UMEIOIIEH OJIM3KYI0 K KOHCTpYKIMHU nusepropa UTOP reomerpuio, comocraBiieHb! ¢
pe3yiapTaTaMu A IUIOCKMX MuiieHed. IlapameTpsl moTOkoB Iuta3Mbl BeIOpaHbl Omm3kumu k ELM B UTOP
(moBepXHOCTHAsI TemyoBas Harpy3ka Bblme mnopora mnasienus (0,6 MJI)K/MZ) U HIXKE Iopora ucCHapeHus
Boms(pama (1,1 MJIx/m%), mmrensHOoCTs mMmymsca 0,25 mc).  IIpeicTaBieHa  XapakTepPHCTHKA — dPO3HH
MIOBEPXHOCTEN M 2XKEKIMM 4YacTUI[ C MHIICHEH B YCIOBHAX IOBTOPSIOMIMXCSA IUIa3MEHHBIX HMITyIscoB. Ha
MTOBEPXHOCTSAX MHIICHEH, OOydeHHBIX OOJBIINM KOJMYECTBOM IIIA3MEHHBIX HMIIYJIBCOB, OOHApYKEHBI CETKH
TPEIIMH W BBIPAXEHHAss BOJHHCTAs CTPYKTypa. JIBM)KEHHME paciuiaBa HPHBOAUT K POCTY BBICTYIIOB Ha Kpasx
9JIEMEHTOB 3yOuaToil MHIIEHH. B omImMuMe OoT IIOCKMX MUIIEHEH OTAEIeHHE >KUAKHUX/TBEPIbIX YacTHI] C Kpaes
9JIEMEHTOB COCTaBIISIET HanOoJIee CYIIECTBEHHBIH HCTOYHHUK SPO3HUHN 3y0UaThIX MUIICHEH.

XAPAKTEPUCTUKA MAKPOCKOIIIYHOI EPO3Ii IOBEPXOHb 3YBUATHX I IINTACKHX
MIIIEHEN B YMOBAX IMEPEXIJTHAX IIJIA3BMOBHUX HABAHTAKEHD B ITEP

M.O. Mupownux, C.C. I'epawenko, B.O. Maxnaii, I.€. I'apxywa, M.M. Axcvonos, O.B. bupka,
B.B. Yebomapvos, M.B. Kynuk, C.I. Jlebeocs, ILb. Illesuyk, B.B. Cmansyos

BuBueHO MOMIKOMKEHHS BONB(GPAMOBHX MIIIEHEH 3 PI3HOIO TEOMETPi€l0 IPH MOBTOPIOBAHUX IMITYJIBCHHUX
HaBaHTaXXCHHSX BOJHEBOI IJIa3MOI0 B KBazicTamioHapHOMY miazMoBomy mpuckoproBadi KCIIIT X-50. Pesynbratu
eKCIIEPUMEHTIB 3 MIIIEHHIO, II0 Mae TeoMeTpilo Omm3bKy no KoHcTpykuii ausepropa |ITEP, 3icraBneni 3
pesynbTatamMu Uil IIackux MimeHed. [lapamerpm mnortokiB miasmMm oOpani Ommspkumu o ELM B ITEP
(IOBEpXHEBE TEIUIOBE HABAHTAKEHHs BHIle Topora miasnenns (0,6 MJIx/M?) Ta HIKYE TMOPOTa BHIAPOBYBAHHS
somb(pamy (1,1 MIx/M?), tpuBamicts immymbcy 0,25 mc). IlpencraBieHa XapakTepHCTHKA epo3ii MOBEPXOHb i
©KeKI[il YacTMHOK 3 MilleHel B yMOBaxX IIOBTOPIOBAHMX IUIa3MOBHX IMITyibciB. Ha mOBepXHSX MilleHeH,
ONIPOMIHEHMX BEJHMKOIO KUIBKICTIO IIa3MOBUX IMITYJIBCIB, BUSBJICHI CITKM TPIIIWH i BUp@)XEHA XBHJIICTa CTPYKTYypa.
Pyx po3ruiaBy mpu3BOIUTH JI0 3pOCTaHHS BHCTYIIB Ha KpasX eJIeMeHTiB 3y0dacToi Mimeni. Ha BiaMiHy BiJ Iutockux
MiIIeHeH BiAIIEHHS PIIKAX/TBEPANX YAaCTHHOK 3 KpaiB €JIEMEHTIB CTAaHOBUTHh HAWOUIBII iCTOTHE IKEperno eposii
3y0YacTuX MileHe.
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