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ABSTRACT

In the growing field of dusty afterglow plasma physics, the key parameter is the residual charge of dust particles. However, the particle (de)-
charging process in afterglow plasmas is still far from fully understood and further development of a governing theoretical framework
requires experimental data. In this work, the influence of the location of a microparticle in a spatiotemporal afterglow plasma, at the moment
when the plasma was terminated, on its residual charge is investigated. It is found that the measured charge depends strongly on the local
characteristic diffusion length scale of the system, while the plasma power prior to the start of the temporal afterglow phase is of much less
influence. Our results contribute to an improved understanding of particle (de)-charging in afterglow plasmas and are highly relevant to the
design of applications in which afterglow plasmas are present and where the charge of dust particles needs be controlled for the sake of
(nano)contamination control.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0139815

I. INTRODUCTION

Complex plasma physics, describing the interaction between
charged nano- to micrometer sized dust particles and ionized gases
(i.e., plasma), has been a growing research field over the last few
decades.1 This interest has been triggered by the great impact that its
understanding has on both fundamental research areas and high-tech
applications. From a fundamental viewpoint, complex plasmas offer
the possibility to study microscopic processes, such as those in strongly
coupled systems,2–4 phase transitions,5 and dust density waves,6 on
macroscopic scales. Also, in other research areas, such as in astrophys-
ics7,8 and aerosol science,9,10 the understanding of the elementary
processes between charged particles and ionized media has appeared
crucial. From an applied perspective, plasma can be used to synthesize
and chemically modify functionalized nanomaterials11 and nanopar-
ticles.12–15 Furthermore, the presence of (charged) plasma-confined
dust particles in nuclear fusion devices appears to have a highly nega-
tive impact on the overall process.16

The motivation for the current research is to drive the develop-
ment of applications in the semiconductor industry, in which contam-
inating particles, embedded in plasma, play a crucially disturbing role.
For instance, in extreme ultraviolet (EUV) photolithography scanners,

plasmas are inherently present,17 while particulate contaminants with
sizes even down to tens of nanometers may have serious impact on the
efficiency, yield, and reliability of the overall process.18 Therefore, an
efficient plasma-based contamination control methodology is cur-
rently under development, which is intended to keep contamination
away from sensitive surfaces inside such machines, a plasma seal parti-
cle filter.19,20 The concept of this plasma seal is based on the character-
istic that dust particles are charged by plasma species once immersed
in it. These charged dust particles can consequently be accelerated in
an (externally applied) electric field and can, thus, potentially be fil-
tered from a gas flow.

Most challenging is the fact that these two processes cannot hap-
pen simultaneously at the same location, since the plasma would then
shield the electric field around the particles.21 Therefore, particle
deflection needs to take place in a so-called afterglow plasma.
Afterglow plasmas can be plasmas that decay spatially downstream the
active plasma region (spatial afterglow plasmas), plasmas that decay
temporally after terminating their power (temporal afterglow plas-
mas), or a combination of the two (spatiotemporal afterglow plasmas).
To enable further development of the above-mentioned plasma seal
concept, understanding of the (de-)charging of the dust particles in
such environments is essential.

Phys. Plasmas 30, 033704 (2023); doi: 10.1063/5.0139815 30, 033704-1

VC Author(s) 2023

Physics of Plasmas ARTICLE scitation.org/journal/php

https://doi.org/10.1063/5.0139815
https://doi.org/10.1063/5.0139815
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0139815
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0139815&domain=pdf&date_stamp=2023-03-21
https://orcid.org/0000-0001-8181-3414
https://orcid.org/0000-0002-4272-087X
https://orcid.org/0000-0001-6116-7013
mailto:j.c.a.v.huijstee@tue.nl
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0139815
https://scitation.org/journal/php


The evolution of the dust particle charge in afterglow plasmas
has attracted much attention recently.22–37 However, many core con-
cepts have remained far from understood, wherefore elementary
research remains essential. Particle charging in afterglow plasmas has
been investigated using both numerical simulations25–28 and experi-
ments.29–33 From these works, it was learned that particles usually end
up—in the plasma’s afterglow phase—with a small negative or a posi-
tive charge. It is generally agreed upon that the transition from the
ambipolar to the free diffusion regime as well as the electron density at
the beginning of the afterglow phase are key parameters that deter-
mine the residual charge of the particles. Additionally, the final charge
has been shown to depend strongly on externally applied electric fields
in the afterglow region as well as on the gas pressure and, in the case
of a high dust density, on the location of the particles.28–31 In Ref. 29,
the microparticles even became highly positively charged when apply-
ing a DC electric field.

In this work, we present measurements of residual microparticle
charges in a spatiotemporal afterglow plasma, focusing specifically on
the dependence on their location in the spatial afterglow plasma at the
moment the plasma power was terminated. The main difference
between this work and the previously mentioned experiments is a
comparatively low particle density. Moreover, the results presented
here are generated in a combined spatial and temporal afterglow
plasma, which, to the best of our knowledge, is not the case in any
other published works apart from our previous publications.38,39

The current paper is organized as follows. First, the experimental
setup and the method used to measure the particle charge are intro-
duced and explained in Secs. II and III, respectively. In Sec. IV, the
results of the experiments are presented and interpreted. These results
are further discussed in Sec. V. The main conclusion of the current
work is highlighted in Sec. VI.

II. EXPERIMENTAL SETUP

In this section, the experimental setup that was used, of which a
schematic side view is shown in Fig. 1, will be described. While this
setup has been used and described in detail in several of our previous
publications,38–43 the key aspects will be discussed here as well.

The defining characteristic of the experimental setup was a 1 m
long vertical glass tube with a square 0.1 � 0.1 m2 cross section. This
tube was connected to vacuum pumps, as well as to a showerhead
argon inlet. During the measurements, of which the results are pre-
sented here, there was no flow present and the argon pressure was
either (89.36 0.6) or (29.66 0.3) Pa. In each individual measurement,
the pressure was constant while the plasma was on, with no fluctua-
tions or drifts larger than the accuracy of the pressure gauge, which
was 10�3 Pa. However, in order to reach a situation without flow, the
valves to both the gas inlet and vacuum pumps had to be closed simul-
taneously. This was done manually, which introduced small discrepan-
cies in the pressure between measurements. After each measurement,
the setup was pumped down to the base pressure of 3� 10�5 Pa.

Inside the glass tube, an inductively coupled plasma (ICP) was
created by applying an RF voltage to a coil with five windings that was
wrapped around it. The ICP was operated at low power in a capacitive
mode. Measurements at the high (89.36 0.6) Pa pressure were per-
formed for three different values of RF power delivered to the plasma:
3.1, 3.9, and 5.2W. At the lower (29.66 0.3) Pa pressure, the power
was decreased to 2.4W in order to improve particle visibility.

Furthermore, the plasma was optically characterized with an
AvaSpec-3648 spectrometer. This spectrometer was able to detect light
with a wavelength of (200–1100) nm with a resolution of 2.4nm. An
optical fiber connected the spectrometer to a collimation lens, which was
mounted on a horizontal bar outside the glass tube at an adjustable
height. This allowed for a vertically spatially resolved measurement of
the plasma’s light emission within the spectral range of the spectrometer.

Microparticles were injected in powder form from the top of the
setup, through a slit in the showerhead. The used microparticles were
made of melamine formaldehyde (MF) with a thin silver coating (to
minimize undesired clustering effects) and had a producer-specified
radius of (2.486 0.09) lm. After injection, the particles were illumi-
nated by a vertically aligned blue laser sheet as they fell through the
tube with a typical vertical settling velocity of (4.76 0.2) or
(13.96 0.5) cm s�1 at a pressure of (89.36 0.6) or (29.66 0.3) Pa,
respectively.

FIG. 1. Schematic side view of the experimental setup. The red rectangle repre-
sents the field of view of the high speed camera. Adapted from J. C. A. van
Huijstee, P. Blom, A. T. A. Peijnenburg, and J. Beckers, Front. Phys. 10, 13–16
(2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution
(CC BY) license.39
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When the particles reached the bottom of the setup, they were
recorded using a Photron Mini UX100 Fastcam at a framerate of 1000
fps. The field of view of the camera was 40� 32mm2, imaged on 1280
� 1024 pixels. The camera recordings were analyzed with an in-house
developed MATLAB code that reconstructed individual particle trajec-
tories, of which both the horizontal and vertical components could be
fitted perfectly with quadratic functions. From these fits, the horizontal
and vertical velocities and acceleration of each particle were found.

Immediately (horizontally) outside the field of view, there were
two parallel and vertically aligned Rogowski shaped electrodes to
which a DC voltage could be applied.44 These electrodes both had a
diameter of 70mm. Unless specified differently, in this work, the volt-
age applied to the electrodes was 10 and�10V to the electrode imme-
diately left and right of the field of view, respectively. The electrodes
were mounted on PEEK (polyether ether ketone) plates, which
extended 30 cm above the center of the electrodes in the direction of
the active plasma zone.

At a certain moment in time tp, the plasma was switched off, caus-
ing the particles to experience a temporal afterglow in addition to the spa-
tial afterglow they were already traveling in while the plasma was on. This
moment was varied from tp ¼ 8 to tp ¼ 25:4 s and tp ¼ 4 to tp ¼ 9 s
after particle injection for the measurements at (89.36 0.6) and
(29.66 0.3) Pa, respectively. The same time delay generator that triggered
the plasma termination also triggered the DC voltage supplies for the elec-
trodes 10ms [at (89.36 0.6) Pa] or 1ms [at (29.66 0.3) Pa] later. Before
the trigger was sent to the voltage supplies, the electrodes were both at
floating potential. This means that the external electric field was always
applied after the ICP power was terminated and, therefore, did not influ-
ence the (charging of the particles in the) plasma.

All measurements were repeated at least twice to check reproduc-
ibility. Furthermore, only single spherical microparticles were included
in the results analysis. Clustered particles were excluded from the data
analysis based on their vertical velocity, as explained in detail in Ref. 42.

III. MEASURING METHOD

In this section, it is explained how the residual charge of micro-
particles is measured, as a function of their position in the setup at the
moment when the plasma was terminated. To this end, it is first dis-
cussed how the location of a microparticle in the setup at the moment
when the plasma was terminated is determined. This is followed by a
description of how the particle charge is calculated.

As the particles are always detected in the same field of view,
which is far below the active plasma zone, spatial information is
acquired by varying the time at which the plasma is terminated. This
is possible due to the fact that the particles have a constant (terminal)
vertical velocity throughout the measurement. For each particle of
which a trajectory is detected, its position at the moment when the
plasma was switched off is then calculated as

y0 ¼ y � vyðt � tpÞ; (1)

where y and t are the vertical position and time of the first detection of
the trajectory and tp is the moment when the plasma is switched off.
The center of the electrodes is chosen to be y¼ 0. Note that vy is nega-
tive and t is larger than tp, such that y0 > y.

In this approach, the effect of the brief “hiccup” in vertical
motion of the particles when the plasma is switched off is neglected.
This effect appeared to be caused by sudden cooling of the former

plasma volume and is extensively described in our earlier work.39 Both
the duration and magnitude of this hiccup effect depend on the
applied plasma power as well as on the pressure and on the initial posi-
tion of the particle. Typically, for instance at a pressure of (89.36 0.6)
Pa and for a plasma power of 3.1 or 3.9W, this gives rise to an overes-
timation of y0 with a magnitude of several millimeters only. For mea-
surements at the same pressure with 5.2W ICP power, this can
increase to more than a centimeter. At (29.66 0.3) Pa, the overestima-
tion is less (approximately 1mm).

Furthermore, measuring the charge of the microparticles as a
function of their position y0 in the spatial afterglow at the moment
when the plasma power was terminated requires the particles to
remain at roughly the same vertical position during the full temporal
decay of the (spatial afterglow) plasma. In other words, it is assumed
that the position of the particle when its charge becomes frozen is
equal to y0. This assumption holds when the changes in the plasma
that a particle experiences due to the temporal decay are much faster
than those due to its motion in space. The timescale of the temporal
afterglow in the relevant conditions is typically in the order of millisec-
onds, after which the particles’ charge is frozen (see Sec. IV).25 During
1 ms, particles with a vertical velocity of�4.7� 10�2 m s�1 would fall
4.7 � 10�5 m, which is only one order of magnitude larger than the
size of the particles themselves and much smaller than the typical
dimensions of the plasma. This is also the case at lower pressure, at
which the effect of the increased velocity of the particles (/ 1

p) is
negated by the decreased plasma density decay timescale (/ p).
Therefore, the particles can safely be assumed stationary during the
full decay of the plasma.

In addition, it is assumed that the particle charge does not change
between the moment the plasma has fully decayed and the moment of
charge measurement downstream.

The charge of each microparticle is calculated by analyzing its
trajectory, which is influenced by the electric field between the two ver-
tically parallel electrodes at the bottom of the setup, and solving the
horizontal force balance. After the plasma is terminated and a DC
voltage is supplied to the electrodes, the microparticles experience a
constant horizontal electric field. Since the plasma power is switched
off before the particles are recorded, a constant particle charge and no
plasma induced forces are expected. These assumptions are verified
with measurements (included in the supplementary material), where it
is shown that the measured charge is independent of the applied elec-
tric field and that the particles have no horizontal acceleration in the
field of view. This results in a simple balance of the forces acting on
the particles in the horizontal direction as follows:

FE;x þ Fd;x ¼ mpax; (2)

where the electrostatic force is given by

FE;x ¼ QpEx; (3)

and the Epstein neutral drag force is given by45

Fd;x ¼ �
4p
3

dvThqgr
2
pvx: (4)

Here, mp is the particle mass, rp is the particle radius, and d is a con-
stant with a value of 1–1.442 specifying the physical nature of micro-
scopic atom–particle interactions. Furthermore, vTh and qg are the
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thermal velocity and mass density of the argon gas, respectively; vx
and ax are the horizontal velocity and acceleration of the microparti-
cle; and Ex is the magnitude of the externally applied electric field in
the horizontal direction.

The force balance of Eq. (2) can be rewritten to solve for the par-
ticle charge

Qp ¼
1
Ex

mpax þ
4p
3

dvThqgr
2
pvx

� �
: (5)

The velocity and acceleration are measured for each individual parti-
cle, as described earlier. Due to the surface roughness and thermal
non-conductivity of the coating layer, the argon–microparticle colli-
sions are expected to be diffuse, meaning d ¼ 1:442.45 The thermal
velocity and mass density of the argon gas, as well as the magnitude of
the horizontal electric field Ex, are known constants in the experi-
ments. Furthermore, the radius (and mass) of each individual particle
is determined from its vertical velocity vy as follows:

rp ¼ dvTh
qg

qp

vy
g
; (6)

as was done previously in Ref. 42. It is assumed that all particles
included in the analysis are spherical and have the same average mass
density of qp ¼ 1:61� 103 kg=m3, with their vertical velocity deter-
mined by a balance between gravity and the neutral drag force. Note
that the direction of the gravitational acceleration is defined as the neg-
ative vertical direction, so g ¼ �9:81m=s2 and vy is also negative.

IV. RESULTS AND INTERPRETATION

The charges of the microparticles, obtained as a function of their
position y0 at the moment when the plasma was terminated, are plot-
ted in Fig. 2 for three different plasma powers. The data are sorted into
bins of y0 with a width of 5mm. Due to the discrete values of tp that
are used, particles are not detected for all values of y0. Each datapoint
in the figure represents the average of all measured values in that bin,
with the errorbars indicating the standard deviation. This means that
the errorbars in this figure do not represent actual errors in the data.
The error in each detection is much smaller than the standard devia-
tion of the ensemble, which arises from the stochastic nature of the
charging process and spread in the radii of the particles.

Figure 2 can be divided into three different regions, correspond-
ing to distinct physical regions in the setup. We will number the three
regions starting from the highest value of y0, which is closest to the
point of particle injection.

• Region I (y > 0:3m): the region where the ICP is created.
Particles from this region have a residual charge of approximately
zero.

• Region II (0:06m < y < 0:3m): the region between the PEEK
plates. Here, the negative particle charge is constant and several
hundreds of electron charges in magnitude.

• Region III (y < 0:06m): the region between the electrodes.
Particles from this region are even more negatively charged. The
negative particle charge reaches a maximum for y0 just above
zero and decreases again for lower positions.

There are two main takeaways from Fig. 2: first, the charge is
mostly independent of the ICP power and second, there is a clear

correlation between the particle charge and the location of the particle
in the setup. Measurements are performed for 3.1, 3.9, and 5.2W
plasma power, of which the results are shown in red, green, and blue,
respectively. It is clear that there are no significant differences between
these three cases in regions I and II. In region III, the particle charge
seems to reach its maximum negative value at higher y0 for increasing
values of ICP power. However, this is most probably due to the larger
overestimation of y0 (see Sec. III) and not an actual charging effect.

The fact that changing the plasma power does not influence the
measured particle charge significantly indicates that this charge is
dominantly determined by the (de)-charging process in the temporal
afterglow rather than that in the spatial afterglow. Since differences in
power should cause variations in the spatial profile of the electron den-
sity and temperature, the initial charge of the particles in the spatial
afterglow plasma would be expected to change with the plasma power.
However, the measured particle charge shows no significant depen-
dence on power. Therefore, the (de)-charging in the temporal after-
glow appears to be the dominant process that determines the residual
particle charge.

From a theoretical point of view, the particle charging process in
a temporal afterglow plasma can be characterized using three time-
scales:23–25,36 the timescales for electron density decay (sD), electron
cooling (sT), and particle (de)-charging (sC). Particles will have the

FIG. 2. The average charge of the detected microparticles as a function of their
position when the plasma was switched off, for three different plasma powers at an
argon pressure of ð89:360:6Þ Pa. The center of the electrodes is set as y0 ¼ 0
and the errorbars represent the standard deviation.
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expected equilibrium charge in their environment as long as their
(de)-charging happens faster than the variation in their environment,
or sC � ðsD and sTÞ. Initially in the temporal afterglow, this will be
the case. The negative charge of the particles decreases due to a
decreasing electron current to the particle surface as the electron tem-
perature cools down. At a certain moment in time, the charging time-
scale will become (much) larger than the other two timescales and the
particle charge no longer changes. This (frozen) residual charge is
what we measure in our experiments.

The charging timescale is a quite complicated parameter, since it
depends on the local electron temperature as well as on the electron
and ion densities and the existing charge of the microparticle.
However, at the pressure that we are interested in, electron cooling
happens at a timescale in the order of microseconds.25 This is several
orders of magnitude faster than the decay of the plasma density, which
is in the millisecond range [using Eq. (8), as will be explained later,
sD ’ 4:2ms for p ¼ 89:3 Pa; Te ¼ 1 eV, andK ¼ 22:5mm].

We, therefore, assume that the variations in the residual charge
of the particles for different values of y0 depend only on the decay of
the plasma densities and not on the electron temperature cooling. A
fast decay of densities then results in a high negative charge, while a
slower density decay gives the particles the chance to decharge further,
possibly even reaching a positive charge. Since three body recombina-
tion is negligible in the system at low pressure, loss of plasma species
happens predominantly due to diffusion to the walls. Ambipolar den-
sity decay in a temporal afterglow plasma can be described as25

d~n
dt
¼ � ~n

sD
; (7)

where ~n ¼ ni;e
n0

is the ratio between the time dependent and initial ion
or electron densities and the ambipolar diffusion timescale,24,25,46

1
sD
’ kmfp;ivTh;i

3K2 1þ ~Te

� �
: (8)

Here, kmfp;i and vTh;i are the mean free path and thermal velocity of
the ions, respectively. Furthermore, K is the characteristic diffusion
length, related to the size of the plasma container, and ~Te ¼ Te

Ti
is the

ratio of the electron and ion temperatures, which quickly becomes
equal to 1 during the afterglow phase. Note that Eq. (8) is only valid
for sufficiently low microparticle densities, as is the case in our
experiments. For situations with a high dust density, an additional
term accounting for electron and ion losses at the particles’ surfaces
should be included, which would decrease the characteristic decay
time.

Equation (8) states that the ambipolar diffusion timescale scales
with the characteristic diffusion lengthK as K�2. In a tube with a rect-
angular cross section with sides of length A and B, the characteristic
diffusion length of the system is defined as47,48

1

K2 ¼
p
A

� �2

þ p
B

� �2

; (9)

which reduces to

K ¼ Affiffiffi
2
p

p
(10)

in a tube with a square cross section of A�A.

The main physical characteristic separating the three regions of
the experimental setup (as also indicated in Fig. 2) is the local diffusion
length. In region I, the plasma volume is bounded by the walls of the
glass tube, which has a square cross section with length A ¼ 100mm.
Using Eq. (10), this equates to K ¼ 22:5mm. Region II includes the
two PEEK plates, which decrease the size of the plasma volume in one
dimension, resulting in K ¼ 16:4mm (for B ¼ 60mm). Between the
electrodes, in region III, the diffusion length is even smaller. Taking B
equal to the distance between the centers of the electrodes (40mm)
gives K ¼ 11:8mm. However, due to the curved shape of the electro-
des, the diffusion length is not constant in this region.

So far we have shown that the residual particle charge is expected
to depend on the characteristic diffusion length of the system and have
seen that the measured values are, indeed, different in the three regions
of y0 in the experimental setup with different diffusion lengths. In
region I, the diffusion length is the largest, corresponding to the largest
diffusion timescale. Figure 2 shows that the particles have, indeed, had
sufficient time to decharge completely if they were in that region when
the plasma power was terminated. On the other hand, in region II, the
diffusion length is shorter and the residual particle charge is measured
to be negative, because the particles apparently did not have enough
time to fully decharge. Region III shows the effect of the diffusion
length best, as the measured charge of the particles from this region is,
indeed, even more negative and approximately follows the shape of
the electrodes.

In conclusion, the results suggest that the characteristic diffusion
length and, therefore, the geometry of the vessel is key for the charge
of the particles after experiencing the spatiotemporal afterglow plasma.
Meanwhile, the initial plasma conditions are much less relevant.

V. DISCUSSION AND VERIFICATIONS

To support the conclusion drawn from Sec. IV, two more verifi-
cations should be done. First, the plasma density should be sufficiently
high throughout the tube, so that the initial charge in the spatial after-
glow plasma remains (highly) negative. Second, as the diffusion length
only depends on the geometry of the vessel, varying the neutral gas
pressure should result in similar trends in the measured charge. It will
be shown in Secs. VA and VB that these two considerations, indeed,
match expectations and support our findings.

A. Plasma density

For the final charge to be dominantly determined by the diffusion
timescale, it is required that the microparticles retain a (high) negative
charge throughout the spatial afterglow plasma. This implies that,
when the ICP power is supplied, the entire volume should be in the
ambipolar diffusion regime, where the ion and electron densities are
approximately equal. Ambipolar diffusion is expected to break down
when the Debye length kD becomes similar to the characteristic diffu-
sion lengthscale.23,26,48,49 In practice, there is a gradual transition to
the free diffusion regime. As an estimate, kD ¼ 10�1K is taken as a
critical value for transition to the free diffusion regime, resulting in a
critical electron density �1� 1012m�3 between the electrodes in our
setup.

The plasma, at a pressure of (89.36 0.6) Pa and ICP power of
3.3W, is characterized with a spectrometer and the spectrum intensity
is used as an indication for the plasma density. To this end, the total
intensity of the emitted light in the range (810–814) nm is measured at
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different positions y. This wavelength range corresponds to the loca-
tion of the most prominent peak in the measured spectrum, which is
due to two separate transitions of 4p argon states to metastable 4s
states at 810.37 and 811.53 nm. Due to the limited resolution of the
used spectrometer, it is not possible to distinguish between the two
transitions. However, it is reasonable to take the measured intensity as
a qualitative measure of the electron density, since both 4p states are
predominantly populated by electron impact reactions with the
ground state and have a lifetime in the order of nanoseconds.50

The intensity as a function of position y is plotted in Fig. 3.
This intensity is equal to the total number of counts per second in
the range of 810–814 nm. Here, the average of ten measurements
was taken for each datapoint and the average number of counts and
standard deviation therein were calculated for all 12 pixels in the
selected range. Only pixels where the plasma emission is significant
were taken into account in the total intensity. This means that the
intensity as shown in the figure is equal to the sum of all pixels for
which the average intensity is larger than the standard deviation. For
the measurements at y ¼ �0:03 and 0:02m, plotted as open circles,
there are no such pixels and the same pixels as for the measurement
at y ¼ 0:07m are taken. These two datapoints are indistinguishable
from noise.

Clearly, the plasma extends far below the ICP coil, which is posi-
tioned at y ¼ ð0:6� 0:7Þm, just outside the axis limits of Fig. 3. The
two datapoints at the lowest y values fall below the detection limit of
the spectrometer. The limiting factor, here, is the spectrometer’s sensi-
tivity. This does not necessarily mean that there is no more plasma
present at these positions, but only that the spectrometer cannot mea-
sure it. Assuming that the measured intensity scales linearly with the
electron density50 and without taking into account the drop in inten-
sity due to the decreasing electron temperature, Fig. 3 indicates that
the electron density drops at most a factor 104 over the length of the
tube. Taking ne ¼ 1016m�3 as a typical minimum electron density
value for low power ICPs at the bottom of the coil,21 the electron den-
sity near the electrodes would remain at least 1012m�3. Since the
decrease in electron temperature is neglected in this approach, which
is responsible for a significant part of the drop in measured intensity,
the electron density is expected to still be above the calculated thresh-
old of �1� 1012m�3 for the transition to the free diffusion regime.
This suggests that the particles could, indeed, remain negatively
charged throughout the spatial afterglow plasma under the current
conditions.

B. Verification at lower pressure

The main conclusion from Sec. IV is that the residual particle
charge depends strongly on the characteristic diffusion length K of the
system. This is based on the fact that the measured particle charge in
Fig. 2 can clearly be divided into three different regions, which corre-
spond to regions in the setup where the diffusion length differs. Since
a critical reader might suspect this to be a mere coincidence, additional
measurements are performed with changed plasma parameters.
Considering K is a function of only the geometry of the setup, the
same three regions should still be visible when the plasma parameters
are changed. A parameter that is known to significantly influence the
(residual) charge of particles in a(n afterglow) plasma is the neutral gas
pressure.28,51 This also follows directly from Eq. (8), where the ion
mean free path kmfp;i scales inversely with the pressure. Therefore, in
order to verify the conclusion, the measurements of which the results
are shown in Sec. IV are repeated at a lower pressure.

In Fig. 4, the charge of particles as a function of their position y0
at the moment when the plasma was switched off, is plotted in blue for
measurements with a neutral gas pressure of (29.66 0.3) Pa. This is
compared to the measurements at higher pressure, which is the same
data as shown in red in Fig. 2. Absolute values of the charge are hard
to compare, since the plasma (and, therefore, the particle charging
process) changes significantly when the pressure and power are
decreased. Nevertheless, trends in the data can be compared.

At low pressure, the trend in particle charge is similar to that at
high pressure: the same three regions are visible. If the particle was in
region I when the plasma power was terminated, the measured resid-
ual particle charge is still approximately zero. Particles from region II
are again measured to have a negative charge. The absolute value of
the charge of these particles is significantly higher compared to the
(89.36 0.6) Pa case. This matches expectations, if the charge is deter-
mined dominantly by decharging in the temporal afterglow with time-
scale sD [Eq. (8)]. In region III, the particle charge behaves differently
from expectations. It first becomes slightly less negative, before going
back to the value that is measured in region II. Possibly the assump-
tion that the charge remains highly negative no longer holds in this

FIG. 3. Total plasma intensity in the range of 810–814 nm as a function of the posi-
tion y in the tube for an ICP power of 3.3W and at a pressure of (89.36 0.6) Pa.
Each datapoint represents the average of 10 measurements, with the standard
deviation as an errorbar. The two points plotted as open circles have a standard
deviation extending below zero and are, therefore, not distinguishable from noise.
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region at lower pressure (or in other words, the decharging in the spa-
tial afterglow significantly influences the results here, which it did not
previously). This is plausible, since both the pressure and plasma
power have been decreased. Therefore, the electron density is expected
to be lower and might have fallen below the critical value for the tran-
sition to the free diffusion regime.

However, the fact that the same three regions are visible in the
results for the same values of y0 supports the insight that the measured
trends are, indeed, determined by the characteristic diffusion length,
or in other words, the geometry of the setup.

VI. CONCLUSION

In this work, it is found that the residual charge of microparticles
in a spatiotemporal afterglow plasma depends strongly on the local
characteristic diffusion length of the system. Meanwhile, the plasma
power is of much less influence. These results are acquired by measur-
ing the residual charge of microparticles after they experience a spatio-
temporal afterglow plasma. In specific, the influence of the location of
the particle, at the moment when the plasma was terminated, on its
residual charge is investigated. If the particles were already in the mea-
surement volume, where the characteristic diffusion length is mini-
mum, at the moment at which the plasma was switched off, high
negative charges of up to 1500e are measured. However, if the particles

were in a region with a larger characteristic diffusion length, further
away from the detection plane, at the moment at which the plasma
was switched off, the measured particle charge approaches zero. This
means that the particles have been fully discharged during their travel
toward the detection plane.

From a fundamental point of view, our results contribute to
expanding the understanding of particle (de)-charging in afterglow
plasmas. Of specific interest in such afterglow plasma systems is the
peculiar transition from the ambipolar diffusion regime to the free dif-
fusion regime.23,26 The current experiments provide an ideal test case
for verification, validation, and benchmarking of numerical and ana-
lytical modeling efforts in the field. Additionally, our findings are
highly relevant for the design of applications where there are afterglow
plasmas present and the charge of particles should be controlled.
These applications include state-of-the-art plasma-enabled nanoconta-
mination control strategies19,20 and plasma seals for robotic feed-
throughs in ultraclean vacuum systems.

SUPPLEMENTARY MATERIAL

See the supplementary material for the measurements to verify
the assumptions that, while their charge is measured, the micropar-
ticles have a constant charge and experience no plasma induced forces.
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