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Abstract:

Methods to measure the inventory of dust particles and to remove dust if it approaches safety
limits will be required in next-step tokamaks. A novel electrostatic dust detector, based on a fine
grid of interlocking circuit traces, biased to 30 or 50 v, has been developed for the detection of
dust on remote surfaces in air and vacuum environments. Impinging dust particles are detected
when they create a short circuit between the traces, however this short circuit is temporary
suggesting the device may be useful for the removal of dust from specific areas. The fate of the
dust particles has been tracked by measurements of mass gain / loss. Heating by the current pulse
caused up to 90% of the particles to be ejected from the grid or vaporized, the removal efficiency
depending on the experimental geometry. We also report the first attempt at real-time dust

detection in NSTX.
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1. Introduction

The management of dust particles is one of the serious plasma material interaction issues that
needs to be resolved before ITER can study burning plasmas[1,2,3,4]. Dust in tokamaks can be
produced by the disassembly of plasma facing tile surfaces or of plasma-grown co-deposited
layers under the impact of ELMs or disruptions, or by the chemical agglomeration of sputtered
C, clusters[5,6]. In next-step devices the increase in duty cycle and erosion levels will cause a
large scale-up in the amount of dust particles produced. This has important safety consequences
as the dust particles may be radioactive from tritium or activated metals, toxic and /or chemically
reactive with steam or air. A guideline to limit the mobilisable tungsten dust to 100 kg inside the
ITER vacuum vessel has been established due to its radiological hazard. To limit the hydrogen
potentially generated by chemical reactions following in-vessel coolant spills or air ingress the
quantity of chemically reactive dust on hot plasma facing components of the divertor is limited
to less than 6 kg each of beryllium, carbon and tungsten[7]. However measuring the dust particle
inventory is a challenge in existing tokamaks let alone one with the radiological environment and
scale of ITER. Diagnostics that could provide assurance that ITER is in compliance with its dust
inventory limits are in their infancy. A separate challenge is demonstrating techniques that could

remove dust from the tokamak, once the limits are approached.

A novel device to detect the settling of dust particles on a remote surface has recently been
developed in the laboratory[8,9]. A grid of two closely interlocking conductive traces on a circuit
board was biased to 30 — 50 V. Test particles, scraped from a carbon fiber composite tile, were
delivered to the grid by a stream of nitrogen. Miniature sparks appeared when the particles
landed on the energized grid and created a transient short circuit. Typically the particles
vaporized in a few seconds restoring the previous voltage standoff. The transient current flowing
through the short circuit created a voltage pulse that was recorded by standard nuclear counting
electronics and the total number of counts was related to the mass of dust impinging on the grid.
The device worked well in both at atmosphere and in vacuum environments. The sensitivity has
been enhanced by more than an order of magnitude by the use of ultrafine grids[10]. The
response to particles of different size categories was compared and the sensitivity, expressed in

counts / areal density (mg/cm®) of particles, was maximal for the finest particles. This is a



favorable property for tokamak dust which is predominantly of micron scale. Larger particles

produce a longer current pulse, providing qualitative information on the particle size.

In the present work we investigate the fate of carbon dust particles after they land on an
energized grid and create a short circuit. Typically open circuit conditions are rapidly restored in
both air and vacuum environments, indicating that the dust particles have been removed from the
circuit board. We characterize the removal efficiency by measurements of the mass of the dust
incident on an energized circuit board, the mass that remains on the board and the mass that

appears in other locations.
2. Experimental setup.

Simulated dust particles were obtained by scraping a carbon fiber composite tile as in refs.
[8,10]. The particles had a count median diameter of 2.9 ym, similar to the 2.1 ym count median
diameter of dust collected in NSTX at a lower viewport at Bay B. The dust was prefiltered
through a vibrating wire mesh with 104 ym by 104 ym square holes. About 30 mg of dust was
loaded into a 2.5 cm diameter cylindrical container made from the same mesh that was attached
to a shaft on a vacuum feedthrough. In the absence of any disturbance the dust remained in the
container. The dust container and circuit grid were placed inside a vacuum chamber that was
evacuated to 50 — 100 mtorr. When desired, dust was released by applying a vibrating engraving
tool to the shaft on the external side of the vacuum feedthrough. About 10 mg of particles was
released in 30 s and fell evenly in a 2 cm diameter area with no clumping. This method delivered
an order of magnitude more dust than the previous method[8], so that tracking dust with the

available balance of readout precision of 0.1 mg was possible.

The dust removal efficiency was measured by measuring the mass of dust lost by the container
and mass gained by the circuit grid and other components. The circuit board is 22 x 27 mm in
area of which the central 12.5 x 12.5 mm grid is energized. Two systems were used to mask the
unenergized area of the board (Fig.1). The first system was a square aluminum funnel (section of
a four sided pyramid) glued to a circuit board with a 1 cm square hole in the center. This was
mounted so that the hole was directly above the circuit grid. Dust destined to miss the circuit grid
either slid down the funnel onto the grid, or stuck to the surface of the funnel. Dust that was

ejected by the energized circuit grid could be deposited on the funnel. The second system was a



‘chimney and roof’” made of stainless steel foil. The ‘chimney’ was a square vertical shaft 2.55
cm tall, with 0.95 cm sides. The ‘roof” at the top of the chimney was 3.2 cm square with a 0.95
cm square hole aligned with the chimney, with raised inner and outer edges raised to contain
dust. The base of the chimney was insulated from the circuit grid by a mica mask with a 0.95 cm
square hole. The chimney was intended to return ejected dust to the circuit board and increase

the opportunity for it to be vaporized.

In the experiment the mass of the container loaded with dust, and the mass of the circuit grid and
mask components were measured individually and the items installed in the vacuum chamber.
After pumpout, the vibrating tool was applied to deliver some dust to the circuit grid. Afterward
the chamber was vented and the components were carefully reweighed. The dust container was
weighed and transported in an aluminum foil pouch to ensure that any particles lost in transport
were accounted for. Initial tests were done on an unenergized circuit grid in vacuum to compare
the mass lost by the dust container to the mass gained by the circuit grid and mask (funnel, or
chimney, roof and mica). These tests were repeated at least 3 times for the same conditions. It
was found that the mass gained by the unenergized circuit grid and mask was 0.4 — 0.8 mg less
than the mass loss of the dust container after 30 s of vibration. Without vibration, the circuit grid
and mask did not gain mass, but the dust container still showed a decrease in mass of 0.8 mg.
Glass slides placed near the circuit grid showed evidence of dust that had missed the mask,
suggesting that air currents during evacuation and repressurization had caused some dust loss.

Mass loss due to outgassing of water absorbed in the dust may also contribute.

The circuit board used for trials with the funnel had 50 ym wide traces with 50 ym spacing
between traces. For the chimney configuration a 50 ym trace/space grid was used in one vacuum
measurement and for the other vacuum and air measurements 75um trace/space grids were used.
Both configurations were biased at 50 v with a power supply that was current limited to 60 mA.
More details are in refs. [8,10]. One of the difficulties was that the ~10 mg of dust needed for
accurate mass measurements by the available balance sometimes overloaded the circuit grid
causing the bias voltage to decrease, and sometimes the resulting heat damaged the circuit traces.
This was partially mitigated by reducing the vibration amplitude which lowered the rate of dust

release. Measurements in which the bias voltage permanently decreased were discarded.



3. Removal Efficiency

The efficacy of the energized grid in removing dust is illustrated in Fig. 2. Here, one of the traces
is open circuit and the incident dust accumulates in a row along the trace. On either side the

traces show a greatly reduced density of dust particles.

A histogram of the average mass gained by the grid and funnel and the difference between the
initial and final total mass (the ‘missing mass’) for energized and unenergized conditions is
shown in Fig. 3a. It can be seen that the energized grid ejected 91% of the dust incident on it. At
the same time the fraction of dust landing on the funnel increases, as does the amount of ‘missing
mass’. The dust incident on the energized grid is estimated from the mass lost by the dust
container less that landing on the funnel and lost to pumpout, both for the unenergized case. Of
the incident dust 70% +2% on average was ejected and landed on the funnel and 21% +2% was
vaporized or ejected beyond the funnel. The above uncertainties are from the 0.1 mg readout
precision of the balance and the standard deviation of the missing mass and derived ratios, added
in quadrature. Fig. 3b shows the results for the chimney + roof configuration. Averaging over the
50 and 75 um grid results, 83% the incident dust was ejected when the grid was energized. The
result for the 50 ym trace/space grid alone was 91%, similar to the funnel case. The mica mat
and chimney showed significant mass gain in the energized case. Of the dust incident on the grid
60% +8% was ejected and landed on the chimney or mica and 22% +10% was vaporized or

ejected beyond the roof.

The removal efficiency would be even higher without the single open trace on the circuit board
used for the funnel trials and the first of the four chimney trials. The higher ejection fraction
observed with the 50 ym grid for the chimney + roof configuration suggests that 25 ym grids
would perform even better. On the third of the funnel trials about 1 mg of dust fell from the
funnel onto the circuit board during the weighing process. During the first energized trial with
the chimney and roof, particles were shaken down for 30 seconds as usual, however the counting
electronics continue to show rapid counts for 45 seconds, indicating the particles were bouncing
around inside the chimney for some time before being vaporized or sticking to the chimney or

wiggling between mica mat and the flange. It turned out that mica was not a good choice for the



insulator between the stainless chimney and grid as it trapped ejected dust particles and this

sometimes lead to short circuits.

The experiment with the chimney was repeated with the same procedure except that the chamber
was not evacuated and the results are shown in Fig. 4. The amount of dust used was reduced as it
was easier to overload the grid in air, and this increased the measurement uncertainty. The dust
incident on the energized grid was calculated from the mass lost by the dust container, less that
which landed on the roof, minus that lost to pumpout for the unenergized case. Of the incident
dust 51% =+ 14% remained on the energized grid, 18% +10% was relocated on the mica and
chimney and 31% + 20% was vaporized or ejected beyond the chimney and roof. The increase in

fraction vaporized is believed to be due to oxidation in air.

In summary the tests showed that up to 90% of the amount of dust incident on the energized grid

was ejected or vaporized.
4. Dust detection in tokamaks.

Dust has previously been collected from NSTX during a maintenance period and
characterized[11]. Real-time measurements were attempted by installing two grids in NSTX on a
vertical port 60 cm below the outer divertor at Bay C. A 4.8 cm’ glass slide positioned in
between the grids was used to passively collect dust. A few counts were occasionally observed
by the dust detection electronics[8] however these persisted when the grid was positioned
vertically and covered with mica and it was concluded that these were due to electrical pickup.
Dust levels were also measured by weighing the dust collected by the glass slide with a 2 ug
precision balance. A mass of 34 ug of dust was accumulated over 1,249 discharges of
cumulative duration 702 s, or 5.6 ng/cm’/discharge. This level is below the estimated sensitivity
of 36 ng/cm*/count of the grid detector and is consistent with the lack of dust signals. A large
area detector is planned to increase the sensitivity and permit measurements on current
tokamaks. We note that the ITER dust limit of 100 kg evenly distributed on the lower part of the

machine amounts to ~ 60 mg/cm’ so sensitivity will not be an issue for ITER.
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Figure Captions:

Fig. 1 Two systems used to mask the unenergized area of the circuit grid (a) a four-sided
aluminum funnel and (b) a stainless steel ‘chimney and roof”.

Fig. 2. (Color online). Image of circuit grid with one trace open circuit. Incident dust particles
are largely absent from the energized traces, in contrast to the high density of dust
remaining along the open circuit trace. The trace width is 50 ym.

Fig. 3 Histograms showing the fraction of the mass lost from the dust container that accumulated
on the various components under vacuum with an unenergized or energized grid. Up to
90% of the mass is vaporized or relocated when the grid is energized. ‘Missing’ mass is
the difference between the total initial and final mass of dust on all components.

Fig. 4 Histogram showing the fraction of the mass lost from the dust container that accumulated
on the various components under atmospheric pressure with an unenergized or energized
grid. ‘Missing’ mass is the difference between the total initial and final mass of dust on

all components.
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Fig. 1. Two systems used to mask the unenergized area of the circuit grid (a) a four-sided

aluminum funnel and (b) a stainless steel ‘chimney and roof”.



Fig. 2. (Color online). Image of circuit grid with one trace open circuit. Incident dust particles
are largely absent from the energized traces, in contrast to the high density of dust

remaining along the open circuit trace. The trace width is 50 ym.
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Fig. 3 Histogram showing the fraction of the mass lost from the dust container that accumulated
on the various components under vacuum with an unenergized or energized grid. Up to
90% of the mass is vaporized or relocated when the grid is energized. ‘Missing’ mass is

the difference between the total initial and final mass of dust on all components.
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