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ABSTRACT

One of the key parameters in low-pressure nanodusty plasmas is the dust particle size. In this work, we introduce a new method for the
determination of the dust particle size in a nanodusty plasma, created in a mixture of argon and hexamethyldisiloxane. To this end, an ultra-
violet ðk ¼ 266 nmÞ pulsed laser was used to release plasma-collected electrons from the nanoparticles. Subsequently, the response of the free
electron density of the plasma was measured using microwave cavity resonance spectroscopy. Using a stochastic model for particle charging
using orbital-motion limited (OML) theory, the predicted charging timescale can be directly compared to the experimentally measured decay
timescale of the photo-released electron density. Good agreement was found between the experimentally predicted dust particle size and ex
situ scanning electron microscopy (SEM) measurements. Furthermore, the sensitivity of the OML model to its input parameters was assessed.
Finally, reversing the method can yield an estimate for the positive ion density based on the dust particle size from SEM.

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/10.1063/5.0162024

I. INTRODUCTION

A dusty plasma constitutes a partially ionized gaseous medium
containing charged solid dust particles with a typical size ranging from
several nanometers to micrometers.1,2 Examples of dusty plasmas can
be found both in the field of astrophysics3 and in industrial applica-
tions.4 Astrophysical phenomena, such as accretion disks5 or planetary
rings,6,7 show large-scale dust structures, both in the sense of dust par-
ticle size and in terms of spatial dimensions. In industry, such as in the
field of photolithography,8 dust particles are often seen as a form of
contamination.9,10 The current research is, therefore, performed on
methods to control the contamination in low-pressure plasma
applications.11–13

In order to understand the behavior of dust particles in these
applications, dusty plasmas are investigated in laboratory environ-
ments. Since dust particles in a plasma behave as electrostatically float-
ing probes,2 they will become electrically charged by collecting free
electrons and ions from the plasma. Due to the fact that electrons are
much lighter and therefore more mobile compared to ions, the equilib-
rium charge of a dust particle will generally be negative in the plasma

bulk region. Under certain conditions, the dust particles and the
plasma environment can be strongly coupled, which will give rise to
phenomena such as dust crystallization,14–16 phase transitions,17 self-
excited dust density waves,18–20 and chain formation.21

All of these effects are fundamentally driven by the dust particle
charge, which makes it one of the key parameters in dusty plasma
physics. The charge of a dust particle in a plasma is mainly determined
by the (local) densities and temperatures of the plasma species and by
the size of the dust particle. The charge of microparticles has previ-
ously been measured using particle resonance methods22,23 or by
means of applying external electric fields.11,12 In the case of nanodusty
plasmas, the total charge density has previously been measured using
laser-induced photodetachment.24

Apart from the particle charge, the particle size also plays a major
role in dusty plasma physics. Especially in the case of nanodusty plas-
mas, where the dust particles are chemically grown in situ instead of
being externally injected, the evolving dust particle size has conse-
quences for the general behavior of the plasma. A typical nanodusty
plasma is created in a gas mixture of a noble background gas and a
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reactive precursor gas. Typical examples of precursor gases used for
dusty plasma research and in applications are acetylene (C2H2),

25–28

methane (CH4),
29,30 silane (SiH4),

31 and organosilicon precursors, such
as hexamethyldisiloxane [HMDSO ((CH3)3–Si–O–Si–(CH3)3)]

32–35

that was used in this work. HMDSO can be found in industrial applica-
tions, such as superhydrophobic coatings,36 and it is seen as a cosmic
dust analogue in the field of astrophysics.37 Furthermore, HMDSO is
favorable from the viewpoint of its experimental convenience, as it is
liquid under standard pressure and room temperature.

In such plasmas, solid particles are generated by polymerization
reactions of precursor species. Generally, dust growth in reactive plas-
mas happens in three distinct phases.4 During the nucleation phase,
the first negative ions are formed by electron attachment reactions
with free electrons from the plasma, which sets the course for poly-
merization with more precursor molecules into small clusters. As soon
as the cluster density is sufficiently high, the coagulation phase starts
in which clusters suddenly coalesce into particles with a size of sev-
eral tens of nanometers. At the end of this phase, all particles have
typically obtained a permanently negative charge, which inhibits
further coagulation. As a result, the particles will enter the accre-
tion phase, during which they grow by the collection of positive
ions and radicals from the plasma. For nanoparticles, gravity is
usually neglected, such that the force balance on such particles is
governed by the (confining) electrostatic force and the (oppositely
directed) ion drag force. As the particles grow further in size, the
magnitude of the latter force outweighs the former, which leads to
particles eventually leaving the discharge. Typically, the particles
then reach sizes of a few hundreds of nanometers.

In the past, nanodusty plasmas have been investigated both
numerically and experimentally. In the numerical field, reaction
schemes for complex plasma chemistries have been constructed,38–40

from which sophisticated numerical models for the formation and
subsequent growth of nanoparticles out of plasma species have been
built.41–46 Furthermore, experimental methods for measuring the dust
particle size, such as Mie ellipsometry,47–55 light extinction spectros-
copy (LES),56,57 and time-resolved laser-induced incandescence
(TIRE-LII),58–61 have been developed. More recently, we presented a
method for determining the dust particle size and the dust density
based on the combination of laser light extinction and electron density
measurements.62

In this work, we present a novel method for determining the dust
particle size, based on the detachment of electrons bound to the dust
particles upon irradiation with pulsed ultraviolet (UV) laser light. We
have experimentally measured the additional free electron density in
the plasma after the laser pulse, from which we show that the dust par-
ticle size can be determined from the re-charging timescale. Using the
combination of experiments and modeling, we are able to determine
the dust particle size starting from several tens of nanometers while
being minimally intrusive.

This work is structured as follows: Sec. II establishes the theoreti-
cal framework by providing a stochastic model for determining the
dust (re-)charging timescale of a dust particle after a photodetachment
incident. In Sec. III, the experimental setup is discussed and the experi-
mental procedure is explained. Subsequently, Sec. IV shows the results
of the measurements and uses the developed model to determine the
dust particle size. Eventually, Sec. V summarizes the work and pro-
vides the conclusions.

II. A STOCHASTIC MODEL FOR DETERMINING THE
DUST (RE-)CHARGING TIMESCALE UPON ELECTRON
DETACHMENT BY UV RADIATION

In this section, a model for the (re)charging of a dust particle in a
plasma environment will be provided. The model is an adapted imple-
mentation of the work of Cui and Goree.63 In this work, the basics of
the model are briefly summarized, and the emphasis is on the modifi-
cations necessary to make this model suitable for a nanodusty plasma.

The widely accepted Orbital Motion Limited (OML) theory64 lies
at the basis of the model. It describes the charging of dust particles in
the bulk of a plasma, which is governed by the collection of electrons
and positive ions. Since the electron mobility is much higher than the
ion mobility, dust particles tend to charge negatively. In this case,
plasma electrons are subjected to a repulsive surface potential, while
ions will be attracted to the (now negatively charged) dust particle. For
electrons ðIeÞ and positive ions ðIiþÞ, the OML collection currents
toward a plasma-immersed particle with radius a, therefore, can be
stated as

Ie ¼ �enepa2
ffiffiffiffiffiffiffiffiffiffiffiffi
8kBTe

pme

s
exp ��eUd

kBTe

� �
; (1)

Iiþ ¼ eniþpa2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kBTiþ
pmiþ

s
1� eUd

kBTiþ

� �
: (2)

In these equations, e is the elementary charge, and kB is the
Boltzmann constant. Furthermore, ne;iþ; Te;iþ, and me;iþ are the den-
sities, temperatures, and masses of electrons and positive ions, respec-
tively. Finally,Ud is the surface potential of the dust particle. The latter
can be used to calculate the dust particle charge Qd using the capaci-
tance of a sphere Csphere,

Qd ¼ CsphereUd ¼ 4pe0a 1þ a
kDe

� �
Ud � 4pe0aUd: (3)

In this equation, e0 is the vacuum permittivity, and kDe is the
electron Debye length. In this equation, it is assumed that the particle
is spherical and it can be verified that the typical particle size is much
smaller than the electron Debye length ða=kDe � 1Þ. Next, the tran-
sient behavior of the (re-)charging of a dust particle is governed by the
following differential equation:

dQd

dt
¼ Ie þ Iiþ: (4)

This equation could be solved by direct numerical integration,
but a stochastic approach better captures the physics of the charging
process, as it takes into account individual electrons and ions arriving
at the particle surface. This stochastic model is schematically depicted
in Fig. 1 and works as follows:

• As an input, values for the dust particle size and the electron
and positive ion densities ne;iþ and temperatures Te;iþ need
to be provided. Then, a lookup table for the electron and posi-
tive ion particle currents ðpe;iþ ¼ Ie;iþ=eÞ toward the particle as
a function of particle charge will be generated using Eqs.
(1)–(3).

• The actual simulation begins with choosing a dust particle size
and setting the starting condition for the dust particle charge.
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During a single simulation step, the OML process is determined
via a random number r1 2 ð0; 1Þ, such that

OMLe : Qd ! Qd � e; if r1 < ðpeÞ=ðpe þ piþÞ
OMLiþ : Qd ! Qd þ e; otherwise:

(
(5)

Here, the determination is based on weighing the electron/ion
currents at the instantaneous value of the dust particle charge Qd.
If, in this way, an electron (ion) is collected, the particle charge
decreases (increases) by one elementary charge. Subsequently,
using a second random number r2 2 ð0; 1Þ, the time between
charging events is determined via

Dt ¼
�ln r2ð Þ
pe þ piþ

: (6)

• After determining the charging process and the timestep, both
the dust particle charge and time can be updated. In this way,
one obtains a time trace of the dust particle charge QdðtÞ. In the
simulations shown in this work, the starting condition for the
particle charge is the equilibrium charge Qd;eq, which is calcu-
lated by equating the electron/ion currents and solving for Qd.

• In the simulation, time and charge are propagated, until the point
that the time reaches t ¼ tlaser. At this point, we simulate laser-
induced photodetachment by instantaneously setting the dust charge
to Qd;perturbed. From there, the model progresses in its usual way until
equilibrium is reached again. As input parameters for the model, we
choose typical values of the species densities of an (electron-depleted)
plasma bulk,65 i.e., niþ ¼ 1� 1016m�3 and ne ¼ 1� 1015m�3. For
the temperatures, we choose Tiþ ¼ 300K and Te ¼ 3 eV. Figure 2

shows a time trace of the relative change in charge on a particle with
a radius of a ¼ 100 nm with respect to the equilibrium charge, i.e.,
ðQdðtÞ � Qd;eqÞ=jQd;eqj, in the case of the total charge removal
(Qd;perturbed ! 0). In order to accurately obtain a (re-)charging time-
scale, we average M¼ 500 time traces and obtain a mean timescale
s. Along with the charge simulation, an exponential fit of the re-
charging decay is added in blue, of which the timescale is found to
be s ¼ 6:39ls, for the given set of plasma and dust parameters.

FIG. 1. Schematic overview of the OML charging model for modeling the (de/re)-charging of a nanoparticle in the bulk of a nanodusty plasma. After setting the plasma parame-
ters and constructing a lookup table for the currents in the initialization phase, the charge simulation can start. Using the lookup table, the nanoparticle charge and time are
updated. The laser pulse is modeled by instantaneously changing the charge, after which the simulation is resumed. A single time trace consists of N¼ 10000 charging events,
and a total of M¼ 500 time traces are averaged to determine the charging timescale.

FIG. 2. Time trace of the OML charging model, for a particle with a radius of
a ¼ 100 nm, suspended in an electron-depleted plasma bulk with niþ ¼ 1
�1016m�3; ne ¼ 1� 1015m�3; Tiþ ¼ 300 K, and Te ¼ 3 eV. In this figure, the
black line represents the charge simulations, while the blue line shows an expo-
nential fit for the decay toward equilibrium after total charge removal by UV
radiation.
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III. EXPERIMENT

Figure 3 shows a top view of the experimental setup, which is
similar to the one used in our previous work24 and will therefore be
discussed concisely. Section IIIA will continue with describing the
general equipment and the diagnostics necessary for monitoring the
dust growth. In Sec. III B, a more detailed description will be provided
about the equipment necessary to measure the additional electron
release from the nanoparticles. Finally, Sec. III C explains the experi-
mental procedure and how these diagnostics work together in order to
determine the dust particle size.

A. Plasma generation and monitoring of dust growth

Inside the vacuum vessel, a plasma was created in a cylindrical
metallic cavity (with a radius of Rcav ¼ 33mm and a height of
hcav ¼ 40mm) containing a mixture of argon and HMDSO [hexame-
thyldisiloxane, (CH3)3–Si–O–Si–(CH3)3]. The driving frequency of the
plasma was set using a signal generator (Agilent 33250A) to
f ¼ 13:56MHz, which delivered a typical input power of PRF ¼ 21W
to the plasma. The partial pressures of argon and HMDSO were pAr
¼ 6:0 and pHMDSO ¼ 0:5 Pa, respectively. The pressure was regulated
using an MKS Type 153 butterfly valve and kept constant during the
experiment. The electrical characteristics of the plasma (i.e., RF volt-
age, current, power, and phase angle) were measured using an
Impedans Octiv Poly impedance meter.

Furthermore, a laser ðk ¼ 532 nmÞ was used to monitor the dust
growth via laser light extinction measurements. The intensity of the
laser beam I(t) was measured as a function of time, from which the
transmittance T ¼ IðtÞ=I0, i.e., the ratio between the intensity I(t) and
the reference intensity (without dust particles) I0, was calculated.
When dust particles were present in the discharge, a portion of the
light would be absorbed or scattered by the particles, which would
reduce the transmittance below unity.

Finally, the free electron density of the plasma was monitored
using microwave cavity resonance spectroscopy (MCRS). This tech-
nique has previously been applied to different types of plasmas.32,66–68

Using an antenna, low-power (Plw ¼ 40mW� PRF) microwaves
with a frequency around that of an eigenmode of the cavity were intro-
duced. Using a Keysight E5063A vector network analyzer (VNA), a
frequency sweep was performed and the reflected power was measured
with a temporal resolution of approximately 100ms. In this way, the
frequency response of the cavity could be reconstructed and one could
determine the eigenfrequency of the cavity by fitting the resonance
curve using a Lorentzian line shape. MCRS relies on the fact that the
permittivity of the medium inside the cavity changes when a plasma is
created. The volume-averaged electron density n̂e can be determined
by measuring the difference Df ¼ fplasma � fvacuum in the eigenfre-
quency of the cavity between a situation with and without plasma,
respectively,69,70

n̂e ¼
8p2e0mef 2plasma

e2fvacuum

Df
Vplasma�cavity

: (7)

In this equation, Vplasma�cavity is the (electric-field-squared-weighted)
volume ratio, which expresses the ratio between the plasma volume
Vplasma and the cavity volume Vcavity, defined as follows:

Vplasma�cavity ¼

ððð
Vplasma

jEj2drððð
Vcavity

jEj2dr
: (8)

Using a numerical model in COMSOL Multiphysics, the electric field
of the TM010 mode is simulated by solving Maxwell’s equations in a
cylindrical cavity, so that the integrals can be evaluated numerically.24

Similar to our previous work,32 electron densities can be measured

FIG. 3. Schematic of the experimental
setup used for the measurements
described in this work. A low-pressure
nanodusty Ar/HMDSO plasma is created
in a cylindrical cavity. The plasma is elec-
trically characterized using an impedance
meter, the extinction of green laser light
by the dust particles is measured using a
photodiode, and the free electron density
is measured using MCRS. For the fast
photodetachment measurements, a micro-
wave generator and a transient recorder
are used to measure the additional elec-
tron density released by an ultraviolet
laser.
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with a typical accuracy of around 1%, as found by error propagation
of the parameters of the Lorentzian fit.

B. Measuring the release of electrons from dust
particles by laser-induced photodetachment

This section describes the equipment necessary for performing
the laser-induced photodetachment measurements. Using a Quantel
Big Sky Ultra laser, short (pulse time tpulse � 8 ns) ultraviolet (wave-
length k ¼ 266 nm and diameter Dlaser ¼ 2mm) laser pulses were
sent through the cavity via two parallel slits in the sidewall of the cavity
with a repetition frequency of flaser ¼ 20Hz. The mean laser pulse
energy during the experiment was measured to be Epulse ¼ 333lJ,
which results in a laser fluence of F ¼ Epulse=Alaser � 100 J=m2.
In comparison with incandescence experiments described in the
literature,60,71 where the laser fluence is typically one order of magni-
tude higher, it may be concluded that heating of the particles is not
dominant in our experiments. However, the energy of the photons
ðE ¼ hc=k ¼ 4:66 eVÞ is enough to overcome the work function of
the electrons attached to the dust particles and, hence, to release elec-
trons from the particles’ surfaces upon irradiation. The additional free
electrons due to the photodetachment processes can be measured
using MCRS. As the time resolution of this process is much faster than
the time resolution of the vector network analyzer, another system is
required in order to be able to follow these fast transient processes.
Using a combination of a Stanford Model SG386 microwave generator
and a Spectrum M3i.4121-exp transient recorder, the response of the
cavity for a single microwave frequency can be sampled with a tempo-
ral resolution down to tTR ¼ 4 ns. During the measurement, the
microwave generator sets a frequency near the eigenfrequency of the
cavity, and the transient recorder measures Nav individual time traces
(and therefore probing the same amount of laser pulses) before setting
the next microwave frequency. In this way, a frequency sweep (consist-
ing of Nfreq distinct frequencies) is made to reconstruct the resonance
curve, consisting of a total of Nmeas ¼ Nfreq � Nav individual laser
pulses. Similar to what was described in Sec. IIIA, the electron density
is calculated from determining the peak position of the resonance
curve using Eq. (7), before, during, and after the laser pulse. One
should note that, in order to correctly represent the additional
volume-averaged electron density induced by the laser beam Dne,
some adaptations have to be made to Eqs. (7) and (8). First, instead of
looking at the shift between the plasma and the vacuum condition, we
are now looking at the shift during the time period before and after
the laser is fired. Second, the volume ratio now needs to incorporate
the volumes of the laser compared to that of the cavity, such that

Dne ¼
8p2e0mef 2plasmaþlaser

e2fplasma

Df
V laser�cavity

;

with

V laser�cavity ¼

ððð
Vlaser

jEj2drððð
Vcavity

jEj2dr
:

(9)

Note that in this equation, the disturbance in the cavity is now caused
by the UV laser, which implies that the frequency shift Df
¼ fplasmaþlaser � fplasma is calculated with respect to eigenfrequency just
before the laser pulse is fired.

Additionally, one should note that the raw data from the tran-
sient recorder has been filtered with a low-pass filter with an upper fre-
quency of 10MHz, in order to remove additional noise coming from
the driving frequency of the plasma ðf ¼ 13:56MHzÞ.

C. Experimental procedure

This section explains the procedure in which the aforementioned
diagnostics are used in experiments. The aims are to (i) monitor dust
growth in a low-pressure Ar/HMDSO nanodusty plasma and subse-
quently (ii) to perform laser-induced photodetachment measurements
on a formed dust cloud. Figure 4 shows a schematic timing overview
of the applied experimental procedure. The experiment consists of
three stages: the growth stage (G), the settle stage (S), and the measure-
ment stage (M). Furthermore, the three rows (plasma, monitoring,
and photodetachment) each consist of a number of properties or diag-
nostics, which are present in the experimental setup. Horizontally, Fig.
4 shows in which measurement stage each of the diagnostics is active.

In the beginning of the growth stage (G), the plasma is switched
on (at t ¼ 0s) in a mixture of argon and HMDSO by applying RF
power. This plasma and the formation of dust are monitored using the
three diagnostics mentioned in Sec. IIIA. At t ¼ 80 s, the HMDSO
inlet valve closes, which leads to the termination of dust growth, as no
precursor gas is fed into the discharge volume anymore. Note that the
already grown cloud of nanoparticles will remain confined in the
discharge.

During the settle stage (S), the system gets one minute to respond
to the closing of the HMDSO valve. During this period, the pressure
slightly drops from pArþHMDSO ¼ 6:5 to pAr ¼ 6:0 Pa. Note that it is
likely that a substantial amount of negative ions is still trapped in the
discharge even though the HMDSO inlet is terminated. The remaining
situation is now an argon plasma containing a cloud of nanoparticles,
with additional negative ions from the growth stage. It is assumed that
the dust particles no longer continue growing after the settle stage has

FIG. 4. Schematic of the experimental procedure. From t ¼ 0 s until t ¼ 80 s, dust
particles are growing in the plasma, while the plasma-dust system is monitored by
means of laser light extinction, electron density measurements using the VNA, and
by electrical characterization. After switching off the HMDSO flow at t ¼ 80 s, the
system gets one minute to settle and adapt to the slight change in pressure. After
that, the pulsed UV laser is switched on and the photodetached electron density is
measured using a microwave generator and a transient recorder (TR).
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ended, so that we are doing photodetachment measurements on a sta-
tionary sample of dust particles. Also during this stage, the dust growth
is monitored by means of laser light extinction measurements, by mea-
surements of the free electron density by the network analyzer, and by
electrical characterization. This is done in order to verify that the
plasma parameters stabilize before the end of the settle stage.

During the measurement stage (M), the laser-induced photode-
tachment measurements are conducted. From this moment, the UV
laser starts pulsing with a repetition frequency of flaser ¼ 20Hz and
the MCRS system is switched from the VNA to the microwave genera-
tor and the transient recorder. In this way, the fast transient response
of the free electron density due to the laser-induced photodetachment
can be measured. As explained in Sec. III B, a single measurement con-
sists of measuring the temporal response of the cavity to microwaves
around its resonance frequency. In post-processing, the resonance
curve is reconstructed, from which a time series of the electron density
can be determined. In doing these measurements, it is implicitly
assumed that during the total measurement time (typically in the
order of 1–2 min), both the plasma and the dust sample remain sta-
tionary in time so that every laser pulse probes a similar plasma-dust
system. Furthermore, it is assumed that the UV laser does not influ-
ence the plasma and the dust cloud. These assumptions are verified by
monitoring both the electrical parameters of the plasma and the
extinction of laser light by the dust cloud.

IV. RESULTS AND DISCUSSION

This section will discuss the results of the experiments leading to
the measurement of the dust particle size in a nanodusty plasma using
laser-induced photodetachment and measurements of the temporal
evolution of the additional free electron density. In Sec. IVA, we start
with showing results of the growth (G) and settle (S) stages (as shown
in Fig. 4). The section continues with showing a typical result of the
subsequent laser-induced photodetachment measurement (M), from
which the charging timescale can be deducted. Section IVB continues
with using the OML model from Sec. II to connect the charging time-
scale to the dust particle size and shows SEM measurements for com-
parison. Then, in Sec. IVC, we discuss the sensitivity of the OML
model to its input plasma parameters, such as the positive ion density.
Finally, Sec. IVD proposes the idea to apply the method in a reversed
fashion to determine the positive ion density instead, using the dust
particle size data from the SEMmeasurements.

A. Laser-induced photodetachment on a nanodusty
plasma

Figure 5 shows the results of the monitoring measurements of
the free electron density using the VNA [from Eq. (7)] and the trans-
mittance of the 532nm laser light as a function of time, during the
growth stage, the settle stage, and the measurement stage. These two
measurements were used to monitor the dust growth and are very sim-
ilar to the experiments in our earlier work.32 The main observations
will be briefly reiterated here. During the growth stage ðt � 80 sÞ, we
see (in the upper panel of Fig. 5) that the electron density remains con-
stant during the first half and suddenly drops around t ¼ 55 s. This
corresponds to the coagulation phase mentioned in the Introduction
as dust particles then tend to collect free electrons from the plasma
and therefore charge negatively. In this measurement, we observe a
drop in the free electron density of around a factor 10. Simultaneously,

as can be seen in the second panel of Fig. 5, we see that after coagula-
tion, the transmittance starts to decrease below unity. This trend is a
sign of dust particles being present in the discharge: A part of the light
is absorbed or scattered by the dust cloud (which lowers the transmit-
tance), as also described in our previous work.32

After switching off the HMDSO flow at t ¼ 80 s, we observe that
the electron density remains approximately constant during the settle
stage, while the transmittance still shows changes. This is most proba-
bly due to the redistribution of dust particles over the discharge and
the slight pressure drop after the precursor gas source is terminated.
Eventually, the signal stabilizes in time, such that during the measure-
ment stage, we are probing a stationary dust sample. The transmit-
tance is also monitored during the measurement stage, such that the
stationarity of the dust sample can be qualitatively verified.

Figure 6 shows the result of the laser-induced photodetachment
measurement on the dust cloud (corresponding to the measurement
stage in Fig. 4). Using the microwave generator and the transient
recorder, the resonance peak was constructed, from which the eigen-
frequency was found from a Lorentzian fit. Using Eq. (7), the shift in
the eigenfrequency is then translated into a released electron density.
From this measurement, we can qualitatively describe the transient
behavior of the electron density in three stages: (i) Before the laser
pulse ðt < 0 lsÞ, the plasma is in an equilibrium situation, which is
the reference case. The laser pulse is fired at t ¼ 0ls, indicated by the
sharp increase in the free electron density (ii). This moment in time
corresponds to the laser-induced photodetachment, where electrons
are released from the dust particles and subsequently contribute to an
increase in the free electron density of the plasma. The timescale of the
increase in the signal is around srise � 50 ns, which corresponds to the

FIG. 5. Results of the monitoring experiments. The free electron density and the
transmittance were monitored during 80 s of dust growth (G), 60 s of settling (S),
and during the measurement stage (M). The presence of dust particles is shown in
the form of the sharp decrease in the electron density as well as the decrease in
the transmittance.
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characteristic response timescale of the cavity, as calculated from the
width of the resonance mode.24 This indicates that even though the
transient recorder can sample faster (tTR ¼ 4 ns), the cavity timescale
is limiting for following physical phenomena. After this, we observe
(iii) the relaxation of the free electron density, back to the reference
position, within a timescale of a few microseconds.

The decay timescale of the electron density in Fig. 6 is the main
quantity of interest in these measurements, as this quantity can be
directly compared to the charging timescale calculated with the OML
model in Sec. II. Similar to the work of Cui and Goree,63 we define the
charging time smeas to be the 1=e-time of the decay. In Fig. 6, for this
particular measurement, this corresponds to a decay time of
smeas ¼ 1:126 0:04 ls, as indicated by the dark green dashed line.
The error in this value arises from propagation of the error in Dne,
which comes from the 95% confidence interval of the fitting parame-
ters of the Lorentzian line shape fit.

B. Determining the dust particle size

From Fig. 6, we obtained an experimentally measured timescale
for the recharging of nanoparticles in a nanodusty plasma after their
surface charge is (partially) removed by laser-induced photodetach-
ment. This section will use the charging model explained in Sec. II to
determine the dust particle size by modeling this recharging timescale
using the OML framework. Figure 7 shows the simulation results of
the charging timescale determination as a function of the dust particle
size. Each point in the graph represents the average charging timescale
over M¼ 500 time traces with a fixed dust particle size. In this case,
the assumed plasma temperatures were Te ¼ 3 eV and Tiþ ¼ 300K,
based on typical values in a low-pressure RF-driven plasma.65

Furthermore, the electron density at the time of the measurement was
ne ¼ 1:4� 1015m�3, as experimentally obtained using MCRS. The
positive ion density was assumed to be five times larger than the initial
electron density, i.e., niþ ¼ 5ne0 ¼ 9:0� 1016m�3, similar to what is
typically found in modeling efforts of dusty plasmas, taking into

account the presence of negative ions.38,72,73 The impact of the
assumptions for the electron temperature and the positive ion density
will be discussed in more detail in Sec. IVC. Figure 7 shows that with
increasing particle size from a ¼ 20 to a ¼ 200 nm, the charging
timescale decreases from s ¼ 6:2 to s ¼ 0:62ls. Using the created
lookup-table that relates the charging timescale to the dust particle
size, we find that using the measured timescale of
smeas ¼ 1:126 0:04 ls, the expected dust particle size is found to be
a ¼ 1076 6 nm, as indicated by the dark green marker. Here, the
error in the dust particle size rises from the error in the measured
charging timescale smeas.

An appropriate next step would be to verify the newly developed
method by cross-checking it with an already established particle sizing
method. The most straightforward method to verify the dust particle
size is ex situ scanning electron microscopy (SEM). After switching off
the plasma, the particles are no longer confined in the plasma bulk
and will fall down and leave the discharge region. Directly below the
discharge, we placed SEM substrates, covered with double-sided car-
bon tape. In this way, the same sample of particles of which we deter-
mined the size using the decay of the additional electron density can
be measured using SEM. Figure 8 shows one of the SEM images which
were made, along with orange circular markers to indicate the par-
ticles. Subsequently, a MATLAB script was developed to detect the
edges of the particles and determine the size from the particle bound-
aries. By also analyzing a pristine sample that has not seen a plasma or
dust particles, it was verified that the additional small (cauliflower-
shaped) white spots in the image are due to the structure of the carbon
tape.

Analyzing multiple SEM pictures, the size of N¼ 173 particles
has been measured. Figure 9 shows the obtained particle size distribu-
tion (PSD) from these images by the light blue histogram. Since the
particle size distribution of particles grown in a nanodusty plasma is
expected to be lognormal,51 a fit of the PSD is included in blue. The
distribution has a mean of lSEM ¼ 116nm and a standard deviation of
rSEM ¼ 13nm. We can see that there is good agreement between the
dust particle size predicted with the newly developed PD decay

FIG. 6. The photo-released electron density as a function of time. At t ¼ 0 s, the
laser pulse was fired, after which the free electron density rapidly increases. It is fol-
lowed by a decay of the electron density back to its equilibrium value. The recharg-
ing time is defined as the 1/e-time of the decay. In this measurement, the decay
was measured as smeas ¼ 1:126 0:04 ls.

FIG. 7. Simulation results of the charging timescale as a function of dust particle
size. For the experimentally measured decay timescale of smeas ¼ 1:126 0:04ls,
a dust particle size of a ¼ 1076 6 nm is obtained. For the simulations, plasma
parameters of ne ¼ 1:4� 1015m�3; niþ ¼ 5ne0 ¼ 9:0� 1016m�3; Te ¼ 3eV,
and Tiþ ¼ 300 K were used.
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method (the red region in Fig. 9) and the observed particle size from
the SEMmeasurements.

C. Sensitivity analysis of the OML model to the positive
ion density

Although Fig. 9 shows good agreement between the predicted
dust particle size and the particle size measured by SEM, it would still
be good practice to reflect on the newly developed method. As
described in Sec. II, we use the OML theory to describe the charging of
nanoparticles by the collection of charged species. In this section, the
most stringent assumptions in the model are identified and a sensitiv-
ity analysis is performed to investigate the consequences of the
assumptions. The charging behavior of the dust particles in a plasma

heavily depends on the plasma parameters, i.e., the densities and tem-
peratures of the free electrons and the positive ions. From these four
parameters, only two of these are well determined: the electron density
ne is measured with MCRS and the positive ion temperature generally
remains close to room temperature for typical low-pressure RF plas-
mas, as the driving frequency of the plasma is higher than the ion
plasma frequency. From the remaining two plasma parameters, the
charging time is most sensitive to the positive ion density niþ.

In order to assess the sensitivity to the other two parameters, Fig.
10 shows two additional sets of OML simulations which were per-
formed. The procedure was similar to the one shown in Fig. 7. Again,
for each particle size, we have performedM¼ 500 time traces and cal-
culated the average charging timescale. The upper panel of the figure
deals with the sensitivity in the positive ion density niþ. Here, the cen-
tral black curve shows the reference case, using niþ ¼ niþ;ref ¼ 5ne0.
In order to illustrate the sensitivity, we have added charging timescale
curves for an increased (þ50%, i.e., niþ ¼ 1:5niþ;ref ) and decreased
(�50%, i.e., niþ ¼ 0:5niþ;ref ) positive ion density niþ. When increas-
ing (decreasing) the positive ion density with respect to the reference
case, the curve will shift toward the red (blue) curve in the figure. In

FIG. 8. Scanning electron microscope (SEM) image of the dust particles of which
the size has been determined during the photodetachment experiment. The small
cauliflower-shaped structures are due to the structure of the carbon tape.

FIG. 9. Particle size distribution obtained from SEM images. A lognormal distribu-
tion fit with a mean of lSEM ¼ 116 nm and a standard deviation of rSEM ¼ 13 nm
is shown in red. There is good agreement between the found distribution and the
predicted dust particle size using the photodetachment decay method, predicting
a ¼ 1076 6nm.

FIG. 10. Sensitivity analysis of the OML model to the positive ion density (a) and
the electron temperature (b). In panel (a), the thick black curve represents the refer-
ence case, where niþ ¼ niþ;ref ¼ 5ne0. The red (blue) region indicates the direc-
tion of change when increasing (decreasing) the positive ion density to
niþ ¼ 1:5niþ;ref (niþ ¼ 0:5niþ;ref ). Similarly, in panel (b), the effect of the electron
temperature is shown after increasing or decreasing it with 50% with respect to the
reference case of Te ¼ Te;ref ¼ 3 eV.
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general, for any fixed value of the dust particle size, the charging time-
scale decreases with increasing positive ion density. This comes from
the fact that with a higher positive ion density, the equilibrium charge
of the particles becomes less negative. As already predicted in the first
implementation of the stochastic OML model,63 the charging time-
scale is inversely proportional to the plasma density. Furthermore,
solving the differential equation (4) analytically24,74 showed similar
behavior.

The upper panel of Fig. 10 shows that the method is indeed sensi-
tive to the positive ion density: For the measured decay time of
smeas ¼ 1:126 0:04 ls, varying the ion density from niþ ¼ 0:5niþ;ref
to niþ ¼ 1:5niþ;ref leads to finding a dust particle size ranging from
a ¼ 183 to 75 nm, respectively. In the current experimental approach,
measuring the positive ion density is far from straightforward: It gen-
erally requires complex techniques such as mass spectrometry and/or
direct access to the plasma bulk, which is currently limited by the
microwave cavity.

The lower panel of Fig. 10 shows a similar sensitivity analysis for
variation of the electron temperature. In a similar fashion, we have
chosen a reference electron temperature of Te ¼ Te;ref ¼ 3 eV. Next,
we have run additional simulations for an increased (Te ¼ 1:5Te;ref )
and a decreased (Te ¼ 0:5Te;ref ) electron temperature. From this fig-
ure, it is clear that the effect of varying the electron temperature is
indeed smaller: Increasing (decreasing) the electron temperature leads
to finding a dust particle size in the range of a ¼ 107–118 nm.

D. Using the dust particle size measured by SEM
to estimate the positive ion density

Section IVC shows that the OML model is most sensitive to the
positive ion density niþ. In this section, we will propose the idea of
reversing the proposed method and using the dust particle size
obtained from the SEMmeasurements as an input for the OML charg-
ing model and determining the positive ion density instead. In this
way, we can use the OML model of Sec. II to calculate the charging
timescale, but this time while using the measured particle size distribu-
tion, and varying the positive ion density niþ. In such a simulation, the
particle size distribution is divided into N sec ¼ 30 sections. For each
of these particle sizes, an OML simulation similar to the one in Fig. 2
is performed. Then, a total OML simulation time trace is constructed
by weighing each of the separate simulations by the particle size distri-
bution obtained by the SEM measurements. Finally, the decay time-
scale of this simulation is determined using an exponential fit.
Subsequently, the process is repeated for a different positive ion den-
sity. Figure 11 shows the results of the parameter sweep in the positive
ion density, in showing the relation between the positive ion density
and the calculated charging timescale. We can now determine the pos-
itive ion density by using the experimentally measured charging time-
scale smeas ¼ 1:126 0:04 ls. In this way, we find a positive ion
density of niþ ¼ ð8:46 0:4Þ � 1016 m�3. To put this value in perspec-
tive, it is 4.6 times as large as the initial electron density measured by
MCRS, i.e., niþ ¼ 4:6ne0. This is in accordance with what was
expected from models in these types of plasmas.38,72,73 This implies
that instead of making an assumption for the positive ion density niþ
and determining the dust particle size a (as shown in the sections lead-
ing up to Sec. IVB), the method can also be used to determine the pos-
itive ion density niþ, in the case that the dust particle size is known

(for example, by SEM). From such a method, both modeling efforts
and theory development could greatly benefit.

V. CONCLUSIONS

This work presents a novel method to determine the mean dust
particle size from the decay of the additional electron density upon
interaction with a UV laser. The electron density in the plasma was
measured using MCRS. By using the combination of a microwave gen-
erator and a transient recorder, the electron density could be measured
with a resolution of 250MHz. The timescale with which the electron
density decays back to the reference position is directly related to the
charging time of the dust particles. The charging time of a dust particle
in a plasma depends on the governing plasma parameters and on the
dust particle size, and this quantity can be determined using a stochas-
tic model based on the OML theory. Comparison of the measured
decay timescale to the charging timescale yields the (mean) dust parti-
cle size of the sample. In its current form, this method is applicable to
low-pressure nanodusty plasmas. However, if one wants to apply the
method to higher pressures, the OML positive ion current should be
adapted for the increased collisionality.75

Using this method for a proof of principle measurement, it was
found that for our experimental conditions, we have grown dust par-
ticles with an expected radius of a ¼ 1076 6 nm. This value is not
only similar to the results of other experiments in the literature,47,62,76

but also matched ex situ SEM measurements of the same sample quite
well (aSEM ¼ 1166 13 nm). Furthermore, we established that the
charging timescale from the OML model is most sensitive to the input
positive ion density. It was also shown that using the value of the size
from the SEM measurements, the positive ion density in the experi-
ment was estimated to be 4.6 times as large as the initial electron den-
sity, which is typical for nanodusty (electronegative) plasmas.

In conclusion, our newly developed method shows promising
results for the determination of the dust particle size in a nanodusty
plasma. On top of this, the method is minimally invasive since the UV
laser power does not necessarily need to be high, in contrast to typical
photodetachment experiments where it is necessary to operate in the

FIG. 11. Determination of the positive ion density using the dust particle size distribu-
tion obtained from SEM measurements. Using the experimentally measured charging
timescale smeas ¼ 1:126 0:04ls, a positive ion density of niþ ¼ 8:46 0:4
�1016m�3 ¼ 4:6ne0 was obtained.
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saturation regime. Using this method to investigate the dust particle
size in a nanodusty plasma can be beneficial for fundamental research
and industrial applications and ultimately for comparison with dusty
plasma modeling efforts.
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