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Introduction 

The first speculations concerning the behavior of mobile 
dust particles in fusion machines were made already 
in the late 1970’s [15]. It was soon realized that the in-
teraction of particles with the plasma will cause melting 
and plasma contamination by heavy impurities. Later 
it was shown that the dust production rate scales with 
machine size and duration of the discharge [8, 20, 21], 
which triggered systematic studies of mechanisms re-
sponsible for dust production and transport in controlled 
fusion devices. Specifically, carbon and metal dust (W, 
Be) accumulation represents serious operational and 
safety concerns for the international fusion test reac-
tor (ITER), in particular concerning tritium retention 
(C), explosion hazard (Be, C) and material activation 
by fusion neutrons (W) [9, 11, 22]. Accumulation of 
dust in partially hidden volumes and at hot surfaces is 
considered particularly harmful. Moreover, dust is a 
source of impurities and it had been demonstrated by 
modeling that dust can have a significant effect on the 
edge plasma profiles, transport and stability [24]. Hence 
detailed knowledge on dust formation and migration in 
fusion devices is essential. 

Well developed postmortem methods may be used 
to obtain valuable information about the total amount 
of accumulated dust, dust size, its morphology and 
composition. It is also important to understand the 
dust dynamics, for two reasons. Firstly it allows to 
understand and predict dust mobilization and transport 
(cf. reviews [12, 13]); dust particles penetrating beyond 
the scrape-off layer (SOL) will sublimate and contribute 
to the main plasma impurities. Secondly, dust moving 
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in the SOL will collide with plasma facing components 
(PFC) and, depending on the impact velocity, it may 
contribute not only to PFC erosion and destruction but 
also to the dust production [13, 23]. 

Diagnostics of mobile dust in scrape-off layer 
plasmas are reviewed in [18] and include imaging with 
fast cameras, scattering of laser light and the recently 
introduced aerogel collector probe method [2, 17]. The 
latter technique has been known for decades in space 
relevant research [3, 26] and recently has been adapted 
for detection of dust in fusion devices [2, 14, 17–19]. 
The advantage of the aerogel collector method is that 
mobile particles can be captured and investigated in 
terms of size, composition and morphology, since the 
ultralow density collector material is capable of slowing 
down particles without damaging. The method allows 
to detect dust in the SOL even if the particles are not 
sufficiently hot to be incandescent, as required for ex-
ample for visible imaging [18]. Finally it is possible to 
estimate the particle velocities from the impact tracks 
in the aerogel, as has been discussed in details in Refs. 
[2, 14, 17–19]. 

Due to a great mismatch between densities of Si 
aerogel and dust particles the latter can penetrate deep 
under the surface of collector. As discussed in Ref. [7], 
to create an impact track a particle should have initial 
speed above specific crushing speed, which for micron-
-sized metal particles is estimated to be above 100 m/s. 

EXTRAP T2R is a medium-sized reversed field 
pinch (RFP). RFP edge conditions are different from 
tokamaks, with weaker magnetic field, mainly poloidal 
at the edge, a strongly sheared toroidal E×B drift [27] 
and a strongly asymmetric heat flux due to superthermal 
electrons [28]. Following a major rebuild in 2001, T2R is 
operating with a 316L stainless steel wall, protected by 
Mo limiters [4]. The main research with the T2R device 
is focused on active feedback control for suppression 
of MHD instabilities [5] and on the effects of imposed 
resonant magnetic perturbations [10]. Operation with 
feedback makes it possible to mitigate plasma-wall 
interaction, which is responsible for impurity produc-
tion and likely for the generation of dust particles and 
droplets [1]. 

In the present work we report on results of dust 
collection experiments, using Si, and silica aerogel pas-
sive surface probes in the scrape-off layer of T2R. The 
aims are to further develop the aerogel dust collection 
method and to complement results from tokamaks, 
e.g. [2, 17] by providing data from an environment 
which is slightly different from big tokamaks, which 
would be useful cross-check for evaluation of the dust 
modeling. 

Experimental setup 

Figure 1 shows a poloidal cross section of the device 
and the position of the collector probe manipulator in 
the outer midplane. The minor radius and last closed 
flux surface at a = 0.183 m are defined by a poloidal 
array of Mo mushroom limiters. The major radius of 
the T2R device is R = 1.24 m. The vacuum vessel con-
sists of two types of sections: bent below sections made 
of 316L stainless steel have inner convolution radius 

b = 0.187 m, whereas the port sections have inner radius 
c = 0.194 m. Si and aerogel probes were exposed in 
two radial positions, either sampling the toroidal fluxes 
in the SOL (collectors were exposed simultaneously in 
both toroidal directions), or sampling the radial flux 
at the port section wall position. The toroidal flux col-
lectors were placed in the radial range 0.183 m < r < 
0.194 m. To protect samples from the poloidal plasma 
heat flux the collectors were shielded with a boron 
nitride housing. 

Two types of discharges were studied, either with-
out feedback control, or with the intelligent feedback 
of shell type [5]. Without the feedback, the discharges 
were allowed to terminate spontaneously, typically at 
15–20 ms. With the feedback on, the discharges can be 
maintained in stationary conditions for up to 100 ms, but 
for this work they were terminated softly at about 25 ms, 
in order to protect the probes from excessive heating. 
Representative examples of the discharges are shown in 
Fig. 2. As discussed in [1, 5], the discharge terminations 
without the feedback are abrupt and accompanied by a 
significant release of metal impurities (SS, Mo), whereas 

Fig. 1. Poloidal cross section at the position of probe exposure. 
The plasma minor radius is defined by spherically shaped 
protective Mo limiters. The collector probe was inserted in 
the outer midplane, with slit apertures open in both toroidal 
directions. Alternatively, samples were exposed at the wall 
position.

Fig. 2. Current time traces for T2R operation with and with-
out active feedback. Also shown is the intensity of Mo I line 
emission during the discharge. 
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with the feedback on (or with the gas puff termination) 
the termination is more gradual and without a signifi-
cant release of metal. This point is illustrated here by 
the Mo I intensities shown in Fig. 2. 

Aerogel collectors (Airglass AB, 60 kg/m3), pure 
graphite surfaces and polished silicon wafers were ex-
posed to 10–25 complete discharges, resulting in total 
exposure times in the range 0.25–1.3 s. To complement 
the measurements reported in Ref. [2], where radial 
dust fluxes were resolved, here a new series of aerogel 
exposures were performed at the SOL position to col-
lect dust toroidally (Fig. 1). Moreover, Si probes were 
exposed in the discharges with similar conditions in 
order to measure both impurity and dust toroidal fluxes, 
simultaneously up- and downstream. 

The following analyses of the exposed samples were 
performed: 
(i) The areal density of the collected SS components 

and molybdenum on Si probes is measured by 
Rutherford backscattering spectrometry (RBS). 

(ii) The relatively big dust particles (> 10 µm) were 
counted by means of optical microscopy. 

(iii) The smaller particles and impact features (craters, 
holes) were recorded by means of scanning electron 
microscopy (SEM). 

Compositional analysis of the captured dust was 
carried out by means of energy dispersive X-ray analysis 
(EDX). 

Results of those analyses together  with the known 
surface area and the exposure time yield the impurity 
and dust particle flux densities that are presented in 
Tables 1 and 2, respectively. These results are discussed 
in the following section, while below we discuss optical 
imaging in more detail.

To ensure that analysis of the samples takes into 
account only those particles collected during plasma 
exposure it is necessary to map their surface before and 
after exposure. Comparison of the relevant images allows 
to eliminate contribution of occasional dust present on 
clean samples. Such comparison is shown in Fig. 3, where 

Fig. 3. a) A part of the aerogel area before the exposure. The objects indicated with dashed circles were not found at the 
same position after the exposure. b) The same aerogel area after the exposure. The objects indicated with solid circles were 
not present in the same position before the exposure. This surface was exposed at the wall position for 1091 ms of discharges 
with feedback mode control. 

Table 1. Collection rates of metal (mainly SS components, Al, Mg) particles and holes on Si and spots on aerogel probes. 
Errors (standard deviation) due to counting statistics are indicated 

Exposure direction Cr, 
1015 cm–2 · s–1

Fe, 
1015 cm–2 · s–1

Ni, 
1015 cm–2 · s–1

Mo, 
1015 cm–2 · s–1

Total exposure, 
ms Feedback

Radial, Ref. [1]
  0.87 2.5      0.33      0.54 543 on

1.1 3.8      0.49      0.76 148 off

SOL, upstream
1.7 3.8 1 1 290 on
1.8 5.3    2.5    1.1 281 off

SOL, downstream 0.7 1.4 1    0.3 290 on
1.8 4.3    3.6    1.8 281 off

Table 2. Time averaged deposition rates on probes exposed in upstream and downstream toroidal directions in the scrape-off 
layer and at the wall position 

SOL, upstream SOL, downstream Wall

FB off FB on FB off FB on FB off FB on

Si (particles > 5 µm), cm–2 · s–1 150 ± 40   30 ± 20   30 ± 20   90 ± 30
Aerogel (spots > 10 µm), cm–2 · s–1   77 ± 30   4 ± 4 11 ± 8 16 ± 8 330 ± 50 23 ± 10
Aerogel (holes < 10 µm), cm–2 · s–1 < 1900 1590 ± 800 < 113 183 ± 80 < 300 < 280
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only a small fraction of the overall aerogel optical surface 
map is presented. It can be seen that some particles which 
were found at the surface before the exposure were not 
there anymore after the exposure, while a significant 
number of particles were found after the exposure, at 
locations where there was nothing before. Taking into 
account the possibility that particles present on a clean 
surfaces could be displaced during the exposure and 
counted as deposited ones, the net deposition rates are 
given in Table 2 with the corresponding error bars. 

Results 

Table 1 provides time averaged metal impurity deposi-
tion rates in discharges with and without active feedback 
mode control in both toroidal directions in the SOL 
and at the wall position measured by RBS. In addi-
tion, previously published [1] radial deposition rates 
are reported in the table for completeness. Hereafter 
up- and downstream exposure directions are given with 
respect to the toroidal E×B drift. 

Table 2 presents collection rates of particles on 
both Si and aerogel surfaces. The first row of the table 
shows particle fluxes estimated from Si probes by SEM 
analysis for particles larger than 5 µm. The second row 
provides dust fluxes as estimated from aerogel probes by 
means of optical microscopy, which means that only rela-
tively large particles (> 10 µm) are accounted for. The last 
row numbers are also for aerogel samples where the SEM 
analysis has been employed to detect small particles. 

These small particles were identified via impact fea-
tures of dimensions below 10 µm on the aerogel surface. 
To obtain representative count rates averaged over the 
whole exposed probe area randomly chosen points uni-
formly distributed over the probe surface were analyzed. 
EDX analysis of composition of particles collected on 
Si surfaces revealed that the main constituents are SS 
components, Al and Mg. Examples of particles caught 
by Si and aerogel probes under different exposure 
conditions are shown in Fig. 4 along with EDX signals 
yielded by the particles. 

Discussion 

As is well known [12, 13, 16, 25] charged dust par-
ticles moving in the SOL are subject to the following 
forces: 
(i) electrostatic force, 
(ii) friction force with ions and neutrals, 
(iii) gravity and other forces such as recoil force during 

asymmetric dust ablation [13, 29], grad B force for 
ferromagnetic particles [16] and collisions with the 
wall [13, 16]. 

It has been shown that the friction force with 
ions plays major role in dust dynamics in tokamaks. 
This force is a function of the dust-ion relative velocity 
and hence ion flow profiles determine dust motion to 
large extent. 

For the RFP configuration we anticipate the following 
types of ion motion to be of importance: (i) toroidal 

Fig. 4. SEM images of some particles, collected by aerogel (a–d) and Si (e, f) probes shown together with the corresponding 
EDX signal from areas marked by black rectangles. The probes were exposed to the radial flux (a), and the toroidal flux in the 
upstream (b, c, e), and downstream (d, f) direction. 
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E×B drift, which for T2R is in the range 0 < vd < 40 km/s 
for 0.172 m < r < 0.194 m [27]; (ii) parallel flow along 
open field lines towards the limiter surfaces; (iii) ion 
diamagnetic drift, which in the vicinity of the probe is 
in the same direction as the toroidal E×B drift. More-
over a peculiarity of RFP configuration is a relatively 
strong radial electric field directed inwards near the wall 
[27], so that negatively charged dust particles are pushed 
out of the plasma. The results presented in Table 2 
are discussed below in terms of these two forces – the 
ion drag and the electrostatic force. 

Table 1 shows consistently higher deposition rates of 
metals in discharges without feedback than in discharges 
with intelligent shell. As discussed already in [1, 5], the 
high metal flux without feedback, particularly towards 
the end of the discharges, is associated with growing 
MHD mode amplitude and the slowing down of rotating 
modes, giving rise to more intense and more localized 
plasma-wall interactions. Arcing is judged likely to be one 
of the most important impurity production mechanisms 
[1]. If this is correct, mobile particles and droplets are 
formed in significant quantities [29]. Table 1 also shows 
higher deposition rates on the (E×B) upstream side than 
on the downstream side of the probes, which can be at 
least qualitatively understood as being predominantly the 
effect of the toroidal E×B drift of impurity ions. 

Table 2 shows that at least upstream in the SOL and 
at the wall position the deposition rates of dust particles 
are likewise higher in discharges without feedback than 
with feedback. This finding lends some additional sup-
port to the hypothesis that arcing is a major impurity 
production source in T2R [1]. With feedback off, the up-
stream side deposition rates of particles are consistently 
higher than the downstream ones and the asymmetry is 
larger for small dust impact features than for big par-
ticles at the surface. This is qualitatively in agreement 
with argument that the particles are dragged toroidally 
by E×B ion flow. In such case the count rate for small 
holes shall be larger on the upstream side as indeed seen 
from the Table 2 for no feedback operation. 

It is worth noting that there are larger numbers of big 
particles collected on the wall samples than upstream in 
the SOL. One possible explanation is that there may be 
a fast poloidal ion flow which provides a poloidal accel-
eration and throws particles out in the radial direction. 
Another possibility is that dust particles, ejected locally 
from the nearby limiters, can easily reach the collectors 
at the wall, while the SOL collectors are shielded from 
the poloidal flux. 

Finally we point out that there is a finite particle flux 
at all collectors on the downstream side in the SOL, 
which contradicts the above picture of dust moving in 
E×B ion drift direction. Again, there are several pos-
sible explanations to the flux on the downstream side. 
One likely looking explanation is that the sources of 
particles, at the wall or at the limiters, do eject particles 
nearly tangentially to the wall and that they may simply 
be ejected with velocities in the direction opposite to 
the E×B flow. Indeed it is common that particles and 
droplets are ejected tangentially from arc spots, with ve-
locities in the range of tens of m/s up to several hundred 
m/s [6]. Another possible explanation could once again 
be the poloidal acceleration of particles. With a strong 
poloidal force on the particles, it would be possible for 

them to reach inside the minor radius where the radial 
electric field changes direction (and consequently also 
the toroidal E×B ion drift, so that the particles could 
be accelerated in the opposite toroidal direction), while 
still being able to return to the wall, thrown out of 
the plasma by the centrifugal force. 

Table 2 does not allow any conclusions about 
the relative sticking probabilities of dust particles on the 
two different substrates, since the size ranges are differ-
ent, and the number of particles present on the silicon 
substrate prior to the plasma exposure was not as well 
characterized in SEM as with the optical mapping. 

As follows from Table 1 and 2, the total Fe fluxes 
are generally around 4 × 1015 Fe cm–2·s–1, while typical 
dust particle deposition rates are about 50 cm–2·s–1. Sup-
posing that the particles are typically mainly iron and 
that 10 µm is a representative size, the particle flux to 
the surfaces comes out as about 2 × 1015 Fe at. cm–2·s–1, 
comparable to the total deposition rate of Fe. 

Even though the majority (but not all) of the features 
observed can be qualitatively explained by taking into 
account only the ion drag and the electrostatic force, 
obviously to achieve quantitative agreement a model 
which accounts for all forces is necessary. Particularly, 
near the wall where plasma density is reduced, a delicate 
balance between other forces – which are negligible fur-
ther away from the wall – determines the dust trajectory 
[16]. Moreover, the existing studies of dust dynamics 
in SOL [6, 12, 13, 16] show that it is sensitive to the 
geometry and profiles of a specific machine. Adapting 
the code of Ref. [16] for T2R profiles and geometry is 
a subject of current investigation and will be reported 
elsewhere. 

Conclusions 

Aerogel collector probes are a promising method for 
nondestructive dust capture in scrape-off layer plasmas 
[2, 17, 18]. The RFP edge plasma is different from that of 
big tokamaks, but dust collection experiments in T2R can 
be very useful for model validation and for improving the 
experimental technique. As this report intends to show, 
particle counting with aerogel collectors can be done in a 
reliable way. The results show that mobile particles con-
situte a significant impurity production channel in T2R. 
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