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Abstract
A dust grain immersed in a low-pressure gas discharge obtains a permanent negative surface
charge due to the high mobility of electrons compared to that of ions. This charge essentially
governs all fundamental processes in dusty and complex plasmas involving dust grains, neutrals,
(an)ions and electrons and—consequently—virtually all industrial applications of these types of
plasmas are affected and steered by it. In this work, we have measured the surface charge by
application of laser-induced electron detachment from nanosized dust grains in concert with
microwave cavity resonance spectroscopy and laser light extinction. The main result is that the
electron release is governed by photodetachment rather than by thermionic emission, and that
recharging of the dust grains occurs on timescales that are well in agreement with the
orbital-motion-limited (OML) theory. The total surface charge density residing on the dust
grains inside the laser volume follows from the saturation of the photodetachment signal, which
was used in combination with dust density values derived from extinction measurements to
estimate the mean dust charge. The negative dust charge on the 140 nm (average) diameter dust
grains in this work is obtained to be in the range of 273 – 2519 elementary charges, of which the
lower bound matches well with analytical predictions using the OML theory.

Supplementary material for this article is available online

Keywords: nanodusty, dust charge, particle charge, nanoparticle, low-pressure dusty plasma,
plasma charging, OML theory

(Some figures may appear in colour only in the online journal)

1. Introduction

Complex and dusty plasmas comprise a mixture of (partially)
ionized gas with nano- to micrometer sized dust grains [1, 2],
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the title of the work, journal citation and DOI.

and occur frequently in a wide variety of mature industrial
processes and research niches such as semiconductor manu-
facturing [3, 4], nuclear fusion [5], and (functional) mater-
ials embedding nanoparticles [6–8]. The non-equilibrium
between electron and heavy species temperatures provides a
key advantage for low-temperature plasmas over conventional
alternatives, resulting in (permanently and) negatively charged
surfaces of, e.g. the reactor walls, electrodes and dust grains.
For complex and dusty plasmas, the electric charge retained on
the dust grains reflects a key parameter dictating fundamental
processes such as Coulomb interactions—e.g. crystallization,
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instabilities, and Coulomb-induced collisions—in plasma-
levitated dust crystals and dusty plasmas [9–14], dust grain
formation by nucleation, coagulation, and accretion [15–20],
void formation and laser-induced coalescence [21–25]. For
applications, the effects of dust can be detrimental to, e.g.
fusion energy reactors [3, 26] and plasmas created in semi-
conductor manufacturing [4, 27], which led to recent work
focused on contamination control using plasmas [28–30]. The
charge state of the dust particles in contact with the plasma is
often a decisive factor in the dust retention mechanism. There-
fore, it is of utmost importance, for current and future techno-
logies and for plasma science, to understand the elementary
charging processes driving dust-plasma interaction.

The floating potential—or the surface charge—acquired by
plasma-embedded dust grains arises from the balance between
the electron and ion currents, which results in permanently
negatively charged dust grains for dust radii a≳ 10 nm under
typical dusty plasma conditions [31, 32]. The orbital-motion-
limited (OML) theory is the governing theoretical framework
predicting the floating potential of dust grains [33, 34], which
has been extended with numerous advancements to include,
e.g. the effect of ion-neutral collisions [35–37]. The theory has
been successfully applied to microparticle charging in differ-
ent plasma regions such as the plasma bulk [38, 39], the plasma
sheath [40], and the spatial afterglow [41]. On the contrary,
only a limited number of works provide experimental data
on the charge of nanosized dust grains embedded in plasmas
[24, 42–44]. This lack of experimental data is mainly caused
by the fact that most diagnostics for obtaining information
about the dust grain charge are based on optical principles
which dramatically suffer from a decreasing signal when the
grain size becomes smaller than the wavelength of the light
used for the diagnostic [45–47].

In this letter, laser-induced electron detachment from
nanometer-sized dust grains is demonstrated experimentally
in a low-pressure dusty plasma using ultraviolet (UV) laser
pulses in order to close the gap in experimental data. The
dust grains were formed in-situ by a typical gas discharge in
an argon-hexamethyldisiloxane (HMDSO) gas mixture, and
thereafter stably confined to the same volume in an argon-
only discharge. The change in free electron density caused
by the laser-dust interaction was consecutively measured with
ns-time resolution using time-resolved microwave cavity res-
onance spectroscopy (MCRS) [24, 48, 49]. The experimental
dust charge was estimated by the ratio of the maximum
free electron density released by the laser to the dust dens-
ity obtained from laser light extinction measurements (see
section A in Supplementary Information (available online at
stacks.iop.org/JPD/55/08LT01/mmedia)).

This letter is organized as follows. First, the experimental
procedure for dust growth and laser-induced electron detach-
ment are explained in detail. Second, the time-resolved elec-
tron density providing three important observations is dis-
cussed and analyzed in detail with respect to the current phys-
ical understanding of photodetachment. Third, the measured
dust charge density is used to estimate the dust charge, and
the result is discussed in view of the current understanding
in the literature. Additional information regarding elements of

the results, discussion and interpretation can be found in the
Supplementary Information file.

2. Method

In figure 1, a schematic top-view of the experimental setup is
shown. Inside a vacuumvessel, a low-pressure plasmawas cre-
ated in a stainless steel hollow pillbox cavity, driven by a radio-
frequency signal (fRF = 13.56 MHz) with a plasma power of
PRF = 20 W. During the experiments described in this Let-
ter, argon (with a partial pressure of pAr = 5.4× 10−2 mbar)
was admixed with HMDSO (pHMDSO = 1.6× 10−2 mbar), of
which the latter was the precursor to dust grain formation.
These dust grains gained a permanent negative charge after
reaching a size larger than∼ 10 nm [31, 32], enabling them to
remain trapped in the discharge volume. A detailed description
of the microwave cavity with integrated discharge electrodes
and the dust collection system can be found in section B in
Supplementary I.

The complete experiment consisted of three separate
stages. During the growth phase, an Ar/HMDSO plasma was
generated for 60 s. Afterwards, the HMDSO flow was ter-
minated, and the nanodusty plasma entered the settling stage,
in which the plasma adjusted to the change in pressure, until
the dust cloud found a steady state in terms of size and dens-
ity. It should be noted that the electron density was strongly
depleted during the coagulation phase, as a consequence of the
permanent negative charging of the dust cloud, and remained
depleted during subsequent experiments. Finally, themeasure-
ment stage consisted of six separate experiments with varying
laser pulse energy. In each experiment, UV laser pulses were
fired with a frequency of flaser = 20 Hz, and the microwave
response was temporally recorded per pulse. This microwave
response, i.e. the change in resonance frequency of the used
resonant mode, was caused by the additional photodetached
electrons upon laser irradiation. The global electron density
of the (dusty) plasma and laser light transmission through the
dust cloud were monitored over the course of all three stages
of the experiment, of which the signals can be found in section
C in Supplementary Information.

For the actual laser-induced electron detachment experi-
ments, a frequency-quadrupled (UV) laser (Quantel BigSky
Ultra, wavelength λph = 266 nm) was used to generate short
(∼ 8 ns) pulses which traveled through the cavity via a thin slit
on each side. Upon interaction with the laser photons, elec-
trons were released from the dust grains, and therefore, the
free electron density of the plasma was temporally increased.
It was verified, in vacuum at a pressure of 2× 10−7 mbar
and with a pristine argon discharge, that no detectable amount
of electrons was released from the metal surfaces of the
cavity and that photo-ionization did not result in a cavity
response exceeding the noise band. The volume-averaged
density of these free electrons was measured by means of
MCRS, as previously applied to a multitude of plasma types
[6, 24, 48–51]. To this end, a microwave generator (Stan-
ford Research Systems Model SG386) sent electromagnetic
waves with a fixed frequency into the cavity. This microwave
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Figure 1. Schematic overview of the experimental setup used for creating, monitoring and probing the nanodusty plasma. The symbol P
indicates pressure sensor.

radiation had a fixed power of only Pµw = 40 mW≪ PRF

meaning that the microwaves were non-intrusive. A part of
the microwave power was absorbed inside the cavity while
the rest was reflected. Ten percent of the reflected power was
sent to a logarithmic detector (Analog Devices HMC602LP4)
using a directional coupler (Mini-Circuits ZHDC-16-63+).
The detector voltage was eventually sampled using a transient
recorder (Spectrum M3i.4121-exp) with a sample frequency
of 250 MHz for a range of microwave frequencies close to the
resonance frequency. In this way, the spectrum around a res-
onant eigenmode of the microwave cavity could be retrieved
in a temporally-resolved fashion.

The frequency at which microwaves in the cavity are at res-
onance depends on the permittivity of the medium inside the
cavity. This introduces a relation between the shift in reson-
ance frequency ∆f and the (change in) electron density ne, as
derived from the Slater perturbation theorem [52–54],

ne(t) =
8 π2 ε0 mef2p(t)

e2 V
∆f(t)
f1

, (1)

with ne, me and e the electron density, mass and (element-
ary) charge, ε0 the vacuum permittivity, fp the resonance fre-
quency with momentary perturbation, f 1 the resonance fre-
quency without the perturbation, and ∆f= fp − f1 the shift

in resonance frequency. The parameter V is defined as the
(microwave-)electric-field-weighted ratio of the laser beam Vb

to cavity volume Vc as

V =

˝
Vb
|E(r)|2 d3r˝

Vc
|E(r)|2 d3r

. (2)

Here, the microwave electric field E(r) for the TM010 res-
onant mode was computed using a numerical model of the
microwave cavity in COMSOL Multiphysics® (see section
D in Supplementary Information). Subsequently, the electric-
field-weighted volume ratio V was calculated by evaluating
equation (2) numerically using the measured laser beam dia-
meter Db, the cavity diameter Dc = 66 mm and height Hc =
40 mm, and the numerical solution for the microwave electric
field E. Details on the microwave electric field, the volume
ratio and the position of the laser beam in the cavity can be
found in section D in Supplementary Information.

In order to obtain a sufficient signal-to-noise ratio, a typ-
ical measurement consisted of a number of time seriesNmeas =
NfreqNav, with Nfreq the number of probed frequencies and Nav

the number of averages per frequency. It was therefore import-
ant that the plasma and dust conditions remained as stable as
possible during the complete measurement set. Several dia-
gnostics were implemented in order to globally monitor both
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the dust growth process and the stability of the sample there-
after (see measurement results in section C in Supplementary
Information). First, global electrical parameters of the RF dis-
charge, such as the plasma power and the phase angle between
RF voltage and current, were tracked by an Impedans Octiv-
Poly 1.0 power sensor. Additionally, the dust cloud was visu-
alized by laser light scattering using a green (532 nm) laser
sheet. The scattered light was detected by a Photron Mini
UX100 FastCam with a laser line filter, while the transmit-
ted light was monitored by a photodiode to perform extinc-
tion measurements. Furthermore, a vector network analyzer
(VNA) was used to perform spectral scans of the microwave
response at low temporal resolution (∼ 100 ms), so that the
electron density could still be monitored, even when the transi-
ent recorder-based MCRS system was not activated. The tim-
ing of the experiment was controlled by a BNC 577 Series
pulse/delay generator, which sent trigger pulses to the VNA
and the pulsed UV laser. The output of the pulsed UV laser
was used as a trigger for the transient recorder such that jitter
in the laser output was inherently corrected for.

3. Results

Figure 2 depicts the measured laser-induced change of the
electron density as a function of time, which has been meas-
ured for different laser pulse energies as indicated in the
figure’s legend. For each laser pulse energy, the time-resolved
signals clearly show three distinct phases in the evolution of
the free electron density. The reference value for the reson-
ance frequency f 1 was obtained from phase (I), during which
the dusty plasma was undisturbed. At the beginning of phase
(II), i.e. t= 0 µs, the laser was shot and, subsequently, the free
electron density increased rapidly within about 70 ns. After
reaching a peak value at the end of phase (II), the laser-induced
electron density decreased gradually following an exponential
decay back to the steady state value observed in phase (I).

From the results presented in figure 2, three distinct obser-
vations can be made:

• The fast rise time τrise during phase (II) is comparable to the
fundamental cavity response time expected for an instantan-
eous change in the free electron density [55]. τrise ≈ 3 τcavity
and τcavity = Q1/(2 πf1)≈ 18 ns. This limited response
time of a microwave resonant cavity is due to a minimum
time the cavity-system needs in order to load or decharge
the microwave energy associated with the excited resonant
mode.

• As can be seen from the inset in figure 2, the peak value of
the laser-induced electron density increases for increasing
laser pulse energy, and saturates for sufficiently high laser
pulse energies.

• The density of additionally released electrons decays expo-
nentially in phase (III), of which the time constant is estim-
ated to be τdecay ≈ 1.6 – 2.1 µs based on an exponential fit
through the experimental data.

Besides the above mentioned observations, it is absolutely
clear that a significant amount of free electrons is released

upon irradiation of the dust cloud with the UV laser. In gen-
eral, there are four widely accepted physical mechanisms that
could explain the decharging of plasma-embedded dust grains.

Field emission [2], which is the release of electrons due to
a strong electric field, is only important for dust grain radii
larger than a micrometer whereas in our experiments the grain
size is roughly a few hundred nanometers (see section E in
Supplementary Information).

Secondary electron emission [34, 56], which is the release
of electrons from the material after impact by high-energy
electrons, is only relevant for high-energy electrons of which
the density is very low under the conditions considered.

The two other mechanisms—i.e. thermionic emission
[57, 58] and photon-induced electron detachment (also called
photodetachment) [59–62]—may be consideredmore likely to
become dominant under the current conditions.

Here, thermionic emission is caused by a high surface
temperature (possibly caused by laser irradiation) transfer-
ring thermal energy to electrons such that they can overcome
the work function, while in the case of photodetachment this
energy is provided in the form of photon energy directly. It
is due to this difference that the effect of photodetachment
events—in contrast to the situation for thermionic emission—
may be considered instantaneous compared to the sampling
time [63]. To investigate which of the two latter mechanisms
is dominantly responsible for the observed release of electrons,
a model for thermionic emission, i.e. a coupled model for pre-
dicting the changes in dust grain temperature and the dust grain
floating potential upon laser irradiation, has been constructed
from which typical (de-)charging timescales can be retrieved
(see section F andG in Supplementary Information). Under the
current experimental conditions, it can be concluded from this
model that the floating potential hardly changes due to the vast
increase in the dust grain’s temperature. This indicates that—
under the current conditions—laser-induced photodetachment
dominates over laser-induced thermionic emission. Moreover,
this dominant contribution of photodetachment to the overall
electron release process is supported by all of the three obser-
vations mentioned earlier as discussed further on.

The first observation was that the signal grows during phase
(II) up to the peak value within approximately 3 τcavity. As pho-
todetachment occurs almost instantaneously for the duration
of the laser shot (∼ 8 ns) [63], the signal reflects the cavity
response to a sudden perturbation as described by Van Nin-
huijs et al [55]:

∆fm =∆f

(
1− exp

(
− t
τcavity

))
, (3)

with∆fm the measured frequency shift, and∆f the actual fre-
quency shift. By contrast, thermionic emission exhibits a rise
time of about 0.6 µs in an extreme case with low work func-
tion of the dust grain. As a consequence, the rise time strongly
indicates that photodetachment is responsible for the release
of electrons.

The second observation strongly suggested that the total
released electron density saturated for increasing laser pulse
energy (see the inset in figure 2). From literature, it is known
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Figure 2. Time-resolved laser-induced electron density for different values of laser pulse energy, as defined by the colors/legend. The inset
depicts the peak value of the laser-released electron density for each laser experiment.

that the number of electrons Ne released by photodetachment
saturates for sufficiently high laser pulse energies following an
exponential curve [60, 64, 65]:

Ne = N̂e

(
1− exp

(
−
σpdElaser

EphS

))
. (4)

Here, the laser pulse energy is represented by Elaser, the photon
energy is denoted by Eph = 4.66 eV (i.e. λph = 266 nm), and
the laser cross section S= 0.031 cm2. Fitting equation (4)
to the saturation data yields an asymptotic value of N̂e =
4.15× 1016 m−3 and photodetachment cross section σpd =
1.6× 10−17 m2. Consequently, there are two interesting notes
with respect to the saturation study. First, the photodetach-
ment cross section is much smaller than the hard sphere
cross section, based on the dust size, σ ∼ πa2 ≈ 6× 10−14

m2 by three orders of magnitude. Second, note that if laser-
induced thermionic emission would have been dominant, an
opposite curvature of this curve would have been expected.
This is because, with thermionic emission being the domin-
ant electron release mechanism, the dependence of the dens-
ity of released electrons on the laser pulse energy would have
been stronger than linear (see section G in Supplementary
Information).

The third observation concerned the temporal decay of the
released electron densities back to their quasi-steady state
values. Based on the OML theory, the timescale on which
the electron and ion currents restore the equilibrium floating

potential of the dust grains can be calculated from the follow-
ing equation, which has been derived in section H in Supple-
mentary Information from the electron and ion current:

τcharging =

(
e2anivTi

4 ε0 kBTe

(
Te
Ti

+
nevTe

nivTi

exp

(
eVd

kBTe

)))−1

.

(5)
Here, Te denotes the electron temperature, a the dust grain
radius, ni the ion density, and Ti the ion temperature. It should
be noted that this equation has been derived considering that
ne ̸= ni, whereas in other works the charging timescale is often
given for fixed ratio of Te/Ti or for ne = ni [2, 34, 66–68].
The plasma and dust parameters used for the evaluation of
the charging timescale are as follows: Te = 1 – 3 eV, ne =
2× 1015 m−3 (equal to ne for t≥ 70 s, see section C in Supple-
mentary Information), Ti = 0.026 eV, ni = 9.2× 1015 m−3 −
4.15× 1016 m−3, and a= 140 nm (obtained by SEM images,
see section E in Supplementary Information). The range for
the ion density is motivated by using a lower limit equal to
the electron density during the nucleation phase without elec-
tron depletion (ňi = 9.2× 1015 m−3, equal to ne for t≤ 30 s,
see section C in Supplementary Information), and assuming
that the ion density does not change during the subsequent
phases. However, it is likely that the ion density increases
due to an increase in the electron mean energy, which bal-
ances the decrease in ionization caused by electron depletion
due to the permanent charging of dust particles. Therefore,
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we assume an upper limit equal to the total dust charge dens-
ity measured plus the free electron density of the discharge
(n̂i = 4.15× 1016 m−3, i.e. equal to N̂e + ne). This upper limit
is motivated by the fact that quasi-neutrality should be obeyed,
and hence, that the ion density is balanced by the total dust
charge density. Due to electron depletion, the free electron
density is much lower than the contribution of the negatively
charged dust particles to the quasi-neutrality condition. Under
these conditions, the charging timescale ranges between 1.3 µs
(Te = 1 eV and ni = 4× 1016 m−3) and 4.4 µs (Te = 3 eV and
ni = 9.2× 1015 m−3). It should be noted that a change in the
ion density dominates over the effect of a change in electron
temperature, and thus it is important to account for the fact
that ne ̸= ni in the evaluation of the charging timescale. Con-
sidering the measured τdecay, the experimental values agree
well with the estimates for τcharging. The charging timescale
for heated dust grains is almost two orders of magnitude lar-
ger (τ ∼ 100 µs) due to the thermionic emission current. As a
consequence, the agreement with the timescale based on only
the OML currents implies that the thermionic emission current
is irrelevant. In conclusion, this observation suggests also that
photodetachment is the dominant detachment process.

The total density of detached electrons can be used to
estimate the dust charge, which equals qd = N̂e/nd in case
of saturation—meaning that all electrons have been released
from the dust grain. The assumption here is that the dust
grains irradiated by the laser beam are mono-disperse, which
seems a reasonable assumption based on the SEM images
(see section E in Supplementary Information). The saturated
electron density N̂e results from the measurement of the peak
value of the electron density as a function of laser pulse
energy, which involves three measurements errors estimated
as∆∆f =∆fp = 3× 105 Hz based on the noise band of fp, and
∆V = 1.4× 10−4 based on the uncertainty in the laser beam
cross section (see section D in Supplementary Information).
This implies that N̂e = 3.0× 1016 m−3 – 5.3× 1016 m−3 by
linearization of equation (1) to calculate the error in Ne for
Elaser = 2.80 mJ. The dust density nd is estimated from extinc-
tion measurements (see section A in Supplementary Informa-
tion), which provides a dust density between nd = 2.1× 1013

m−3 and nd = 1.1× 1014 m−3, for dust radius a= 140 nm,
depending on the assumed material and its complex refractive
index. As a consequence, the dust charge is estimated in the
range qd ≊ 273 – 2519 elementary charges.

4. Discussion

The dust charge density qdnd = N̂e = 4.15× 1016 m−3 indic-
ates that the number of dust-confined electrons largely exceeds
the free electron density (ne < 2× 1015 m−3 (see section C
in Supplementary Information). This effect is captured by the
Havnes parameter [46]:

P= 4 πε0a
Te
e
nd
ni

≊ 0.2− 3.2, (6)

given the same set of parameters as before, using nd = 2.1×
1013 m−3 − 1.1× 1014 m−3 and ni = 1× 1016 m−3 − 4× 1016

m−3. The dust charge measurements by Tadsen et al [42]
were performed under conditions where the free electron dens-
ity was severely depleted (P ≈ 10 – 50) and found much
lower values for the dust charge, i.e. qd ≈ 10 – 60 elementary
charges. Although the dusty plasma considered in this work
suffered from electron depletion, the effect was not as severe
as in the work of, e.g. Tadsen et al [42] and Deka et al [44].

To account for electron depletion, the dust charge is evalu-
ated theoretically using the OML theory with the density and
temperature of the electrons and ions as before. Using the
OML theory, the electron and ion current towards the dust
grain with floating potential Vd are described as:

Ie =−eπa2 nevTe exp

(
eVd

kBTe

)
, (7)

Ii = eπa2 nivTi

(
1− eVd

kBTi

)
, (8)

where vTs =
√

kBTs
2 πms

with species s= e, i for electrons and

ions, respectively. Balancing equations (7) and (8), the float-
ing potential of the dust grain provides a theoretical dust grain
charge in the range:

qd = 4 πε0aVd ≊ (−189 e)− (−386 e), (9)

using the same (pure argon) plasma parameters as
before (Te = 3 eV, Ti = 0.026 eV, ne = 2× 1015 m−3,
ni = 1× 1016 m−3 – 4× 1016 m−3, a= 140 nm). For the pur-
pose of comparison, the dust charge is also evaluated by setting
ne = 4× 1016 m−3, which results in a theoretical charge of
−688 e in case the electrons are not depleted. Consequently,
the non-depleted OML charge (qd =−688 e) provides an
upper bound for our measurement, and measurements per-
formed under severe electron depletion provide a lower bound
(qd = (−10 e)− (−80 e) [42, 44]). Moreover, this demon-
strates that an accurate measurement of the dust density is
necessary to eliminate the uncertainty in the dust charge in
order to perform a quantitative comparison to the theory and
literature.

There are two important adaptations to the basic OML the-
ory that are applicable to the experimental conditions con-
sidered in this work. First, Tang and Delzanno [69] found that
accounting for the ion density response to the presence of dust
grains often leads to a significant increase of the dust charge,
but this does not apply in our case because the dust grain
radius is much smaller than the electronDebye length. Second,
the effect of ion-neutral collisions is apparent for sufficiently
small Knudsen numbers, where KnR0 = 24 under our condi-
tions according to the definition by Gatti and Kortshagen [35].
This implies that the transition regime between the collision-
less (OML) and the collision-enhanced regime is applicable,
and that a charge reduction due to ion-neutral collisions can be
expected. Nevertheless, the OML prediction seems to provide
a reasonable expectation for the dust grain charge under the
conditions considered in this work.
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5. Conclusion

In conclusion, the negative surface charge of dust grains
immersed in a low-pressure dusty plasma was probed by
exposing them to pulsed laser irradiation. As a consequence,
laser-induced electron detachment caused a sudden change in
the free electron density, which was measured time-resolved
using MCRS. The results demonstrate that electrons were
quickly removed from the dust grains due to photodetach-
ment and, subsequently, that the dust grains recharged to their
steady state charge on timescales predicted by OML theory.
The total dust charge density was used in combination with the
estimated number density of dust grains to calculate a mean
dust charge. Comparing the experimental dust charge in the
range 273 – 2519 (elementary charges) to the OML theory,
it was found that the OML prediction, i.e. 189 – 386 (ele-
mentary charges), is close to the experimental lower bound.
However, experimental findings by others [42, 44] are much
lower due to severe electron depletion under their (different)
conditions. More detailed knowledge of the complex refract-
ive index (e.g. by ex-situ measurement of the refractive index
of a collected dust sample) and radius such as measured by
Groth et al [45] would lead to an improved accuracy of the
measured dust charge, and consequently, facilitate a quant-
itative comparison and evaluation of the OML theory. For
future experiments, we are currently investigating different
options to measure the dust particle properties in-situ, such
as the dust density and size, and to determine the refract-
ive index ex-situ, which could be combined with dust charge
density measurements for the accurate determination of the
dust charge.
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