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Abstract

Large inventories of dust are expected in next-step fusion reactors such as ITER, and dust
detection devices will be necessary to manage the associated hazards. Electrostatic dust detectors
have been successfully used to detect graphite dust on NSTX and Tore Supra. These detectors
consist of interlocking copper conducting combs on a circuit board that are biased to 50V.
Impinging dust particles cause temporary short circuits that produce measurable electronic
signals. We have constructed a more rugged version of this device for the detection of tungsten
particles in which the conducting combs are themselves made of tungsten wire, and the interwire
spacing and bias voltage are an order of magnitude higher. Initial tests have shown a good
response to incident tungsten particles and the tungsten wires were far more durable than the
copper traces used previously. We will present data on some electrostatic effects that became
apparent at the higher voltages used, and initial results on the detector sensitivity.



I. Introduction

Dust formation, caused primarily by plasma-wall erosion, is a common occurrence in
magnetic fusion devices [1]. Having only a minimal presence in current devices, dust has as yet
been of little concern. The larger amounts of dust expected in next-step reactors such as ITER
[1], however, may cause plasma contamination [2] and could pose public safety risks if
accidentally released into the environment [1]. Consequently, ITER project requirements
mandate that reactor dust levels be limited to 1000 kg [3] and that they be measured with 20%
relative and 50% absolute accuracy [4].

An in situ diagnostic for measuring dust levels on surfaces will be necessary to meet
those requirements. One such device currently in development is the electrostatic dust detector
[5]-[9]. In essence, the detector consists of a pair of interlocking conducting combs with a
voltage bias between them. Incident particles cause a temporary short circuit that can be
registered by signal detection equipment. Recent versions of this design have been successfully
tested on NSTX [9] and Tore Supra [10]. Both detectors were constructed by printing copper
traces on 50.8 mm square circuit boards with a 25 um trace spacing and 50 V bias voltage. The
results from both tokamaks showed that plasma disruptions were a major source of dust [9], [10].

These detectors need further development to be suitable for ITER. ITER will contain
tungsten plasma-facing components, and previous work showed that the copper traces could be
damaged by a short circuit with tungsten dust. An electrostatic dust detector for ITER thus must
be constructed with more rugged materials. In this paper, we describe initial tests of two
detectors whose combs are made of tungsten wire. First, we will describe the designs of the

detectors and outline their potential advantages and disadvantages. We will then present the



experimental setup, data acquisition system, and results. Finally, conclusions will be presented in

addition to plans for future design improvements.

I1. Detector Designs

a. Rectangular detector

The first detector (Fig. 1) used 0.25 mm diameter tungsten wire supported by a
rectangular 25 mm x 44 mm block of boron nitride (BN). Twenty-four straight 0.18 mm deep,
0.30 mm wide grooves spaced 0.20 mm apart were machined across the face. Segments of
straight tungsten wire 44 mm long were placed in the grooves, and arranged as shown in Figs. 2—
4. The wires were held in place by polyether ether ketone (PEEK) clamps. Alternate wires
extended over the left or right side of the block and were clamped between layers of copper foil.
In this way each set of alternating wires became interlinked as a comb and could be held at a
different electric potential from the other set. Copper wires were attached to each comb to

connect the detector to the external power supply and detection equipment.

b. Cylindrical detector
Smaller-scale wires and wire spacing are advantageous as they produce a given electric
field at lower voltages. Previous detectors with the lowest spaced copper traces were the most
sensitive [6]. However, the mechanical stiffness of fine tungsten wire made it difficult to wrap
wire continuously on a rectangular form. A cylindrical form (without sharp corners), adopted for
0.13 mm diameter tungsten wire, was built on a 25 mm diameter Delrin cylinder (Fig. 5). Two

grooves, with depth, width, and spacing equal to the wire diameter, were machined into the



surface to form a double helix with twenty-five turns (Fig. 6). Two wires were attached to the
form, which was then held in a lathe chuck and rotated by hand to wrap the wires. The wires
were held in constant tension and guided into alternating grooves in the double helix. In this way,
the wires effectively formed a comb and were not in contact with one another. Copper wires

were attached to the end of each tungsten wire to connect the detector to the detection circuitry.

¢. Comparison with previous designs

Both detector designs could be assembled in-house and, if damaged, could be quickly
disassembled and repaired (especially the rectangular design). This stands in contrast to the
copper detectors, for which in-lab repairs were impossible and the detector needed to be replaced
in the event of permanent damage. The present design was also generally more resistant to wear
and tear than the copper design, whose micron-scale copper traces could be damaged by
mechanical abrasion.

On the other hand, the spacing between the tungsten wires was 5x—20x greater than that
of the copper detectors. It had been found in studies with the copper detectors that finer spacing
led to greater sensitivity to dust and more accurate measurements [5]—[8]. However, we expect
that the large amounts of dust predicted in ITER (orders of magnitude greater than the
concentrations in current tokamaks) will not require the ultra-high sensitivity of the copper
detectors.

Another major departure from older models was in the voltage bias applied to the
detectors. Previous work with the copper detectors [5] showed that the optimal bias voltage was
50 V for a trace spacing of 0.025 mm, corresponding to an electric about 65% of the breakdown

field in air (which is approximately 3.3 kV/mm [11]). To produce the same electric field on the



more coarsely spaced tungsten comb, a higher voltage was required (350 V and 800 V for

tungsten wire spacings of 0.13 mm and 0.25 mm, respectively).

I11. Laboratory Setup

The experimental setup (Fig. 7) was similar to that described in [8]. Testing took place
inside a chamber consisting of a 100 mm diameter pipe with 150 mm Conflat flanges at the top
and bottom. The detector was mounted on the bottom flange. Dust was loaded into a square
supply tray with a 3.8 mm square layer of wire mesh with 104 um square apertures at the
bottom. The loaded tray was placed in a holder suspended below the top flange, which was then
affixed to the top of the test chamber. Dust was released from the tray by applying a mechanical
vibrator to the top flange. Between dust deposition trials, residual dust was blown off the
detector area with a can of compressed gas.

The tungsten dust used in this experiment was supplied by Alldyne Powder
Technologies, 7300 Highway 20 W, Huntsville, AL 35806. To measure the size of the dust
particles, dust was shaken onto a microscope slide from the supply tray and different regions of
the slide were photographed at 4x magnification (Fig. 8). Some dust particles appeared to form
clumps (Fig. 9). The dust images were analyzed with ImageJ software [12], which determined
the average projected area of the particles to be 575 um’ with a standard deviation of 965 um?.
Individual particles were observed to be of ~ 10 um scale. The median diameter is calculated to
be 16.1 um but this includes the clumps that were counted as single particles in the ImageJ

analysis.



To determine the amount of mass released from the supply tray during testing, the tray
was weighed before and after each trial with a Sartorius MES-F microbalance with 1 pg
resolution, 5 g capacity, and a 51 mm diameter pan that was recalibrated once to twice a day to
compensate for changes in room temperature. To check the amount of mass incident on the
detector, an aluminum foil collecting tray was placed over the detector area. The mass gain of the
collecting tray was found to be 85-95% of the mass lost by the dust supply tray. The percentage
of dust incident on the cylindrical detector is expected to be as high or higher since its area is
larger.

During the trials, the detector was biased to a voltage between 100 and 800 V by either a
Bertran Associates, Inc. Model 315 DC power supply with 5000 V, 5 mA capacity or a Kepco
ATE 325-0.8M DC supply with 350 V, 0.8 A capacity (Fig. 10). In some trials, a 0.01 puF
capacitor was connected in parallel with the voltage source to provide an extra source of current
at the beginning of a short circuit in the detector. The pulse from a short circuit is attenuated by a
factor of 116 by a 4.3 Q2 / 500 Q potential divider and filtered by a 1.3Hz high-pass filter in
parallel to produce a waveform suitable for the detection electronics [5]. The signal was
displayed on a Tektronix TDS5054B-NV oscilloscope and input to an Ortec 550 single-channel
analyzer (SCA). The SCA generated a pulse that was counted by an Ortec 775 counter (range 0—
999 999) every time the input signal to the SCA fell below a specified level (0.4 V for the results
presented in this paper). The SCA response time was listed by the manufacturer as 100 ns plus

the output pulse width of 500 ns.



IV. Results

When dust was distributed onto a non-energized detector, it would form a pile on the
detector grid as expected. However, if the detector was energized to a sufficiently high voltage,
most of the dust would be found just outside the detector area with the grid essentially clear of
dust. This effect became noticeable at voltages in the mid 100s of volts; above 300 V almost no
dust would remain on the grid (Figs. 11-15). At intermediate voltages in the range from 150 V to
300 V, most of the dust that remained in the detector area after deposition was positioned
adjacent to wires that had been energized during testing (Figs. 12, 13). Dust also adhered to the
vertical PEEK walls of the rectangular detector. This effect was not seen below 100 V, and was
not apparent earlier detectors that were operated at 50 V. In one trial, dust was deposited onto an
energized detector grid with wire diameter and spacing of 0.5 mm that was covered with a layer
of insulating Kapton tape. The dust particles in this case distributed at locations on the tape
surface above energized wires (Fig. 16). In contrast, the grid area was mostly dust-free after the
trials with the grid exposed.

Tests at 800V on the rectangular detector yielded pulses that were on the order of 100 us
in length, beginning with a rapid spike and ending with a rapid drop followed by exponential
decay (Fig. 17). The 0.01 puF capacitor enhanced the initial spike as may be seen by comparing
Fig. 17 (with capacitor) with Fig. 18 (without). The decay time after the restoration of the open
circuit matched the characteristic RC time constant of the loop with the 0.1 puF capacitor (Fig.
10). At 800 V it was common for envelope pulses to contain sets of rapid (~ 3 MHz) oscillations

such as the one shown in fig. 15 at 1570 ps. At lower voltages (<400 V), however, the envelope



signals were much narrower — on the order of 1 pus (Fig. 19) rather than 100 ps as with the 800 V
signal in Fig. 17.

It is important to note that counts were not triggered continuously during dust deposition.
Rather, they came in intermittent bursts. The frequency of these bursts varied and was generally
much greater for the cylindrical detector than the rectangular detector: gaps between bursts in the
former were rarely longer than 10 s, whereas the latter routinely exhibited gaps of 30 s or more.
Many tests with the rectangular detector recorded no counts at all (in one case, more than 14 mg
of dust had been administered to the detector with no response), and only the cylindrical detector
exhibited periods of continuous count recording.

Occasionally, stains would appear on the detector during testing (Fig. 20). Stains on the
soft BN surface of the rectangular detector were usually easy to remove with sand paper. On
some occasions stained divots would form beneath a PEEK clamp, requiring a disassembly of
the detector to sand off the BN surface as well as the PEEK. The stains on the PEEK, which
formed in divots, required far more sanding to remove than those in the BN. Overall, of sixty-
nine tests with the rectangular detector in which shorting occurred, three left stains that resulted
in continuity between opposing combs.

Between tests with the cylindrical detector, neither the compressed gas can nor an
alcohol-soaked wipe could remove all of the dust from the grid area. Most of this adherent dust
made contact with wires. During one of the tests, counts were continuously recorded well after
the period of dust deposition and did not stop until the power supply was shut off. In this case,
the top flange was removed from the test chamber after dust deposition but while counts were

still being registered, and repeated flashes of light were seen from a single location on the grid.



The last three tests with the cylindrical detector were conducted with 0.56 pF in parallel
with the power supply (rather than the 0.01 pF shown in Fig. 10). During the last test one of the
wires broke apart, and a divot was observed in the detector where the break occurred.

We present two plots of counts versus mass of dust released from the tray in the test
chamber. Fig. 21 presents data from tests with the rectangular detector energized to 800 V; Fig.
22 presents data from tests with the cylindrical detector energized to 350 V. Tests that resulted in

permanent shorts or counts occurring after the deposition period were not included in these plots.

V. Discussion

The tendency of the dust to deflect from the detector grid was not observed in previous
detectors because they were biased to voltages below the point at which this effect became
apparent. Our proposed explanation for this effect is as follows. When neutral tungsten dust falls
toward the detector area with some wires at a positive high voltage and other wires grounded, the
free electrons in the conducting particles arrange themselves so that the wire-facing side of the
particle attains a negative charge and the opposite side attains a positive charge [13]. Because the
negatively charged region is marginally closer to the positively charged wires, the dust particle
experiences a net attractive force toward the charged wires. Dust with a net negative charge
would also experience attraction to the positively charged wires. This initial attraction would
explain the behavior of the dust when it was prevented from making direct contact with the wires
by Kapton tape (Fig. 19). Upon contact with the charged wires, the dust itself obtains a positive
static charge and is repelled from the high-voltage wires, possibly with sufficient velocity to be

ejected from the detector area altogether. As for why this effect was diminished at lower



voltages, we speculate that oxide coatings on the dust and/or wires inhibited the transfer of
charge on contact between particles and wires. At higher voltages (beginning in the mid 100s of
volts), the voltage may have been sufficient to break down these coatings and allow the dust
particles to become charged. In support of this hypothesis, we note that most of the dust that
remained in the detector area after a deposition onto wires at an intermediate voltage (100-300
V) appeared to remain attracted to the energized wires (i.e. dust that was unable to obtain charge
from the energized wires was attracted to them; see Fig. 12).

A plot of counts vs. incident dust mass is shown in Fig. 21 for the rectangular detector
and Fig. 22 for the cylindrical detector. A comparison of the results indicates that the latter was
more sensitive to impinging dust in terms of counts per unit mass. This is supported by the
observation that periods of SCA inactivity during dust deposition were longer for the rectangular
detector. In addition, the inter-wire electric field on the cylindrical detector was 88% of that of
the rectangular detector at only 44% of the wire voltage. Thus it appears that, for a given field
strength, detectors with lower voltage bias will be more sensitive than those with higher voltage.

Despite the apparent decrease in sensitivity brought about by the electrostatic repulsion
effect, the effect is still potentially useful as a self-cleaning mechanism. Small amounts of
residual dust were observed on previous detectors, and various systems were conceived for
removing this dust from the surface during operation [14]—[16]. If the detector exhibited this
self-cleaning mechanism without excessively inhibiting sensitivity, the need for such auxiliary
systems would be eliminated. The deflection effect would also likely serve to prevent instances —
as observed in the cylindrical detector — of a single particle or group of particles remaining on

the grid and causing multiple arcs, likely a source of inaccuracy in the counting system.
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Further inhibiting counting accuracy is the tendency of the detectors to produce short-
circuit responses only intermittently during dust depositions. We have observed long stretches in
which impinging dust goes unnoticed, especially with the rectangular detector, suggesting that
the counts recorded may not provide a reliable measurement of the incident dust. A successful
detector needs to be sensitive enough to produce short-circuit signals whenever dust is impinging
on its surface, or at least when dust is depositing quickly enough to be considered significant.

Another inhibition to counting accuracy might be the rapid ~ 3 MHz oscillations that
appeared in the wider (100 us scale) envelope signals generated by the detector. While the
source of these oscillations has not been identified, they did not appear to correlate with the
amount of dust hitting the detector (they would appear at random locations in the waveform,
even in signals of arcs from open-air breakdown). Nevertheless, they can trigger the SCA,
resulting in an unpredictable number of counts for each pulse from the detector and making it
difficult to relate counts to total incident mass. However, under conditions in which the signal
duration is of 1 us scale and thus not much wider than the SCA pulse itself, the SCA would not
be able to generate more than one (or possibly two) 500 ns pulses per short. (The signal duration
varied from ~ 100 us at 800 V bias to ~ 1 pus at voltages less than 400 V for reasons that have yet
to be determined.) This suggests that energizing the grid to voltages that generate dust signals of
1 us or less would be conducive to SCA counts that more accurately represent the amount of dust
that falls on the detector grid.

The observed difficulty in removing dust from the grid of the cylindrical detector may be
due to the particles becoming lodged in the Delrin material after heating from arc events.
Trapped dust is likely to lead to the repeated arcing effect discussed above. Future cylindrical

detectors should be made of a different material, possibly a harder BN compound.

11



Throughout our testing, we struggled to establish a meaningful relationship between the
number of counts and the mass of dust administered to the detector for the reasons outlined
above. Our best results so far, displayed in Fig. 22, are from depositions onto the cylindrical
detector at 350 V. These conditions provided good sensitivity and resulted in pulses of ~ 1 us
length that prevented extraneous SCA counts. The large spread in the results, however, indicates
that improvement is still needed. Although sensitivity was the best we had obtained so far, there
were still periods during dust deposition when no counts were registered. Some of the isolated
periods of rapid counts that were observed could have arisen from repeated arcing. Furthermore,
the detector eventually broke during a deposition period, emphasizing the need for further design

improvements.

VII. Conclusion and future work

Despite the multiple challenges presented by the tungsten detector, our tests have clearly
indicated that electrostatic detectors have the potential to detect tungsten dust. Although we
observed one broken wire, the tungsten wires overall were far more durable than the copper
traces used in previous detectors. Dust was ejected from the detector grid if it was energized to
sufficiently high voltages (>150V). Finally, the number of counts registered for the cylindrical
detector operated at 350 V increased with the mass of the impinging dust in an approximately
linear relation, albeit with some scatter due to the factors discussed above.

The tungsten detector requires more work, however, to be viable as an ITER device. For
one, more diagnostic work is needed to further characterize the detector’s behavior. High-speed

camera observations to track the behavior of the dust at the detector surface would reveal more
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about the dust’s tendency to deflect at high voltages. Exposing falling dust to a separate electric
field could indicate if the falling dust was charged. Since dust that falls through the ITER plasma
is likely to be charged itself, it would be germane to conduct tests using dust that has been
deliberately charged before application. It would also be useful to determine the dependence of
SCA counts on the rate at which dust falls on the detector.

Once conditions are found that facilitate a more reproducible relationship between dust
mass and counts, it will be necessary to test the detector under vacuum conditions. This means
that a material other than Delrin must be used for the cylindrical detector due to its outgassing
properties (although Delrin had already shown itself to be subpar due to its apparent tendency to
lodge dust particles). Another issue that will arise when testing in ITER conditions will be the
oxide coatings that we have presumed to exist on the dust and the wires during our non-vacuum
tests but will be absent on dust generated in ITER. Oxide coatings have played a role in our
proposed explanation for the dust deflection effect, so it is desirable to see how this effect
changes in absence of the coatings. Tungsten dust in ITER is also not expected to exhibit

clumping (as in Fig. 9), and tests with more ITER-like particles are needed.
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Figure Captions
Fig. 1: Rectangular detector assembly on flange: (a) tungsten wire, (b) PEEK clamp, (c) BN
block, (d) wire connecting to power supply, (€) wire connecting to detection circuitry, (f) copper
foil linking overlapping wires, (g) feed-through.
Fig. 2: Diagram of wire arrangement on rectangular detector: (a) BN block, (b) copper foil
contact, (c) wires linking to power supply and detection circuitry, (d) holes for attaching PEEK
clamp, (e) holes for attaching detector to studs on flange, (f) location of cross section depicted in
Fig. 3.
Fig. 3: Cross section of wires between copper foil and PEEK clamps: (a) wires, (b) copper foil
layers, (c) stainless steel bars, (d) PEEK clamp. The layers are clamped together by nuts and
bolts through the holes shown in Fig. 2.
Fig. 4: Cross section of wires in grooves on rectangular detector.
Fig. 5: Cylindrical detector assembly on flange: (a) two 0.13mm tungsten wires arranged in a
double helix, (b) Delrin cylinder, (c) screw securing tungsten wire to external connector, (d) wire
connecting to power supply, (e) wire connecting to detection circuitry, (f) feed-through.
Fig. 6: Cross section of wires in grooves on cylindrical detector.

Fig. 7: Laboratory setup.

Fig. 8: Microscope image (4x magnification) of tungsten particles used in this experiment. The
width of the image is approximately 2.67mm.

Fig. 9: Microscope image at 40x magnification showing examples of clumping. Image is
approximately 270um wide.

Fig. 10: Schematic of the circuit used for the tests. The 5002 and 4.3Q resistors adjust the
magnitude of the signal received by the oscilloscope and SCA. The 62Q resistor was part of a
low-pass filter used in previous experiments.

Fig. 11: Rectangular detector after dust deposition while energized to 150V.

Fig. 12: Rectangular detector after dust deposition while energized to 250V.

Fig. 13: Rectangular detector after dust deposition while energized to 250V.

Fig. 14: Rectangular detector after deposition while energized to 300V.

Fig. 15: Dust deposition on a rectangular detector whose wires were covered with insulating
tape. Dust has lined up along the wires that were at high voltage. (Note: this particular detector
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had wire diameters and spacing of 0.50 mm, twice that of the rectangular detector referred to by
default in this paper.)

Fig. 16: Cylindrical detector after deposition while energized to 350V.

Fig. 17: Signal from the rectangular detector during a short circuit at 800V (top) and the
response pulses from the SCA (bottom; offset and scaled for clarity). A 0.01 uF capacitor was in
parallel with the power supply. Note that in absence of the rapid oscillations, the signal would
have generated only one SCA pulse (the one at ~ 1600 ps). Time is measured relative to the
triggering of the oscilloscope.

Fig. 18: Typical signal from the rectangular detector biased to 800 V with no capacitance in
parallel with the power supply.

Fig. 19: Signal from cylindrical detector during a short circuit at 350 V (top) and response pulses
from the SCA (bottom; offset and scaled for clarity). A 0.01 uF capacitor was in parallel with the

power supply. Time is measured relative to the triggering of the oscilloscope.

Fig. 20: Example of a conducting stain found on the rectangular detector, underneath a PEEK
clamp.

Fig. 21: Scatter plot of counts recorded for given amounts of dust released from the supply tray
for the rectangular detector energized to 800V.

Fig. 22: Scatter plot of counts recorded for mass released from the supply tray for the cylindrical
detector energized to 350V.
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Figures

Fig. 1: Rectangular detector assembly on flange: (a) tungsten wire, (b) PEEK clamp, (c) BN
block, (d) wire connecting to power supply, (€) wire connecting to detection circuitry, (f) copper

foil linking overlapping wires, (g) feed-through.
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Fig. 2: Diagram of wire arrangement on rectangular detector: (a) BN block, (b) copper foil
contact, (c) wires linking to power supply and detection circuitry, (d) holes for attaching PEEK
clamp, (e) holes for attaching detector to studs on flange, (f) location of cross section depicted in

Fig. 3.
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Fig. 3: Cross section of wires between copper foil and PEEK clamps: (a) wires, (b) copper foil
layers, (c) stainless steel bars, (d) PEEK clamp. The layers are clamped together by nuts and

bolts through the holes shown in Fig. 2.
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Fig. 4: Cross section of wires in grooves on rectangular detector.
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Fig. 5: Cylindrical detector assembly on flange: (a) two 0.13mm tungsten wires arranged in a
double helix, (b) Delrin cylinder, (c) screw securing tungsten wire to external connector, (d) wire

connecting to power supply, (e) wire connecting to detection circuitry, (f) feed-through.
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Fig. 6: Cross section of wires in grooves on cylindrical detector.
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Fig. 7: Laboratory setup.
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Fig. 8: Microscope image (4x magnification) of tungsten particles used in this experiment. The

width of the image is approximately 2.67mm.
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50 um

Fig. 9: Microscope image at 40x magnification showing examples of clumping. Image is

approximately 270um wide.
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4.30Q IMQ analyzer
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Fig. 10: Schematic of the circuit used for the tests. The 500Q2 and 4.3 resistors adjust the
magnitude of the signal received by the oscilloscope and SCA. The 62Q resistor was part of a

low-pass filter used in previous experiments.
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Fig. 11: Rectangular detector after dust deposition while energized to 150V.
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Fig. 12: Rectangular detector after dust deposition while energized to 200V.
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Fig. 13. Rectangular detector after dust deposition while energized to 250V.
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Fig. 14: Rectangular detector after deposition while energized to 300V.
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Fig. 15: Cylindrical detector after deposition while energized to 350V.
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Fig. 16: Dust deposition on a rectangular detector whose wires were covered with insulating
tape. Dust has lined up along the wires that were at high voltage. (Note: this particular detector
had wire diameters and spacing of 0.50 mm, twice that of the rectangular detector referred to by

default in this paper.)
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Fig. 17: Signal from the rectangular detector during a short circuit at 800V (top) and the response
pulses from the SCA (bottom; offset and scaled for clarity). A 0.01 pF capacitor was in parallel
with the power supply. Note that in absence of the rapid oscillations, the signal would have
generated only one SCA pulse (the one at ~ 1600 ps). Time is measured relative to the triggering

of the oscilloscope.
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Fig. 18: Typical signal from the rectangular detector biased to 800 V with no capacitance in

parallel with the power supply.
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Fig. 19: Signal from cylindrical detector during a short circuit at 350 V (top) and response pulses

from the SCA (bottom; offset and scaled for clarity). A 0.01 pF capacitor was in parallel with the

power supply. Time is measured relative to the triggering of the oscilloscope.
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Fig. 20: Example of a conducting stain found on the rectangular detector, underneath a PEEK

clamp.
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Fig. 21: Scatter plot of counts recorded for given amounts of dust released from the supply tray

for the rectangular detector energized to 800V.
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Fig. 22: Scatter plot of counts recorded for mass released from the supply tray for the cylindrical

detector energized to 350V.
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