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The paper presents experimental investigations of main features of plasma-surface interaction and energy transfer
to the materia surface in dependence on plasma heat loads. The experiments were performed with QSPA repetitive
plasma pulses of the duration of 0.25 ms and the energy density up to 2.5 MJm?. Surface morphology of the targets
exposed to QSPA plasma screams is anayzed. Relative contribution of the Lorentz force and plasma pressure gradient
to the resulting surface profile is discussed. Development of cracking on the tungsten surface and swelling of the
surface are found to be in strong dependence on initial temperature of the target.
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1. INTRODUCTION

The major part of ITER divertor armor is foreseen to
be made of tungsten and carbon fibre composite (CFC).
Energy loads to ITER divertor surfaces associated with
the Type | Edge Localized Modes (ELMs) are supposed
to be up to Q = 3 MJIm? during t = (0.1...0.5) ms and the
number of ELMs about 10° for one ITER pulse[1].

Quasi-Steady-State Plasma Accelerators (QSPA) well
reproduce the energy densities (Q) and pulse durations (t)
of ITER ELMs|[2, 3]. Experimentd 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 [4], estimation of tolerable
size of ITER ELMs and lifetime of divertor armour
materials.

The paper describes experimental investigations of
plasma energy transfer to the materiad surface in
dependence on plasma heat loads. Some results on
electromagnetic force influence on the melt motion of
metals and effect of preheating on the tungsten damage
are presented also.

2. EXPERIMENTAL DEVICE

The samples of different materias (tungsten, copper,
titanium, MPG-7 graphite) have been exposed with
various number of pulses of hydrogen plasma streams
produced by the quasi-steady-state plasma acceerator
QSPA Kh-50, destribed dsewhere [2]. The experiments were
performed with repetitive pulses of the duration of 0.25 ms
and the energy density in the range of (0.5...2.5) MJmZ
The plasma stream diameter is 18 cm, the ion energy is
about 0.4 keV, and maximum plasma pressure achieves
3.2 bar.

Molybdenum diaphragms with different diameter of
holes were used to form narrow central part of plasma
stream, which is impacted on the target surface, and to
create Situation when target size exceeds the plasma
stream diameter. Scheme of target irradiation is described
in details in [5]. In some experiments an Ohmic heater

was installed behind the tungsten target to study the
influence of target preheating up to t,; =~ 650 °C on
surface cracking [6, 7].

Contribution of eectromagnetic force to the melt layer
erosion of metals was investigated with use of specid
magnetic system for creation of magnetic field along the
exposed surface. The maximal external magnetic field of
up to 1.5 T and electric current density of ~1.4 kA/cm?
through the melt layer are achieved [8].

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 loadsin different regimes of operation.

3. EXPERIMENTAL RESULTS

3.1. PLASMA ENERGY TRANSFER TO THE
MATERIAL SURFACES

As it was shown earlier in disruption simulation
experiments [2] the main feature of high-power plasma
interaction with materia surfaces is dense plasma shield
formation in front of the target surface. The ELM heat
loads is much less than disruption ones, however, some
shielding effect can also appear in this case.

Fig.1. shows the heat loads to the tungsten surface,
which were measured with cal orimetry, in dependence on
energy density of impacting plasma stream for 2 cases:
without and with graphite as surrounding surface. For
these studies the combined W-C target was prepared.
Onset of tungsten melting is observed on the target
surface at pulsed heat load of 0.57 MJ/m?.

For tungsten target the vapor shield formation and its
influence on plasma energy transfer to the surface became
clearly seen when the surface hest load achieves 1.1 MIm?
Measurements of heat loads for combined tungsten-
graphite target show that the vaue of energy density
delivered to the target surface is reduced in comparison
with tungsten irradiation. In this case the carbon vapor
shiedld formation results in additional decresse of the
surface heat loads up to (0.8...0.85) MIm?
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The measurements demonstrate that even for plasma
exposures, which not resulted in tungsten melting, the
target heat load is about (55...60) % of the impact plasma
energy. The dynamica screening of the surface from
impacting plasma stream appears in this case probably
due to plasma stream thermalization under the plasma
stream interaction with target surface. The layer of
stopped plasma formed from head part of the plasma
stream becomes not completely transparent for
subsequently impacting plasma ions. However the vapor
shied formation, especially in the case of mutua
neighborhood of carbon and tungsten results in much
more pronounced surface screening and essentialy
restricts the energy transfer to the surface.
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Fig. 1. Heat load to the target surfaces vs. the energy
density of impacting plasma stream

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
(plateau region in Fig.1).

3.2. EXTERNAL FORCESINFLUENCE ON THE
MELT LAYER EROSION

The main aim of these experiments was analysis of
relative contributions of pressure gradient and the Lorentz
force to the resulting erosion profiles

Irradiation of tungsten samples with repetitive plasma
heat loads above the melting threshold was performed in
conditions of practically constant plasma pressure along
the exposed surface, but with additional action of
electromagnetic force to the melt layer. Force duration was
~150 s and maximal magnitude was (14...20) MN/m?
(time averaged one was ~10 MN/m®). It is obtained that
Lorentz force causes continuous inclination of the surface
profile in direction of the force. It contribution to the
resulting erosion profile of tungsten is on the level of 2mm
after 20 pulses (Fig. 2a).

Relative influence of the Lorentz force and plasma
pressure gradient can be easily seen on the profile of Ti
target (Fig. 2b), which was exposed through the diaphragm
of 3 cm with the aim to impose the pressure gradient at
the 5 mm edge zone of the melt spot [5, 8]. The ridge of
displaced materia with the height of (70...100) mmisarisen
locally at the mdt edges due to effect of the plasma pressure

gradient, which is the main driving force for the peripheral
surface regions close to the diaphragm edges.
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Fig.2. Surface profiles of targets exposed with
20 pulses: a —tungsten; b —titanium

It should be pointed out that for left side of Ti profile,
the Lorentz force adds to the melt motion, and for right
sideit is directed opposite to the pressure gradient. That is
why, the ridge height for left side of presented profile is
higher. For the same reason the width of the erosion crater
at the right side is larger. The inclination of the profile
central area is completely determined by Lorentz force
action. The displacement of target materia according the
of the Lorentz force direction resulted in profile grow up
to 20 nm for 20 pulses. Areas of predominant action of
the plasma pressure gradients and the Lorentz force are
marked in Fig. 2. In the central area of exposed surface
the Lorentz force is dominating. However, for thin edge
regions the value of pressure gradient in 3 times exceeds
the magnitude of Lorentz force.

3.3. INFLUENCE OF TARGET PREHEATING ON
TUNGSTEN EROSION

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
(Fig. 3). Surface cracking leads to essentially increased
surface roughness of tungsten and swelling of the surface
profile as whole according to initial reference line [6].
Microscopy analysis shows growing width of the cracks
with increased number of exposures.

-

Fig. 3. Cell of crack mesh on tungsten surface after
exposed of 100 pulses, tinit = RT
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For the prenheated target surface, the roughness grows up

very dowly with increase of irradiation dose. Microscopy
studies demonstrate absence of large cracks, while a fine
crack mesh is il devdoping. Width of intergranular cracks
increases with number of pulses and achieves 0.8...1.5 um
after 100 pulses. SEM shows development of cdlular
structure on the resdlidified tungsten surface after plasma
exposures. Cell size is about 300 nm. Bligter-like structures
with size up to 100...150 pm are dso appear on the surface
after large number of exposures (Fig. 4).

Fig. 4. SEM image of exposed tungsten surface after
100 pulses, iy =650°C

4. CONCLUSIONS

The obtained results can be summarized as follows:
- Onset of vapor shied formation in front of the surface
under the plasma impact is studied. Achievement of
evaporation threshold for exposed targets results in almost
saturation of the surface heat load with further increase of
the plasma energy density. The investigations of mutual
neighborhood of graphite and tungsten showed the
reduction of energy delivered to the tungsten surface. In
spite of high energy density of impact plasma a tungsten

evaporation threshold is not achieved due to the carbon
vapor shield formation.

- Rdative contribution of the Lorentz force and plasma
pressure gradient to the resulting surface profile due to the
melt motion is demonstrated.

- Tungsten preheating above DBTT alows suppression
of macrocracks formation on the surface. However, the
mesh of fine intergranular cracks is steel devel oped.
Taking into account a lot of ELMS during each ITER
pulse, the evolution of fine cracks and surface
morphology requires additiona studies with large number
of plasma exposures.
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SKCIEPUMEHTAJIBHOE U3YYEHUE B3AUMO/IEACTBUSI IUIASMbI CIIOBEPXHOCTBIO M1 ITOB PEKIEHUI
MATEPHAJIOB B YCJIOBUSAX BO3JEUCTBUSA ELM TUIIA | B UTJPe

B.A. Maxnaii, A.H. Banoypa, O.B. Bvipka, B.B. Yedomapes, U .E. I'apxywa, B.B. 'apxywa,
H.B. Kynuk, H. Jlanoman, C.U. Jlebeoes, U.M. Heknrwoos, B.B. Cmanvyos, B.U. Tepewiun

IpencraBneHsl  AKCTIEPUMEHTAIIBHBIC — WCCICNOBAHUSI  OCHOBHBIX ~ OCOOCHHOCTEH  IJIa3MEHHO-TIOBEPXHOCTHOTO
B3aMMOJICHCTBYSI, U TEpeavyd SHEPTUU IMOBEPXHOCTH MATEPUATOB B 3aBUCHMOCTH OT IUIA3MEHHBIX TEIUIOBBIX HATPY30K.
DKCIEpUMEHTBI ObUTH BBIMOIHEHBI C TIEPUOANYECKH TIOBTOPSIONIMMUCS TU1a3MeHHbIME uMITyiibcamMu KCITY miiTenbHOCThIO
0,25 MC H TUIOTHOCTBIO 3Heprin 10 2,5 MJDi/M’. TIpoanammsipoBasa MOPGOIOTHs TOBEPXHOCTEH MHUIIICHEH, 00/TydeHHBIX
KCITY mmasmenHbmMu niotokamu. OOCY)KmaeTcss OTHOCHTEIBHBIN BKIIAJ CHIIBI JIopeHna W TpajyieHTa TaBICHUS IUIa3MBI B
pazBuTHE TPO(UIISE TOBEPXHOCTH. Y CTAHOBJICHA CHIIbHASI 3aBUCUMOCTh PA3BUTHsI PACTPECKHBAHMUS TIOBEPXHOCTH BOJIb(pamMa 1
Ppa3/iyBaHHs TIOBEPXHOCTH OT HAYATBHOM TEMITEPaTyphbl MUIIICHH.

EKCIIEPUMEHTAJIbHE BUBYEHHS IIJIA3MOBO-IIOBEPXHEBOI B3AEMO/III TA MOIKOI)KEHD
MATEPIAJIIB B YMOBAX BIUVIMBY ELM THITY | B ITEPi

B.O. Maxnait, AM. Banoypa, O.B. Bupka, B.B.Yeoomapwos, I.€. I'apxkywa, B.B. 'apxkywa,
M.B. Kynuk, I. Jlanoman, C.1. Jleveoee, .M. Hexknrooos, B.B. Cmanvuyos, B.1. Tepeuiun

[pencraBneni eKCIiepUMEHTANBHI JOCITIHKEHHSI OCHOBHHAX OCOOJIMIBOCTEH ITIa3MOBO-TIOBEPXHEBOI B3a€MO[Ii, 1 mepenadi
eHeprii TOBEpXHI MarepialiB y 3aJIeKHOCTI Bill IUIA3MOBHX TEIUIOBHX HABAHTaKeHb. EKCIeprMeHTH Oy BHKOHAHI 3
TIPIOANHYHO TIOBTOPIOBAHMMH TUTa3MOBIMH iMmymbcami KCITIT tpuBamictio 0,25 Mc i rycturO0 eHeprii g0 2,5 MJT/m2
[poananizoBano MopdoIoriro moBepxoHb Mimernei, ompomideHnx KCIII mnazmoBumu motokamu. OOroBOPIOETHCS BiTHOCHUN
BHecoK cuii JIopeHIa i rpajiieHTa THCKY TIa3MU B PO3BUTOK MPO(ITIO TIOBEPXHi. Y CTAHOBIICHO CHITFHY 3aJISKHICTh PO3BUTKY
PO3TPiCKyBaHHS IOBEPXHI BONIb(paMy 1 po3ayBaHH IIOBEPXHIi BiJT TOYATKOBOI TEMITEPATYPH MIIIICHI.
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