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Abstract

Some new data of the experimental study of visible radiation from the plasma shielding layer (SL) on the target
surface during high heat plasma-material interaction are given in the report. The experiments were performed on the
VIKA facility. Long pulse (t, = 0.36 ms) high power (£, ~ 100 GW m~? plasma streams were used for irradiation of
graphite and tungsten samples. The target inclination (« = 0° normal irradiation; 45°; 70°) and magnetic field (B = 0 to
3 T) were varied in experiments. It is shown that the values of (A1 = 400 to 700 nm) visible radiation power flux (VRPF)
on the target surface can be characterised by the level of Py ~ 1 GW m~? for normal irradiation in the presence of a
magnetic field B =2 to 3 T. Inclination of targets leads to the reduction of this flux in conformity with the corre-
sponding decrease of the irradiation power. The material of the target does not influence sufficiently on the level of the
incident radiation power flux in the performed experiments. © 2001 Published by Elsevier Science B.V.
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1. Introduction

One of the critical items in the problem of under-
standing and prediction of material erosion under high
heat plasma load relevant to plasma disruptions in
ITER is to determine the level of the power flux which
reaches the divertor target surface taking into account
the shielding effect of the material plasma layer gener-
ated above the target surface from ionised erosion
products. Both numerical modelling and experimental
simulation have asked for help to decide this problem
(see for example [1,2]).

As a first step to solve the problem to determine in-
cident power flux, the level of power flux absorbed by
irradiated sample was measured. It is shown that the
measured values can be characterised by the level of
absorbed power P, ~3 to 5 GW m™? for different
materials (Al, W, graphite) irradiated by a plasma power
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flux P,; ~ 100 GW m~2 [3]. It is supposed that this level
is close to the average level of power flux on the target
surface from the shielding layer (SL). First experimental
data about the visible radiation from SL on the target
surface are given in [4,5].

This paper describes the results of direct measure-
ments of the visible radiation power flux (VRPF) on the
target surface at high power plasma loading with a level
and duration which are expected during plasma dis-
ruptions in ITER. Such data are interesting for numer-
ical codes verification and practical applications too
(plasma treatment of structural materials, etc.).

2. Experimental conditions

A long-pulse coaxial plasma accelerator is the source
of plasma high heat flux in the VIKA facility [6]. The
sectionalised power supply — pulse forming network
(5 kV, 100 kJ) — allows one to form rectangular current
pulses in the plasma gun that results in quasi-stationary
plasma parameters during the pulse duration. The level
of impurities in hydrogen plasma does not exceed ~1%
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for any mode of operation. The ion energy is & ~ 200
eV. The effective diameter of the plasma stream is
dp ~ 0.04 m.

A variation of both the specific plasma heat flux
(wp, <30 MJ m~2) and the pulse duration (z, = 0.09 to
0.36 ms) is possible. In all described experiments the
mode with a pulse duration 7, = 0.36 ms was used.

The quasi-stationary magnetic field was produced by
two coils in the interaction chamber and was varied in
the range B = 0 to 3 T. To understand possible effects of
the target inclination (damp target plates in tokamak
divertor) both a field normal to the target surface
(o = 0°) and inclined (o = 45°; 70°) was used.

Samples of graphite (EK-98) and tungsten were used
in the described experiments. The square of the samples
overlapped the cross-section of the plasma stream, the
thickness was # = 1072 m.

To study the parameters of the incident visible radia-
tion an optical scheme with a quartz fiber (length L = 6 m;
diameter d = 1073 m) inserted into the inclined hole in the
target body was used. The light collected by the fiber was
guided to an analysing setup (spectrograph or mono-
chromator) and registered (film or photomultiplier).

To measure the absolute amount of the radiation
power flux a calibration of the optical tract with certif-
icated tungsten lamp was performed. Typically the de-
tected wavelength range was limited to AL =400 to
700 nm.

3. Experimental results

As a first step the registration of the observation SL
plasma spectra for graphite and tungsten targets in visi-
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ble spectral range was undertaken. The fragments of two
typical spectra for graphite target are shown in Fig. 1.

The presence of carbon spectral lines CII, CIII and
CIV, the most intensive being the lines CII (z = 1), is
typical for such spectra. The spectra are characterised
also by the presence of some impurities (Al, Mn, Na, Ca,
Cu, Si) and hydrogen spectral lines. The most probable
source of the most impurities is the plasma gun, and the
quartz fiber (specially for Si). The continuum radiation
gives the most contribution to the detected radiation.
The spectrum is characterised also by a growth of
the continuum intensity in the long-wave region of
spectrum.

One can see that the application of the magnetic field
results in a ~2-3 fold growth of the continuum radiation
intensity. The main reason of this is most probably the
growth of the SL plasma density (see the evolution of
the half-width of Hy line with the growth of the mag-
netic field on the fragments of tungsten target spectra in
Fig. 2). The electron density (data of Hy line broadening
measurements) increases from #, ~ 10> m~ in the ab-
sence of magnetic field up to n, > 10** m~> in the pres-
ence of a 3 T magnetic field. The estimation of the
electron temperature (from carbon lines intensities cor-
relation) of the radiating plasma gives the values (in
different exposures) of 7, =~ 1 to 3 eV.

A typical oscillogram of the detected radiation in-
tensity is shown in Fig. 3. The time delay of the sharp
growth of the radiation intensity of 30-50 ps corre-
sponds to the real front of irradiation power. The de-
tailed temporal behaviour of the radiation intensity
depends on the registered wavelength and irradiation
conditions in general. But one can mark the typical
feature of most of the signals: the intensity falls off in the
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Fig. 1. Fragments of the typical spectra for the visible radiation in front of the target surface without (bottom) and with (top) 2.5 T

normal magnetic field. Target — graphite. Irradiation power is P, ~ 100 GW m
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Fig. 2. Fragments of typical spectra of visible radiation in a neighbourhood of Hy line for different values of normal magnetic field.

Target — tungsten. Irradiation power is P, ~ 100 GW m~2,

Fig. 3. Typical oscillogramm of detected radiation (1=
670 nm) intensity. B = 3 T. P, = 120 GW m2. The time scale
is 0.1 ms/div. The pointer shows the start of irradiation. P, =
120 GW m2.

middle of pulse. The correlation of the peak amplitudes,
the duration and depth of fall are varied depending of
the irradiation conditions. A decreasing irradiation
power due to the variation of the plasma gun voltage or
target inclination results in a decrease of the amplitude
of the first sub-pulse. Besides the delay time of sharp
growth of its intensity is increased.

Direct measurements of VRPF on tungsten and
graphite targets surface were performed with variation
of the magnetic field, the sample inclination and the ir-
radiation power for each material. For convenience all
received data are presented separately by dependencies
for each varied parameter.

The growth of the relative radiation intensity shown
in the spectroscopic data with the magnetic field is
confirmed by the measurements of the absolute values of
VRPF too. As shown in Fig. 4, there is the saturation of
the measured values level of around Py ~ 1 GW m~2 for
magnetic field B > 2 T.

The evolution of average values of VRPF on
graphite and tungsten samples due to the variation of
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Fig. 4. Visible radiation power flux on the target surface
versus magnetic field at different inclination of target (circle:
normal irradiation; triangle: o = 45°; square: « = 70°). P, =
120 GW m~2.

the target inclination at different values of magnetic field
is shown in Fig. 5. The inclination of the target leads
naturally to a decrease of the incident radiation flux. To
understand the nature of this effect measurements of the
radiation power flux with variation of the irradiation
power during PFN voltage variation (at normal irradi-
ation) was performed. The comparison of these data
with those obtained by the variation of the irradiation
power during sample inclination shows reasonably good
agreement (Fig. 6). So, one can believe that the main
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Fig. 5. Visible radiation power flux on the target surface versus
sample inclination at different values of the magnetic field.
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Fig. 6. Radiation power flux on the target surface versus irra-
diation power flux varied by plasma gun voltage and sample
inclination. The white triangles give data for marked values of
irradiation power (normal irradiation). Black triangles — data
for inclination 0°, 45° (calculated P, = 84 GW m~2?) and 70°
(Prr =40 GW m™2).

cause of observed decrease of the VRPF with sample
inclination is the corresponding decrease of the irradi-
ation power.

The above a level of Px ~ 1 GW m~2 is achieved in
general in the second half of the irradiation pulse with
decreased power flux P, <50 GW m~2.

In spite of strong difference in the characteristics of
the irradiated materials a clear influence on the level of
the measured VRPF is not seen.

4. Discussion and conclusions

For the first time direct measurements of the radia-
tion power flux on a target surface have been performed.
They allow one to get new knowledge on the power flux
which reaches the target surface during high heat plasma
loading.

The observed spectra in visible region are rather
different from those obtained by a one at side-on ob-
servation performed earlier [7]. The most probable cause
of this is the strong absorption of the visible radiation in
a dense SL plasma (n, 2 3 x 10 m~3).

The most probable cause for the growth of the inci-
dent radiation flux by applying of the magnetic field
(B =2to 3 T)is the growth of plasma density in the SL.
due to suppression of SL lateral plasma losses.

The observed decrease of the radiation intensity (and
hence probably the total incident power flux) in the
middle of the irradiation pulse is the most probable cause
of pause in erosion observed before by us [3]. In turn the
probable reason of such a decrease is the increasing
opacity of the SL due to plasma density growth. The
opacity of the SL plasma for visible radiation was ex-
perimentally observed earlier in our experiments too [7].

Assuming a Plank distribution of the spectral inten-
sity of the total radiation from the SL plasma, the total
radiation power flux on the target reaches a level of
around few GW m~? at the emitted plasma temperature
of T. ~ 1 eV. This is in a satisfactory agreement with
measured level of absorbed power of Py, ~ 3 to 4 GW
m~2 which can include in general the radiation and the
heat conduction power fluxes. In this case it means that
the radiation power flux determines to a considerable
extent the level of the total power flux which reaches the
target surface during the high heat plasma loading.

No surprising effects have been seen in the behaviour
of the incident power flux by inclination of the target:
the radiation power flux decreases accordingly to the
decrease of the irradiation power due to inclination of
the target.

In spite of strong difference in the type of the irra-
diated materials the level of VRPF on the target surface
is practically not changed. It is in a good agreement with
our previous measurements of the power flux absorbed
by the target during irradiation [3]. As to possible ex-
planation of this fact one can suppose on the base of
modern notion that only lowest plasma layer of SL is
responsible mainly for observed radiation flux. Such a
most dense layer which is close to the target surface has
the lowest temperature. The last one depends feebly on
target material. Besides such a layer is optically thick
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and is able to protect effectively target against more
short wave radiation from upper layers of more hot (but
less dense) plasma. Naturally the composition of plasma
(type of material) determines the spectral distribution of
radiation intensity from upper layers [8].

Application of the magnetic field suppresses the lat-
eral losses of plasma from the SL due to the improve-
ment of radial plasma confinement and results in the
growth of the radiation intensity.

The received data do not contradict the results of our
previous experimental study of high power plasma-—
material interaction and can be used for verification of
numerical codes and evaluation of expected power flux
on the divertor target surface during off-normal events
in existing and future fusion machines. Such data are
also useful for the choice of the plasma irradiation mode
in plasma technology (pulse plasma treatment of the
structural materials).
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