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Abstract:

The scale-up of deposition in next-step devices such as ITER will pose new
diagnostic challenges. Codeposition of hydrogen with carbon needs to be
characterized and understood in the initial hydrogen phase in order to mitigate
tritium retention and qualify carbon plasma facing components for DT operations.
Plasma facing diagnostic mirrors will experience deposition that is expected to
rapidly degrade their reflectivity, posing a new challenge to diagnostic design.
Some eroded particles will collect as dust on interior surfaces and the quantity of
dust will be strictly regulated for safety reasons - however diagnostics of in-vessel
dust are lacking. We report results from two diagnostics that relate to these issues.
Measurements of deposition on NSTX with 4 Hz time resolution have been made
using a quartz microbalance in a configuration that mimics that of a typical
diagnostic mirror. Often deposition was observed immediately following the
discharge suggesting that diagnostic shutters should be closed as soon as possible
after the time period of interest. Material 1oss was observed following a few
discharges. A novel diagnostic to detect surface particles on remote surfaces was

commissioned on NSTX.



1. INTRODUCTION

The edge plasma and first wall in tokamaks are a strongly coupled system whose
interactions span an extraordinary range, from eV scale atomic interactions to hundred
megajoule disruptions - a span of 27 orders of magnitude. Confidence in projecting the
performance of burning plasmas is based on decades of work, mostly in machines with carbon
plasma facing components[1,2]. This, together with the robustness of carbon under transient
heat loads, has led to the choice of carbon as the candidate material for the ITER divertor
target plate. While manageable on contemporary machines, the impact of erosion/deposition
on plasma facing materials will drastically scale up with the increase in stored energy and
pulse length in next-step devices (Table 1). Diagnostic development to characterize erosion
and deposition on plasma facing components (PFC) in current tokamaks is a key step to
challenge and validate models of these processes and will be essential for the successful

operation of next-step devices.

Eroded carbon together with hydrogen isotopes from the plasma can redeposit as an
amorphous hydrocarbon layer. In current tokamaks, hydrogen rich layers affect fueling
efficiency and plasma density control and are not well thermally connected to the substrate,
leading to much higher surface temperatureg3]. On ITER, codeposition of carbon with
tritium can rapidly lead to excessive accumulation of tritium. The amount and location of
hydrocarbon deposits in the hydrogen / deuterium phases of ITER will be a key factor in the
decision of whether it will be possible to use carbon at all in the tritium phase. The impact of
present limitations in wall diagnostics on development and testing of predictive modeling

codes for next-step devicesis highlighted in ref. [4].

The erosion of deposited layers by transient events such as edge localized modes
(ELMs) and disruptions can produce fine debris that can contaminate the plasma core[5] or be
redeposited at undesirable locations. In next-step devices the amount of dust generated is
likely to scale up by two or three orders of magnitude as the erosion increases both with the
pulse length and the increase in heat flux during ELMs and disruptions. Dust will be

radiologically and chemically hazardous. Tritiated dust becomes statically charged through



the emission of beta electrons and this enhances its mobility [6]. Dust will go from being
largely inconsequential, to a major factor in safety assessments, site licensing and tokamak
operations. To protect the public the inventory of dust in ITER will be strictly regulated.
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)[7]. Before tokamak operations can begin, regulatory bodies will need to be
convinced that such limits are satisfied, however diagnostics to estimate the dust inventory are

in their infancy.

Deposition on windows and mirrors can ‘blind’ optical diagnostics. Experimentally, a
21 nm coating of carbon reduced the reflectivity of a stainless steel mirror from 70% to 18%
at awavelength of 470 nm[8]. In ITER, mirrors for the divertor impurity monitor are planned
in alocation in the divertor dome, less than 1 m away from the divertor target plate which will
experience cm-scale erosion. Mirror cleaning techniques such as laser ablation[9], will be

essential to maintain mirror reflectivity in next-step devices.

Quartz crystal microbalances have been widely used to monitor the growth of thin
films in real time during vacuum deposition[10,11]. They have been applied to the TdeV
tokamak[12], to ASDEX][13,14], TEXTOR[15] and JET[16,17]. Quartz microbalances are not
sensitive to dust presumably because of the lack of mechanical coupling between the particles
and quartz crystal[18]. A capacitive diaphragm microbalance has been proposed for
deposition measurements in the neutron environment of a DT burning next-step device[19].
Glowing particles are often observed in plasmas[20] and can be detected by laser
scattering[21]. Surface dust has been identified by IR emission[22] or laser ablation[23].
Laboratory tests of a novel electrostatic dust detector were presented in ref. [18] and recent

results from NSTX are reported in section I11.

|. DEPOSITION MEASUREMENTSIN NSTX.

The National Spherical Torus Experiment (NSTX) research program is aimed at
exploring the physics of high beta and high confinement in alow aspect ratio device and to

demonstrate non-inductive current generation and sustainment[24]. The device parameters



are: plasma major radius: 0.85 m, minor radius. 0.68 m, toroidal field of upto 0.45 T, plasma
current up to 1.5 MA and pulse duration up to 1 s. The plasma can be heated by up to 5 MW
neutral beam injection and 6 MW of high harmonic fast wave RF at 30 MHz. Plasma facing
components that are in contact with the plasma are protected by a combination of graphite and
carbon fiber composite tiles. Ex-vessel ion beam analysis showed that deposited layers are

composed of carbon, deuterium and oxygen[25].

Two quartz microbalances[26] were set up to measure the deposition in real time.
They were mounted back-to-back on a copper plate and positioned inside a standard 10.16 cm
i.d. vacuum tee that was attached to a gate valve (Fig. 1). The microbalances were UHV
compatible and capable of being baked to 450 °C. They each contained a quartz crystal that
oscillated at a frequency close to 6 MHz; the precise frequency depended on the deposited
mass and crystal temperature. One quartz crystal faced the plasma and had a remotely
controllable pneumatically operated shutter. A second quartz crystal was mounted behind the
first and faced the back of the vacuum tee that was 2.5 cm away. A silicon witness coupon
also faced the plasma and was positioned above the front facing quartz crystal. This provides
an additional record of the cumulative deposition. The assembly was connected to the vessel
by atube 38.5 cm long, 9.7 cm diameter. The distance from the front crystal to the last closed
flux surface was 77 cm. Thislocation far from plasma minimized the heat flux incident on the
detector and enabled the thickness of the deposited layer to be monitored before and after a
discharge. Leads 51 cm long connected the 6 MHz signals from a local oscillator through a
vacuum feedthrough. Type K thermocouples were used to monitor the temperature. The
oscillation frequency was measured with a 20 MHz reference oscillator via Modelock™
system that is immune to mode hopping. The manufacturers specify a thickness resolution of
0.01 nm for unit density, accuracy 0.5% and 4 Hz sampling rate. With the gate valve closed,
the unit could be withdrawn from the machine to change the quartz crystals and silicon

coupons when desired.

The deposition geometry is generically representative of diagnostic mirrors that view
the plasma through a tube. For example, the ITER divertor impurity monitor design has afirst

mirror in the divertor dome 93 cm from the outer divertor target plate. Some hydrocarbon



radicals have low sticking coefficients (e.g. C,H,.,[27]) and may be transported down tubes to
deposit on surfaces without a direct line of sight to the plasma such as the back facing quartz
crystal.

Two deposition monitor controllers provided an analog output that was used for
measurements. The density of hydrocarbon films can range from 0.9 to 2.4 g/cm?® [28] and for
estimating the film thickness we assume a density of 1.6 g/cm® (measurements of the film
density are not available). The thickness and temperature data was digitized at 10 Hz and the
data was recorded from 60 s before the initiation of each discharge and readout 100 s before
the subsequent discharge with a maximum data record duration of 819 s. To minimize bit
noise the data was postprocessed with 5 point smoothing. The accuracy of the digitizer timing
to within 1 sample (0.1 s) was confirmed by separate tests with a timing signal and by the

correct timing of the electrical pick up on the thermocouples recorded by the same digitizer.

Deposition data was recorded over 497 discharges between Jan 13" — Feb 14" 2003.
The deposition accumulated slowly averaging 0.059 pg/cm? or 0.37 n.m per discharge. A
sequence of 5 discharges with unusually high deposition occurred during coaxia helicity
injection (CHI) experimentg29] initiated with 96 torr-l of deuterium gas injection. Deposition

continued for 12 seconds after the discharge (Fig. 2).

Initially the crystals were water cooled to 20 C. However long water lines between the
cooler and crystals resulted in a temperature oscillation of 1 degree with a period of about 15
minutes and, since the oscillation frequency of a quartz crystal is also temperature dependent,
a corresponding frequency change. For discharges after 110048 the water cooler was off and
the temperature remained constant to better than 0.2 degrees (the bit size of the digitizer) for
more than 10 minutes. A 0.2 °C change in the crystal temperature will produce the same
frequency change as 0.075 n.m of deposition. Fig. 3 (a) shows weak deposition after a 500kA
RF heated discharge. The crystal temperature during this discharge is plotted in Fig. 3 (b) and
an equivalent n.m. scale is shown on the right hand Y -axis. The large transient at t=0 is due to
electrical pickup. It can be seen that there is no detectible temperature change and the

frequency change in this time period appears to be occurring solely to deposition.



Surprisingly a total of 15.9 pug/cm?® of material loss was observed after 7 discharges
(Fig.4). While these discharges experienced disruptions, other disruptive discharges did not

show material loss. The cause of the material |0ss remains unclear.

After the 2003 experimental campaign, the crystals were retrieved from NSTX and
examined by ion beam analysis at Sandia National Laboratory. The carbon areal density was
measured by proton scattering at 1.735 MeV where there is a resonance in the elastic
scattering cross section that enhances the signal/background. Deuterium was analyzed by
counting protons from the d(®*He,p)*He nuclear reaction with an incident *He energy of 0.7
MeV. The absolute accuracy of the measurements is about £10%. The deuterium and carbon
areal density on the front facing quartz crystal was 0.2 pg/cm? and 11.4 pug/cm?. The surface
atomic concentration of oxygen relative to carbon was measured by x-ray photoelectron
spectroscopy, and assuming this is representative of the whole film, we calculate an areal
density of oxygen of 1.9 pg/cm?®. The total areal density of deuterium, carbon and oxygen is
then 13.5 pg/cm? in excellent agreement with the total areal density of 13.3 pg/cm? measured
by the quartz microbalance. An electronics problem prevented time resolved measurements
from the back facing crystal during this period, however the deposited mass was measured by

ion beam analysis to be 1.3 pg/cm?, about 10% of the deposition on the front facing crystal.

The deposition was generally weak and often obscured by bit noise. Of the total
cumulative deposition (not including the material loss) of 29.2 pg/cny, only 5.3 pg/cm? could
be clearly identified as an increment within 2 seconds of a discharge. However small bit-level
deposition continued to accumulate as evidenced by the absolute measurement of the crystal
frequency. It appears that material migration, possibly evaporation of polymer-like films, is
occurring after a discharge. Mirror reflectivity is affected by only 10 nm of deposition[8] and
for an unshuttered mirror, this would occur in 27 discharges in the present geometry. These
results highlight the need for diagnostic shutters that are only open when measurements are

needed in order to minimize deposition on diagnostic windows and mirrors.



1. NOVEL ELECTROSTATIC SURFACE PARTICLE DETECTION DEVICE.

A novel device to detect particles that have settled on a surface has recently been
developed[18]. This deviceis robust and easy to implement in difficult-to-access locations. It
consists of two closely interlocking grids of wires on a circuit board (Fig. 5). To date the
spacings have ranged from 125 pm, the smallest that could be conveniently obtained from
standard circuit board technology, to 762 pum. The two grids are electrically isolated and can
stand off a DC voltage of 800 V or more. Experimental tests[18] at bias voltages of 30 —50 V
showed that the device was capable of detecting particles settling on surfaces in air and in
vacuum. When a conductive particle settles on the grid, a miniature spark was generated. The
resulting current typically vaporizes the particle and removes the short circuit, resetting the
detector. The current passes through a 51 Q resistor generating a transient irregular voltage
signal. The signal is then conditioned by a 1.3 — 31 kHz band pass RC filter and input to
standard nuclear counting electronics providing a record of the event (Fig. 6). The operating
principle is electrostatic not gravimetric and hence the device does not provide an absolute
measure of the areal density of particles — such a diagnostic still needs to be developed for
tokamaks. However a significant correlation was found between the mass of impinging

particles and the number of counts registered by the electronics, especially at fine grid spacing
(Fig. 7).

Dust particles that had accumulated on a viewport the bottom of the NSTX vessel at
bay B during the period Jan 20" — March 5" 2004 (520 discharges) were examined with a
digital optical microscope (Fig. 8). The viewport views the plasma through a 5 cm wide slot
on the inner lower passive plate and is 40 cm below the ATJ graphite tiles. The particle
density was measured with NIH Image software to be 313,500 particles/cm? with the most
common size being at the pixel dimension of 1 um. The count median diameter was
calculated from the size distribution to be 2.06 um, the geometric standard deviation 2.08 um
and diameter of average mass 4.61 um. These values are similar to those found in other
tokamaks[30]. The specific surface area of tokamak dust is about 3 m?/g[30] so at this
viewport the effective surface area increased by 80% due to the dust. This direct viewing

method gives a direct measure of the particle areal density and has the advantage that the dust



is not disturbed by a dust collection technique. Previously, dust samples were taken from the
interior of NSTX with a vacuum pump and filter attachment and the results will be reported in
ref. [31].

The electrostatic dust detector was reconfigured for NSTX to provide time resolved
measurements and to track the events that produced the dust. Two grids of spacing 125 pum
and 254 um were mounted on a 15.24 cm conflat flange (Fig. 9). A glass slide was placed
between the grids in a pre-weighed tray to collect dust for calibration purposes. The materials
used were chosen to be compatible with a high vacuum environment. The copper wires were
soldered to the circuit board with 96% tin/ 4% silver solder. Alumina standoffs supported the
circuit board. The screws were ventilated and isolated from the circuit board by a thin sheet of
mica. Stainless steel wire and sheet were used to limit the motion of screws should they
loosen under vibration. The assembly was mounted under a gate valve at the bottom of
NSTX, directly under a5 cm wide slot in the lower divertor at bay C, 30° toroidally from the
viewport at bay B. The assembly was wrapped in heater tape and baked to a temperature of 65
°C for 36 hours to outgas any volatile molecules from the components before the gate valve
was opened to the NSTX vacuum. The detection electronics was the same as used in the
laboratory experiments[18] except that the 50 V bias voltage was supplied viaa 17 m long
cable. The current was limited to 200 mA. Helium glow discharge cleaning is performed
between plasma discharges on NSTX with the vessel at a pressure of 4 mtorr. To prevent any
parasitic discharges on the grid the bias voltage was automatically disconnected during the
period of the glow. The output of the single channel analyzer was fed to a Bi Ra 911 latching
scalar with a 256k memory module and data acquired at 1 kHz from a period of — 10 sto +

55 swith respect to the initiation of the plasma.

First results were obtained 9 April 2004. Typically events are observed on both grids
in the current ramp down phase of the discharge. Reconnection events occur during the ramp
down and are evident in transients in the plasma current and in the CIl emission from the
lower divertor. Fig. 10 shows a series of events on the channel 2 grid following transients in
Cll and D-alpha emission due to ELMs. In a check for other potential causes of events,

intense illumination from a photographic flash unit did not cause any response from the



detector. No signal is observed if the gate valve is closed. We aso plan to install a copper
mesh to shield the detector from any plasma that may be transported across field lines to

ensure thisis not causing a response.

Recently, the dust collected on the glass slide between the grids was retrieved and the
dust analysed by Raman scattering with a helium neon laser[32]. Particles ranging in size
from 2 to 30 microns were found to be disordered graphitic (sp2) carbon, easily recognized by
the presence of the typical D-band (~1330 cm™) and G-band (1585cm™). Also found on the
slide was a linear fiber 30 micron diameter with a —C=N- stretching band at 2244 cm™,

probably a nitrile rubber, and an irregular fiber with an amide band at 1669 cm™.

For next-step devices, an array of dust detectors could be inexpensively installed over
wide areas so that, in conjunction with quantitative dust mass diagnostics (still to be
developed), they could improve confidence that dust inventory limits were not exceeded. This
device could be applied to any situation where information on the presence of electrically
conductive dust on hard-to-access areas is important. Further optimization of the detector is
possible, in particular, nanotechnology may be applied to reduce the grid spacing to detect
single micron-scale particles, and neutron damage resistant materials would be used in DT
tokamaks. It may even be possible to use large grids in dusty areas to actively control the dust

inventory by instantly vaporizing any particles that settle on the grid.

VIIl. DISCUSSION.

ITER will initially be a plasma wall interaction experiment of unprecedented scale and
complexity. Managing the large scale-up in stored energy and pulse duration requires
diagnostics to measure wall and plasma edge phenomena and technology to mitigate their
effects. The complex and varied discharge history of current tokamaks makes post-campaign
‘archeological’ studies of wall samples in current tokamaks of limited utility — real time
measurements are necessary to challenge erosion/deposition models and gain a predictive
understanding of processes occurring at the plasma boundary and wall. Only if plasma wall
interactions issues are successfully addressed will ITER be able to study burning plasmas.

While activities continue to take place on these issues, diagnostics of the first wall and



dedicated run time in present tokamaks aimed at gaining a predictive understanding of the
interactions between a burning plasma and material surfaces are not seen as a high priority.
However the critical choice of first wall materials requires deposition diagnostics in ITER’s
hydrogen/deuterium phase. Safe operations require knowledge of in-vessel dust levels.
Optical diagnostics require technology to mitigate first mirror deposition. There is an urgent
need to develop novel diagnostics and dedicate more run time in present tokamaks to this
challenging area. For a next-step tokamak to be able to study burning plasmas, there is no

other choice.
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LIST OF FIGURES:

Figure 1. Plasma view of quartz microbalance through a 10 cm diameter port showing silicon
witness coupon, plasma facing quartz crystal and shutter (folded down). The edge of the rear
facing quartz crystal can be seen behind the silicon coupon. Thermocouples are mounted besides

the quartz crystals.

Figure 2. Deposition on the front facing quartz microbalance during and after CHI discharge
109588. The discharge was 0.15 s duration beginning at t=0. The right hand Y -axisis calculated

assuming a density of p=1.6 g/cm’.

Figure 3 (a) Deposition on the front facing quartz microbalance during and after 500kA, RF
heated discharge 110154. The discharge was 0.7 s duration beginning at t=0. The right hand Y -
axis is calculated assuming a density of p=1.6 g/cm®. Temperature effects are shown to be
negligible in plot 3 (b) which has an equivalent nm scale on the right. The transient at t=0 is due
to electrical pickup.

Figure 4. Material loss following discharge 109992.
Figure 5. Photograph of grid of interlocking traces.

Figure 6. (a) Unfiltered signal from dust detector in laboratory testsin air, (b) filtered signal (c)
pulses generated when filtered signal hasa 0.4 V magnitude and a negative slope.

Figure 7. Recorded counts vs. the areal density of dust on three grids of spacing 125 um (0O),
381um (X), and 762 um (O). The lineis a second order polynomial fit to the data.

Figure 8. Image of NSTX dust that had settled on the NSTX Bay B lower viewport as recorded

by an optical transmission microscope. The image covers 337 x 253 pum.
Figure 9. Two grids and reference dust collector mounted on a 15 cm flange for testing in NSTX.

Figure 10. First time resolved events recorded by the NSTX dust detector. Panel (a) shows the
response of grid 1 and (b) of grid 2. The lower frame shows large transients in ionized carbon

emission at 658 n.m. that occur 10-20 ms before the dust events.
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Table 1. Scale-up of plasma material interaction issuesin ITER.

Parameter Current Tokamaks  ITER Units
Etherm (<R’) 1-15 350 MJ
Disruptions 0.03-1 ~10 MJ/m’
Type 1 ELMs 0.1-0.6 JET 8-20 MJ
Pulse duration 10 -25 JET 400 s

Cumulative run time
Carbon erosion (divertor)

Carbon deposition
(divertor)

Tritium injected

378 Tore Supra

2-8 >200 hours / year

7 -300 pm > 1 cm /operat. year

150 um in 2h 20m
(Tore Supra)

50 um / day

~0.2 120 g/ pulse
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Figure 1. Plasma view of quartz microbalance through a 10 cm diameter port showing the silicon
witness coupon, plasma facing quartz crystal and shutter (folded down). The edge of the rear

facing quartz crystal can be seen behind the silicon coupon. Thermocouples are mounted besides

the quartz crystals.
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Figure 2. Deposition on the front facing quartz microbalance during and after CHI discharge

109588. The discharge was 0.15 s duration beginning at t=0. The right hand Y -axisis calculated
assuming a density of p=1.6 g/cm’.
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Figure 3 (a). Deposition on the front facing quartz microbalance during and after 500kA, RF
heated discharge 110154. The discharge was 0.7 s duration beginning at t=0. The right hand Y -
axisis calculated assuming adensity of p=1.6 g/cm®. Temperature effects are shown to be

negligiblein plot 3 (b) which has an equivalent nm scale on the right. The transient at t=0 is due
to electrical pickup.
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Figure 4. Material loss following discharge 109992.
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Figure 6. (a) Unfiltered signal from dust detector in laboratory testsin air, (b) filtered signal (c)
pulses generated when filtered signal hasa 0.4 V magnitude and a negative slope.
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Figure 7. Recorded counts vs. the areal density of dust on three grids of spacing 125 um (O),
381um (X), and 762 um (O). The lineis a second order polynomial fit to the data.
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Figure 8. Image of NSTX dust that had settled on the NSTX Bay B lower viewport as recorded

by an optical transmission microscope. The images covers 337 x 253 um.
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Figure 9. Two grids and reference dust collector mounted on a 15 cm flange for testing in NSTX.
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Fig. 10. First time resolved events recorded by the NSTX dust detector. Panel (a) shows the
response of grid 1 and (b) of grid 2. The lower frame shows large transients in ionized carbon

emission at 658 n.m.
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