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Tungsten targets were irradiated by intense plasma streams at plasma gun facilities MK-200UG and QSPA-T. The
targets were tested by plasma loads relevant to Edge Localised Modes (ELM) and mitigated disruptions in ITER.
Material erosion caused by melt motion and by emission of droplets has been studied.
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1. INTRODUCTION

Carbon-fibre composite (CFC) and tungsten are
considered presently as armour materials for the divertor
targets in ITER. During the transient processes, such as
ELMs and disruptions, the divertor armour will be
exposed to the high plasma loads [1] which can cause a
severe erosion of the armour materials. Erosion reduces
lifetime of the divertor components and produces the
material dust, which being tritiated, radioactive and
chemically reactive presents a serious problem for a
safety. In addition the material erosion leads to production
of impurities, which can penetrate into the hot fusion
plasma causing its radiative cooling. The exact amount
and properties of the eroded materials are critically
important to analysis of tokamak-reactor.

The plasma heat loads expected in the ITER transient
events are not achieved in the existing tokamak machines.
Therefore, behavior of candidate armour materials is
studied by use of powerful plasma guns [2-4] and e-beam
facilities [5,6], which are capable to simulate, at least in
part, the loading condition of interest. The present work
refers to experimental study of tungsten armour. The
tungsten targets have been tested by intense plasma
streams at the pulsed plasma gun MK-200UG and quasi-
stationary plasma gun QSPA-T. The targets were
examined by plasma heat fluxes relevant to ITER ELMs
and mitigated disruptions. Primary attention has been
focused at investigation of erosion caused by splashing
and motion of the molten metal.

2. EXPERIMENTAL TECHNIQUE

2.1. MK-200UG EXPERIMENT

At MK-200UG facility, the targets are tested by
magnetized hydrogen plasma streams with heat load Q =
0.05...1 MJ/m* and pulse duration t=0.05ms. The
plasma heat load Q varies by changing the plasma density
in the range n = (0.1...2) x10** m™ while the impact ion
energy remains practically unaltered E; = 2...3 keV.
Plasma pressure varies in the range P =0.03...0.5 bar.
Diameter of the plasma stream — d=0.06...0.1 m.
Plasma/target interaction occurs in the magnetic field B =
05..2T.

Plasma stream parameters such as heat flux w = Q/t,
impact ion energy E;, density n, pressure P, and negligible
percentage of impurities (<1%) are close to the expected
in ITER during the transient processes. The disadvantage
of MK-200UG facility is small duration t of the plasma
pulse. Because of the small pulse duration the facility is
not suited for longevity test of the divertor materials.
Nevertheless it is quite suitable to simulate the initial
stage of the ITER transient events under rather realistic
plasma parameters. These experimental data need for
development and validation of appropriate numerical
models [7-9].

2.2. QSPA-T EXPERIMENT

At QSPA-T facility, the targets are irradiated by
hydrogen plasma steams with the pulse duration 0.5 ms
and heat load 0.1...2.5MJ/m’. As the plasma load
condition is very relevant to the ITER transient events, the
facility is applied mainly for longevity testing of
candidate armour materials including investigation of the
erosion mechanisms, erosion products, and resultant
surface damage. Taking into account that the facility is
not equipped by the magnetic field and that the plasma
stream density n >10"* m™ and pressure P = 1...7 bar is
larger than it is expected in ITER, the QSPA-T
experiment seems to give the upper limit of erosion.

3. EXPERIMENTAL RESULTS

3.1. EJECTION OF DROPLETS

Under action of intense plasma stream a melt layer forms
at the surface of any metallic target. A thickness of the
melt layer depends on the loading conditions but as a rule
it is much greater than a thickness of the evaporated layer.
As the melt layer is subjected to the action of various
forces there are many erosion mechanisms, which can
cause a loss of the liquid metal. Particularly the melt
erosion results from the melt motion along the target
surface under the action of the plasma stream and from
ejection of metal droplets due to the hydrodynamic
instabilities developed in the liquid metal. An important
task of the simulation experiment is to investigate the
existing erosion mechanisms and to quantify their
contributions to the net erosion.
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Fig.1. Droplets in MK-200UG experiment (copper, steel -
graphite collector, tungsten - copper collector)

Ejection of metal droplets has been studied at varying
loading conditions as at MK-200UG so at QSPA-facility. It
was found that the droplet emission happens practically
simultaneously with the beginning of the target melting and
that amount of droplets increases with the plasma load.

The droplets have been detected in experiments with
all metallic targets. In MK-200UG experiment the
droplets were collected at the polished graphite, copper or
silicon plates placed near the exposed target surface
(Fig.1) and afterwards the collected droplets were
analyzed with a microscope. In QSPA-T experiment the
droplets emitted from the tungsten target were recorded
by use of CCD camera (Fig.2).

Typical size of droplets obtained at the collectors and
recorded by CCD camera was measured to be of the order
of 10 um. Because of the rather large size of the particles
the obtained material dust is not very dangerous from the
viewpoint of ITER safety. Meanwhile some issues
remained in respect to existence of smaller droplets which
could not be detected by the applied diagnostics but
which could present a real problem for tokamak safety.

New diagnostics was developed for online registration
of the erosion products including small particles and
droplets. The diagnostics is based on the laser techniques.
It is capable to measure a summarized cross-section of all
the particles and droplets through attenuation of the laser
beam I(z)/1,.
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Fig.3. Scheme of laser diagnostics for on-line
measurement of erosion products (upper); trial figure
obtained on graphite dust (lower)

The above diagnostics was applied for investigation of
droplets in experiment with tungsten, copper, steel and
niobium. Fraction of small droplets (d < 1 um) was
measured to be negligible in all cases. Thus the
assumption concerning existence of sub-micron droplets
seems to be invalid.

3.2. SURFACE EROSION

Melt layer erosion occurs mainly because of two
erosion mechanisms: due to ejection of the metal droplets
from the target surface and due to melt motion along the
target surface. A contribution of these erosion
mechanisms to the net erosion was studied in the present
experiment.

Droplet ejection results in a partial loss of the molten
material therefore a contribution of this mechanism to the
net erosion might be determined by weighting the target
before and after the plasma exposure. Melt motion leads
to displacement of the material along the surface and this
mechanism might be evaluated through the measurement
of the surface profile.
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Fig.4. Erosion rates of steel targets caused by melt
motion and droplet ejection at QSPA-T facility

Because of severe surface cracking the tungsten
targets are not suitable for a precise measurement of the
melt displacement. Therefore another metallic targets
such as copper, steel, aluminum and niobium were
applied in the present experiment. Fig.4 shows
experimental result obtained at QSPA-T facility with the



steel targets. One can see that the surface erosion caused
by the melt motion is 10 times larger than the erosion due
to the droplet ejection. Identical result was obtained in the
experiments with other metals. It means that formation
and ejection of droplets seem to present some problem for
ITER safety but not for erosion of the divertor armour
materials.

Under the plasma stream action, melt moves along
the exposed surface in a radial direction from the stream
axis to periphery that results in formation of the erosion
crater and of the melt mountains at the crater edge. Depth
of the crater and height of the mountains rises linearly
with a number of plasma impacts.
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Fig.5. Erosion profiles measured on steel targets
(QSPA-T, 25 shots) and results of numerical analysis

The most probable cause of the observed melt motion is a
pressure gradient formed by the plasma stream at the
target surface. However this assumption does not agree
with the numerical analysis (Fig. 5). The erosion crater
and the melt displacement obtained in the numerical
modeling based on the melt motion due to the pressure
gradient are much smaller than the measured ones. It
means that a real driving force differs from the pressure
gradient.

SUMMARY

Tungsten targets were tested by intense plasma
streams at plasma gun facilities MK-200UG and QSPA-T
under the plasma heat fluxes relevant to ELMs and
mitigated disruptions in ITER. The targets made of steel,
copper, aluminum, and niobium were examined also.

Ejection of the metallic droplets and their properties
have been studied. It’s shown that the erosion products
consist mainly of ‘large’ droplets (d = 5 mm). The
metallic dust consisting of a huge amount of sub-micron
droplets was not found.

Melt layer erosion occurs mostly due to the melt
motion. A contribution of droplet ejection is negligible.
The measured melt displacement can not be explained by
pressure gradient. There is another, more effective driving
force.
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MEXAHHN3MBI U ITPOJIYKTHI 3PO3UU BOJIb®PAMOBBIX MUIIIEHEM ITPA TEILJIOBBIX
INIASMEHHBIX HAI'PY3KAX, XAPAKTEPHBIX /UISA ELM U OCJIABJIEHHBIX CPBIBOB B ITERe

B.M. Caghponos, H.H. Apxunos, H.C. Knumos, U.C. Jlanoman, /1.C. Ilempos,
B.JI. Ilookosvipos, H.M. Ilo3nusax, /I.A. Tonopxos, A.M. Kumnyxun

Mumenn w3 Boiab(ppama ObUIM IOJBEPTHYTHl BO3JCHCTBHIO HHTCHCHUBHBIX IIOTOKOB IUIa3Mbl Ha IUIa3MEHHBIX
yekopurensx MK-200UG u KCITY-T. HcnblTaHus NPOBOAWINCH NPH IDIa3MEHHBIX HATrpy3KaX, XapaKTEPHBIX IS
ELMogB u ocnabnenusix cpriBoB B ITERe. MccnenoBana 3po3us matepuaina, o0ycIOBICHHAS IBMKCHHEM paciiaBa U
KaleIbHbIM Pa30pbI3rHBAHIEM.

MEXAHI3MH I IPOJYKTH EPO3Ii BOJIb®PAMOBUX MIIIEHEN ITPUA TEILJIOBUX ILJIA3SMOBUX
HABAHTAXEHHAX, XAPAKTEPHUX JIJIAA ELM I OCJTABJIEHUX 3PUBIB B ITERi

B.M. Cagpponos, M.1. Apxunoe, M.C. Knimoe, I.C. lanoman, /1.C. Ilempos,
B.JI Hookosupos, .M. Ilo3naxk, /1.A. Tonopxoe, O.M. ZKumnyxin

MimeHi 3 Bosib¢pamMy OyJiu miJiaHi BIUIMBY IHTEHCUBHUX ITOTOKIB IJIa3MHU Ha IUIa3MOBUX mpuckoproBadax MK-200UG
i KCITY-T. Icriutu npoBoamincs IpH IUIA3MOBUX HaBaHTAXKEHHSX, XxapakTepHux it ELMIB 1 ociabneHnx 3pHBIB B
ITERi. [locnmimkeHO epo3it0 MaTepiany, IO OOYMOBJCHa pPyXOM pO3IUIABY 1 KPAIUIMHHUM DPO30PU3KYBaHHSIM.
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