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Carbon fibre composite (CFC) and tungsten 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. Onset condition of material erosion and properties of erosion products have been studied.
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1. INTRODUCTION

Carbon-fibre composite (CFC) and tungsten are
foreseen presently as armour materials for the divertor
targets in ITER. During the transient processes, such as
ELMs and mitigated disruptions, the targets are exposed
to the plasma heat loads up to 10 MJ/m? on the time scale
of order of 1 ms that can cause a severe erosion of the
armour materials [1]. Plasma-induced erosion is a major
concern for safe, successful and reliable reactor operation.
Erosion restricts lifetime of the divertor components,
leads to contamination of hot plasma by heavy impurities
and can produce a substantial amount of the material dust,
which being tritiated, radioactive and chemically reactive
presents a serious problem for a safety. The exact amount
and properties of the eroded materials are critically
important to analysis of tokamak-reactor.

The ITER transient loads are not achieved in the
existing tokamak machines. Therefore, erosion of
candidate armour materials is investigated 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. In the present work, the CFC and
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 onset conditions and
properties of erosion products.

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=0.05 ms. 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 Ei=2...3keV. Plasma
pressure varies in the range P = 0.03...0.5 bar. Diameter of
the plasma stream d=0.06...0. m. Plasma/target
interaction occurs in the magnetic field B=0.5...2 T.

Plasma stream parameters such as heat flux w = g/T, impact
ion energy E;, density n, pressure P, and negligible percentage
of impurities (<1%) are close to the expected in ITER during

transient processes. The disadvantage of MK-200UG facility is
small duration T of the plasma pulse and it is not suited for
longevity test of the divertor materials. Nevertheless the facility
is quite suitable to simulate the initial stage of the ITER transient
events and to study the plasma/material interaction under rather
realistic plasma parameters.

The present experiment at MK-200UG was aimed at

- measurement of melting and boiling points for
tungsten i.e. quantification of minimum heat
load causing tungsten surface melting and
boiling;

- determination of evaporation point for CFC and
investigation of carbon vapor properties.

These experimental data need for development and
validation of appropriate numerical models [7-9].

Calorimeters, photo cameras, infrared pyrometer, and

spectrometers have been used as diagnostics.

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...2.5 MJ/m?. The plasma load condition
is relevant to the ITER transients; therefore the facility is
applied for longevity testing of candidate armour
materials and investigation of the erosion mechanisms,
erosion products, and the resultant surface damage.
Taking into account that the facility is not equipped by the
magnetic field and the plasma stream density n 2 102 m™
and pressure P = 1...7 bar is larger than in tokamak
plasma, the QSPA-T experiment seems to give the upper
limit of erosion, which might be expected in ITER.

Onset conditions of CFC and tungsten erosion have been
studied in the present QSPA-T experiment. The erosion was
quantified by means of mass loss measurements and analysis
of the exposed surface damage with profilometer and
microscope. Droplets and particles emitted from the target
surface due to macroscopic erosion mechanisms have been
studied by use of diagnostics based on CCD camera.

3. EXPERIMENTAL RESULTS

3.1. EROSION OF CFC TARGET

Under action of intense plasma stream the CFC target
is eroded mainly due to the thermal evaporation and
brittle destruction [8]. Both of these erosion mechanisms
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are realized when the surface heats up to the temperature
T = 4000 K. Evaporation of the target surface and
evaporation of small carbon particles, which are formed
due to CFC brittle destruction, results in formation of
carbon vapor in front of the target surface.

Onset condition of CFC evaporation has been
experimentally studied at MK-200UG. The target was
irradiated by increasing heat load and visible
spectroscopy was applied for detection of carbon vapor
appearance. Infrared pyrometer was used for online
measurement of the target surface temperature Ty(t). It’s
found that the evaporation is absent at the plasma load
q ¢ 0.1 MJ/m*> (T< 2200 K); weak evaporation takes
place at q= 0.15MJ/m?> (T;= 3000K); intense
evaporation starts at q = 0.2 MJ/m* (Ts= 4000 K). The
surface temperature grows with the plasma load, it runs
up to a peak value of T, = 4000 K at q = 0.2 MJ/m? and
remains unaltered with further increase of the plasma
load. The plasma load q = 0.2 MJ/m?, which heats the
surface to the sublimation point, corresponds to a
threshold of intense CFC evaporation.
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Fig. 1. Electron density of carbon vapor plasma
(MK-200UG, 0.5-cm distance from target surface)

The evaporated carbon is ionized quickly and carbon
plasma arises. Spectrum of carbon plasma consists of
spectral lines of C™'-C*™ ions, continuous spectrum is
observed near the surface at distances < 1 mm. Electron
density n. of carbon plasma evaluated from Stark
broadening of spectral line CIV(4658.3A°) is shown in
Fig.1. At low heat loads the density rises steeply:
variation of q from 0.17 to 0.20 MJ/m? results in increase
of n. by a factor of 10. At q > 0.20 MJ/m” the density
grows slightly keeping at a level of n=2x10* m~. This
experimental fact confirms also that a threshold of intense
CFC evaporation is about g = 0.2 MJ/m’.

At q=0.1...0.15 MJ/m? the density of carbon plasma
was too small to be measured by the applied diagnostics.
But after the target was exposed to 200 plasma shots the
density increases to the measurable magnitude n.=(3...4)x
10*' m™ at the same plasma load. Properties of CFC seem
to be degraded during multiple plasma exposures that lead
to intensification of vaporization.

Numerical simulation for CFC surface temperature
evolution under the plasma exposure has been done using
PEGASUS-3D code [8]. Temperature dependence for
CFC thermal conductivity at T=2500...4000 K was taken
from analytical extrapolation of the thermoconductivity

measured at T< 2500K [10]. The performed simulation
reveals that the reference thermal conductivity Aw.r is
incompatible with the measured temperature. According
to numerical modeling an intense evaporation with Aer
should start at g=0.3 MJ/m* while in the experiment it
happens at q=0.2 MJ/m? It was assumed that a real
thermal conductivity differs from the reference one
because of degradation of CFC properties due to plasma
irradiation. Most probable reason for this degradation is
brittle CFC destruction caused by multiple thermal shocks
[8]. The best fit for the experimental results corresponds
to the reduction of A.r by a factor about 3.

Similar results have been obtained at QSPA-T facility
[11]. The obtained experimental data (Fig.2) demonstrate
clearly that the CFC erosion starts at essentially lower
plasma loads than it follows from calculation data
obtained for the reference thermal conductivity Aer .
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Fig.2. CFC erosion at QSPA-T

The performed experimental studies have shown that
the CFC resistance against action of intense plasma
streams is worth than it was expected before. It should be
noted also that carbon plasma formed due to CFC erosion
expands from the target along the magnetic field lines
with a velocity V=(1...2)x10* m/s. Density of carbon ions
measured at MK-200UG facility at 15-cm distance is n.2
10*'m™ that is larger than a density of tokamak plasma. It
means that during ELMs large amount of carbon
impurities might move from the divertor to the main
chamber causing a contamination of hot plasma.

Erosion of PAN fibers, p m/shot

3.1. EROSION OF TUNGSTEN TARGET

At MK-200UG and QSPA-T facilities there were
measured the minimal plasma loads q. and g, which
cause tungsten surface heating to melting and boiling
temperatures (T = 3650 K, T, = 6000 K):

MK-200UG - gu = 0.30 MJ/m?; gy = 0.65 MJ/m?;
QSPA-T - qm = 1 MJ/m?; q» = 2.2 MJ/m’.

At the time-constant heat flux the integral plasma load
g, which is required for surface heating to a certain
temperature T, is proportional to T2 Taking into account
that the plasma pulse duration at QSPA-T (T = 0.5 ms) is
10 times larger than at MK-200UG (T = 0.05 ms) the data
obtained at both facilities are in a good agreement. The
experimental data agree also with the result of numerical
modeling.
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Fig3. Mass loss of tungsten

Onset condition of tungsten erosion has been studied
at QSPA-T facility. The tungsten target was tested at

SUMMARY

CFC and tungsten targets were tested by intense
plasma streams at heat fluxes relevant to ELMs and
mitigated disruptions in ITER.

Intense evaporation of CFC happens at lower plasma
load than it results from the numerical modeling based on
the reference thermal conductivity. Degradation of the
thermal conductivity could be caused by brittle CFC
destruction under multiple plasma exposures.

Erosion of tungsten begins with the surface melting.
The erosion is caused mainly by melt splashing.

Erosion of tungsten target starts at larger plasma load
than CFC erosion.
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Fig.4. Emission of droplets from tungsten target

The mass loss results from melt layer splashing and
emission of droplets under the stream action (Fig.4).
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NCCIEJOBAHUE MEXAHU3MOB U TPOAYKTOB 3PO31UH OBJIMINOBOYHBIX MATEPUAJIOB
JAUBEPTOPA B YCJIIOBUAX, XAPAKTEPHBIX JIJISAA 3JIMos U OCJIABJIEHHBIX CPBIBOB B UTJPe

B.M. Cagpponos, H.H. Apxunos, H.C. Knumos, /1.B. Koeaneunxo, H.C. J/lanoman,
A.A. Mockauesa,C.E. Ilecuanwtii, B.JI. Ilookosvipos, U.M. Ilo3nsx, /[.A. Tonopros, A.M. Kumnyxun

C-C xoMnosuT ® BoOib(ppaM OBUIM TOABEPTHYTHl BO3ACHCTBUIO MHTCHCHUBHBIX ITOTOKOB IUIa3Mbl Ha IUIa3MEHHBIX
yekopuremsix MK-200UG u KCITY-T. MuiieHn HCHOBITBIBAJINCH NMPH IMJIa3MEHHBIX Harpy3kax, XapaKTepHBIX IS
3JIMoB un ocnabneHHbIx cpbiBoB B U TOPe. bpun npoBeieHb! nccaeq0BaHus HAauaJIbHBIX YCIOBHIA 9PO3UH MaTEepHalioB
U CBOICTB NPOJYKTOB 3PO3UH.

JOCJIIKEHHS MEXAHI3MIB I TPOJYKTIB EPO3Ii OBJINIIOBAJILHAUX MATEPIAJIIB
JUBEPTOPA B YMOBAX, XAPAKTEPHUX /U151 3JIMis I OCJIABJIEHUX 3PUBIB B ITEPi

B.M. Cagpponos, M.1. Apxunoe, M.C. Knimoes, /1.B. Kosanenxo, 1.C. /lanoman,
A.A. Mockauoea, C.€. Ilecuanuii, B.JI. Ilookosupos, I. M. Ilo3nsx, /I.A. Tonopkos, O.M. Kumayxin

C-C xommo3uT i Bomb(ppaM OyiH ImigmaHi BIUIMBOBI IHTCHCHBHUX MOTOKIB TUIa3MH Ha IUIA3MOBHX IPUCKOPIOBAYaX
MK-200UG i1 KCIII-T. Miweni BumpoOyBaiucsi NpH IUIa3MOBUX HaBaHTAXKCHHSX, XapakTepHux g DJIMiB i
ociabnennx 3puBiB B ITEPi. Bynu mpoBeneHi mociiJUKeHHsS IOYaTKOBHX yYMOB epo3ii MarepiasiB i BIacTHBOCTEH
HPOJYKTIB epo3ii.
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