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Abstract:
The inventory of dust in next-step magnetic fusion devices will
be regulated for safety reasons, however diagnostics to
measure in-vessel dust are still in their infancy. Advances in
dust particle detection on remote surfaces are reported. Two
grids of interlocking circuit traces with spacing in the range
125 µm to 25 µm are biased to 30 V. Impinging dust creates a
short circuit and the result current pulse is recorded. The
detector response was measured with particles scraped from a
carbon fiber composite tile and sorted by size category. The
finest 25 µm grid showed a sensitivity more than an order of
magnitude higher than the 125 µm grid. The response to the
finest particle categories (5 – 30 µm) was two orders of
magnitude higher than the largest (125 µm – 250 µm) category.
Longer duration current pulses were observed from the coarser
particles. The results indicate a detection threshold for fine
particles below 1 µg/cm2.
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1. INTRODUCTION
Dust particles are ubiquitous on interior surfaces of current tokamaksi–vi though dust
particle production has not been observed directly. Recent calculations have highlighted the
mobility of dust particles in the electric and magnetic fields of a tokamak and the possibility
of plasma contamination from mobile dust.vii The more intense plasma surface interactions
and longer pulse duration in next-step devices such as ITER is expected to lead to much
higher accumulations of dust.viii These dust particles will be radioactive from tritium or
activated metals, toxic and/or chemically active with steam or air and the inventory of dust
will be strictly limited to avoid adverse safety consequences. Proposed limits are 10-20 kg of
beryllium dust on hot surfaces, 100 kg for carbon dust, and 100 – 400 kg for tungsten dust
(depending on the containment function of the ITER building).ix However diagnostics to
remotely measure dust inventories in a next-step machine and assure compliance with safety
limits have not yet been demonstrated. Measuring dust particle inventories is a challenge in
existing machines, let alone one with the complexity and radiological environment of
ITER.x-xii However measured, once the dust inventory in ITER approaches the safety limit,
dust removal will be necessary to enable continued plasma operations. Removal techniques,
however, are also in their infancy.xiii
A novel device to detect dust particles that have settled on a remote surface has recently
been developed in the laboratory.xiv,xv Two closely interlocking grids of conductive traces on
a circuit board were 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 energised 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. The device worked well in both at atmosphere and in vacuum
environments. Because of its electrostatic operating principle, this device does not provide an
absolute measure of the mass of dust – such a diagnostic still needs to be developed. However
the tests showed a clear correlation between the recorded counts and particle concentration,
especially at finer grid spacings.
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In the previous work carbon particles of a scale 1 – 500 µm were used with most of the
particles being in the smaller size range. Grids of spacing 127 – 762 µm were tested. In the
present work, grids of extra fine (25 µm) spacing were used. The closer match of grid spacing
to the size of the majority of particles resulted in greatly enhanced response. In the previous
work the particles had a wide range in size and it was not clear whether large or small
particles, or both, cause the dominant response. To address this issue, test particles were
sorted by size using sieves of 5 µm to 250 µm pore size and the response and sensitivity of the
detector to the particles as a function of particle size was measured.
II. EXPERIMENTAL SETUP.
The experimental method followed the technique of ref. [xiv]. A 2.5 cm i.d. pipe with a
90° bend was used to deliver a controlled amount of particles to the grid in a stream of
nitrogen gas. In the present work the geometry was modified slightly. The vertical section of
pipe was 2.3 cm long (c.f. 18 cm used in ref. 11) and the distance between the pipe and grid
was 5 cm (c.f. 6 cm in ref. 11). The distance between the particle delivery port and the
nitrogen supply was shortened from 3 cm to 1.3 cm. A preweighed amount of particles was
introduced to the delivery tube and a continuous flow of nitrogen carried the particles to grid
which was biased at 30 V. The impinging particles created a short circuit and the particles
were vaporized, often with a visible spark. The resulting current pulse flowed through a 51 Ω
resistor creating an irregular voltage pulse that was filtered by a band pass filter (1.3 – 31
kHz) and input to a single channel analyzer that produced an output pulse when the signal
decreased past 0.4 V. After 10 seconds the nitrogen flow was turned off and the number of
pulses counted by the electronics was recorded. After each measurement the delivery tube,
grid and surrounding area were cleaned with compressed gas.
For the present work we were able to obtain finer grids than used previously, with spacing
down to 25 µm (figure 1). The substrate was woven glass reinforced polytetrafluorethylene
(PTFE) microwave laminate substrate (Ultralam 2000) that is classified by NASA as a low
outgassing material. A seed layer of 100 nm of titanium and then copper was precisely
sputtered onto the material in an interlocking grid pattern, followed by electroplating with a
2 µm layer of copper. The traces were the same width as the spacings and the active area of
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the grid was 1.2 x 1.2 cm. In the absence of dust, the 25 µm grid was able to stand off a
voltage up to 240 V, much higher than the operating ranging of 30 V.
III. SIFTING THE DUST BY SIZE.
Figure 2 shows images of the particles as scraped from the carbon fiber composite tile
taken with a digital optical microscope. The particles were irregular in shape, and included a
few fibers. The particles were sorted into different size classes by sifting through a sequence
of vibrating sieves in an Allen-Bradley Sonic Sifter model L3PF. The sieves were vibrated
continuously with a periodic knocking to breakup any clumps of particles. In addition the
sieves were manually rotated every 3 minutes and the sides lightly tapped every 15 minutes in
order to break up clumps and release any particles attached to the side support of a sieve. The
dimensions of the apertures in the 250 µm, 125 µm, 53 µm and 30 µm sieves were checked
with the digital microscope. The length of the side of the square aperture showed some
variation from aperture to aperture but was within 20% of the nominal value. The size of the
20 µm and 5 µm sieves is stated by the manufacturer to be within ± 2 µm of the nominal
value.
The sifting was done in two stages. First the particles were sifted for 30 minutes through a
stack of three sieves of 30 µm, 20 µm and 5 µm with the coarsest sieve on top. Very few
particles were transmitted through the 5 µm sieve, possibly because they were
electrostatically attached to larger particles. Particles remaining on the 30 µm sieve were then
sifted again for 30 minutes through a stack of 250 µm, 125 µm and 53 µm sieves. The particle
categories are labeled by filter size, i.e. 53 – 125 µm particles were transmitted through the
125 µm filter but retained by the 53 µm filter.
To characterize the size distribution of the sifted and unsifted particles a sample was
gently blown with a hand puffer onto a clean glass slide and viewed in the digital microscope.
A x40 objective (image size 251 x 337 µm, pixel size 1 µm) was used for particles sifted
through sieves of ≤ 125 µm and for the unsifted particles. A x10 objective (image size 1004 x
1348 µm, pixel size 4 µm) was used for larger particles that did not pass through the 125 µm
sieve. Several digital images for each particle category were combined into montages and
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analyzed using ImageJxvi software. This converted the grayscale image into black and white
and listed the area of each particle. A montage of 2x2 images was used for the 5-20 µm and
20 – 30 µm particle categories while a montage of 4x4 images was used for the 53 – 125 µm,
125 – 250 µm and the unsifted particle categories. The projected area diameter, DPA,
(diameter of a spherical particle with equivalent area) was derived from the area measured by
ImageJ, using: xvii
DPA= 2 ×

Area

(1)

π

The normalized size distributions are shown in figure 3. The size of the unsifted particles are
predominantly DPA < 20 µm. While some fine particles remain behind on the filters, the
population of particles with DPA > 20 µm is greatly enhanced in the larger size categories by
the sifting process.
The particle delivery efficiency was measured by substituting a collection bin for the grid
and weighing both the dust supplied and that delivered to the collection bin. The amount of
particles used was generally larger than that used in the subsequent experiments with the grid
in order to improve the measurement accuracy. The delivery efficiency was measured for all
the particle size categories and is shown in figure 4. There was a significant scatter in the data,
as observed in the previous work, however the efficiency for the finer particles appeared to be
somewhat lower than the larger and unsifted particles, possibly due to clumping of the fine
particles. The delivery efficiency, E, and regression coefficient, R2 from a linear fit to the data
is shown in table 1. This data is used to estimate the areal density of particles incident on the
grid.
IV. RESULTS
Figure 5 shows the electrical signals resulting from particles incident on a 125 micron
spaced grid with tin coated traces. The two upper traces show the signal before and after the
(1.3 – 31 kHz) band pass filter and the lowest trace shows the pulses generated by the single
channel analyser when the filtered signal crossed 0.4 V in a negative direction. The filtered
signals for 5-20 µm category particles (upper panel) have a duration of order 1 µs, while
much longer duration ≈ 30 µs pulses can occur with the larger category 125-250 µm particles.
The longer ‘burn-up’ time appears to be due to the larger particles present in this category.
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So, in addition to counting events due to particles impinging on the grid, this detector can also
yield information on the size of the particles from the electrical waveforms.
A dramatic increase in sensitivity was observed for the finer grids. Grids of spacing of 127
µm, 102 µm, 76 µm, 51 µm, and 25 µm were tested with unsifted dust and the results are
shown in figure 6. The number of counts recorded for a given concentration of dust increased
by more than an order-of-magnitude with the finest 25 µm spacing grid. The response is
slightly higher than linear, an indication that some particles link up to form a ‘bridge’ between
the traces at higher concentrations.
In the unsifted particle category most of the particles have a projected area diameter below
10 µm (figure 3) however there are a few long fibers. Particles impinging on the grid bridge
the gap between the traces forming a short circuit. This could be done by one large fiber or
by a chain of several fine particles. It is not clear from tests with unsifted particles whether the
grid response is more from many fine particles or from single long fibers that can span the
distance between the traces. To address this issue the 25 µm grid was tested with sifted
particles and the results are shown in figure 7. For the same areal density (mg/cm2) of
particles impinging on the grid, the response from particles in the finest categories 5-20 µm
and 20-30 µm was two orders-of-magnitude higher than for the coarse 125-250 µm category.
The response to unsifted particles was almost as high as the fine sifted particles as expected as
most of the unsifted particles are of 10 µm scale.
Of course there are many more particles in the fine category than in the same mass of
particles in a coarse category so it appears that the number of incident particles is more a
determining factor in the detector response than their areal density in mg/cm2. The relative
average mass of particles in each category may be estimated from the ImageJ analysis of the
particle areas. The particle volume and hence mass is approximated by the area raised to the
power 3/2. In this approximation, the relation between the number of counts and number of
incident particles is close to linear, though there are clearly other factors at work as evidenced
by the somewhat higher response to 20-30 µm particles than the 5-20 µm particles.
Extrapolation of the above results to low particle densities indicates that the detection
threshold, defined as the areal density needed to generate 100 counts, is below 1 µg/cm2 for
the finest particle category.
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V. DISCUSSION
The sensitivity of a novel detector for dust particles on remote surfaces has been enhanced
by more than an order of magnitude by the use of ultrafine grids (25 µm spacing). The
response to particles of different size categories was compared and the sensitivity, expressed
in counts / areal density (mg/cm2) of particles, was maximal for the finest particles. This is a
favorable property for tokamak dust which is predominantly of micron scale. It appears that
the number density of incident particles (whatever their size) is a dominant factor in the grid
response. Qualitative information on the size of the particles is apparent in the current pulse
created by the short circuit. This device shows promise both for the detection of conductive
dust settling in remote inaccessible areas in fusion devices, but could also be applied to
controlling the dust levels. Since dust particles are vaporized on contact with the grid, one
could envisage a mosaic of these devices that would ensure that specific areas remained dust
free. Further development is needed to test this possibility.
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TABLE 1. Delivery efficiency of various particle categories.

Category

Efficiency

R2

unsifted

6.8%

0.97

125-250 µm

6%

0.79

53-125 µm

6.1%

0.61

20-30 µm

3.7%

0.77

5-20 µm

2.3%

0.94
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LIST OF FIGURES:
Figure 1. (Color online). Partial view of circuit grid showing the branching to the finely spaced
traces interspersed with the corresponding traces from the right hand side. In the active region
the width of the trace is 25 µm and the trace spacing is 25 µm.
Figure 2. (a) Image of unsifted dust particles taken with a x4 power objective. The image covers
an area 2.53 mm by 3.37 mm; (b) image of unsifted dust showing a long fiber taken with a x40
objective. This image covers an area of 252 µm by 338 µm.
Figure 3. Particle size distribution before and after sifting. The size is the projected area diameter
as defined by eqn. 1. The number of particles in each category is normalized to 100%. The larger
number in the legend indicates the filter that transmitted the particles and the lower number the
filter that retained the particles.
Figure 4. Delivery efficiency for different size categories of particles. The lines are linear fits to
the data (see table 1). The delivery efficiency is systematically lower for the smaller particle
categories.
Figure 5. The upper panel (a) was generated using the 5-20 µm particle category and the lower
trace (b) from the 125-250 µm category. In each panel the upper trace is the voltage signal across
the 51 Ω resistor arising from a short circuit, the middle trace is the signal after a 1.3 – 31 kHz
bandpass filter (y-axis on left), and the lower trace the pulses output by the SCA (y-axis on
right). It can be seen that the pulse duration could be significantly longer in the larger particle
category.
Figure 6. Response of grids to unsifted particles showing a increase in counts for the finer grids
by more than one order-of-magnitude. The grid spacing is listed on the right and is: +: 25 µm; x:
50 µm; ∆: 76µm; G : 101 µm: ◊: 127 µm. The lines are a second order polynomial fit to the
data.
Figure 7. Response of the 25 µm grid to sifted particles: x: 5-20 µm; ∆: 20-30 µm; G : 53-125
µm; +: 125-250 µm; O: unsifted. The lines are a second order polynomial fit to the data.
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Figure 1 (Color online). Partial view of circuit grid showing the branching to the finely spaced
traces interspersed with the corresponding traces from the right hand side. In the active region
the width of the trace is 25 µm and the trace spacing is 25 µm.

C. Voinier et al. Rev. Sci. Instrum.
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Figure 2. (a) Image of unsifted dust taken with a x4 power objective. The image covers an area
2.53 mm by 3.37 mm; (b) image of unsifted dust showing a long fiber taken with a x40
objective. This image covers an area of 252 µm by 338 µm.

C. Voinier et al. Rev. Sci. Instrum.
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Figure 3. Particle size distribution before and after sifting. The size is the projected area diameter
as defined by eqn. 1. The number of particles in each category is normalized to 100%. The larger
number in the legend indicates the filter that transmitted the particles and the lower number the
filter that retained the particles.
C. Voinier et al. Rev. Sci. Instrum.
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Figure 4. Delivery efficiency for different size categories of particles. The lines are linear fits to
the data (see table 1). The delivery efficiency is systematically lower for the smaller particle
categories.

C. Voinier et al. Rev. Sci. Instrum.
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Figure 5. The upper panel (a) was generated using the 5-20 µm particle category and the lower
trace (b) from the 125-250 µm category. In each panel the upper trace is the voltage signal across
the 51 Ω resistor arising from a short circuit, the middle trace is the signal after a 1.3 – 31 kHz
bandpass filter (y-axis on left), and the lower trace the pulses output by the SCA (y-axis on
right). It can be seen that the pulse duration could be significantly longer in the larger particle
category.

C. Voinier et al. Rev. Sci. Instrum
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Figure 6. Response of different sized grids to unsifted particles showing a increase in counts for
the finer grids by more than one order-of-magnitude. The grid spacing is listed on the right and
is: +: 25 µm; x: 50 µm; ∆: 76µm; G : 101 µm: ◊: 127 µm. The lines are a second order
polynomial fit to the data.

C. Voinier et al. Rev. Sci. Instrum
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Figure 7. Response of the 25 µm grid to sifted particles of different size category: x: 5-20 µm;
∆: 20-30 µm; G : 53-125 µm; +: 125-250 µm; O: unsifted. The lines are a second order
polynomial fit to the data.

C. Voinier et al. Rev. Sci. Instrum
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