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An experimental determination of particle charge in a bulk dc discharge plasma covering a wide range of
neutral gas pressures, was recently reported �S. Ratynskaia et al., Phys. Rev. Lett. 93, 085001 �2004��. The
charges obtained were several times smaller than the predictions of collisionless orbital motion limited theory.
This discrepancy was attributed to the effect of ion-neutral collisions. In the present paper a more detailed
description of this experiment is provided and additional experimental results obtained with particles of dif-
ferent sizes are reported. The measurements are compared with molecular dynamics simulations of particle
charging for conditions similar to those of the experiment, with other available experimental data on particle
charge in the bulk of gas discharges, and with a simple analytical model accounting for ion-neutral collisions.
All the considered evidence indicates that ion-neutral collisions represent a very important factor, which
significantly affects �reduces� the particle charge under typical discharge conditions.
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I. INTRODUCTION

Complex �dusty� plasmas consist of ionized gases con-
taining charged particles �grains� of condensed matter. Dust
and dusty plasmas are quite natural in space: e.g., in plan-
etary rings, comet tails, and interplanetary and interstellar
clouds �1–3�. Dust particles are often present in plasmas used
for industrial applications �4,5� and in thermonuclear facili-
ties with magnetic confinement �6,7�. In laboratory condi-
tions, depending on the strength of the interaction between
the grains, complex plasmas can exhibit properties of crys-
tals, liquids, and gases. In addition, the overall dynamical
time scales associated with the grain component are rela-
tively long and the grains can be easily visualized. The
unique feature of observing kinetic properties in real space
and time makes it possible to study generic universal pro-
cesses �e.g., phase transitions, crystallization, transport, wave
phenomena, self-organization, and scaling in fluid flows,
etc.� in a detail not accessible so far, and at a more funda-
mental level �8–12�. Not surprisingly, the field of complex
�dusty� plasmas has received considerable attention and has
shown rapid sustained growth over the last two decades.

The particle charge is one of the most important param-
eters of complex plasmas. In typical laboratory experiments
using gas discharges the �negative� charge on a grain is de-
termined by the balance of electron and ion fluxes to its
surface. To calculate these fluxes the orbital motion limited
�OML� theory �see, for example, Refs. �13,14�� is usually
used. This approach deals with collisionless electron and ion
trajectories in the vicinity of a small individual probe �dust
particle� and allows the determination of the cross sections
for electron and ion collection only from the conservation of
energy and angular momentum. However, the assumptions
underlying OML theory are seldom met in real dusty plas-
mas. Let us discuss three major reasons, which can make the
OML approach inapplicable.

The first is associated with finite dust density in experi-
ments and is known as the effect of “closely packed” grains.

This effect is twofold. The grain component contributes to
the quasineutral condition, making the ion density larger than
the electron density �15�. This increases the ratio of the ion-
to-electron flux and hence reduces the absolute magnitude of
the grain charge compared to the case of an individual grain.
The strength of the effect can be characterized by the value
of the parameter P=Znd /ne �often called the Havnes param-
eter�, where Z is the absolute magnitude of grain charge in
units of elementary charges and nd�ne� is the grain �electron�
density. The charge tends to that of an individual particle
when P�1, while it is reduced considerably for P�1. In
addition, when the interparticle separation � is smaller than
the plasma screening length �, then the ion and electron tra-
jectories are affected by interactions with neighboring par-
ticles, thus influencing grain charging. Barkan et al.�16�
demonstrated experimentally that the effect of closely
packed grains can lead to substantial charge reduction.

The second reason is associated with the fact that OML
theory presumes the absence of a barrier in the effective po-
tential energy Ueff of interaction between the dust grain and
plasma particles. The barrier is absent for repulsive interac-
tion �i.e., for the electrons� but can be present for attractive
interaction �i.e., for the ions�. It can be shown that the barrier
is absent only when the electrostatic potential around the
grain decays more slowly than 1/r2 �17�. In reality, however,
the potential scales as propontional to 1/r close to the grain,
propontional to 1/r2 far from it, and at intermediate distances
the potential can decrease faster. As a result, a barrier in Ueff
exists for ions moving toward the grain and some �low en-
ergy� ions are reflected from this barrier and cannot reach the
grain surface. This effect leads to a decrease in the ion cur-
rent compared to OML theory and, hence, to an increase in
Z. For a Maxwellian ion velocity distribution there are al-
ways sufficiently slow ions, which are reflected from the
barrier in Ueff �18�. However, it can be shown that for a
model Debye-Hückel �Yukawa� interaction potential the cor-
rections to the OML model are negligible as long as the grain
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radius is considerably smaller than the screening length
�12,19,20�. The same conclusion is drawn in Ref. �14� from a
consistent solution for the surface potential, electrostatic po-
tential distribution around the grain, and the distribution of
ion trajectories.

The third reason is due to collisions. In the OML ap-
proach collisions of electrons and ions with neutrals are ne-
glected on the basis that the electron and ion mean free paths
�e�i� are long compared to the plasma screening length �21�.
However, theory has shown that ion-neutral charge-exchange
collisions in the vicinity of a small probe or dust grain can
lead to a substantial increase in the ion current to their sur-
faces even when �i is larger than � �22–24�. An increase of
the ion current to cylindrical Langmuir probe at moderate
pressures is also a known effect, which is attributed to ion-
neutral collisions �25–28�. The enhancement in the ion cur-
rent can considerably reduce the grain charge.

The problems in applying OML theory to real complex
plasmas show the importance of experimental investigations
of particle charging. So far most of the experiments were
performed in sheath or striation regions of discharges
�29–35�. The comparison with theory is complicated here
due to a strong plasma anisotropy, non-neutrality, presence of
“suprathermal” ions and electrons, etc. In addition to the
charging model one needs to choose an appropriate model
for the sheath, which is itself a sophisticated task.

Recently experimental results on grain charges in a bulk
dc discharge plasma extending over a wide range of neutral
gas pressures were reported by Ratynskaia et al.�36�. The
charges obtained were several times smaller than predicted
by the collisionless OML model, which was attributed to the
effect of ion-neutral collisions. In the present paper we pro-
vide more details on the experiment, the theoretical models
used, and the validity of the approximations employed in
Ref. �36�. Additional experimental results obtained with
grains of different sizes are presented. A simple analytical
approximation of charge dependence on “ion collisionality”
proposed by Lampe et al. �24� is shown to agree well with
the experimental results. The obtained results are also com-
pared with other available measurements of grain charge in a
bulk plasma. The results of this analysis clearly demonstrate
that under typical experimental conditions in laboratory com-
plex plasmas the particle charge is considerably reduced
compared to the prediction of the OML theory.

II. EXPERIMENT

A. Experimental setup

The experiment is performed with the Plasma Kristall-4
�PK-4� facility. This is an experimental project for investi-
gating complex dc and combined dc/ rf plasmas under micro-
gravity conditions onboard the international space station
�ISS� after 2007 �37�. The PK-4 facility is particularly suited
to study phenomena in fluid flows of complex plasmas in the
“liquid” state. First experiments have been conducted in the
laboratory and in parabolic flight campaigns in a German-
Russian collaboration. The experiments described in this pa-
per were done in ground-based conditions.

A dc discharge is operated in a 35 cm long U-shaped glass
tube with a radius of R=1.5 cm filled with neon gas at pres-
sures 20–150 Pa and at a current of 1 mA �voltage of
�1–3 kV�. The setup is sketched in Fig. 1. The complex
plasma is formed by injecting spherical Melamine-
formaldehyde particles with mass density of 1.51 g/cm3 into
the discharge. The radii of the particles used in the experi-
ment are a�0.6, �1.0, and �1.3 �m. The injected particles
are captured by the plasma and, being charged negatively,
drift against the discharge electric field in the horizontal part
of the tube �see Fig. 1�. For the grain sizes used in our ex-
periments the weak ambipolar radial electric field in the bulk
plasma is sufficient to compensate against gravity so that in
radial direction the grain cloud is confined to a relatively
narrow region near the axis of the tube.

The particle flow is illuminated by a laser sheet with a
width of 100±30 �m. The particle motion is recorded by a
charge-coupled device video camera with a field of view of
6.4�4.8 mm2 and rate of 120 frames per second. Each im-
age corresponds to an exposure time of 8 ms. The measure-
ments are taken with the camera positioned as shown in Fig.
1. It was confirmed that the particle dynamics is essentially
the same along the tube. The dust number density nd can be
estimated by counting the number of particles in single video
images. The grain velocities Vd can be obtained by tracking
individual particles through the video sequences or measur-
ing the length of a particle track in a single image. The
velocities of the grains exhibit no radial dependence, appar-
ently due to small radial extent of the cloud compared to the
radius of the tube.

Probe measurements of plasma parameters are performed
in the absence of grains �37�. For the relatively small dis-
charge current used in experiment, care must be taken to
minimize probe size in order to avoid significant plasma per-
turbation and correspondingly, to minimize the size of the
probe holder to avoid its influence on the probe measure-
ments �38�. The probe used has a length of 4.5 mm and a
radius of 25 �m. The radius of the probe glass holder is
decreasing from 0.3 to 0.1 mm near the probe tip. To de-
crease the effect of plasma potential fluctuations, the mea-
surements of the probe potential were performed with respect
to a reference probe of similar dimensions installed in the
vicinity of the measuring probe. At the same time the mea-
surements of the probe current were performed using the
anode electrode. For the plasma parameters and probe di-
mensions used in the experiment, the electrons are in the
collisionless regime and, thus, the Druyvesteyn formula is
used to calculate the electron density ne and the electron

FIG. 1. Sketch of the experimental setup.
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temperature Te �38�. The maximum of the first derivative of
the probe current is used to estimate the plasma potential
�38�.

Results of the probe measurements of averaged values of
ne , Te, and longitudinal electric field E, performed at the
tube axis along with the linear fits used in the calculations
below, are presented in Fig. 2. These linear fits are ne= �0.9
+0.03p��108 cm−3 ,Te=8.3−0.02p eV, and E=2.1 V/cm,
where p is the pressure in Pascals. The axial values of
plasma parameters are of interest for the analysis of experi-
mental data because the particles form a cloud near central
axis of the tube. The ion temperature is assumed to be close
to the neutral gas �room� temperature, Ti�Tn�0.03 eV, for
the pressure range used.

B. Experimental procedure

We study the dynamics of particles of different size vary-
ing neutral gas pressure p and the number of injected par-
ticles Nd �controlled by settings of the particle dispenser�,
which allows us to change the particle number density nd in
the cloud. We then determine the grain charge by two differ-
ent methods. �i� For a sufficiently low Nd the flow is stable
for all pressures studied. The flow pattern is recorded for a
number of different pressures. The charge can then be esti-
mated from the force balance condition using the measured
particle velocities. �ii� For larger Nd �and larger nd� an easily
identifiable transition to unstable flow �with a clear wave
behavior� occurs at a certain threshold pressure p*, which
can be found experimentally with an accuracy of about 1 Pa
�36,39�. A typical illustration of the transition to an unstable
flow is shown in Fig. 3. This transition is a manifestation of
the ion-dust streaming instability, caused by the relative drift
between the particles and the ions. The value of p* depends
on nd �shifting toward higher pressures when nd is in-
creased�. The charge can be estimated from a linear disper-
sion relation describing the transition of the particle flow to
the unstable regime at p*. The force balance condition for
pressures above p* can also be used to estimate the charge.
The detailed description of the theoretical models used in
estimating the particle charge is given in Sec. III.

C. Effect of dust on discharge parameters

In order to estimate the particle charge from experimental
observations, we have to know the plasma parameters. The

latter are taken from the probe measurements performed in
the absence of dust in the discharge. This requires that the
effect of particles on discharge conditions is weak. Let us
estimate when such an assumption is reasonable.

We adopt a simplified model for a positive column of a dc
discharge without dust �40�. In this model the losses of elec-
trons and ions to the walls of the tube �losses due to volume
recombination are negligible in our case� are compensated
by electron impact ionization. This requirement determines
the electron temperature. The balance of the energy that elec-
trons gain from the electric field and lose in the process of
ionization and absorption on the walls �losses due to elastic
electron-neutral collisions are small in our pressure range�
yields a relation between the longitudinal electric field E and
Te. At a constant discharge current the average plasma den-
sity can be estimated from the electric field and electron
mobility. Estimations of plasma parameters made with this
simple model reproduce well the qualitative features of the
probe measurements, i.e., weak decrease of Te with p, almost
constant electric field, and a linear increase of ne with pres-
sure. The quantitative difference between the estimated and
measured values does not exceed a factor of 2.

The dust particles contribute to the momentum and energy
exchange for electrons and ions and increase their losses. We
use the ideas discussed in Refs. �41,42� to get a rough esti-
mate of the conditions when the particle component starts to
affect the discharge parameters significantly. This is expected
to happen when the characteristic frequencies of the pro-
cesses associated with the presence of particles become com-
parable to the frequencies of the same processes without the
particles. We consider three processes: electron absorption
on the particles, and momentum and energy exchange in
electron-particle collisions. It can be shown that the charac-
teristic frequencies of all three processes are practically the
same �with the accuracy of a numerical coefficient of the
order of unity�,

�e � �8	a2ndvTe
, �1�

provided the condition z�Ze2 /aTe
1 is satisfied. For sim-
plicity we assume that the particles are distributed uniformly

FIG. 2. Results of probe measurements �37�; electron tempera-
ture �circles�, electron density �squares�, and electric field �tri-
angles�. Dashed lines correspond to linear fits �see text�.

FIG. 3. Particle flow just above the threshold pressure at p
�56 Pa �upper figure� and below it at p�53 Pa �lower figure� for
the grains of radius a�0.6 �m. The grain number density
nd=2.3�105 cm−3. Both pictures have a field of view of
6.4�4.8 mm2. The center of the tube is located at the lower edge of
the pictures.
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in the discharge tube. In this way we will overestimate the
influence of dust, because in the experiments the radial ex-
tent of the particle cloud is always small compared to the
tube radius.

The electron mobility is not affected if the momentum
transfer frequency in electron-dust collisions is smaller than
that in electron-neutral collisions. For the latter we have
�en�nn�envTe

, where nn is the density of neutrals, vTe

=�Te /me is the electron thermal velocity, and �en is the mo-
mentum transfer cross section for electron-neutral collisions,
�en�2�10−16 cm2 in neon plasma with Te�1 eV �43�. Us-
ing Eq. �1� the condition �e�en becomes p /a2nd�10−6,
where p is in Pa, a is in �m, and nd is in cm−3. This inequal-
ity is always satisfied in our case. The losses of electrons and
their energy in a dust-free discharge are characterized by a
frequency �L�DA/L2, where DA�Di�Te /Ti� is the coeffi-
cient of ambipolar diffusion, Di�vTi

2 /�in is the diffusion co-
efficient of ions, �in=nn�invTi

is the momentum transfer fre-
quency in ion-neutral collisions, and L�2.4R �40�. The
condition �e�L with the help of Eq. �1� yields the inequal-
ity pa2nd
 �1.1TevTi

/�inR2vTe
�, under which the presence of

dust does not affect loss of electrons and their energy. Insert-
ing Te�7 eV, �in�10−14 cm−2 , R=1.5 cm we get pa2nd

1.5�106, where again p is in Pa, a is in �m, and nd is in
cm−3.

We see from these estimates that the effect of the dust
component can be important for sufficiently large particle
column density a2nd—a result which is intuitively expected.
This mainly limits the applicability of the linear dispersion
relation method because higher particle densities are required
to produce unstable flows at higher pressures. In practice we
used this method for smaller grains only, at particle density
below nd�4�105 cm−3 �corresponding to p* of approxi-
mately 60 Pa�. Although these numbers give us an acceptable
pressure range 0.1
 p
10 Pa, we recall that our consider-
ation overestimates the influence of dust. An experimental
confirmation that the plasma parameters are not strongly
modified by the presence of particles can be derived from the
observation that the flow velocity is insensitive to Nd�nd�.
This is illustrated in Fig. 4, which shows the measured par-
ticle velocity as a function of pressure for particles of radius

a�0.6 �m and three different values of nd. We see that the
difference in the velocities is insignificant as long as nd

4�105 cm−3. For larger particles we observed that the
flow velocity starts to increase with Nd at lower particle den-
sities. We attribute this to non-negligible effect of dust on
plasma parameters. Consequently, we do not use the linear
dispersion relation method for large particles. For the force
balance method the settings of the dispenser were adjusted to
provide the lowest possible value of nd�104–105 cm−3 in
order to minimize the effect of dust on discharge parameters.

The presence of the particles affects the charge composi-
tion of the complex plasma cloud through the quasineutrality
requirement, ne+Znd=ni. When the particles do not contrib-
ute to the balance conditions for the electrons, the average
value of ne is unaffected by the presence of particles at a
constant discharge current I�neue �where ue is the electron
drift velocity�, because neither the electron mobility nor Te
and E is modified. In this case we expect ni to somewhat
increase to ensure charge neutrality.

III. THEORETICAL MODELS

Below we present the theoretical basis for the two meth-
ods used for charge estimation.

A. Force balance method

The velocity of particles in a stable flow is determined by
the balance of the forces acting on them: The electric force
Fel=−ZeE, the neutral drag force Fn=−md�dnVd, the ion drag
force Fi=md�di�ui−Vd��md�diui, and the electron drag force
Fe=md�de�ue−Vd��md�deue. Here md is the dust particle
mass, ui�ue� is the ion �electron� drift velocity, and �dn ,�di,
and �de are the effective momentum transfer frequencies in
dust-neutral, dust-ion, and dust-electron collisions, respec-
tively. For our conditions the electron drag force is almost
two orders of magnitude smaller than the ion drag force due
to the large value of electron-to-ion temperature ratio �
=Te /Ti �see Ref. �44� for details�. Thus, the force balance is
given by

Fel + Fi + Fn � 0. �2�

For the momentum transfer in dust-ion collisions we use

md�di = �8�2	/3�a2nimivTi
	1 +

�T

2

�

a
+

�T
2

4

�2

a2 �
 , �3�

where mi is the ion mass, vTi
=�Ti /mi is the ion thermal

velocity, and �=2�0
�exp�−x�ln��2x+�T� / �2ax /�+�T��dx is

the modified Coulomb logarithm integrated over the Max-
wellian velocity distribution function for ions �45�. We have
introduced the thermal scattering parameter �T=Ze2 /Ti�,
which is essentially the ratio of the Coulomb radius for ion-
particle interaction, RC=Ze2 /Ti, to the plasma screening
length � �45–47�. This parameter characterizes ion coupling
to the particle: coupling is weak when �T�1�RC��� and is
strong in the opposite limit. In deriving Eq. �3� Yukawa po-
tential for ion-grain interaction is accepted and a subthermal
ion drift �ui
vTi

� is assumed, which also implies that the

FIG. 4. Particle flow velocity Vd vs neutral gas pressure p for
three values of particle number density. Circles correspond to
nd�105 cm−3, squares to nd�4�105 cm−3, and triangles to
nd�4�105 cm−3 �the image resolution does not permit more accu-
rate estimate of nd in this case.�
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effective screening length is close to the ion Debye radius,
���Di=�Ti /4	e2ni �48,49�. Expression �3� is applicable for
weak and moderate coupling between the particle and the
ions, �T
5 �45–47�, which is the case for the relatively
small grains and plasma conditions investigated. In addition,
it is derived for collisionless ions: ion mean free path should
be large compared to the characteristic length scale of ion-
grain interaction ��RC for ��1 and �� for ��1�. This
condition is not always satisfied in our experiment so we also
considered the model of Ref. �50� developed for the ion drag
force in a collisional plasma in the regime of weak ion-grain
coupling ���1�, which predicts an enhancement in the force
at �i��. However, under the conditions investigated this
model yields the ion drag force which is considerably
smaller than that from Eq. �3�. Thus, the effect of moderate
ion-grain coupling is apparently more important in the
present experiment. In addition, for “high” pressures �p
�50 Pa� the ion drag force, calculated with the use of Eq.
�3�, is a small fraction of the electric force and some inaccu-
racy introduced by neglecting collisions should not signifi-
cantly affect the charge estimation in this case.

The ion drift velocity is determined by ion-neutral and
ion-dust collisions, ui�eE /mi�i

eff, where �i
eff=�in+�id, where

�id=�di�mdnd /mini� is the momentum loss frequency of the
ions in ion-dust collisions. For �in we use �in=nn�invTi

, with
a constant effective momentum transfer cross section which
takes into account both charge exchange and polarization
interaction, �in�10−14 cm2 �51,52�. For most of the complex
plasma conditions investigated here �in is considerably larger
than �id.

For the momentum transfer in dust-neutral collisions we
have md�dn= �8�2	 /3��a2nnmnvTn

, where mn and vTn
are the

mass and thermal velocity of neutrals, respectively �53�. The
numerical factor �=1+	 /8�1.4, corresponding to diffuse
scattering with full accommodation is consistent with recent
experimental results �54�.

B. Linear dispersion relation method

Though linear theory might not be applicable to describe
the nonlinear wave modes observed in the experiment, it
should be adequate to predict the onset of self-excited waves
at p*. The dispersion relation can be written in the form

1 + �e + �i + �d = 0, �4�

where �e ,�i, and �d are the susceptibilities of the electron,
ion, and dust components, respectively. In deriving a disper-
sion relation for very low frequency waves associated with
the dust dynamics we use static susceptibilities of electrons
and ions. Assumption of the Boltzmann response for the
electrons yields

�e = �k�De�−2, �5�

where k is the wave number and �De=�Te /4	e2ne is the
electron Debye radius. The effect of the electron drift in the
discharge electric field can be also incorporated �see, e.g.,
�36��, but it is negligible in our case. The static susceptibility
of the ion component within the hydrodynamic approach,

taking into account ion drift and collisions, can be written as
�55–58�

�i =
�pi

2

k2vTi

2 + kui�i�i
eff − kui�

, �6�

where �pi=vTi
/�Di is the ion plasma frequency. The same

result can be obtained for collisional ��i
eff�kvTi

� Maxwellian
ions within a kinetic approach using the model Bhattnagar-
Gross-Krook collision integral �see e.g., �59��. We note that
for the range of threshold pressures studied the ion drift is
subthermal, uivTi

. This implies that the deviation of the ion
velocity distribution function from the shifted Maxwellian,
which can be quite significant for ui�vTi

�60–62�, is small.
The susceptibility of the drifting “cold” �Vd�vTd� dust com-
ponent is

�d = −
�pd

2

�� + kVd��� + kVd + i�dn�
, �7�

where � is the wave frequency and �pd=�4	Z2e2nd /md is
the dust plasma frequency. Equations �4�–�7� identify the dis-
persion relation used in this work. �Note that there is a mis-
print in Ref. �36� in the dust grain susceptibility ��d�, where
� appeared instead of �+kVd.�

C. Numerical solution

We solve Eqs. �2� and �4� numerically using the plasma
parameters taken from the probe measurements and the
quasineutrality condition. Thus, in our calculations
ni , �di , �id , ui , �pi, and �pd are functions of the particle
charge only. Equation �2� is solved directly, yielding the par-
ticle charge. Solution of the dispersion relation �4� gives the
dependence of �=�r+ i�i on the wave number k for a given
particle charge. The charge is then determined by matching
the experimental observations: Stable mode ��i0 for all k�
above the threshold pressure p* and unstable mode ��i�0
for a range of k, corresponding to experimentally found
wavelengths� below p*. An illustration of such a solution is
shown in Fig. 5.

IV. MOLECULAR DYNAMICS SIMULATIONS

To have an independent verification of the charge esti-
mates described above, molecular dynamics �MD� simula-
tions of particle charging have been carried out for condi-
tions similar to the experiment. The simulations are
performed using a code originally developed by Zobnin et al.
�22� to study the effect of ion-neutral collisions on the charg-
ing of an individual particle in a quasineutral plasma. The
following modifications are made to the code to take into
account the effect of finite particle density. A grain is placed
in a spherical cell with the radius equal to the Wigner-Seitz
radius � 4	

3 nd
�−1/3. The number of the ions inside the cell is

chosen so that the “global” electron number density corre-
sponds to the value found from probe measurements. Elec-
trons obey the Boltzmann distribution inside the cell. The
equations of motion for the ions are solved including for
ion-neutral charge-exchange collisions and ion absorption on
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the particle surface �with sticking coefficient equal to unity�;
the outer boundary condition is specular reflection. Finally,
the loss of the ions absorbed on the particle surface is com-
pensated by creation of new ions. These new ions have a
Maxwellian velocity distribution corresponding to the neu-
tral gas temperature. The probability to be created in a cer-
tain region within the cell is proportional to the local electron
number density.

The charges obtained using this modified code are smaller
than those obtained with the original code. This is caused by
an increase in the ion density compared to the electron den-
sity �effect of closely packed grains�. However, the differ-
ence is not very significant �usually less than 10%� for the
conditions investigated. For this reason we use only the re-
sults of MD simulations obtained for an individual particle.

V. ANALYTICAL APPROXIMATION FOR GRAIN
CHARGING

In this section we present a simple analytical approxima-
tion which takes into account the effect of �rare� ion-neutral
collisions on the particle charging.

Schulz and Brown �63� and Zakrzewski and Kopiczinski
�25� made the following argument for the role of ion neutral
collisions in the perturbed plasma region �“sheath” in their
notation� around a probe. They noted that the collisions in
the sheath cause the destruction of the ion orbital motion.
When an orbiting ion makes a collision in the sheath it will
lose energy and be trapped in the region of high negative
potential. Such an ion cannot escape and will eventually
reach the probe surface. Especially effective are charge-
exchange collisions which lead to a substitution of the origi-
nal ion by a low energy ion ”created” from neutrals. In this
case essentially every charge-exchange collision in the
sheath will result in an ion absorption on the probe surface,
either directly or through subsequent collisions. Thus, when
an average ion experiences not too many collisions in the
perturbed plasma region, the collisions lead to an increase in

the ion flux to the probe. On the other hand, when the gas
pressure is so high that ions make many collisions on their
way to the probe, then their motion is controlled by mobility.
Mobility decreases with pressure and so does the ion flow.
These arguments are used to explain a maximum in the ion
current collected by a negatively biased probe occurring with
increasing neutral gas pressure �25,27,28�.

To obtain an approximation for the ion current to the par-
ticle in the presence of ion-neutral collisions we use the ideas
discussed by Zakrzewski and Kopiczinski �25� and more re-
cently by Zobnin et al. �22� and Lampe et al. �24�. First let
us define a relevant �for this particular problem� length scale
for the perturbed plasma region, R0. Since the energy of an
ion after charge-exchange collision is �Tn�Ti it is conve-
nient to assume that R0 can be determined from the condition
�U�R0���Ti, where U�r� denotes the potential energy of ion-
grain interaction. For the Yukawa potential the radius of the
perturbed region normalized to the plasma screening length,
R0 /�, is given by the root of the transcendental equation
�T exp�−x�=x, where �T=z��a /��. For weak ion-grain cou-
pling ��T�1� we have R0RC, while for moderate coupling
��T�1� we have R0��.

We consider here the weakly collisional regime for the
ions, characterized by the condition �i�R0. Beyond the
sphere of radius R0 the plasma density is weakly perturbed,
ions have Maxwellian velocity distribution and their random
flux into the perturbed region is given by IR0

��8	R0
2nivTi

.
The probability for an ion to experience charge-exchange
collision inside the perturbed region can be roughly esti-
mated as �R0 /�i, provided R0 /�i1. As discussed above
the ion after the collision is very likely absorbed on the par-
ticle. Thus, the net ion flux on the particle is simply given by
the sum of the OML flux IOML=�8	a2nivTi

�1+z�� and the
”collisional” contribution �IR0

− IOML��R0 /�i�. This leads to
the expression derived by Lampe et al. �24�

Ii � �8	a2nivTi
�1 + z� + �R0

3/a2�i�� . �8�

In view of the numerous approximations made in deriving
expression �8� it is convenient to further simplify it. We note
that the last term in the parentheses in Eq. �8� can be rewrit-
ten in the form H��T�z2�2�� /�i�, where H��T�= �R0 /��3�T

−2.
The dependence H��T� is plotted in Fig. 6. The function H
has the following asymptotes: For �T�1 we have H��T,
while for �T�1 we have H��T

−2ln3�T. In the parameter

FIG. 5. �Color online� Numerical solution of the linear disper-
sion relation �4�. The dust number density and threshold pressure
correspond to those of Fig. 3. Real and imaginary parts of � are
given by solid and dashed lines, respectively �note that the imagi-
nary parts are multiplied by a factor 10�. Upper �lower� lines cor-
respond to p=53 �56� Pa. Particle charge number in this calculation
is Z=2�103.

FIG. 6. Dependence of the function H on the thermal scattering
parameter �T �for details see text�.
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regime 0.1
�T
10, typical for laboratory complex plas-
mas, H is a relatively weak function of �T with the charac-
teristic value H�0.1. Neglecting also unity compared to a
large factor z� we get

Ii � �8	a2nivTi
z��1 + 0.1z���/�i�� , �9�

From Eq. �9� we can see that the contribution to charging
flux due to ion-neutral collisions is dominant when �i

0.1z��. For typical dusty plasma parameters z�1 and
��100 collisions affect particle charging even when the
mean free path is an order of magnitude larger than the
screening length.

To calculate the particle charge it is necessary to equate
the ion flux to the electron flux, Ie=�8	a2nevTe

exp�−z�. If
Eq. �9� is used for the ion flux, then z depends on � and � /�i,
but is independent of the ratio a /�. There is a case when the
approximate expression for z is particularly simple; namely,
assuming 0.1z��� /�i��1 and z
1 we get from the flux bal-
ance z��3/���vTe

/vTi
�1/2��i /��1/2, which can be used for

rough estimations of particle charge in laboratory experi-
ments.

VI. RESULTS AND DISCUSSION

The experimental results for three different particle sizes
are presented in Fig. 7. For the smallest particles both ex-
perimental methods demonstrate good agreement. For two
larger particles only the force balance method is used.
The error bars correspond to the uncertainties in
nd �50% � ,ne �30% � ,E �10% �, and Vd �15% �. Both meth-
ods are quite insensitive to the value of Te. As seen from Fig.
7 the charges found from MD simulations agree well with
the experimental results. Some discrepancies can be attrib-
uted to the simplifications made in estimating the charge
from experiments.

Figure 7 also shows the results of calculations using dif-
ferent theoretical models. Dotted lines correspond to a modi-
fication of the collisionless OML theory, which takes into
account the effect of a finite particle number density, i.e., the
dust contribution to the quasineutrality condition. In the sim-
plest approximation the charging equation is vTe

exp�−z�
=vTi

�1+z���1+ P� �12�. Two lines in each figure correspond
to the maximum �lower line� and minimum �upper line� val-
ues of the Havnes parameter P, which are estimated from
experimentally determined charges and particle densities. We
see from Fig. 7 that even with the finite particle density taken
into account the collisionless OML theory overestimates con-
siderably the charge compared to the results of experiments
and MD simulations. It is important to note that the largest
values of P occur at low pressures due to low plasma density
and high particle charge. For “high” pressures �p�50 Pa�
the Havnes parameter is considerably smaller than unity, and,
in addition, � /��1. This implies that quasineutrality is
weakly affected by the particle component, and so are elec-
tron and ion trajectories by neighboring grains. This leads us
to the conclusion that the effect of closely packed grains is
insignificant in this pressure range. Our experiment was
performed in the regime of moderate ion-grain coupling

��T
5 for largest particles� and hence the effect of the bar-
rier in the effective potential energy can be neglected as well
�20�. Therefore, the dramatic charge suppression �up to 3–4
times� at high pressures is attributed mainly to the effect of
ion-neutral collisions.

Solid lines in Fig. 7 correspond to a simple analytical
approximation for the particle charge in the weakly colli-
sional regime for the ions. They are calculated using expres-
sion �8� for the ion flux and assuming an individual particle
�ni�ne�. The dependence of plasma parameters on the neu-
tral gas pressure is taken from the probe measurements. Fig-
ure 7 demonstrates good agreement of these calculations
with the results of experiments and MD simulation. Hence,
the simple analytical approximation provides not only a cor-
rect qualitative picture of the effect of ion-neutral collisions
on particle charging but also can be used for quantitative
estimations. We point out here that the experimental data for
lowest pressures, for which the deviation from the analytical

FIG. 7. �Color online� Particle charge number Z as a function of
neutral gas pressure p for three different particle radii: a�0.6 �a�,
�1.0 �b�, and �1.3 �m �c�. Symbols correspond to the particle
charge obtained from experiments �force balance for low number of
injected particles �open circles�; force balance for pressures above
the threshold �open squares�, solution of dispersion relation �solid
squares�� and from MD simulations for individual particles �solid
diamonds�. The areas between two dotted lines in each figure cor-
respond to the charge given by the collisionless OML model modi-
fied to take into account a finite particle density for the Havnes
parameters �calculated from experimental data� in the ranges 0.2
 P3 �a�, 0.3 P2 �b�, and 0.4 P1 �c�. Solid lines show
calculations using an analytical approximation of Eq. �8� for the ion
flux to the particle in a weakly collisional regime for the ions.
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results and numerical simulations is relatively large, may
contain significant systematic errors as discussed in Sec. VII.

Let us compare the obtained results with other available
experimental results on particle charges in the bulk plasmas
of gas discharges.

The first two experiments we take for comparison were
performed under microgravity conditions with the use of the
PKE-Nefedov facility operating onboard the ISS �64�. They
employ a symmetrically driven parallel plate capacitively
coupled rf discharge. The particles injected in the discharge
form a cloud between the electrodes. It is possible to excite
the waves in the particle cloud by applying a low frequency
modulation voltage to the electrodes. The charge can then be
estimated by comparing the measured dispersion relations
with the theoretical ones. In this way the dimensionless
charge was found to be z�0.4 �at p�25 Pa argon gas pres-
sure� �55� and z�0.8 �at p�12 Pa argon gas pressure� �56�.
The results of these experiments are shown in Fig. 8 by open
and solid diamond, respectively. The errors were not esti-
mated, but it is rather unreasonable to expect an accuracy
better than �50% in both z and � /�i due to uncertainties in
plasma parameters and approximations made in deriving the-
oretical dispersion relations.

Another experimental method to determine the particle
charge reported recently is based on gravity-driven heavy

“test” particle collisions with smaller particles levitating in
the quasiisotropic region of an inductively coupled rf dis-
charge plasma �65�. A heavy particle falls down in a vertical
glass tube and interacts with the cloud of small particles
suspended in the diffuse edge of the discharge. The interac-
tion process is recorded with a high-speed video camera and
individual elastic collisions are analyzed. Assuming the
Yukawa potential around each particle both the particle
charge and effective screening length can be estimated. In
Ref. �65� the particle charge was estimated for three different
pressures of neon gas �20, 30, and 50 Pa�. The results are
shown in Fig. 8 by solid downward pointing triangles. Error
bars correspond to �40% uncertainty in z �due to �30%
uncertainty in Z and Te�, and �30% uncertainty in � /�i.

In Fig. 8 we combine available experimental, analytical,
and numerical results in a �z ,� /�i� diagram, where � /�i is
the ion ”collisionality parameter �index�” �24�. The figure
demonstrates reasonable agreement between the results of
different experiments, although they were performed under
completely different plasma conditions �e.g., different types
of discharges, different gases, different particle sizes, and
different plasma parameters�. This indicates that the colli-
sionality index � /�i is one of the most important parameters,
which controls the particle charge in isotropic dusty plasmas.
The results of numerical simulations are in good agreement
with the experimental results. The obtained charges are much
smaller than the collisionless OML theory predicts �dotted
line�. At the same time a simple analytical approximation of
Eq. �9� provides a reasonable fit for the available experimen-
tal and numerical data �solid line�. �To simplify calculations
we assumed a constant value of the electron temperature Te

=7 eV, so that ��233 and �vTe
/vTi

�50.� In the parameter
regime investigated R0 /�i
1 and the dimensionless charge
decreases with the ion collisionality parameter, in agreement
with Eq. �9�. Note, however, that for sufficiently large ion
collisionality �R0 /�i�1� the assumptions used in deriving
Eq. �9� are no longer satisfied. At R0 /�i�1 a transition to
mobility-limited �hydrodynamic� regime of ion collection
should occur. In this regime the charge increases with colli-
sionality �see, e.g., Refs. �22,66��. This regime is, however,
outside of the pressure range studied.

VII. CRITICAL ASSESSMENT OF THE SIMPLIFYING
ASSUMPTIONS

Several simplification were implicitly used when estimat-
ing the particle charge in our experiment. Let us consider
their possible effect on the accuracy of the obtained results.

For the analysis we used the values for plasma parameters
measured at the tube axis. In fact, it was observed that the
particle cloud was shifted systematically downward with in-
creasing particle size. This is because stronger electric fields
were required to levitate larger particles. Thus the plasma
parameters could be different in regions of levitation for dif-
ferent particles. However, the radial electric field required to
levitate the largest particles �a�1.3 �m� was still relatively
weak, E���mdg /Ze��2 V/cm, i.e., E�
E. The ion drift is
subthermal for these conditions, i.e., plasma is quasiisotro-
pic. For this reason we do not expect significant differences

FIG. 8. �Color online� The dimensionless particle charge z
=Ze2 /aTe as a function of the ion collisionality parameter, � /�i.
Open symbols correspond to the particle charges measured in the
present experiment from the force balance condition for a�0.6
�squares�, �1.0 �triangles�, and �1.3 �m �circles�. For clarity error
bars are shown only for minimal and maximal values of � /�i. Solid
squares, triangles, and circles are the charges from MD simulation
for a=0.6, 0.95, and 1.25 �m, respectively. Open �solid� diamond
corresponds to the experimental results reported in Ref. �55� �Ref.
�56��. Solid down triangles correspond to the charges obtained in
Ref. �65�. The dotted line is calculated using the collisionless OML
approach for an individual particle. The solid line shows a calcula-
tion using an analytical approximation of Eq. �9� for the ion flux to
the particle in the weakly collisional regime for the ions. In these
analytical calculations we assume Te=7 eV.
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in plasma parameters for different particles in our experi-
ment.

We assumed subthermal ion drift and constant momentum
transfer cross section for ion-neutral collisions. These ap-
proximations break down at ui /vTi

�eE�i /Ti�1, which
yields p�30 Pa. Experimental results for lower pressures
can contain some systematic errors.

The force balance method is sensitive to the ion drag
force model employed, especially for low pressures, when Fi
and Fel are comparable. Here the inaccuracy of the model
�associated, for example, with the assumption ui
vTi

� can
contribute to systematic errors. However, for “high” pres-
sures, p�50 Pa, we have �Fi /Fel�
0.3 and hence the results
are not very sensitive to the ion drag force model.

In spite of the estimates made in Sec. II C we cannot
completely exclude the possibility of some modification of
discharge parameters due to the presence of particles. This
effect can be particularly important for large nd and P, which
correspond to low pressures or to the results obtained with
the linear dispersion relation method.

Summarizing, the largest errors, both random and system-
atic, are expected for lowest pressures investigated. At high
pressures, where the deviation from the collisionless OML
theory is most pronounced, the experimental results are reli-
able. In this regime the effects of closely packed grains and
the barrier in the effective potential energy for the ions are

not important. Hence, charge reduction is mainly associated
with ion-neutral collisions, the conclusion supported by MD
simulations and analytical approximation.

VIII. CONCLUSIONS

We have determined the charge of dust particles in a bulk
dc discharge plasma under conditions when the ion mean
free path is comparable to the plasma screening length. Two
independent experimental methods and MD simulations
agree well with one another and yield a charge which is
significantly smaller than that predicted by collisionless or-
bital motion limited theory. Other available measurements of
the particle charge in the bulk of gas discharges are in rea-
sonable agreement with the results of our present experi-
ment. The main process affecting and regulating the particle
charge is identified: ion-neutral collisions. A simple analyti-
cal approximation is shown to be appropriate to estimate the
particle charge in the weakly collisional regime for the ions.
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