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Dust trajectories have been recorded with an unprecedented, under fusion-relevant plasma con-
ditions, spatial resolution of 9 um/pixel in Pilot-PSI. The optical set-up allowed the use of fast
cameras as a basic microscope. It is demonstrated that such a resolution is essential for the correct
interpretation of experiments on several aspects of dust-surface interactions. Highly resolved tung-
sten dust dynamics measurements are presented from dedicated experiments on dust collisions with
plasma facing components, motion in the vicinity of castellated samples and remobilization from

planar samples.

Direct visualization of dust dynamics has been a driv-
ing force in the development of complex plasmas, camera
observations of dust acoustic waves [1] and particle kinet-
ics in the crystalline and liquid phases [2] serve as promi-
nent examples. In complex plasma experiments, dust
is injected into the small volume of a low temperature
discharge and visualization is achieved with the use of
laser illumination; a laser beam is transformed into a thin
sheet that illuminates the grains and the scattered light
is recorded [3]. Direct visualization of dust dynamics has
also been a crucial tool for understanding dust transport
in fusion devices[4, 5]. In fusion plasmas, owing to the
large device size, laser illumination is prone to low dust
detection probability [6], unless the beam cross-section is
large [7]. Visualization is usually achieved by capturing
thermal radiation emitted by dust grains, taking advan-
tage of the high surface temperature that the grains can
reach by absorbing plasma fluxes. The typical spatial res-
olution is relatively low (~ few mm/px) due to the large
distances to the volume of interest and the limited access
of cameras. Nevertheless, it proved sufficient for success-
ful stereoscopic measurements (NSTX [8], MAST [9], AS-
DEX Upgrade [10]) that confirmed the dominant role in
dynamics of the ion drag force and of centrifugal effects
due to the curved flow.

On the other hand, in order to correctly interpret ob-
servations of phenomena related to dust dynamics in the
vicinity of plasma-facing components (PFCs), a much
higher resolution is required. (i) Dust-PFC mechanical
impacts are unavoidable in fusion devices and have been
demonstrated to be a controlling factor of dust migra-
tion around the torus[11]. They are described by resti-
tution coefficients, i.e. ratios of the impact to the re-
bound velocities, for the normal and tangential to the
impact plane components [11, 12]. As a consequence of
the omnipresent ion-scattering and electrostatic forces,
whose expressions near the PFC boundary are unknown

and thus cannot be extracted from observations, exper-
imental restitution curves require high spatial and tem-
poral resolution [13]. (ii) Dust dynamics in the vicinity
of castellated PFCs[14] have strong implications for the
development of in situ dust removal techniques. The gap
width in ITER will be 500 gm, thus a much smaller reso-
lution is desirable. (iii) The remobilization of dust grains
adhered to PFCs plays an important role in a wide range
of issues ranging from dust accumulation site formation
to in-plasma dust lifetime estimation. Recently, different
remobilization conditions have been formulated that re-
fer to detachment, sliding or rolling [15]. However, it has
not been possible to determine which of these conditions
is first realized in remobilization activity observed in ex-
periments. (iv) Metallic dust / droplet formation mecha-
nisms under transient ITER-relevant conditions need to
be identified and quantified. Enhanced resolution is a
necessary ingredient of experimental studies of dust pro-
duction from PFC cracking[16, 17] and droplet release
from melt-layer splashing [18-20], since it can allow for
the estimation of the amount and ejection velocity of
grains, but also of the moment of formation and ejec-
tion.

Despite their diversity, all aforementioned phenomena
involve the dust-PFC contact, which implies that the de-
sired resolution is close to the grain size. Such a resolu-
tion is unattainable in tokamaks, but it can be achieved
in linear plasma simulators which combine optimized di-
agnostic access, well-confined plasma columns and lower
- compared to tokamaks - external magnetic fields, char-
acteristics that are essential for a highly resolved stereo-
scopic reconstruction of dust trajectories. In this Letter,
we demonstrate how to achieve a resolution of a few mi-
crometers per pixel even in relatively large devices. We
present finely resolved dust measurements in boundary-
sheath plasmas. In particular, we focus on dust-PFC
impacts, motion in the vicinity of castellated bound-
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FIG. 1: Schematic of Pilot-PSI with the camera arrangement.

aries and remobilization from planar boundaries. The
experiments were carried out in Pilot-PSI[21, 22|, a de-
vice uniquely capable of reproducing the ITER divertor
plasma conditions.

Plasma (hydrogen here) is generated by a cascaded
arc source that exhausts into a 40 cm diameter vacuum
vessel and is confined by a strong axial magnetic field,
resulting in a Gaussian-profile beam with a full width
at a half maximum ~ lcm. The plasma parameters
have a weak axial dependence and also depend on the
applied magnetic field which in our experiments varied
in the range of B = 0.4 — 1.2T. At the center of the
column, the plasma density is ~ 1020 — 102! m~3 and
the electron temperature ~ 2eV. Spherical nearly mono-
disperse tungsten (W) dust of 9 um diameter was injected
by means of a dust dropper installed in the middle top
beam port [13]. A mirror polished W target was exposed
perpendicularly to the B-field in experiments dedicated
to dust-PFC collisions, whereas two 23 x 23 x 10 mm? flat
W monoblocks separated by a 0.5 mm gap were exposed
perpendicularly in experiments dedicated to the study
of dust motion near castellated PFCs. Simulations with
the MIGRAINe dust dynamics code have revealed that
the injected dust grains reach the targets after multiple
impacts with the vessel, passing through the plasma col-
umn several times[13]. Despite being of the same size,
they follow different paths which results in different ve-
locities and bulk temperatures when impinging on the
target. Finally, planar W samples with pre-adhered dust
grains were employed for remobilization experiments and
exposed in dust-free discharges both normal and oblique
(10°) with respect to the B-field, see Fig.(1). Two high-
speed visible range cameras were used for the observation
of a small volume in front of the target: Photron FAST-
CAM SA1.1 (“side view” camera) and Phantom v12.1
(“front view” camera), as shown in Fig.(1).

The “side-view” camera provided a view parallel to the
target’s surface, both in the vertical and oblique config-
urations, directly through the window near the target.
The camera was equipped with one Nikon 200 mm f/4
ED-IF AF Micro-NIKKOR telephoto lens and an addi-

TABLE I: The optimal spatial resolution achieved by the “side
view” optical system for different magnetic fields.

B(T) d(m) stray-B (mT) resolution (um/px)
0.4 0.65 2.11 9
0.8 0.8 2.08 13
1.2 1.2 2.20 20

tional set of teleconverter lenses (2x Nikon AF-S Telecon-
verter TC-20E IIT and Kenko 2x NAS MACRO TELE-
PLUS MC7). The camera and optics were mounted on
an optical rail, which proved to be a stable and flexible
solution concerning position adjustments. A particular
advantage of the main lens is that it’s minimal focusing
distance is 0.5m which alone leads to the high resolu-
tion of 20 um/px at this distance. The magnification
of an optical system in a zero order approach is given
by M = f/(f —d), where M, f, d are the magnifica-
tion, focal length and distance to the observed object,
respectively. The teleconverter lenses increased the effec-
tive focal length by a factor of four without changing the
minimal focusing distance, thus, significantly enhancing
the spatial resolution. No noticeable aberrations have
been introduced by the additional teleconverter lenses,
although they led to a decrease of the image brightness
equivalent to two stops of the aperture for each added
lens. The optimal distance between the camera and the
target was defined by two major limitations: (i) the
geometry of vacuum vessel and the viewing ports, (ii)
the maximum value of the stray magnetic field tolerated
by the camera. See Table I for the highest resolution
achieved by the side-view set-up.

The “front-view” camera was observing the target’s
surface exposed to plasma in Position 1 and 2 of Fig.(1).
The camera was equipped with a AF DC-Nikkor 135 mm
f/2D lens and a set of H,, Hg notch filters to decrease
the pollution of the observed volume by plasma light.
The relatively low focal length of the lens and the en-
larged, due to the mirrors, camera-target distance limited
the optimal spatial resolution to 100 um/px. Therefore,
the data obtained by this camera are mainly used only as
a reference for general characteristics of the dust motion.

The recorded videos were analysed with the TRACE
code [23], which processes high speed videos on a frame-
by-frame basis, detects pinpoint bright events, classifies
and arranges them into trajectories. All videos were pre-
processed in order to increase the efficiency of the dust
tracking algorithm. The background was removed to in-
crease the contrast of the frames. Dash-like tracks of fast
moving grains were replaced by their geometrical centre
of mass. In some cases, a single frame contained the im-
age of a moving grain before and after the impact with
the target, resulting in a V-shaped track. In such cases,
the velocity prior and post impact was calculated based
on the track lengths. We note that the size of the dust
image on a frame is defined by a combination of the dust
velocity, the camera spatial resolution and the sensor ex-
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FIG. 2: Dust-surface collisions. Typical trajectories in case of
(a) small loss of normal velocity, (b) substantial loss of normal
velocity, (c) sticking.

posure time. Here we shall present typical observations
made with a spatial resolution of 9 pm/px and a temporal
resolution of 33 us, the field of view of the side camera is
720 x 192 pixels. Notice that, for mirror-polished targets,
the reflections of the dust grain are also visible.

For the study of in-plasma dust-surface collisions more
than 400 impacts have been analyzed that can be classi-
fied into three major groups. The impact velocities lie in
the range 0.1 —25m/sec. (i) Rebound with small dissipa-
tion of the normal impact velocity component. In the ma-
jority of impacts 2 60%, the tangential component of the
dust velocity is nearly conserved, whereas the normal ve-
locity is decreased by a small portion, see Fig.(2a). Such
a trend qualitatively agrees with the dust-surface interac-
tion model incorporated in the MIGRAINe code [11, 12],
according to which the dissipation of the normal impact
velocity due to adhesive and plastic work [24] is much
bigger than the negligible dissipation of the tangential
impact velocity due to friction. (ii) Rebound with large
dissipation of the normal impact velocity component. In
~ 20% of impacts, a significant part of the normal ve-
locity is lost, whereas the tangential velocity is still con-
served, see Fig.(2b). Enhanced kinetic energy losses due
to plastic work indeed occur at higher dust bulk tem-
peratures [12], as a consequence of the large decrease of
the yield strength of tungsten [25]. Few of the events
of this group are characterized by multi-bouncing; the
normal rebound velocities are so low that momentum
exchange with the ions can drag the dust back to the
surface. Such an instance is depicted in Fig.(3). (i)
Sticking. In the remaining ~ 20% of impacts, the dust
grains stick to the surface and rapidly cool, see Fig.(2c).
Upon contact, the brightness of the dust images drops to
the background emission level within several tens of us,
which corresponds to 1 — 2 integration times of the cam-
era’s sensor. In almost 90% of these events, the impact
speed is relatively high (10 — 20m/s) and the dust tra-
jectories are nearly normal to the target sampling denser
and hotter plasma. Hence, these grains are character-
ized by elevated bulk temperatures and enhanced plastic
deformation which prevents their rebound. Finally, in
~ 1% of impacts, one of the velocity components signifi-
cantly increases. Two mechanisms can be responsible for
these rare events: either dust encountered some sparse
irregularities on the mirror-polished surface or dust was
spinning prior to the collision instant and the impact dy-

FIG. 3: An impact accompanied by multi-bouncing.
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FIG. 4: Dust motion near castellated targets, the yellow
dashed lines indicate the gap edges. (a) Dust moves directly
into the gap, two reflection tracks are visible; from the top
and the side of the gap. (b) Dust collides with the far gap
edge, crosses the gap, collides with the second gap edge and
escapes. The grain’s image is blurred due to the fact that it is
out of focus, the positions are marked by red dots. (c¢) Dust
residing in the gap remobilizes, comes out of the gap and is
pushed back by the plasma.

namics allowed for a transfer of kinetic energy from the
rotational to the translational degrees of freedom.
Examples of dust motion in the vicinity of castellations
are presented in Fig.(4). Despite the fact that the gap
width is hundreds of times larger than the Debye length,
the presence of the gap does not influence dust trajecto-
ries. Moreover, only a small dust fraction ends up inside
the gap, consistent with geometrical arguments consid-
ering only the relative area. However, these conclusions
should not be perceived as generic, since in the particular
set-up, most of the grains arrive at the castellated sur-
face with predominantly normal speeds. For dust grains
arriving with strong tangential components, rebounding
in the vicinity of castellations might provide an effective
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FIG. 5: Dust remobilization in the oblique configuration.

mechanism of gap trapping.

Dust remobilization by plasma forces can be experi-
mentally studied in a systematic manner by a recently de-
veloped technique based on controlled adhesion via gas-
dynamic methods[15]. The trajectory of a dust grain
that remobilized from a mirror polished W surface with
pre-adhered W dust spots is shown at Fig.(5). The initial
part of the trajectory is not visible, since the grain was
not incandescent enough. Therefore, it is not possible to
infer which of the remobilization conditions is realized.
Notice that the remobilized grain subsequently collides
with the target and bounces off.

It is worth briefly returning to Fig.(3) in order to
demonstrate how insufficient resolution can lead to mis-
interpretations. In the normal direction, the observed
multi-bouncing can be viewed as an oscillation with an
amplitude less than 50 ym. Consequently, with a reso-
lution > 100 pm/px, one would deduce that the grain is
sliding / rolling along the surface of the target, somehow
remaining hot, despite having established a mechanical

contact with the actively cooled target. In our previ-
ous experiments with ~ 200 ym/px resolution, we had
indeed encountered such “seemingly paradoxical” trajec-
tories [13].

To sum up, an unprecedented spatial resolution of
9 um/px has been achieved under fusion relevant con-
ditions. Such a high resolution is essential for the cor-
rect interpretation of experiments focusing on aspects
of in-plasma dust-surface interactions. This is demon-
strated by experiments on mechanical dust-surface colli-
sions, dust motion in the vicinity of castellations and dust
remobilization. Application of the technique presented
here will not only allow for the calibration of analytical
dust-surface impact models but also assist in shedding
light on a number of unresolved ITER-relevant issues,
such as the clarification of the mechanisms leading to
dust amassment in the grooves of castellated PFCs, the
determination of dust remobilization conditions and the
quantification of dust production mechanisms.
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