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OBSERVATIONS OF ARCING IN THE ISX TOKAMAK*

P. MIODUSZEWSKI,+ R. E. CLAUSING AND L. HEATHERLY

Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 USA

Arcing has been proposed as a major source of metal impurities in tokamak plasmas. Arc tracks
have been observed in the ISX lokariak on the limiter, the inner-wall surface, and on the samples
from the surface analysis station. Linear as well as fern-like arc tracks have been observed.
From optical and SEK analysis of the tracks, it was estimated thai about 10lfc—1017 atoms were
released per arc. To study the influence of arcinq on the Lol;amak discharge, an experiment
was set up to measure electrical and optical signals of arcing in situ. In well controlled
tokamak discharges, arcing was observed only during the initial breakdown of the plasira and
during the quenching phase at the end of the discharge. In disrupted discharges, each plasma
disruption was accompanied by arcing. The pulse-length of one s'ngle unipolar arc was measured
to be about 50 us and the current amplitude was typically about 20 A.

I. INTRODUCTION

Tracks of unipolar arcs have been observed in
the ISX tokamak [I] on the limiters, on the wall
surface and on the samples of the surface
analysis station. The role of arcing in toka-
maks has been studied earlier in the DITE toka-
mak [2]. However, since it was found that
arcing depends to a large extent on the surface
conditions of the metal wall exposed to the
plasma [3], it is questionable whether the
results from one tokamak with specific wall
conditioning practices apply also to another
device. Additional information is needed to
decide whether arcing occurs turirjg the tokamak
discharge, introducing metal impurities into
the plasma, or only at the end of the discharge
when the plasma is collapsing, and the discharge
is not effected by the released metal atoms. To
find out whether unipolar arcing is of impor-
tance during the tokamak discharge, an experi-
ment, has been set up to measure the arcing
current and duration and its correlation to the
tokamak discharge.

In this paper, we first report on our observa-
tions of arc tracks in the ISX-A and ISX-B
tokamaks, then describe the experimental set up
and results of electrical and optical measure-
ments of arcing in ISX-B.

2. OBSERVATION OF ARC TRACKS

Arc tracks have been observed in ISX-A on the
limit-ers, on the rims which connect the bellows
sections with the rigid sections, and on the
samples and sample supports of the surface
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analysis station. The tracks were found on
various .naterials such as stainless steel
(limiters, walls, samples), carbon (limiters),
aluminum and gold (samples). Figure 1 shows
arc tracks on one of the stainless steel
limiters. Many of these tracks are several cm
long and up to 50 urn wide. The crater depth of
the arc could not be measured easily under the
microscope, but it appeared to be small compared
to the width. If the depth is assumed to be a
tenth of the width, the average number of eroded
particles is about 1017 atoms per arc track.

kuUM*

Fig. I. Arc tracks on one of the stainless
steel limiters, magnificat ion ca 2x.

Figure 2 shows one of the samples, an aluminum
cylinder of ID mrc in diameter and 10 mm in
length with a hemispherical end. The position
of this sample with respect to the plasma and
the wall is shown in Fig. 1*. Fern-like arc
tracks as well as linear arc tracks have been
observed on these samples. The length of the
arc tracks ranges from about I mm to 10 mm.
The longest ones start at the bottom side of
of the sample and move all the way to the top
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-2. Arc tracks on Al-sample (I cm diam.)

side. Since several arc tracks have a common
origin, the direction of motion could be deduced
to be retrograde [b]. The arcs arc diverging
into opposite directions from the vertical
centre plane of the sample, as can be seen in
Tig. 2. This behavior is commonly observed
when the magnetic field lines are inclined to
the plane of the cathode [5]. The width of the
arc tracks is about 20—50 urn. To estimate the
amount of material released per arc, the depth
of the arc craters were estimated with the help
of sLereo-SEM pictures to be about ?-—5 ym.
Thus, the number of eroded particles per arc
track is in this case about !0llj atoms. As
will be discussed later, the total charge trans-
ported in one of these arcs was several 10"3

coulomb, and thus, an erosion rate of about
I018 atoms/C can be estimated. Fig. 3 shows a
SEM picture of an arc track on aluminum.

r *,

From previous work by others [6], and from
separate studies in our laboratory [3], erosion
rates for stainless steel or aluminum were deter-
mined to be about 5 • 10"° kg/C which corresponds
to several I01' atoms/C. Measurements of erosion
rates depend certainly on the surface conditions
of the cathode material. A thick oxide layer on
the cathode for example, might result in an
erosion rate which differs from that one on a
clean metal surface. Therefore, the erosion
with an externally applied magnetic field which
makes the cathode spot move over the surface
could be different from that one without a magne-
tic field. The erosion rate of a fast moving
cathode spot may be partially controlled by the
surface oxide layer, whereas, without magnetic
field the cathode spot is anchored and the
erosion depth is far beyond the oxide layer,
and thus more affected by the bulk material. In
our laboratory, studies of erosion rates have
been performed without external magnetic fields,
and the arc tracks are more or less circular
single pits. In a tokamak environment, unipolar
arcs bum in an external magnetic field, result-
ing in linear or fern-like arc tracks with a
length which ii up to several hundred times
larger than the width and depth. This may
explain the discrepancy in erosion rates observed
in the laboratory and in tokamak experiments.

3. EXPERIMENTAL SET UP

The set up for electrical and optical measure-
ments of arcing is shown schematically in Fig. If.
The sample was inserted into the ISX vacuum
chamber through the Surface Analysis Station [7].

ISX VACUUM VESSEL
(SECTOR 51

ONL-OWG 71-22333

POSITION
{VERTICAL LIMITER
ACTUALLY I N SECTOR 14)

^SAMPLE

COAXIAL FEEDTHROUGH

SURFACE ANALYSIS
STATION PORT

OSClLLOSCOfC

T ig . 3 . SEM photo of arc tracks on Al-sample,
ntagnlf ical ion iODx.

INTERFERENCE FILTER

Fig. k. Experimental set up for electrical and
opti-.al measurements of arcing.



ihui, the sample position could be varied by
means of a r.ick .jntJ pinion mechanism. The
distance between the front surface of the sample
and the plasma edge was In these e*perintents
25 mm, the distance to the wall was about 60 cm.
The sample was electrically insulated from the
rack on which it was merited. The electrical
lead and feedthrough were coaxially shielded.
Outside the vacuum chamber the sample was
electrically connected to the chamber wall
through a 0.1 U resistor. The sample surface
was about 'i Ctrl'1.

When an arc str'kes between the sample and
the plasma, electrons are injected from the
sample into the plasnvj and return as random
current from the pitisina to the wall. This
current was measured with a current probe in
the outside loop which connected the sample
with the wall. Before an arc strikes the
floating potentials of the sample and the wall
are about the same because of the connection
resistor R. During arcing, the potentials are
different by several volts, depending on the
arc current.

It was planned to moke simultaneously optical
and electrical measurements of arcing. But
since the arcing experiment was set up only
after ISX was already in operation for some
time, we had problems with the optical access
to the sample. Due to the brief time available
before a planned shut down of ISX, our measure-
ments were not optimised. Specifically the
interference filter which was used for the
measurements (see Fig. ^) had a bandwidth of
about 15 nm and was not centered around the
measured 396 nm Al-line. Thus, our optical
detector had about an equal sensitivity for
the 382 nm Fe-line whicli was supposed to be
one of the most intense lines in arcing on
stainless steel cathodes. Therefore, arcing
on the stainless steel support structure of
the sample may have been contributing to the
optical signal, and a proper correlation
between optical and electrical arcing signals
could not be guaranteed. These measurements
are therefore planned to be repeated with an
improved optical detection system.

It. RESULTS

Arc currents measured on the samples were in
the range between 10 and 50 A. In most cases
the current amplitude was around 20 A. The
arcing signals were related to pin-diode
measurements detecting the soft x-ray fluctua-
tions which are a measure for MHD activity.
Each disruption of the plasma was thus indicated
by a breakdown in the pin-djode signal. In
Fig. 5 typical signals of a "good" tokamak
discharge are shown. The upper trace shows the
pin-diode signal, and the lower trace shows the
current signal on the arcing sample. The pin-
diode shows a continuous build-up of the soft
x-radiation. The arcing signal shows several
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Fig. 5. Pin-diode and arcing signal of a
"good" tokamak discharge; upper trace: pin-
diode signal; lower trace: current signal from
arcing sample.

fast spikes at the initial breakdown of the
plasma and in tht quenching phase at the end
of the discharge. Numerous plasma discharges
were studied and showed generally a similar
behavior.

An example of a disruptive plasma discharge
is shown in Fig. 6. In addition to some minor
spikes at the beginning and end of the discharge,
the arcing sample shows current pulses with up
to 20 A whenever the plasma is disrupted. The
duration of these current pulses is always
very short compared to the plasma discharge
of about 180 ms. in Fig. 7, the end portion
of one of the arcing signals is shown with
a higher time resolution of 100 ys/div. From
this trace, it can be deduced, that the dura-
tion of a single arc is about 50 us. The
osciilogram suggests that there is a chain
of several distinguishable single arcs which
are about 50 us in duration each and add up
to about 1 ms duration total which yields a
total charge of several 10"3 C. This compares
to a SEM picture of an arc track which shows
that the track consists usually of a number
of single cathode spots. Assuming that a
current signal like that in Fig. 7 corresponds
to a chain of single cathode spots, the velocity
of the retrograde motion of the arcs can be
estimated. For a I ms total pulse length
and a 10 mm total path length, the resulting
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Fig. 6. Pin-diode and arcing signal of „
disrupted tokamak diicharqe; upper trace: pin-
diode signal; lower trace: current signal from
arcing sample.

s
1-
ziii
r
r.z>u

0

20

1

11\
lw /n" uU i

i

I i

1 1

1

M V

1

i

A/

f

ORNL-DWG

1

1

1

1 /J/f
If

1

76-22582
1 •

***
r _

I i
0.2 0.4 0.6

TIME (ms)
0.8

Fig. 7. Example of a time-resolved arcing
s ignal.

velocity is 10 m/s, in a magnetic field of
typically several tenths of a tesla. However,
this velocity may vary a lot with the surface
conditions, since the moving velocity depends
on the time the cathode spot is heated up to
a sufficient temperature, and this time depends
on the nature of the surface [8].

5. CONCLUSION

The objective of the experiments described
in this paper was to study the role of arcing
in tokamak discha:ges. The measurements were

made by means of a sample inserted into the
tokamak about 20 nun from the plasma edge. The
surface miy thus be representative of the wall
and the structural components inside the
lokamak. Since the Iimiters arc in direct
contact with the plasma, arcing on the limiters
may be different.

It should be expected that confinement of the
electrons in a well confined tokamak plasma is
better and at least not poorer than ion confine-
ment; therefore, a negative sheath potential of
the walls, which is necessary to drive unipolar
arcs between the walls and the plasma, cannot
bi'Id up during the wel1-control led phase of
the discharge. Unipolar arcs are therefore
not observed in this phase. In the early and
ending phases of a regular lokamak discharge,
the plasma is not well confined and might touch
the walls. During these phases unipolar arcing
on the walls can be expected. We have observed
arcing almost always during the initial break-
down, when the condition.* for plasma confine-
ment arc not yet established, as well as during
the quenching phase at the end of the discharge.
During the stable phase of the discharge,
arcing occurred only along with plasma disrup-
tions, as indicated by the pin-diode signals.

The observations described here should be
considered valid only for a specific clean-up
state of the tokamak, since it was found in
laboratory studies [3] that surfaces can be
conditioned with respect to arcing. Therefore,
the probability of arcing may very well change
with the operating history of the tokamak.
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