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Abstract

Dust grain in plasma is charged up by collecting electrons and ions from the
plasma, this charging process has been studied for laboratory dusty plasma. The
Orbital Motion Limited theory predicts the electron and ion currents toward the
grain, the discrete charging model uses these current values and converts it to
probabilities for collecting individual electrons and ions, this model assumed that
discrete charges will be collected at random intervals in a random sequence.
A program with FORTRAN programming language has been built to translate the
discrete model to simulate the charging process. Then, the value of the charge
number and their fluctuations as a function of time, charging time and mean
equilibrium charge number on the grain surface have been predicted. It has been
concluded that the grains were charged with negative and the charging process, in
general, was affected by grain size, electron temperature, and the background
plasma type.
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Introduction

Dust is found everywhere throughout the
universe and much of the solid part of universe
is in the form of dust. Therefore, plasmas and
dust are the two main ingredients of the space.
The interplay between both has opened up a new
and great research domain, that of dusty plasma.
Dusty plasma defined as gas plasma consisting
of electrons, ions and neutral atoms that
additionally contains microscopic dust grains
with sizes ranging from 10 nm to some 100pm
[1]. It is found in various space environments as

well as laboratory devices and industrial
processes. In space, it is found in the
interplanetary medium, interstellar clouds,

comet tails, and the ring systems of the giant
planets as well as in mesospheric noctilucent
clouds [2]. As a result, the physics underlying
the manner in which dust grains interact with
one another and their plasma environment is a
field of research having broad implications
depending on our understanding of the
development of astrophysical systems. The
presence of dusty plasmas in space can be
considered as a starting point for the
understanding of the laboratory dusty plasmas,
which can be studied by injection of spherical
micron sized grains in noble gas plasmas [3].
It's present or occurred in the laboratory
devices, particularly in direct current (DC),
radio frequency (RF) discharges, plasma
processing reactors and fusion plasma devices.
Most ordinary plasmas in space and laboratory
are weakly coupled, but strongly coupled dusty
plasma can be produced in which the negative
charge is so large that the interaction energy of
nearest neighbors exceeds their thermal energy,
so the suspended dust particles can organize
themselves to form dust crystals [2, 4]. Weakly
and strongly coupled dusty plasma can be
decided according to Coulomb coupling
parameter I'. This parameter represents the ratio
of electrostatic potential energy to the particle
kinetic energy. The dusty plasma is strongly
coupled when I'>>1, and plasma is strongly
coupled when I>>1, and order structures,
known as plasma crystals, may form, or weakly
coupled when I'<<1 [5, 6].

In the last few years, industrial plasma
processing researchers have discovered that dust
grains suspended in plasmas are a major cause
of costly wafer contamination during semic-
onductor manufacturing. It was found that the
plasmas used for deposition and etching can
grow particles in the gas phase, or they can
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release them from vacuum vessel walls. The
dust grains become charged in the plasmas, and
they levitate above the wafers, until the critical
moment comes, when the plasma is switched
off, and they fall on the substrate. Much effort
has been made to understand particle growth,
charging of the dust, levitation and transport in
order to devise schemes aimed to avoid
contamination. Any dust grain generated or
immersed in the plasma tends to acquire an
electric charge and hence responds to electric
forces; it was charged by collection of plasma
electrons and ions as well as by photo or
secondary electron emissions. In laboratory
plasmas usually the collection processe
dominate and the particles attain a high negative
charge. But in space, photoemission and
secondary electron emission become more
important and they either reduced the negative
charge or even lead to positively charged
particles [2]. Since the collection charging
process depends on the particle's surface
potential relative to the plasma potential, then
the dust particles do not charged to a fixed
value, but it would be fluctuate. These
fluctuations can be characterized by charge
distribution function [7,8]. Calculation of charge
on a particle is the starting point of every theory
of dusty plasmas, and it’s important to study the
charging of particles because it is necessary in
determining or predicting most of the plasma
properties. The often applied charging theory for
particles is the “orbital motion limited” theory
(OML) [9].

Orbital Motion Limited Theory (OML)

Dust particles in plasma behave as a
microscopic probe. So, the general aspects of
probe theory are important for dusty plasmas.
The traditional method used to determine the
charge acquired by a dust particle in plasma is
the orbital motion limited theory (OML), which
was originated from probe theory [9]. The
charge and potential of a dust grain immersed in
plasma are determined by the balance between
the electron and ion current towards the dust
particles surface. These currents are predicted by
the OML currents, when the condition a<< AD
<< Amfp applies, where a is the particle radius,
AD is the Debye length and Amfp is a collision
mean free path between neutral gas atoms and
either electrons or ions. In this case, the currents
are calculated by assuming that the electrons and
ions are collected if their collisionless orbits
intersect the grains surface [10, 11].
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The OML theory is a relatively simple and
widely used theory for the charging of dust
grains in plasma, it has been developed for
Langmuir probes. It considers a spherical grain
with radius a, which is smaller than the Debye
Length Ap ,(i.e. it considers a thick sheath
around the grain a<< Ap). The electron density
around the dust grain is given by the Boltzmann
distribution

ne = n exp[ eq(r) /K T]

Where n is the plasma density, e the electron
charge, @(r) the electric potential of a distance r
and KTe is the electron thermal energy.
Bernstein and Rabinowitz have developed a
theory in the case of monoenergetic ions.
Laframboise had enhanced it for the case of
Maxwellian distribution function for the ions.
As the dust grain is negatively charged, the ions
are attracted by it. An ion would be collected, if
its trajectory reaches the surface of the dust
grain. It is assumed that the sheath around the
dust grain is collisionless, (i.e. the ions do not
undergo collisions in it), Ap<<Amg. The cross-
section for ion collection by the dust grain is
defined via the critical parameter as follows
[12]:

Ocotl. =T [1- €Q/Eo] «oveveeeeeiiceeeiee (2)
Where
E¢= m;v>/2 = myvD*/2 FePs ereviiiiiiiiiiieenn.. (3)

Assuming a mono energetic ion stream, the ion
current, I;, be:

l=envo,,=ma’ne (2E0/mi)1/2(1— eqy/Ep)

“4)

Where the grain have a potential @s< 0. In the
same manner the electron current can be
determined. However the electrons need to
overcome the potential barrier e@s, and thus only
electrons with a higher energy will reach the
grain and the other electrons will be deflected.
For a Maxwellian energy distribution of the
ions, the ions and electrons currents have similar
form [7,8,10]:

I =Tpe exp (eqs / KT:) @s<O ................. (5)
e=Tlpc (1+eps/KT) ¢@>0..cccnenvinenen(6)
Li=1lpiexp (-zieqs / KT;) @0 .....onennnne. @)
L=1Iy (1-zieps/KT;)) @s<O.rrererreeerrannnen. (®)
Where:
Iyj = 4ma’niq; (KgTj/ 2mmy)' 2. 9)

Where j is an ion or an electron. The charge Q is
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related to the grain’s surface potential ¢, respect
to the plasma potential of zero, [7,8,13,14] by

Q="Cagps (10)

Where C4 is the capacitance of the grain in the

plasma, for a spherical grain satisfying a<<ip

the capacitance is:
Cd = 47'[80&

Many dust grains are non-spherical, so the
assumption of a spherical shape limits the
validity of the theory if the case a << Ap is
treated. The electrostatic equipotentials can be
distorted from spherical shape only within a
radius a << Ap. Therefore the spherical
assumption introduces only a small error as long
as a<< Ap, as it is in many dusty plasmas [8].

Modeling of the charging process

Charging processes have been studied
intensively by many researchers; most of them
have used the familiar continuous charging
model which assumes that the charge on the
grain is determined by currents collected from
plasma and ignored the discrete nature of the
charge carriers so the currents are treated as if
they are continuous in time. A dust grain with
zero charge that is immersed in plasma will
gradually charge up by collecting electrons and
ions.
The Discrete Charging Model studied the
charging process of a dust grain due to
collecting discrete charge carriers, and it
assumes the fact that the electron and ion
currents collected by the dust grain actually
consist of individual electrons and ions. The
charge on the particle is an integer multiple of
the electron charge, Q = Ne where N changes by
-1 when an electron is collected and by Zi when
an ion is collected. The collection of this charge
Q has been done using the currents predicted by
the Orbital Motion Limited Theory to find the
probabilities per unit time of collecting an
electron or ion.
The model has described the charging process of
an isolated dust grain immersed in plasma.
Spherical grain with radius, a, which initially
uncharged under the condition a << Ap << Apg,.
This model is characterized by:
1. It is based on the assumption that the plasma
particles arrive at random time intervals At;,
which is not fixed.
2. The probabilities of arriving electrons and
ions depend on the surface potential of the dust
grain.
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3. The total probability, per unit time of
collecting plasma particle, depends on grain
surface potential and on the charge Q and It is
given as [7]:

Ptot-:sz ..................................... (12)
Where j means electron or ion, and
Pi=Li/ i (13)

4. The time interval At; depends on the potential
of the grain ¢; and the random number Rj,
where 0 < R;< 1 that we generated.
5. The model assumes that plasma particles
arrive in a random sequence in consistent with
the probabilities.

6. To recognize the plasma particle type, it must
compare the probability Pi/ P with another
random number R,, where 0 < Ry< 1.
7. The charge Q; of the dust grain would be
changed after each electron or ion collection,
and it is increased by one charge, thus the
surface potential and the probabilities per unit
time will be increased.

The Computer Simulation

A computer simulation can predict the
results faster than setting up of most
experiments especially with the aid of new fast
computers. Here, we translate the physical idea
of the discrete charging model to a computer
experiment, which simulates the charging
process of a dust grain immersed in plasma.
At first the dust grain would be uncharged so the
simulation starts with a zero charge Q; = 0 at a
time step equal zero tj = 0 where j refers to
plasma particles electron or ion, then two steps
will be repeated for each plasma particle which
will fall on the grain.

A. The Random Time Intervals
This step is based on the physical idea,
which assumes that the plasma particles
(electrons and ions) arrive at random time
intervals, there will be one time step per particle
that is collected and it corresponds to:
At= tj — tj-l

The currents I., I; must be calculated from
equations (5-9) that predicted by the OML
theory to find the probabilities.
The random time step At depends on the
probability per unit time of collecting a plasma
particle, P; (@), P. (¢s) and the total probability
is given in equation (12). The probability of
collecting a plasma particle is [7]:

P=1-exp (- At. Pyy)
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To calculate the random time interval one must
generate a random number R;, and equate it to
the previous equation of probability to yield:

Atj: -ln (1- Rl)/Ptot- ............................ (16)

B. Second step of the Experiment

The plasma particle arrives in a random
sequence. Generate a random number R, to
determine whether the next collected particle is
an electron or an ion, where 0 < R,< 1. The
probability that the next particle is electron or
ion will be P,/Py and it is compared with R, as
follows:
1) If R,<P./Py:. then the charge will be
Q;j = Qj.1 - e that means the process is electron
collection.
2) If R,>P./Py. then the charge will be
Q; =Qj.1 + z that means the process is ion
collection.

The Results

The program has been written with
FORTRAN programming language to employ
the discrete charging model to study the
charging process for a dust grain in dusty
plasma. It consists of three subroutines each one
gives data outputs that saved at different files,
for each parameter, to be plotted later.
This part is devoted to present the results of the
experiment. The results presented as the same
sequence of the subroutines with grouping them
according to the effect of some important
parameters (such as grain size, electron
temperature and plasma type).

1- Picture of the Charge Fluctuations

The presence of a dust grain in a plasma
leads to charging this grain by collecting
electrons and ions from the plasma, the charge
of grain will be increased gradually with
increasing the electron and ion currents that
consist of discrete charges. The charge on the
grain will reach the equilibrium state in which
the charge Q will fluctuate around equilibrium
charge <Q>. Figure (1) Shows the charge
number, N= Q/e, as a function of the experiment
time for a dust grain with radius a =10nm
immersed in hydrogen (H) plasma of T.=1 eV
and T/T. = 0.05.
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Figure 1: The general picture of the charge
fluctuations on the dust grain surface.

Initially, this figure starts with zero charge
since the grain is uncharged, and in early parts
of it for t < 0.25ms where the charge has not yet
reached the equilibrium value, the grain mainly
collects electrons since me<<mi and it moved
with large thermal energy greater than that of
ions, T, > T;. So the probability for collecting
electrons is much greater than that for ions, that
means the number of electrons that reach the
dust surface are larger than ions. Since the dust
collects electrons more than ions, so its surface
potential is negative, which increases the
probability of collecting ions, P; (¢s), until
reaching the equilibrium state in which the
probabilities are less unequal. The charge
remains fluctuate at random times around a
negative equilibrium charge (=-12e, e is the
electron charge) according to the random
sequence of arriving plasma particles.

2- Dust Grain Size Effect

The grain size is an important parameter
that affects the rate of charge collected by dust
grain and its fluctuations. According to equation
(11), the relation between the grain radius and
charge is linear, so increasing the dust radius (its
size) means large surface area exposed to the
plasma and more ions and electrons will be
collected by the grain.
Figure (2) shows the temporal evolution of
charge number for different values of dust grain
size with Te=1 eV and T; /T, = 0.05. Very small
grain like the first case a = Inm will charge up
with long charging time (the time of the first
reaching to the equilibrium charge)and
collecting few charges and the fluctuations
around the equilibrium charge, < Q >=-le, is
rather slow.
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For larger grain ( a = 20, 40 ) it is clear that
with increasing the grain size, the dust will be
charged with shorter times and more charges
will be accumulated on the dust surface and the
fluctuations around the equilibrium charge,
< Q >=-23e and -45¢ respectively, arise with
increasing the charge on dust.

number N

(a)

Chiarge

* Time ms)

(b)

3 4
Time mish

(c)

Charge mumber N

Figure 2: Temporal evolution of charge number
for dust grains of radius a)lnm, b)20nm, c) 40nm.

3- Electron Temperature Effect

Another important parameter must be taken
into account that is electron temperature Te.
Figure (3) shows the temporal evolution of
charge number for a=10nm and different values
of electron temperature T, with T;/T.=0.05.
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Figure 3: Temporal evolution of charge number
for electron temperature of a)2eV, b)3eV, c) 4eV.

For cases of Te= 2, 3, 4 eV, the dust grain
collects more charges with increasing Te since
electrons are moved with large thermal energy,
KT., than ions with, KT;. So, the probability for
collecting electrons is more than for ions and the
surface potential of the grain will be negative.
Later, the equilibrium charge <Q> becomes
large with increasing electron temperature. This
result is consistent with that obtained by
continuous charging model [8].
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4- Plasma Type Effect

Figure (4) shows the temporal evolution of
charge number, N, for different types of plasmas
such as hydrogen H, argon Ar, and neon Ne
plasmas.
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Figure 4: Temporal evolution of charge number
for plasma types of a) H, b) Ar, and c) Ne.

The presence of heavy ions in plasma like Ar+
(m=40amu) and Ne' (m;=20amu), comparing
with H" (1amu) lead to decrease the number of
ions arrived to grain surface. So that, the
probability of collecting electrons P, (¢;) is more
than that of ions, and this makes the dust surface
potential negative. Then the probability for
collecting ions increases until the dust reach
equilibrium state with charge <Q>, this charge
will be larger for each increase in ion mass. In
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other words, the grain will collect the greater
charge in the plasma of the heavier ions if the
other parameters are constant.

Conclusions

The conclusions derived from this work
can be summarized as:
1) The dust grains are more probably charged
with negative charge, because the electrons are
lighter than ions, and they have larger thermal
energy comparing with the ions.
2) The increase of dust grain size leads to
decrease in charging time so larger dust grains
are charged faster, and collect more electrons
and ions than smaller one.
3) Dust grain collects more electrons than ions
when electron temperature is increased. Since
electrons move with thermal energy higher than
that for ions, so the dust surface potential will be
negative.
4) The charge magnitude on the surface of the
dust grain depends on the plasma type.
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