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Abstract 

This paper reports on the first use of quartz crystal microbalances as a useful diagnostic for plasma-wall interaction 
studies in tokamaks. Two quartz microbalance systems were installed recently in the TdeV tokamak. Reliable mass 
measurements are obtained when a correction is applied to the frequency response of the crystal, owing to its temperature 
rise during the discharges. Particle fluxes in the scrape-off layer (SOL), perpendicular and parallel to the magnetic field lines 
along the ion drift or electron drift directions were measured. As expected, a larger erosion rate was measured in the ion drift 
direction, while deposition was observed on the quartz surfaces facing up and facing down but not facing the plasma (i.e. 
field lines at grazing incidence). Radial displacement of the set-up permitted the measurement of the radial dependence of 
the erosion-deposition processes. An increase of the plasma current induces a slight increase of the deposit thickness. A 
detachment of the plasma in the divertor doubles the thickness of the deposit. The quartz microbalance showed that the 
deposition rate is strongly increased for a few discharges following a disruption. This diagnostic method is also sensitive to 
the atomic number of injected impurities. 
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1. Introduction 

Important data for the understanding of dynamical phe- 
nomena such as erosion and redeposition on the walls can 
be obtained by the measurement of thickness variations of 
coating materials on a shot-to-shot basis in tokamaks. 
There are very few techniques to make such a measure- 
ment. Some authors propose the use of visible properties 
of matter to measure the coating thickness. One proposal is 
to use ellipsometry which measures the change in polarity 
of a reflected beam light to determine the film thickness 
[1]. Others use white light to illuminate the divertor region; 
they observe color changes as a function of film thickness 
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[2,3]. In the DIII-D tokamak some studies on a one shot 
basis have been done using the DIMES (divertor material 
evaluation system) facility [4,5] to expose different tiles in 
the divertor region to one discharge. Erosion and redeposi- 
tion rates have been measured by using surface analysis of 
exposed tiles in the SOL (eg. Ref. [6]). Laser desorption 
has also been used in-situ in the TdeV tokamak [7], A laser 
beam heats locally a tile between the shots and a calibrated 
mass spectrometer measures the quantity of the different 
hydrogen isotopes desorbed. Measurement of hydrogen 
retention in collector probes in the scrape-off layer has 
been done by this method. With these techniques, either 
the interpretation of the measurements is difficult, or the 
apparatus is expensive and complicated. 

We propose a simple and powerful method that consists 
of exposing quartz crystal microbalances during tokamak 
discharges. Quartz microbalances have been used to mea- 
sure different parameters in a variety of phenomena. For 
instance, this technique is widely used for the measure- 
ment of thin film thickness deposition under vacuum [8] 
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and for the Q-factor measurement in gaseous and liquid 
environments [9]. The quartz microbalance is also used as 
a biosensor for detection of glucose using hexokinase [10]. 
Its principle is simple and well known [11]. It is a precise 
instrument that is able to measure thickness variation on a 
shot-to-shot basis in tokamaks. The microbalance can be 
used as is or better in combination with standard surface 
analysis techniques such as AES, XPS, RBS and ERDA. 

This paper describes the use for the first time of quartz 
microbalances in a tokamak environment. Some typical 
results will be presented to illustrate the use of quartz 
microbalances as a useful diagnostic for plasma-wall in- 
teraction studies in tokamaks. 

2. QCM characterization in laboratory 

The erosion/deposition measurement by means of a 
quartz microbalance is based on its resonant frequency 
when an electric field is applied across a crystal. This 
frequency is lowered when a quantity of mass is deposited 
on it and increased when a quantity of mass is eroded from 
the quartz. The uncovered crystal has a resonant frequency 
around 6 MHz. 

The resonant frequency of a crystal is also influenced 
by other parameters, the most important being the sur- 
rounding pressure and the temperature. Fig. 1 shows the 
temperature dependance of the resonant frequency of a 
crystal as measured by a thermocouple installed on the 
holder for different surrounding pressures. On the one 
hand, the pressure has negligible influence in our range of 
use (10-3_ 10-7 Torr). On the other hand, the temperature 
effect is under the company specifications and it is repro- 
ducible in the range from 50 to 95°C. All our measure- 
ments have been done in this range of pressure and 
temperature. Thus, there is no notable pressure dependence 
while a small correction has to be applied for temperature 
variation using the temperature dependance in Fig. I. Note 
that the crystal temperature should not exceed its Curie 
temperature (573°C) as it loses its piezo-electric properties. 
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Fig. 1. Temperature dependance of a quartz crystal at varied 
pressures (10 3 10 4, 10 5 and 10 7 Yorr) .  

3. Measurements in a tokamak 

The TdeV tokamak is a medium size machine operated 
with divertors in a single null configuration. It has a major 
radius of 0.87 m and a minor radius of 0.27 m. Fig. 2 
presents schematic views of TdeV and shows the position 
of the microbalances and if-antenna. Tokamak discharges 
in TdeV last I s and deuterium (2H~) gas is used both for 
the prefill and for maintaining the density constant. The 
walls are essentially made of stainless steel with graphite 
limiters and the if-antenna is made of copper. A coating of 
boron is also deposited on the walls. Boronization [12,13] 
by glow discharge with 3 -4% of B2D ~ (D stands for 
deuterium) in He was applied for our experiments at every 
150 shots approximately. The temperature at the vessel 
varied from 30 to 50°Coapproximately. 

An averaged 2000 A thick film of amorphous carbon 
was deposited on each crystal before exposure to tokamak 
discharges. Each point plotted in the following graphs 
(Figs. 3-8)  is the difference of the coating mass measured 
before and alter one tokamak discharge except for Fig. 7 
where a point stands for an average of five discharges (2 
discharges for the chromium). The radial distance of the 
crystal from the separatrix is 5 cm unless otherwise speci- 
fied. The setups were located on the mid-plane at two 
different toroidal positions (Fig. 2). When no if-heating 
was used the antenna was pulled back behind the liner. 
The probe surface and the vessel walls are electrically 
grounded. 

3.1. Measurements parallel to magnetic flux lines but not 
.facing the plasma and perpendicular to the magnetic flux 
lines 

The setup used for this section is named B on Fig. 2. 
Fig. 3 shows thickness variation as a function of the crystal 
orientation in the scrape-off layer of TdeV. When the 
crystal was facing up (90 °) and down (270°), parallel to the 
B t direction, a negative frequency shift was measured 
which means that particles are deposited on the crystal. For 
these experiments, the crystal was at a distance of 5 cm 
from the separatrix. Then, the crystal was positioned at a 
distance of 6 cm from the separatrix because the crystal 
broke at 5 cm. When the crystal was facing the ion-drift 
direction (0°), a positive frequency shift was observed 
which corresponds to a strong erosion of the film. When 
the crystal was facing the electron-drift direction (180°), 
only a small erosion was measured. Guo et al. [14] have 
shown that particle fluxes on the ion side of a probe 
exposed in TdeV are higher than those on the electron 
side. We estimate that the temperature on the crystal is 
kept under 200°C. So, the higher particle flux on the ion 
side is consistent with the stronger erosion measured by 
the microbalance. 
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Fig. 2. Poloidal and toroidal cross sections of TdeV showing quartz 

Cross sections 
Toroidal 

ion 

RF- Antenna 

i-drift • 
location 

Setup B and impurity 
injector location 

crystal microbalance (QCM) and impurity injector locations. 

3.2. Measurements parallel to the magnetic field lines and 

facing the plasma 

The setup used for the next section is named A on Fig. 
2. Results obtained for crystals exposed parallel to the 
magnetic field lines and facing the plasma are presented in 
this section. Fig. 4 shows the variation of thickness as a 
function of the distance of the crystal quartz from the 
separatrix. The distance was varied from 7 to 4 cm. In this 
range, deposition is the main process and the deposition 
rate increases when the distance is reduced. However, 
erosion has been observed in some particular conditions 
such as during rf-heating; these results are not shown in 
Fig. 4. When deposition is measured locally it does not 
necessarily mean a global behaviour for all the walls of the 
machine. On the contrary, the microbalance is probably 
located at a spot where redeposition of materials eroded 
from some other parts of the machine occurs. X-ray photo- 

electron spectroscopy (XPS) analysis has been done on 
some typical quartz samples exposed to tokamak dis- 
charges. It showed the presence of boron, copper and 
carbon. The only possible source of boron in TdeV is the 
thin film deposited during boronization of the walls before 
tokamak discharges. The only source of copper is the 
if-antenna which is located 90 ° further toroidally. Graphite 
limiters and divertor plates are an important source of 
carbon. All these statements support the conclusion that 
material is eroded from some parts in TdeV and rede- 
posited on others such as the microbalance. We have no 
explanation for the two different points at 4 cm and no 
reason to reject either one of them. The 2 points were 
measured during ' identical '  discharges and the upper one 

was measured first. 
Fig. 5 shows the variation of thickness as a function of 

the plasma current (lp). The thickness of the deposited 
film was found to increase linearly with lp. Measurement 
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Fig. 3. Frequency shift and deposition thickness as a function of 
the orientation of the crystal (PHF = 800 kW, B t = 1.8 T, lp = 
180 kA and n e = 2-4X 1019 m - 3 ) .  
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Fig. 4. Deposition thickness as a function of the radial distance 
from the separatrix ( B t =  1.4 T, lp=180  kA and ne=  
2× 1019 m 3). 
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Fig. 5. Deposition thickness as a function of plasma current 
(B t = 1.4 T and n¢ = 2 ×  1() 19 m-3).  

of the electron density at the separatrix with the l i thium 
laser ablation diagnost ic  [15] shows a similar increase with 

lp [161. 
The variat ion of  thickness as a funct ion of  the line- 

averaged electron density (n  e) is shown in Fig. 6. W h e n  
the p lasma is a t tached to the divertor  plate, the deposi t ion 
rate does not  vary with n e. However,  at h igher  density,  a 
steep increase (the deposi t ion doubled)  was measured.  At 
this density,  the p lasma is detached from the divertor  
plates while the electron densi ty at this radius was 50% 
higher,  as measured  by the l i thium laser ablation diagnos-  
tic method [17]. 

3.3. ImpuriO' injection experiments 

Impurit ies have been injected by means  of  laser abla- 
tion (ruby laser, 1.5 J, 30 ns) in the TdeV SOL. The 
diameter  of  the laser spot was 2 mm and Table 1 shows 
the thickness  of  the different impuri ty targets. Fig. 7 shows 
the measurement  of  the thickness variat ion of  the film as a 
funct ion of the atomic number  of  the injected impurity.  
Each point  stands for an average of  5 measurements  except  
for chromium for which only two measurements  were 
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Fig. 6. Deposition thickness as a function of line averaged elec- 
tron density (B t = - 1.8 T, Ip = - 180 kA). 
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Fig. 7. Deposition thickness as a function of the atomic number of 
injected impurity (P~F =600  kW, B t = 1.8 T, lp = 190 kA and 
no = 2-4  ×1019 m 3). 

obtained.  The quanti ty of  mat ter  deposi ted onto the crystal 
general ly increases with the atomic number  of  the injected 
impurity.  Two hypotheses  can explain this result. First, the 
variation of  thickness could be due to the deposi t ion of  the 
injected impuri ty and so, the greater  the mass  of the 
impurity,  the more the thickness variat ion is high. Second, 
heavier  impurit ies induce a s t ronger  erosion by sputtering 
and thus a larger redeposi t ion on the crystal. An analysis 
of  the surface can dis t inguish between the two hypotheses.  
The  quartz crystals were analyzed by Rutherford backscat-  
tering spectrometry and very few impurit ies were found on 
the crystal. We conclude that injection of  heavier  a toms 
such as tungsten induce much more  erosion and redeposi-  
t ion than the injection of  l ighter a toms such as copper;  this 
different behaviour  was measured with the microbalance.  
We have no explanat ion for the increase of  deposi t ion 
when chromium atoms were injected. Table 1 also shows 
the approximate  quantit ies as measured  by RBS and ana- 
lyzed with the GISA program [18]. 
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Table 1 
Impurity target thickness and approximate measured quantities found on the crystals for the impurity injection experiments as measured by 
RBS and analyzed with GISA 

Elements Target film thickness of injected impurity (× 10 6 g/cm 2) Total quantity as measured by RBS ( × 10-6 g/cm 2) 

W 1900 0.04 
Mo 2400 0.04 
Cu 4500 0.45 
Cr 1800 0.24 
Ni 2200 0.12 

3.4. Wall conditioning 

It is now accepted that wall-conditioning is of prime 
importance for improved tokamak performances (see Ref. 
[19] for instance). During normal discharges, the wall is 
eroded at specific locations and the eroded material is 
redeposited at other locations. It is known that disruptions 
can reduce the benefits of wall-conditioning. Disruptions 
result in erosion and redeposition occurring at locations 
inside the vacuum vessel different from non-disrupted 
plasmas. Results of the microbalance show the importance 
of this phenomenon on wall conditioning. Fig. 8 shows the 
thickness variation measured for 4 reproducible shots fol- 
lowing a disruption. A much higher deposition rate was 
measured immediately alter the disruption. Stabilized con- 
ditions were obtained after approximately 4 shots. The 
1548.2 ,~ carbon emission line was observed for these 
shots and the results plotted in the insert of Fig. 8. It is 
shown that a higher emission was measured which is in 
agreement with the measurements by the quartz microbal- 
ance. It is worth mentioning that no significant changes 
were observed in the other plasma parameters such as the 
loop voltage, in spite of the fact that those shots were very 
different in terms of wall-conditioning. It should be noted 
that the crystal sensitivity is nearly constant up to 
2 m g / c m  2. Thus, it does not play a role in these results. 

4. Conclusion 

A new diagnostic technique for the measurement of 
erosion and redeposition rates in tokamaks on a shot-to-shot 
basis has been developed in TdeV. Reliable measurements 
can be obtained when a small correction is applied for the 
variation of crystal temperature. When crystals are perpen- 
dicular to magnetic flux lines, strong erosion is measured 
in the ion-drift direction, weak erosion is observed in the 
electron direction, while deposition is measured on both 
the top and bottom sides. When the crystals face the 
plasma, the deposition increases quasi-linearly with the 
distance to the plasma. It was also recorded that the 
deposition rate increases linearly as a function of the 
plasma current and is constant as a function of the line- 

averaged density except in the detached plasma regime, 
where a deposition rate twice as high is measured. Mea- 
surements obtained during injection of impurities show 
that the redeposition rate increases as a function of the 
atomic number of the injected impurity. This is explained 
by an increase of the erosion enhanced by heavy impurities 
at other spots inside the vacuum chamber. Finally, the 
effect of a disruption on wall-conditioning was recorded; 
this induces a much higher redeposition rate than during a 
well conditioned plasma discharge. These results confirm 
that the quartz microbalance is a promising tool in the 
study of plasma-wall interactions in tokamaks. 
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