& frontiers | Frontiers in Physics

ORIGINAL RESEARCH
published: 20 June 2022
doi: 10.3389/fphy.2022.926160

OPEN ACCESS

Edited by:

Vladislav Izmodenov,

Space Research Institute (RAS),
Russia

Reviewed by:

Egor Godenko,

Ishlinsky Institute for Problems in
Mechanics (RAS), Russia
Sergey Popel,

Space Research Institute (RAS),
Russia

*Correspondence:
J. C. A. van Huijstee
j.c.a.v.huijstee@tue.nl

Specialty section:

This article was submitted to
Low-Temperature Plasma Physics,
a section of the journal

Frontiers in Physics

Received: 22 April 2022
Accepted: 19 May 2022
Published: 20 June 2022

Citation:

van Huijstee JCA, Blom P,
Peiinenburg ATA and Beckers J (2022)
Spatio-Temporal Plasma Afterglow
Induces Additional Neutral Drag Force
on Microparticles.

Front. Phys. 10:926160.

doi: 10.3389/fphy.2022.926160

®

Check for
updates

Spatio-Temporal Plasma Afterglow
Induces Additional Neutral Drag Force
on Microparticles

J. C. A. van Huijstee ', P. Blom?, A. T. A. Peijnenburg® and J. Beckers'

"Department of Applied Physics, Eindhoven University of Technology, Eindhoven, Netherlands, 2VDL Enabling Technologies
Group, Eindhoven, Netherlands

An emerging topic in complex plasma physics is the interaction between dust particles and
afterglow plasmas. Control of plasma-particle interactions and specifically of the particle
trajectories is especially relevant for plasma based contamination control applications. In
systems where this contamination control is relevant, emerging or applied plasmas can be
of highly transient nature, due to which contaminating particles interact with a combination
of a spatial and a temporal afterglow plasma. Until now this type of plasmas and the
possible interaction with embedded microparticles has remained far from fully explored in
literature. In this work we visually record falling microparticles in a spatio-temporal
afterglow of a low pressure inductively coupled plasma and observe a sudden and
temporary reversal in their vertical velocity. Numerical simulations confirm that this
effect is due to the cooling of the heated background gas in the former active plasma
region, which creates a pressure wave and causes microparticles in the spatial afterglow to
experience an additional neutral drag force in direction of the plasma bulk. Besides being
an interesting principle phenomenon, the presence of this effect could have added value
for developing plasma-driven particle contamination control applications. Moreover, for a
well defined vacuum vessel geometry and plasma heating volume, this enables the use of
microparticles in the spatio-temporal afterglow as probe for the neutral gas temperature in
plasma.

Keywords: dusty plasma, afterglow plasma, microparticles, neutral drag, pressure wave, neutral gas temperature,
diagnostics

1 INTRODUCTION

The interaction between dust particles and plasma is a widely researched topic [1-6]. Specifically the
charging of the particles by plasma species [7] and their trajectories in a plasma environment [8, 9]
have garnered much attention in the past decades.

Control over plasma-particle interaction and specifically over the particle trajectories, is especially
relevant for contamination control applications [10]. For example the combination of plasma
charging of nano- and microparticles and an externally applied electric field in the afterglow plasma
region could be used to develop a particle filter that can protect sensitive surfaces in vacuum
environments [11] or remove particulate air pollution from ambient air [12].

In fact, a large part of the research in the fields of complex and dusty plasmas in general, is
focused around understanding the charging of the particles [7, 13-16]. The investigation of
fundamental interactions between plasma environments and particles also often includes charge

Frontiers in Physics | www.frontiersin.org

1 June 2022 | Volume 10 | Article 926160


http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2022.926160&domain=pdf&date_stamp=2022-06-20
https://www.frontiersin.org/articles/10.3389/fphy.2022.926160/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.926160/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.926160/full
http://creativecommons.org/licenses/by/4.0/
mailto:j.c.a.v.huijstee@tue.nl
https://doi.org/10.3389/fphy.2022.926160
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2022.926160

van Huijstee et al.

related forces such as electrostatic and ion drag forces, besides
the well-known neutral drag force, and in some cases the
thermophoretic force caused by a temperature gradient in
the plasma [17-21].

In many applications where contamination control is relevant,
the plasmas in use are transient in nature, such as nanosecond
pulsed plasmas and EUV-induced plasmas in lithographic
equipment [22, 23]. This means that there is a temporal
afterglow altering the plasma around the dust particles,
possibly in combination with a spatial afterglow if the particles
move away from the (initial) active plasma zone.

While particles in both temporal [21, 24-29] and spatial afterglow
plasmas [16, 30-33] have been investigated separately in the past, the
combination of both types of afterglows appears a new topic in the
field of dusty plasma physics.

Our previous research focused on the (de-)charging of
microparticles in the spatial afterglow of a low pressure
inductively coupled plasma (ICP). In that research, the trajectories
of injected particles and the influence of the electrostatic force
generated by an externally applied electric field thereon were
investigated for various plasma parameters and configurations [30,
34-37]. In the current paper we present experiments monitoring the
trajectories of falling microparticles experiencing a combination of a
spatial and a temporal afterglow plasma, in which an additional
neutral drag force is revealed. This force temporarily decreases and
even reverses the initial velocity of the particles during the temporal
afterglow.

This paper is organized as follows. First, the relevant theory
will be presented in Section 2, followed in Section 3 by a brief
explanation of the experimental setup used. In Section 4 the
experimental results are presented, followed by a physical
interpretation and hypothesis for the physics at play in
Section 5. Numerical simulations to support this hypothesis
are discussed in Section 6 and compared with the
experimental results in Section 7. Finally the main conclusions
are presented in Section 8.

2 THEORY

The vertical motion of a microparticle in a laminar gas flow (in
absence of plasma and temperature gradients) is dominantly
governed by two forces, being the gravitational force and the
neutral drag force. Here the negative vertical direction is
defined as the direction of the gravitational acceleration g.
If a particle is released from a stationary position into a gas
flow, it will accelerate until it reaches its terminal velocity when
the neutral drag force equals the gravitational force. For a
spherical particle of radius r and uniform mass density p,,, the
gravitational force is given by
I:“g = gmﬁppé. 1)
The neutral drag force that a particle experiences, depends on
the flow regime, which is characterized by the particle Knudsen
number Kn = A‘%“’ Here Ay, is the mean free path length of the

Spatiotemporal Afterglow Induces Drag Force

Argon Particle dispenser
Showerhead gas injection
Particles
3 t Inductively Coupled
Fi o RF Plasma
1.0m
Glass tube
PEEK support plates
Electrodes and
field of view
Y
0.5m
Vacuum
pumps
FIGURE 1| Schematic side view of the experimental setup. Note that the
vacuum vessel on the bottom of the setup in reality has a large and complex
shape, which is simplified in this figure as a rectangle and is not depicted to
scale. The red rectangle represents the field of view of the high speed
camera.

gas atoms or molecules. For a microparticle in a low pressure gas,
as is the case here, usually K» > 10, which means that the particle-
gas interaction is in the free molecular flow regime. In this regime,
the drag force is given by the Epstein relation [38],

. L.\ 4
Fdrag = (vf - Vp) gﬂspgv'l'h,grzn (2)

for a particle with velocity ;p in a gas flow with velocity ve. The
velocities are defined with respect to a fixed stationary frame.
Furthermore, p; and vy, are the mass density of the gas and the
thermal velocity of the gas atoms or molecules respectively. The
dimensionless constant § is a parameter related to the type of
collisions between the gas atoms and the particle, which has a
minimum value of 1 for specular reflections and a maximum
value of 1.442 for completely diffuse reflections [38].
Equating ﬁg and ﬁdrag, i.e, combining Eqs. 1 and 2, the
theoretical terminal velocity of the particles can be written as,
17p __ P g+ (3)
PgOVTh,g
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Since gravity is constant and the neutral drag force scales
linearly with the particle velocity, the time dependent particle
velocity will tend towards this value exponentially with a
timescale of

r
S )

pgévmg'

3 EXPERIMENTAL SETUP

The experimental setup used, schematically shown in Figure 1,
has been extensively described in our previous works [30, 34-37].
Therefore, only a short overview of the key characteristics is
included here, along with the implemented changes that are
relevant for this work.

The setup consists of a 1 m long vertical glass tube with a
square 10 cm x 10 cm cross-section, mounted on top of a large
(=20 L = 2 - 1072 m™>) vacuum vessel. The entire system is filled
with argon at a pressure of 90 Pa, while the base-pressure is
measured to be 2 - 107 Pa. Near the top of the tube an inductively
coupled plasma is created by sending an alternating current (at
13.56 MHz) through a square coil with five windings that is
wrapped around the tube. This plasma is operated in E-mode at
low power, in the range (3-10) W.

The microparticles used here are melamine formaldehyde
(MF) with a thin silver coating (to minimize clustering) and a
supplier provided radius measurement of (2.48 + 0.20) um. These
particles are stored in powder form in a dispenser that is
connected in a vacuum-tight manner to the top of the setup.
When - on request - the particles are injected into the tube, they
fall down through the active plasma region, reaching a typical
measured terminal velocity of 4.7 cm s~'. From Eqgs. 3 and 4 it
follows that p, = 1.61 - 10° kg/m’ and 7 = 5ms for § = 1.442. A
time delay generator triggers the camera (Photron Fastcam Mini
UX100) to start recording 21 s after the particles are dispensed.
The camera images an area of 4.0 cm X 3.2 cm at the bottom of the
tube in the far spatial plasma afterglow, with a framerate of
1,000 fps. This area is indicated by the red rectangle in Figure 1.

Just outside the field of view are two parallel Rogowski
shaped electrodes [39, 40], which can be used to apply a
homogeneous horizontal electric field, for example when
investigating microparticle charging, as was done in our
previous works [11, 30, 34-37]. The electrodes are each
attached to a supporting plate made of PEEK (polyether
ether ketone). These plates extend 0.3 m above the center of
the electrodes.

The data from the camera is analyzed with in-house developed
MATLAB code, which first detects particles in each individual
frame and subsequently reconstructs their trajectories over time.
The camera is placed slightly out of focus, so that particles are
imaged on multiple pixels and it is possible to determine their
location with sub-pixel accuracy by calculating the center of mass
of their intensity profile. Typically the standard deviation in this
intensity weighed mean position is less than 0.2 pixels, which is
equal to approximately 5.5 um.

Spatiotemporal Afterglow Induces Drag Force
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FIGURE 2 | Examples of (10 and 24) measured trajectories from two
separate measurements with a plasma power of 5.5 and 3.5 W respectively.
The vertical line at t = O represents the moment the plasma power source is
switched off. The dashed line represents the terminal velocity of the
particles prior to the moment the plasma was switched off and has a slope of
4.58 cm s~ For each particle, z is defined as its vertical position relative to
that at t = -0.05 s.

Compared to our previous works, the following changes to the
experimental setup have been implemented. First, there is no gas
flow present during the measurements. Before injecting the
particles, both the gas inlet and the outlet connected to the
pumps are closed to ensure that the gas in the tube is stationary.

Second, both electrodes are left electrically floating. This
means that there was no externally applied horizontal electric
field during the measurements that led to the results presented
here. However, to exclude the influence of electric fields, the
measurements were also repeated with an applied electric field of
1kV m™' (DC voltage of +20V and -20V applied to the
electrodes just left and right of the field of view respectively),
which does not change the relevant part of the results (see
Supplementary Appendix SA).

Third and most important, the ICP power is switched off 26 s
after the particles are dispensed, while they are being recorded by
the camera (downstream of the active plasma region). This
creates a spatio-temporal afterglow and causes the particles’
vertical velocity to briefly decrease, or even completely reverse
direction. From here on, we will call this event the ‘hiccup’. The
physics behind this hiccup will be elaborated on in the following
sections.

4 EXPERIMENTAL RESULTS

In this section the recorded trajectories of falling particles in the
spatio-temporal afterglow are discussed. Most notably, just after
the plasma power source is switched off while the particles are in
the spatial afterglow region, we observe a hiccup in their vertical
motion. This is illustrated in Figure 2 for 34 particle trajectories
from two separate measurements. During these measurements,
the initial plasma power was 5.5W (blue lines, 10 particle
trajectories) and 3.5W (red lines, 24 particle trajectories)
respectively. For each measurement, all trajectories are
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FIGURE 3 | Calculated force balance for experiments with a plasma
power of (A) 5.5 W and (B) 3.5 W, averaged over all (10 and 24 respectively)
trajectories in each measurement.

included of which the first detection was at least 20 ms before and
the last detection at least 50 ms after the plasma power source was
terminated.

Figure 2 shows that, initially, the particles are falling at a
terminal vertical velocity of (4.58 + 0.04) cm s, illustrated by the
black dashed linear line. This is slightly lower than the value of
4.7cm s~', which is the velocity averaged over all particle
trajectories (no conditions for the time of the first and last
detections), corresponding to the mean particle radius of
2.48 pm. This discrepancy can easily be explained by the fact
that there is a significant spread in radius of the particles that are
injected. Inserting the averaged measured velocity into Eq. 3 gives
the radius of the observed particles, which is (2.44 + 0.02) pm.
Note that there are also particles with significantly higher and
lower radii dispensed, but due to the difference in their terminal
velocity, they reach the field of view at a different moment in time.

Remarkably, during the first few milliseconds after the plasma
power is switched off at t = 0, the velocity of the particles
decreases, before relaxing back towards the original value. In
most cases the particle velocity even reaches a positive value
(against the direction of gravity), with the maximum velocity
clearly scaling with plasma power.

In order to get more information about the physics at play, the
particles’ velocity and acceleration are calculated from their
trajectories. This is done using a central difference scheme, for

Spatiotemporal Afterglow Induces Drag Force

each point in time taking the difference between the following
and previous point in the trajectory to determine the velocity and
subsequently the acceleration.

Once the velocity and acceleration of the falling particles are
determined (as a function of time and for both plasma input
powers), the forces acting on the particles can be calculated using
Egs. 1 and 2. If it is assumed that the hiccup is caused by a single,
unknown, additional force, F,qq4(f), all forces but one are known
and Newton’s second law can be applied to find the magnitude of
F,44. Therefore, the following equation is solved for each particle
trajectory and for each time step:

Foa(t) = my - a, () - (Fdrag(t) + Fg) (5)

In this equation, m, is the particle’s mass, which is constant
over the measurement duration, and a,(t) its vertical acceleration.
The calculated values of the four terms in this balance are plotted
in Figure 3A for the average of all 10 particle trajectories from the
measurement with 5.5 W plasma power and in Figure 3B for the
average of all 24 particle trajectories from the measurement with
3.5 W plasma power. The trajectories used for these calculations
are the same as the trajectories shown in blue and red respectively
in Figure 2.

The shaded areas around the lines in Figure 3 represent the
spread in the respective values, which arise from the standard
deviation of approximately 5.5 um in the position of each particle
detection.

5 PHYSICAL INTERPRETATION AND
HYPOTHESIS

In this section we hypothesize the physical nature of the unknown
force that is causing the observed hiccup. First it is argued that
electric fields are not responsible, after which the hypothesis for
the observed behavior is introduced, which will be further
investigated using numerical simulations in Sections 6 and 7.

Considering that there is a plasma involved, as well as two
electrodes just outside the field of view, one could suspect the
additional force induced by switching off the plasma to be related
to electric fields. For example an electrostatic force due to the
charge on the particle, or an induced ion drag force could be
responsible. In order to verify whether this is the case, the
measurements with floating electrodes are repeated with an
applied horizontal electric field of 1kV m™ (one electrode
biased negative at —20 V and one positive at +20 V).

A comparison of these measurements - as demonstrated in
Supplementary Appendix SA - shows that forces related to the
electric field cannot be responsible for the hiccup in vertical
direction, since the hiccup behavior is the same in both cases.
Moreover, there is no horizontal hiccup, or any other change in
horizontal motion, when the plasma is switched off in any of the
measurements. This is illustrated in Supplementary Figure S1 in
Supplementary Appendix SA, where the vertical and horizontal
components of the trajectories of particles in a situation with both
electrodes floating and with an external field of 1kV m™" are
plotted. Since the particles are recorded when they are between
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FIGURE 4 | Simulated stationary solution of the temperature for a

uniform heating source of 2.0 W in a volume with height 20 cm. This is a plane
cut through the center of the tube. The two white rectangles represent the
supports for the electrodes, which are excluded from the simulation
domain. The red dot is the position where we will analyze the gas flow and
resulting drag force on the particles.

the two electrodes, the horizontal component of the electric field
is much larger than the vertical component when a voltage is
applied. If the hiccup was related to the electric field, there should
therefore be a change in the horizontal motion as well as in the
vertical motion, which is not observed.

On the other hand, something that we do observe after the
plasma is terminated, is a drop in gas pressure. While the pressure
is not measured in a time resolved manner, typically there is a
drop of 1072-10"" Pa between pre and post switching off the
plasma. The pressure gauge is located at the bottom of the setup,
connected to the vacuum vessel on which the glass tube is
mounted.

Based on these results, we hypothesize that the observed
hiccup is caused by sudden cooling of the heated plasma
volume upon switching off the plasma. This would induce a
pressure wave in the setup and eventually result in a decrease of
the total pressure. Since the plasma is created in a tube, this means
that - at first instance after switching off the plasma - there would
be a gas flow from the bottom of the setup towards the afterglow
plasma bulk. The gas flow then temporarily leads to an additional
neutral drag force directed in opposite direction compared to that
of the initial particle velocity. This process is expected to scale
with gas temperature and therefore the plasma power, which is
also observed in the experiments (see Figure 2).

Spatiotemporal Afterglow Induces Drag Force

6 NUMERICAL SIMULATIONS

In order to verify our hypothesis for the observed hiccup in the
particle trajectories, we performed numerical flow simulations in
COMSOL, combining the heat transfer and laminar flow
modules.

The simulations are done in 3D, where the simulation volume
is a block with the same dimensions as the glass tube in the
experimental setup, which is 0.1 m x 0.1 m x 1.0 m. It includes
two smaller blocks of 0.01 m x 0.05 m x 0.40 m representing the
supports on which the electrodes are mounted. On all boundaries
room temperature and no slip flow conditions are posed. Initially
the tube is filled with argon at 90 Pa, with zero flow.

The simulations are conducted in two subsequent steps, the
first of which is to compute a stationary solution while the plasma
is present. This plasma is represented by a uniform heating source
in a block with size 0.1 m x 0.1 m x 0.2 m, centered around the
vertical position z = 0.70 m. This is approximately equal to the
volume where light emission from the plasma can be observed
during experiments. Since in reality the power that is absorbed by
the plasma is not entirely used to heat the neutral gas, the heating
power should always be less than the plasma input power.
Therefore the heating power is set to the arbitrarily chosen
value of either 1.0 W or 2.0 W, which is lower than the plasma
power in the experiments. There is also a pressure point
constraint included to ensure that the pressure remains at 90 Pa.

A o4 340
03 1330
@ 1320 —~
02 <)
= 1310 &
0.1
1300
0 == 290
-0.05 0 0.05 0.1 0.15
t(s)
Heating power of 2.0 W.
B
0.2 320
0.15
— 1310
) —
g 01 )
;: &
0,05 1300
0 290
-0.05 0 0.05 0.1 0.15
t(s)

Heating power of 1.0 W.

FIGURE 5 | Simulated flow velocity in the center of the tube at the height
of the electrodes on the left axis and maximum temperature of the plasma
volume on the right axis. The heating power is (A) 2.0 W and (B) 1.0 W.
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Figure 4 shows the simulated temperature profile for a heating
power of 2.0 W in a plane cut through the center of the tube. This
figure clearly shows that while the plasma volume is heated, the
temperature gradient is near zero between the electrodes.
Therefore the hiccup appears to not be caused directly by a
temperature gradient, or in other words, F,qq is most likely not a
thermophoretic force.

The second step of the simulation represents the temporal
plasma afterglow, during which the gas cools down. In this step,
the stationary solution of step 1 is used as initial condition for a
time dependent solution, where the temporal afterglow is created
by simply disabling the heat source. Additionally, the pressure
point constraint is removed in order to correctly simulate the
change in pressure caused by the cooling of the gas. With these
two changes to the model, the pressure, temperature and flow in
the tube are computed during a period of 150 ms.

While the simulation outputs multiple parameters, all spatially
and temporally resolved, the most interesting of these to compare
with the experiments are the vertical flow velocity at the
measurement location and the (maximum) temperature of the
plasma volume. These values are plotted in Figures 5A,B for a
heating power of 2.0 and 1.0 W respectively. In these figures v,,
depicted in blue, represents the vertical flow in the center of the
tube at the height where the center of the camera field of view is
located in the experiment. For reference, this position is also
marked by the red dot in Figure 4. The maximum temperature in
the plasma volume is also added in red in Figure 5, to further
illustrate that the two are highly correlated.

Notably, in Figure 5 there are oscillations in the magnitude of
the simulated flow velocity, which is something that is also visible
in the experimental data in Figure 3. These oscillations are most
likely caused by the pressure wave reflecting at the end of the tube.
In the simulation, the tube is treated as a closed volume for
simplicity purposes. However, in reality there is a large vacuum
vessel with a complex shape and a height of =50 cm below the
glass tube, to which the pumps, pressure sensors and other
diagnostics are connected. We approximate the influence of
this extra volume on the gas flow by extending the simulated
tube by 50 cm, which shows that indeed the timescale of the
oscillations is longer for a longer tube. This is illustrated in
Supplementary Figure S2 in Supplementary Appendix SB
and supports the above reasoning regarding pressure wave
reflection.

As another verification step, the simulated wave velocity is
compared to the theoretical sound velocity of 319.2m s™' in
argon at room temperature. This apparent wave velocity is
determined by taking the Fourier transform of the simulated
temporal flow velocity and multiplying the main frequency by
four times the distance from the bottom of the tube to the
bottom of the heating volume. This distance is equal to a
quarter wavelength. The resulting wave velocities for the
standard and extended tubes are 317.9m s ' and 320.5m
s™' respectively and are independent of heating power.
These values indeed closely match the theoretical speed
of sound.

Just as in the experiments, the magnitude of the flow
velocity in the simulations scales with the input heating

Spatiotemporal Afterglow Induces Drag Force
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FIGURE 6 | Comparison of the magnitude of the unknown force
measured in the experiment with 5.5 W plasma power and the simulated
additional drag force caused by a pressure wave due to cooling of the plasma
volume represented by a heating source of 2.0 W. The two show good
agreement.

power. This also means that experimental data could give
information about the heating of the neutral gas in the
plasma volume. However, by neglecting the bottom vacuum
vessel and approximating the plasma as a cuboidal uniform
heating source, an exact determination of the plasma gas
temperature is currently not possible. With a more accurate
representation of the heat source and geometry in the
simulation, one should be able to calculate the temperature
of the plasma based on the particle trajectories during the
hiccup and use this as a novel plasma diagnostic.

7 Comparison of Experiments and

Numerical Simulations
For direct comparison of the simulation results with the unknown
force from the experimental results, the computed flow velocity
first has to be translated into a particle velocity. Therefore we
compute the time dependent force balance of Eq. 5, rewritten to
find the acceleration of the particle. The relevant forces are still
assumed to only be gravity and neutral drag, but now with an
additional drag component caused by the additional gas flow (see
Eq. 2) induced by the termination of the plasma source and
subsequent gas cooling in the former plasma volume. During the
computation, the two components of the drag force are separated,
to make comparison with the experimental results possible.

Starting with a vertical velocity equal to the initial velocity as
measured in the experiments, the magnitude of the forces and the
resulting acceleration of a typical particle are calculated in
timesteps of 1 ms. After each timestep the acceleration is used
to update the velocity and position of the particle. The trajectories
that are simulated this way are compared to the experimentally
measured trajectories in Supplementary Figure S3 in
Supplementary Appendix SC. In this section we will discuss
only the forces, in order to keep the focus on the underlying
physics.

Figure 6 depicts both the unknown force from the
experimental results in blue (from Figure 3A, measurement
with a plasma power of 5.5 W) and the computed additional
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drag force due to the gas flow that is caused by cooling of the
plasma in red (simulated heating power of 2.0 W). Both forces
show the same behavior, with a sharp increase when the plasma
power source is switched off and then oscillating around an
exponential decay. Note that the period of the oscillations in the
magnitude of the simulated force, which are caused by the
reflection of the pressure wave, depends on the geometry of
the vacuum vessel. Additionally, the absolute values of the force
depend on both the vessel geometry and the heating source. The
heating power in the simulation is not the same as the plasma
power in the experiment, since it is assumed that not all power
absorbed in the plasma is used to heat the gas.

The simulated drag force caused by the gas flow and
experimentally determined unknown force plotted in Figure 6
show good agreement. Qualitatively the forces behave the same
and they are also of the same order of magnitude. Furthermore,
the timescales of the exponential decay are similar. The
discrepancies in the amplitude of the peak and the period of
the oscillation, can be explained by the simulation having a
simplified geometry and heat source representation of the
plasma. This means that different assumptions on the heating
source and a less simplified geometry in the model could result in
an even better match of the simulated data to the experiments.

From this we conclude that the hiccup in the vertical
velocity of falling microparticles in the spatio-temporal
afterglow in our experiments is due to an increased drag
force, which is induced by a pressure wave that is caused by
sudden cooling of the plasma volume. Besides being an
interesting fundamental phenomenon, for a well defined
geometry and plasma heating volume, this also enables the
use of microparticles in the spatio-temporal afterglow as
probes for the neutral gas temperature in the plasma bulk

8 CONCLUSION

Microparticles falling through a spatio-temporal plasma
afterglow experience - downstream the initial plasma
volume - an additional upward force towards the plasma
bulk region, which is likely due to the sudden cooling of
that volume. Simulations of the additional neutral drag
force caused by the pressure wave that is created when the
bulk plasma volume cools down agree well with the
experimentally measured force.
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