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The collective behavior of levitated particles in a weakly-ionized plasma (dusty plasma) has raised significant scientific
interest. This is due to the complex array of forces acting on the particles, and their potential to act as in-situ diagnostics
of the plasma environment. Ideally, the three-dimensional (3D) motion of many particles should be tracked for long
periods of time. Typically, stereoscopic imaging using multiple cameras combined with particle image velocimetry
(PIV) is used to obtain a velocity field of many particles, yet this method is limited by its sample volume and short
time scales. Here we demonstrate a different, high-speed tomographic imaging method capable of tracking individual
particles. We use a scanning laser sheet coupled to a single high-speed camera. We are able to identify and track tens
of individual particles over centimeter length scales for several minutes, corresponding to more than 10,000 frames.

I. INTRODUCTION

Dusty plasma, where particles are immersed in a weakly-
ionized plasma, is ubiquitous in interstellar and planetary en-
vironments. It is also often encountered in industrial plasma
processing. The immersed particles in a dusty plasma experi-
ence a wide range of environmental forces (i.e. electrostatic
forces, drag from both neutral gas and ions), and environment-
mediated interaction forces (forces from other particles),
which can be non-pairwise and non-reciprocal in nature!=.
As a result of this inherent complexity, systems of many par-
ticles exhibit a variety of emergent behaviors®!3. Stereo-
scopic, multi-camera imaging is commonly used to obtain 3D
information about particles’ dynamics and kinetics'®18. A
well-developed technology, particle image velocimetry (PIV),
can be used to obtain a velocity field from multi-camera
movies'?2!. Calculating the velocity field can reveal spa-
tial and temporal variations in the dynamics, but ultimately
averages the individual particle dynamics over some multi-
particle length scale. Yet many problems of scientific interest,
for example, the mechanism of particle charging and inter-
action forces, are challenging to investigate without tracking
individual particles over long times.

Advanced particle tracking velocimetry (PTV) techniques
that track individual particles have been mostly applied to
the 2D motion of particles using a single camera®>->*. Some
phenomena, for example, stochastic oscillations®> and spon-
taneous oscillations'? can be observed by analyzing individ-
ual particle motions from 2D PTYV, but dynamical information
perpendicular to the viewing plane is lost. 3D PTV by stereo-
scopic imaging is plagued by the challenge of delicate cali-
bration of multiple cameras, identifying the same particle ap-
pearing in different cameras, and linking those particles over
frames. Recent studies have approached this task by using
statistical tools?®?® or machine learning?®~3!. Using statisti-
cal inference, the likelihood of a particle at a certain voxel is
calculated from the brightness of its calibrated 2D projection
in all the cameras, and also the likelihood of a particle exist-
ing at this pixel in the previous frame. With machine learning,
light spots of particles are simulated by a pre-determined dis-
tribution and the model is trained on mapping the videos of
multiple cameras to the simulated particle positions. Using

these techniques, individual particles in dense dusty plasmas
can be tracked for up to 30-50 frames in a volume of 10-100
cubic millimeters'-26-28:30,

In contrast to stereoscopic imaging, 3D tomography relies
on a laser sheet that moves relative to the particles. If the po-
sition of the laser sheet is known in time, then a sequential
series of images can be used to track the particles in three di-
mensions. In dusty plasmas, 3D tomography has mostly been
used to examine static properties at scan rate of ~ 1 Hz or
less®?73¢. Tomography methods has been extended to faster
scanning rates, up to 15 Hz37-38, yet some experimental prob-
lems arise at these speeds. Most noticeably, the inertia of the
oscillating mirrors used to deflect the laser limits the size and
scanning speed of the imaging volume. Consequently, exam-
ining rapidly-moving dust particles for long periods of time
remains a challenge. This is important for applications in-
volving dynamical inference of the underlying forces driving
the particles, or other dusty plasma phenomena outside of the
well-studied Coulomb crystal state.

Here we report a 3D tomographic imaging and tracking
method that is conceptually simple and easy to implement.
The method is suitable for tracking multiple particles in large
volumes over long times. We use a scanning laser sheet with
a single camera to obtain 3D trajectories of particles, saving
the difficulties of calibration and identification with multiple
mirrors or cameras. Since the particles in a dusty plasma are
moving rapidly in time, we oscillate the height (z) of the il-
luminating 2D laser sheet with a shorter period than the char-
acteristic time of the particle motion, up to a scanning rate of
500 Hz. As a result, particles at a certain z only appear in
specific frames of the camera. The images are then processed
and particles are identified and tracked by Trackpy>® using a
customized class. Subsequently, the trajectories are calibrated
and adjusted for their sub-pixel accuracy. With this technique,
we are able to track the 3D trajectories of 1-30 particles for
10,000 or more sequential frames in 1-10 cubic centimeters.
We demonstrate this method on two distinct dusty plasma sys-
tems driven by vertical oscillations or magnetic field-induced
ion flow. The mean particle positions, oscillation amplitudes,
and characteristic frequencies of oscillation are reported for
each individual particle.
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Il. EXPERIMENTAL DESIGN

Our experiments used melamine-formaldehyde (MF) parti-
cles with diameters ranging from 8.0 to 12.8 um (microParti-
cles GmbH). The particles were electrostatically levitated in a
low-pressure, 13.56 MHz rf argon plasma above an aluminum
electrode with a diameter = 150 mm (Fig. 1a, similar to previ-
ous experiments®~1%40). The rf plasma was driven with 0.3-5
W of power, and the gas pressure varied from 0.1-1 Pa. In this
regime, the typical charge on a single particle ranged from
10,000-50,000 electrons. The particles were suspended at the
edge of the plasma sheath approximately 1-2 cm above the
aluminum electrode. The electrostatic confinement provided
by the plasma sheath led to a near harmonic 3D trap. Upon
displacement from its equilibrium position, a single particle
experienced both vertical and horizontal oscillations, with a
much higher frequency in z, as will be discussed in Sec. III.
Multiple particles in the same system experienced complex
interactions often characterized by nonreciprocal forces'!.

To image and accurately track the particles’ motion in 3D,
a 2.5 W diode laser (Laserglow Technologies) was reflected
by a mirror placed yp = 500 mm away from the center of the
particles’ motion and then expanded into a 2D sheet using a
cylindrical lens (Fig. 1a). The sheet was also focused in the
z-direction by a plano-convex lens. The intensity profile of the
laser sheet at the position of the particles was measured and
well-fit by a Gaussian distribution with a standard deviation of
0.13 mm. The scattered light from the particles was captured
by a high-speed v711 Phantom camera (Vision Research) lo-
cated at zp = 525 mm above the center of the particles. A
galvo motor (Thor Labs), driven by a function generator (Ag-
ilent 33120A), was used to oscillate the mirror in a sawtooth
wave pattern with a tunable amplitude and frequency. The
input sawtooth wave frequency (100-500 Hz) determined the
scanning frequency of the laser, and ultimately the 3D sam-
pling rate of the particle motion. We note that despite the
high-intensity of the diode laser (2.5 W), when the laser is
expanded into a sheet and oscillated vertically, the net force
provided by the laser on individual particles was negligible.

To calibrate the height of the laser sheet at the center of the
electrode during a single cycle of the input sawtooth wave, we
built an isosceles right triangle out of stiff paper and placed it
directly at the center of the imaging plane (y = 0). We then
placed a paper rectangle 4 mm behind the triangle (Fig. 1b).
Impinging light from the laser sheet was partially blocked by
the triangle, leaving a bright line on the triangle whose length
varied with height (Fig. lc, the upper line). The remaining
unblocked laser sheet projected another line on the rectangle.
The apparent length of the bright line on the rectangle var-
ied by a small amount since it moved closer to and farther
from the camera lens during a cycle (the lower line of Fig.
1c). However, the actual length does not change with laser
height, thus the bright line on the rectangle functioned as a
fixed length scale at different z-positions so that we may calcu-
late the length of the bright line on the triangle in millimeters.
The corresponding height of the bright line on the triangle is
then found using the geometry of the triangle since the angles
are known.
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FIG. 1. (a) Experimental setup for the 3D tomographic imaging and
particle tracking. The particles’ scattered light from the oscillating
laser sheet is imaged from above. (b) Sketch of a triangular screen
placed in front of a rectangular screen used for calibrating the dy-
namics of the laser sheet height. (c) Example image showing the
scattered light from the triangular screen (top white line). The two
bottom lines are scattered from the rectangular screen. The calibrated
height of the laser sheet with input sawtooth wave voltage = 300 mV
and frequency = 500 Hz (d) and 200 Hz (e). Linear fits to the central
region are shown with red lines. The slope s of the linear fit versus
input voltage with fixed frequency = 200 Hz is plotted in the inset of
(e).

During the calibration, the camera frame rate was set to
19.95 times the input sawtooth wave frequency on the galvo
motor, so 399 frames were captured over 20 cycles. The non-
integer ratio of the frequencies led to a small drift so that dif-
ferent z-positions were sampled over many cycles, and those
frames could be effectively shifted into one cycle. The cal-
ibrated z position of the laser sheet in a cycle, as shown in
Fig. 1d-e, were near-sawtooth waves with a large area in the
center of the cylce where z increased linearly with time. The
slope for the linear fit, s, did not sensitively depend on the
frequency of the input sawtooth wave. However, the slope
scaled linearly with the amplitude of the voltage driving the
galvo, as shown in the inset of Fig. le. With yy = 500 mm,
s = 3.2 mm-cycle™!- per 100 mV.



In our experiments, we typically set the camera’s recording
frame rate to 20x the laser scanning frequency. This pro-
vides 20 vertical image slices per cycle. The exposure time
was always set at the maximum possible value with the given
recording rate in order to capture as much of the scattered light
as possible from the particles. We focused the camera sharply
on the particles so that corresponding width of the scattered
light spots on the image sensor is ~ 2 pixels. We note that
the depth of field of our camera lens was larger than the typi-
cal z displacement of particles, so particles appeared in sharp
focus despite their vertical motion. Each recorded movie was
processed by Trackpy>®. A customized 3D-frame class, in-
cluded in the supporting information, was used to group ev-
ery 20 frames into a bundle, automatically detect from which
frame a bundle began, and discard the first and last 2 frames
in each bundle (they exist outside of the linear region in Fig.
1d). The code, as provided in the supplemental information,
produces a rudimentary database which contains the positions
x', ¥y, and 7’ for each particle in each frame. After the initial
tracking, the code also applies a SPIFF correction to alleviate
small statistical errors in tracking due to pixel-locking***!;
a known and significant tracking issue that arises when the
width of a particle light spot is comparable to the pixel size.

Ill. LASER DIVERGENCE AND PARALLAX CORRECTION
AFTER TRACKING

In our experiments, gravity and electrostatic forces within
the plasma sheath near the aluminum electrode are the largest
forces exerted on the particles (both in the z-direction). These
forces are approximately 10-100x larger than the horizontal
confinement forces since the diameter of the electrode (15
cm) is much larger than the levitation height (1 cm). Addi-
tionally, the vertical confinement forces are much larger than
typical particle interaction and drag forces, which is common
for dust particles levitated in RF plasma sheaths®4°. As a re-
sult, particles experienced natural oscillations with frequen-
cies f; =4—25Hzin z and f,y, = 0.5 — 3 Hz in the xy plane.
The wide range of frequencies come from two distinct exper-
iments with different environmental conditions, as discussed
in Sec. IV. Since particles move above and below the focal
plane (Fig. 2a), there is a small amount of imaging parallax,
or coupling between the vertical and horizontal positions. The
tracked, rudimentary trajectories with coordinates x’, y', and 7/
are different from the desired Cartesian coordinates x, y, and z.
In one experiment, the natural frequency of oscillation in the
xy plane was ~ 0.6 Hz, and the frequency in the z direction
was ~ 3.9 Hz (Fig. 2b). As a result of the imaging paral-
lax, the high-frequency band (> 2.5 Hz) in the Fourier trans-
form of either X’ or y’ from single particles is highly correlated
with oscillations in the z position, as shown in Fig. 2c. Two
sideband peaks near 3.3 Hz and 4.5 Hz appear in the Fourier
spectrum of y/,. oh> which stems from an amplitude modulation
of the y position due to z oscillations, essentially mixing the
signals (Fig. 2d).

To understand the origin of these sideband peaks, we first
introduce a geometric, first-order linear correction used to
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FIG. 2. (a) Diagram showing the intersection of the solid angle of
view from the camera and the laser sheet (red shaded area). Two par-
ticles at different x and y may have the same x’ and y when viewed
from the camera (the blue dotted line). Inset: the y — z plane of view
for the geometry of the imaging system. The mirror is at A. A parti-
cle located at C will appear at the same height 7’ as B. (b) The Fourier
spectrum of x’ (gray), y’ (blue), and 7’ (orange). The amplitude of 7’
is magnified by 10x for clarity. (c) The high-frequency band, y;”. i
of the y/ component from the rudimentary trajectory of a tracked par-
ticle shows a correlation with its z position. (d) The Fourier spectrum
of y/ has peaks at ~ 3.3 Hz and 4.5 Hz, indicated by the red arrows,
which is related to the vertical oscillation frequency, 3.9 Hz, indi-
cated by the red line. (e) After the micro-correction procedure, the
high-frequency band, yp;g, of the y component from the same par-
ticle shows no correlation with z. (f) After the micro-correction, the
Fourier spectrum of y no longer displays a peak.



handle the conversion between imaged, primed coordinates
and the real Cartesian coordinates, denoted as a ‘“micro-
correction” in the tracking code. The micro-correction is ap-
plied with the following transformation:

+ /
= z’y‘)y—oy, ()
20— <%
y = )’/77 ()
x = x’%. 3)

The first line corrects for the divergence of the laser sheet; par-
ticles imaged in the same frame may have slightly different
actual z positions (Fig. 2a). As y'/yo — 0, this correction be-
comes negligible. Note that Eqs. 1-3 are derived purely from
geometry. As shown in the inset of Fig. 2a, point A is the
mirror, O is the center of the particle system, and line OB is
the axis where the calibration of z is conducted. A particle
at position C will appear in the same frame as a particle at
point B. The measured 7’ is BO, while its actual z is CD. By
trigonometry:

z_ Yty @)
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which is equivalent to Eq. 1. Note that y’ is used instead of y in
the numerator of Eq. 1. However, this is a second-order effect
O ((y/y0)?), where y/yy ~ 0.02. Equations 2 and 3 represent a
first order correction for imaging parallax, which is negligible
as z/z0 — 0. The derivation is identical to Eq. 1, except that
the y axis is replaced by —z and z is replaced by y.

To demonstrate why the sideband peaks are observed at 3.3
HZ and 4.5 HZ, respectively, we will assume a simplified
model where a single particle’s true trajectory is sinusoidal,
given by:

y = Acos(ay+¢), 3)
z = Bcos(w;t). (6)

Due to parallax, as shown in the inset of Fig. 2a, the measured
y-position, y’ is

Z
Y o= y+ 2, 7
20

AB
v+ . cos(myt + @) cos(w.t),
0

y+ ?TB (cos(@z — @yt — @) +cos(@;t + @yr +9)).
0

Therefore, imaging parallax causes peaks in the Fourier spec-
trum of y’ at @, — @, and @, + @y, which correspond to 3.3 HZ
and 4.5 Hz.

This linear correction is sufficient to remove the coupling
between positions in the xy plane and z, as shown in Fig. 2e.
The correlation between z and yj;,, (the high-frequency band
of the corrected y coordinate) has been removed. Also, the
peaks at 3.3 Hz and 4.5 Hz no longer exist in the Fourier spec-
trum of y after the correction (Fig. 2f). Finally, we note that
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FIG. 3. (a) Snapshot of particle positions from a tracked, 11-particle
system at 0.1 Pa. The z position is indicated by the colorbar. The
colored tails represent the positions in the previous 5 bundles. (b)
Snapshot of particle positions from a tracked, 15-particle system at
1.0 Pa. Here, the presence of the magnetic field leads to a much
stronger confinement.

since particles at different z positions are recorded at slightly
different times, the final time series of positions for a given
particle may have non-uniform intervals. To obtain uniform
time intervals between bundles, we use interpolation to the
central time of each z bundle.

IV. TRACKING RESULTS

To demonstrate our imaging and tracking method, we used
two collections of MF particles in distinct environmental con-
ditions. At very low plasma pressure (0.1 Pa), we tracked an
11-particle system that was highly underdamped due to the
low gas pressure. The particles experienced spontaneous ver-
tical oscillations with amplitudes ~ 1 mm, which acted as a
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FIG. 4. (a) Projection in the xy plane of the motion of 2 particles
within a system of 15 particles. The system was driven by ion flow
from a permanent magnet, as described in the text. The length of
each trajectory is 5 s, and the sampling period is 0.005 s. (b) The
motion of the same 2 particles plotted in 3D. One particle (red) sits
considerably lower in z due to its larger mass. Both particles oscillate
rapidly in the z-direction. In both panels, trajectories are connected
by quadratic interpolation.

source of constant energy input into the system'®*2. In the xy
plane, the particles moved with much larger amplitudes (=~ 10
mm). To track the system, the laser scanning frequency was
set to 50 Hz and the camera frame rate was set to 1,000 Hz.
The tracked particle positions at a single point in time are il-
lustrated in Fig. 3a. In a second experiment, we placed a large,
7.5 cm diameter rare-earth magnet within a cavity machined
into the electrode. The vertical component of the magnetic
field was measured to be ~ 0.05 T at the levitation height of
the particles. The gas pressure was set to 1.0 Pa. Under these
conditions, the particles experienced rapid vortical motion in
the xy plane with a rotation period of ~ 0.5 s. This voticity
stems from an ion drag force since ions streaming towards the
aluminum electrode have a finite velocity component in x and
y, and thus are deflected by the magnetic field”**. The ampli-

tudes of particle oscillations were ~ 3 mm in the xy plane and
~ 0.2 mm in z. To track the system, the laser scanning fre-
quency was set to 200 Hz and the camera frame rate was set
to 4,000 Hz. The tracked particle positions at a single point in
time are illustrated in Fig. 3b. For both systems, we success-
fully and continuously tracked more than 10,000 frames with-
out confusing particle positions or losing particles. Sample
movies from these systems can be found in the supplementary
information (Movie S1 and Movie S2).

With the advantage of high-speed, 3D tracking, we can fol-
low the motion of individual particles in a many body sys-
tem over long times. In Fig. 4 we show the trajectories for
2 particles over 5 s (1000 frames) from the second system,
where particles experience vortical motion due to the external
magnetic field. Figure 4a depicts just the motion within the
xy plane, which could be captured with traditional 2D parti-
cle tracking methods. One particle experiences a much larger
range of motion (blue), whereas the other particle is more
tightly confined to the center (red). In 3D, we see that this is
because of their difference in mass, and thus their correspond-
ing vertical positions (Fig. 4b). The particles are separated
by ~ 0.5 mm in z. Both particles experience rapid vertical
oscillations that are not observable in the 2D projection.

Despite attempts to use identical particles when conduct-
ing experiments, the manufacturing process always leads to
a degree of heterogeneity. By tracking particles in 3D, we
can harness the particles’ heterogeneity to investigate their lo-
cal plasma environment. Figure 5a shows that particles that
resided higher in the sheath (blue) always moved horizon-
tally with a larger amplitude than average (magenta), and the
particles that resided lower in the sheath (red) always moved
with smaller amplitude. Here the amplitude is defined as the
standard deviation (std) of the particle position over some
time window. However, the amplitude of vertical oscillations
was more intermittent with longer timescales, but generally
showed the the same behavior (Fig. 5b). For example, al-
though the bottom (red) particle moved less in z than average,
during the last 5 s of the experiment, it experienced a larger
amplitude of oscillation in z (trajectories for these particles are
shown in Fig. 4b).

When averaged over the entire time series, the standard
deviation of motion in z increased with the mean z position,
meaning that lighter particles residing higher in the sheath ex-
perienced larger oscillations (Fig. 5¢). However, the vertical
oscillation frequency (f;) of each particle was most strongly
correlated with the mean z position, as shown in Fig. 5d.
Smaller particles sat higher in the sheath, and had a higher
oscillation frequency. In principle, one can obtain the varia-
tion in the vertical electric field from the variation in f;. Yet in
practice, both the electric field and particle charge vary with
z, which complicates this inference!”. By considering particle
interactions, one may use the 3D trajectories to infer pairwise
forces between particles (including estimates of the charge
and mass) or predict their future motion, which may be further
used to infer forces from the plasma environment. Finding
low-dimensional representations of dynamics or new physical
laws from many-body trajectories using machine learning is a
rapidly expanding field of research*8. Qur tracking method,
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FIG. 5. The oscillation amplitude in y (a) and z (b) for two particles
(red circles, blue squares); the same as shown in Fig. 4. The ampli-
tude is computed using the standard deviation of positions in binned
time windows of width 1.65 s (330 frames), which is 3x the horizon-
tal period. The magenta triangles are the average amplitude for all
15 particles. The oscillation amplitude (c) and peak frequency (d)
in z are calculated for each of the 15 particles over the whole time
series. The two particles shown in Fig. 4 are colored blue and red,
respectively.

combined with a machine learning-based algorithm, could po-
tentially lead to a better understanding of the complex dynam-
ics of dusty plasmas. These are ongoing efforts that we are
pursuing.

V. CONCLUSIONS

3D tomographic imaging and tracking of dusty plasmas
provides new ways of studying dust dynamics over large, er-
godic time scales. In particular, detailed information about the

position and acceleration of each particle can reveal informa-
tion about the spatial dependence of environmental and inter-
action forces between particles. The method is complemen-
tary to more well-developed, stereoscopic imaging methods,
where smaller imaging volumes are examined over very short
periods of times (= 100 frames). Stereoscopic methods are
appropriate for much denser dust systems, and do not require
a very high-speed camera capable of thousands of frames per
second. Although we have only focused on systems with
10-20 particles here, our tomography method can be scaled
up to many more particles, however, not without some chal-
lenges. The main restrictions to tracking larger numbers of
particles involve temporal and spatial resolution. The camera
and corresponding laser sheet frequency must be fast enough
to capture oscillations in z and close encounters between par-
ticles, where forces and accelerations can be large. Addition-
ally, during a close encounter, where two or more particles
come within 2 voxels, Trackpy may confuse the identity of
those particles. Trackpy first identifies particles in each frame
separately before linking all the located records. Thus during
particle identification, information from the previous and next
frame is not used. This problem could be improved with more
advanced tracking algorithms, for example, the shake-the-box
algorithng. Furthermore, statistical information such as the
average brightness, average kinetic energy, and average z po-
sition can potentially be used to better identify individual par-
ticles and link them before and after a close encounter.

SUPPLEMENTARY MATERIAL

The supplementary material consists of a text file contain-
ing the code used to track the particles, in conjunction with
Tracku39. There are also two movies (S1 and S2) that show
the results of the particle tracking. The movies display the
three-dimensional positions of particles in two separate ex-
periments.
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