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In the present work the structure of the magnetized sheath is investigated in the multifluid
framework. The ambient magnetic field is assumed parallel to the wall and the effect of the plasma
magnetization, plasma ionization, and plasma-neutral collisions on the sheath is examined. It is
shown that the width of the non-neutral boundary layer is dependent on the collision frequencies as
well as on the plasma magnetization. The size of the sheath layer can decrease with the increase in
magnetic field. The increase in the ion-neutral collision can also adversely affect the sheath size. The
equilibrium and levitation of the dust particles in a collisional magnetized sheath are shown to
depend on the collision frequencies and on the magnetization. Further, the increase in the collision
or magnetization invariably leads to the presence of the positively charged grains near the plasma
wall suggesting that the grain levitation inside the charged layer is implicitly dependent on the
plasma parameters in a nontrivial way. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2773707�

I. INTRODUCTION

The experimental observation of the dust crystals in the
past decade has attracted considerable interest.1 Under typi-
cal laboratory conditions, the grains generally carry negative
charge owing to various microprocesses in the ambient
plasma. The negatively charged dust grains not only levitate
over a negatively charged electrode due to balance between
the gravitational and electrostatic forces, but also crystallize
due to strong Coulomb coupling. Some of the structure
formed by the low-pressure weakly ionized plasma in the
laboratory includes clouds, voids, etc.1 The presence of the
massive dust grain in the plasma introduces spatial and tem-
poral scales over which kinetics of individual dust can be
investigated.2–4

The presence of dust in the plasma provides an impor-
tant diagnostic tool. For example, in a bounded plasma,
sheath characteristics can be studied in considerable detail by
using fine dust probes.5 This is due to the fact that the charge
on the grain is a function of local plasma conditions and
thus, study of the dust dynamics in such a surrounding can
provide information on the electron and ion fluxes, on the
sheath potential, and on the electric field. Therefore, it is
important to investigate the charged dust behavior inside a
magnetized sheath, which will provide a useful guide in
measuring the sheath characteristics. The present investiga-
tion is motivated by such a goal and thus, will undertake a
study of the dust behavior in the levitated equilibrium inside
the magnetized sheath after delineating the comparative role
of collision and magnetic field on the sheath characteristics.

The dynamics of sheath is of great importance in a num-
ber of areas viz. plasma ion implantation, high-density com-

puter chip development, diamond-like film deposition,
nuclear fusion, etc. In plasma processing, where a target ob-
ject is immersed in the plasma and pulsed repeatedly to a
large negative voltage, a sheath is formed that expands in the
ambient plasma. Although the physical mechanism of sheath
formation is due to the difference in the mobility of plasma
particles, the parameters in various experimental setups vary
widely. The typical sheath width is a few Debye lengths �a
spatial scale of the local electric field�, which could be very
small in practical applications, while the quasineutrality
scale corresponds to the typical size of the system. These
circumstances lead to the nonuniversality of the plasma dis-
tribution function for the whole region and allow the near
wall sheath layer to be modeled separately from the bulk
plasma region. Therefore, present work focuses on modeling
the sheath region only.

The dust charging and dynamics of the dust in plasma
sheath have been investigated recently.1,2,5–16 The presence
of dust can modify the plasma-sheath behavior if the dust
component is relatively dense.6 However, in the present work
it will be assumed that the dust particles are not numerous
and thus, the behavior of the isolated dust inside the sheath
will be investigated. The laboratory dusty plasma experi-
ments encompasses both low ��1–40 mTorr� as well as high
neutral pressure ��50 mTorr� �Refs. 12–16�. In the high-
pressure limit, the plasma-neutral collision can affect the
structure of the sheath.17 The ionization in the sheath could
also be important in the high-pressure regime. Thus we shall
give a general formulation in the present work and include
the collisional effects in the plasma dynamics and explore
various limiting cases.

The role of the magnetic field near the plasma wall has
been examined recently.10,11,18–21 The initial work on the
plasma sheath in the presence of oblique magnetic field22

suggested the existence of magnetic presheath �Chodura
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layer� near the wall. However, experiments do not support
the existence of magnetic presheath,23 suggesting that the
Chodura layer could be an artifact of the particular math-
ematical modeling.24,25 The charged planar layer for the col-
lisionless, cold ion and Boltzmannian electron in the pres-
ence of an oblique magnetic field has been studied in Ref.
18. This model has further been generalized to include the
effect of collision19 and it is shown that collision diminishes
the effect of the magnetic field. The effect of electron inertia
in the presence of parallel �to the wall� magnetic field on the
plasma wall transition region has been studied in Ref. 20.
The nonlinear set of equations is solved to obtain the sheath
characteristics. The effect of variation of the collision and
magnetization parameter on the sheath was not addressed in
this work. The effect of axial magnetic field on the cylindri-
cal gas discharge with the inclusion of plasma inertia and
collisional effects has been investigated in Ref. 21. The
variations of magnetization and collision on the plasma-
sheath structure have been given. However, the interplay be-
tween the collision and magnetic field has not been explored.
The dust dynamics in the planar plasma sheath in the pres-
ence of an oblique magnetic field for Boltzmannian electron
has been investigated in Refs. 10 and 11.

The present study will focus on investigating the dust
dynamics in a magnetized sheath in the presence of magne-
tized electrons and ions. As noted above, the study is moti-
vated by the fact that the micron-sized charged grains can be
utilized as a probe to study the sheath characteristics experi-
mentally. By predicting the grain size and charge in levita-
tion equilibrium, the sheath characteristics can be predicted
accurately. This study aims to undertake such an investiga-
tion by first, elucidating the dependence of the magnetized
sheath on various plasma parameters and then, consistently
calculating the charge on an isolated grain inside the sheath
and corresponding levitation position. The planar sheath
structure in the presence of a magnetic field parallel to the
wall is investigated in this work. Although, the electron in-
ertia is neglected from the present formulation, effect of the
electron-neutral collision is retained in the dynamics. The
ionization frequency is also included. The effect of Lorentz
force and collision terms is compared on the structure of the
plasma sheath. The charge on the dust grain inside the sheath
is calculated self-consistently and effect of the magnetic field
strength and plasma-neutral collision on the grain charging is
delineated.

The paper is organized in the following fashion. In Sec.
II the basic plasma-sheath model is presented. In Sec. III the
dust charging model and levitation equilibrium are discussed.
In Sec. IV a brief summary of the results is presented.

II. BASIC PLASMA SHEATH MODEL

Two-component plasma consisting of electrons and sin-
gly charged ions is considered in the presence of a magnetic
field that is parallel to the wall. Due to the formation of the
sheath near the boundary, there exist two regions in the
bounded plasma: �a� the quasineutral bulk plasma, where the
electron and ion number densities are equal, ni=ne, and �b�

the sheath at the boundary, where the electron number den-
sity will be much smaller than the ion number density.

A stationary magnetized planar plasma-sheath boundary
is located at z=0 with the plasma filling the half space z
�0. A schematic diagram of the present sheath model is
given in Fig. 1. The simplest description of such plasma,
consisting of electrons and ions, is given in terms of conti-
nuity and momentum equations for respective species with a
suitable closure model, viz., an equation of state. The equa-
tions are

d

dz
�niviz� = �Ine, �1�

d

dz
�nevez� = �Ine, �2�

viz
dviz

dz
=

e

mi
Ez − �civiy −

vti
2

ni

dni

dz
− �inviz, �3�

viz
dviy

dz
= �civiz − �inviy , �4�

0 = −
e

me
Ez + �cevey −

vte
2

ne

dne

dz
− �envez, �5�

0 = − �cevez − �envey . �6�

Here mj is the mass, vtj =�Tj /mj is the plasma thermal ve-
locity, v jz and v jy are the z and y components of the plasma
fluid velocities, Ez=−d� /dz is the sheath electric field, �cj

= �e�B /mjc is the cyclotron frequency, and we have assumed
that B=Bx̂. The electron inertia have been neglected while
writing Eqs. �5� and �6�. The ionization frequency is �I

=�Inn, where �I is the ionization rate that is dependent on the

FIG. 1. The geometry of the sheath model.
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ionization potential of a given atom. For example, for the
argon gas,26

�I = 5 � 10−8 exp
− 15.8

Te
. �7�

The collision frequency is

� jn =
��v	 j

mn + mj
	n. �8�

Here ��v	 j is the rate coefficient for the momentum transfer
by the collision of the jth particle with the neutrals and is
given as27

��v	 j 
 10−15� 8Tn


mn
+

8Tj


mj
+ v j

2�1/2

cm3 s−1. �9�

Here v j is the flow velocity of the jth particle and mn and nn

are the mass and number density of the neutral particle, re-
spectively. One notes that while writing Eqs. �3�–�5� the
electron-ion and ion-electron collisions have been neglected
in comparison with their collisions with the neutrals. For
argon plasma, one sees that

�ei = 1.7 � 10−4 Te

eV
� log �

20
� s−1 �10�

is two orders of magnitude smaller than �in
2.1�10−2 s−1.
While calculating ��v	in, Ti=0.05 eV has been assumed. One
notes that �ie= �mene /mini��ei will be a thousand times
smaller than �ei at the plasma-sheath boundary, whereas �en


10 s−1. Therefore, momentum exchange terms due to
plasma-plasma collisions have been ignored in Eqs. �3�–�5�.

The electric potential � is obtained from the Poisson
equation,

d2�

dz2 = 4
e�ne − ni� . �11�

While writing plasma momentum equations �3�–�6�, neutrals
have been assumed immobile. We shall further assume that
the neutrals provide a uniform background. In weakly ion-
ized plasma, the plasma number density is much smaller than
the neutral number density and thus, the number of hot neu-
trals will be very small in the system and its effect on the
boundary layer can be neglected.

We shall write down the above set of equations in the
following normalized coordinates:

� =
z

De
, � =

e�

Te
, Nj =

nj

n0
;

uj =
v j

cs
, �̂I =

�I

�pi
, �̂in =

�in

�pi
; �12�

�̂en =
me�en

mi�pi
.

Here cs=�Te /mi is the ion-acoustic speed, De

=�Te /4
n0e2 is the electron Debye length, and �pi
2

=4
n0e2 /mi is the ion plasma frequency. The plasma num-
ber density n0 corresponds to the quasineutral density at the

plasma-sheath boundary z=0. We note that the electron De-
bye length and plasma frequencies are defined by using n0,
which is a reference to plasma number density and will not
change with the changing number density inside the sheath.
We shall drop hat from the collision frequency and imply
henceforth that we are dealing with the normalized frequen-
cies. The following normalized set of equations can be de-
rived from Eqs. �1�–�6�:

dNi

d�
=
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uiz
2 −
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��

d�

d�
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ne
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uiz� , �13�
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d�
= −

1
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d�

d�
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1
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1
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�

� �d�
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ne
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uiz� , �14�

duiy

d�
= �in�i −
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� , �15�

dNe

d�
= Ne�d�

d�
− �en�1 + �e

2�uiz� , �16�

duez

d�
= − �d�

d�
− �en�1 + �e

2�uiz�uiz + �I, �17�

d2�

d�2 = Ne − Ni. �18�

Here

� j =
eB

mjc� jn
�

�cj

� jn
�19�

is the ratio of plasma-cyclotron to the plasma-collision fre-
quencies. This parameter measures the relative importance of
the Lorentz force against the collisional momentum ex-
change in the plasma momentum equation. For example, if
� j �1, then one may assume that the plasma is weakly mag-
netized, whereas in the opposite limit, the plasma is frozen in
the magnetic flux.

The above set of equations �13�–�18� is supplemented
with the following boundary conditions:

Ne = Ni = 1, uiz = 1, uiy = 0, uez = 0,

�20�

� = 0,
d�

d�
= �in.

We shall employ the set of equations �13�–�18� with the
boundary condition �20� to investigate the sheath structure in
various parameter regimes. Although the results may be ap-
plicable to a wide variety of gas discharge, for definiteness,
we shall assume argon as the discharge gas with parameters9

Te=1 eV, Ti=Tn=0.05 eV, n0=108 cm−3. The wall potential
can be determined by knowing the detailed particle orbit and
its interaction with the wall. However, present work is not
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concerned with the self-consistent calculation of the wall po-
tential and thus determines the wall potential from the loca-
tion of zero electron density.

In Figs. 2�a�–2�d�, the parameters �i=0.01, �e=0.1, �I

=0.001, �en=0.1 are fixed and �in is varied. Recall that col-
lision frequencies are given in the units of ion plasma fre-
quency. In Fig. 2�a� the sheath potential is shown for
�in /�pi=0,0.1 and 0.2, respectively. For �in=0, the wall po-
tential reaches −4 corresponding to −4 V for Te=1 eV at z
=15De. Thus for De=0.07 cm, the sheath width is 1 cm.
The increase in the collision frequency leads to the decrease
in the sheath thickness. For �in=0.1�pi the sheath potential is
�W=−5 V and sheath width is Z=0.5 cm whereas for �in

=0.2�pi, the sheath potential is �W=−4.8 V and the sheath
width is Z=0.4 cm. The experimental results on the colli-
sional magnetic sheath23 suggest that when the ion-neutral
collision mean free path mfp�1/nn��cs /�ci, the thickness
of the sheath is approximately ��0.5–0.6�mfp. For an argon
discharge, cs=2.36·105 cm and �ci=2.78·104 sec−1, and
thus mfp�1 cm�cs /�ci�10 cm and the sheath width is
0.5–0.6 cm. Thus our present sheath width for �in

= �0–0.2��pi falls in the range of experimental observations.
Analytical and numerical results on collisional plasma

sheath28–30 are also in agreement with the present trend. The
increase in the ion-neutral collision frequency implies that
ions, while responding to the sheath electric field, are scat-
tered more often and thus are inhibited by the neutrals from
reaching the sheath, whereas electrons reach the sheath un-
inhibited. This explains somewhat higher sheath potential
with increased collision frequency. The ion and electron
number densities in Fig. 2�b� are in agreement with the pre-
ceding interpretation. We see that the ion and electron num-
ber densities decrease faster with the increase in the ion-
neutral collision frequency. In Figs. 2�c� and 2�d�, the z
component of the ion viz and electron vez velocities are
shown. As seen in Fig. 2�c�, the increase in the ion-neutral
collision frequency causes a slight decrease in the ion veloc-
ity near the plasma-sheath boundary. This is consistent with
the ion number density plot �Fig. 2�b��, where corresponding
increase is seen, keeping the ion flux constant. The electron
velocity shows a sharp rise in the velocity towards the
sheath. This is also a manifestation of the electron flux con-
servation, i.e., as neve remains constant. The electron and ion
fluxes are related. This can be seen by subtracting Eq. �2�
from Eq. �1� and writing nevez=niviz+const.

In Figs. 3�a�–3�d� the sheath behavior is investigated for

FIG. 2. The parameters �i=0.01, �e=0.1, �I=0.001,
�en=0.1 are fixed, and �in is varied. �a� Sheath potential,
�b� ion and electron number densities, and �c�–�d� the
ion and electron velocities are plotted against z /e. In
�b� there are two curves for the same value of �in show-
ing electron and ion number densities, respectively. The
electron number density for all values of �in approaches
zero near the wall.

FIG. 3. Same as Fig. 2 with parameters �i=0.01, �e

=0.1, �en=�in=0.1, and changing �I.
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the parameters �i=0.01, �e=0.1, �en=�in=0.1, and varying
ionization frequency �I. The behavior of the sheath potential,
Fig. 3�a�, shows that with increasing ionization frequency,
the sheath width decreases. However, the decrease in the
sheath width is not as sensitive as in the previous case. For
example, an order of magnitude increase in the ionization
frequency, from 0.001 to 0.01, does not change the sheath
width much except that the sheath potential for the increased
frequency decreases almost by half, from −6.8 to −3.2 V.
Only when ionization frequency is changed by two orders of
magnitude, Fig. 3�a�, the decrease in sheath width is notice-
able. Thus, with the increase in the ionization frequency,
sheath width as well as sheath potential decreases. The ion
number density is not affected by an order of increase in the
ionization frequency and hence only the curves in Fig. 3�b�
are given when the frequency difference is two orders of
magnitude. There is a slight increase in the ion number den-
sity near the plasma-sheath boundary. This is expected, as
the increase in the ionization frequency implies the increase
in the slow ion population near the plasma-sheath boundary
�z=0�. The electron number density, Fig. 3�b�, is also sensi-
tive only to the large changes in the ionization frequency. An
order of magnitude change in the ionization frequency shows
insignificant change in the number density. The plasma ve-
locities are given in Figs. 3�c� and 3�d�. The velocities show
similar dependence on ionization frequency as plasma num-
ber densities. The earlier rise in the velocity for higher fre-
quency is consistent with the fall in the number densities and
large electron velocity near the sheath is related to the de-
crease in the respective number density.

In Figs. 4�a�–4�d� the parameters �i=0.01, �en=�in=0.1,
�I=0.001 are fixed and �e is changed. The sheath potential,
Fig. 4�a�, is not very sensitive to the electron magnetization.
For example, when �e is changed from 0 to 1, there is very
little change in the sheath potential. This suggests that only
when electron-cyclotron frequency dominates the electron-
neutral collision, the sheath characteristics will change. For
�e=0.1, i.e., when �ce=0.1�en, sheath potential �W

=−5.4 V and sheath width is 0.52 cm, whereas for �e=10,
�W=−1.9 V and sheath width is 0.27 cm. This could have
been anticipated on the ground that electron magnetization

inhibits the free flow of electrons to the wall and thus sheath
width decreases. The decrease in the sheath width is not as
large as in the sheath potential. Plasma number densities,
Fig. 4�b�, show the effect of the changing electron magneti-
zation. The decrease in the electron density, Fig. 4�b�, is very
pronounced when electron-cyclotron frequency is 20 times
the ion-neutral collision frequency. The plasma velocity
�Figs. 4�c� and 4�d�� is consistent with the number density
profiles.

In Figs. 5�a�–5�d� the parameters �e=5, �en=�in=0.1,
�I=0.001 are fixed and �i is changed. The change in the
sheath potential, Fig. 5�a�, is slightly more sensitive to the �i

than to the �e. For �ci=0.1�in, �W=−5.8 V and sheath width
is 0.4 cm. For �ci=�in, there is insignificant change in �W

and sheath width is also hardly changed. However, when
�ci=4�in �whereas sheath potential changes to �W

=−3.71 V�, the width of the sheath reduces to 0.33 cm. With
the increase in �i, the electron velocity profiles, Fig. 5�d�,
and corresponding electron number density profiles, Fig.
5�b�, are shown. The ion density increases near z=0, Fig.
5�b�, indicate that the magnetic field is inhibiting the flow of
ions to the sheath.

III. DUST CHARGE MODEL

It will be assumed that the grains are spherical with ra-
dius a. The orbit motion limited �OML� theory of the grain
charging can be employed in the presence of the magnetic
field provided �a� a�De and �b� a�	e�vte /�ce. Further-
more, in a collisional plasma, De�mfp�1/nn� is also as-
sumed. For an argon discharge plasma assuming15 Te=1 eV
and n0=108 cm−3, we get De
587 �m. For a typical
40–50 Gauss magnetic field �ce�108 s−1 and with vte

�107 cm s−1, one gets 	e�10−1 cm. Clearly both criteria �a�
and �b� are satisfied. Furthermore, mfp�1 cm for nn

�1015 cm−3 and thus, OML expression for the current can be
utilized to calculate the charge on the grain. General criteria
about the validity of the OML expression can be stated in
terms of grain radius and magnetic field as31

FIG. 4. Same as Fig. 2 with �I=0.001, �en=�in=0.1,
�i=0.01 fixed, and varying �e.
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B

T
� a

0.1 �m
� � 2412 Te

eV
� . �21�

The difference between the plasma and the grain surface
potential y�z ,vp�=�p−�s will provide the grain charge Q.
By equating the sum of the electron and ion currents to zero,
i.e., the charge on the grain surface is stationary, we get an
expression7,8 for y

�Temi

Time

ne

ni
exp�y� = v̂s�1 −




4

Te

Ti

y

v̂s
2� �22�

for y�0 and

�Temi

Time

ne

ni
�1 + y� = v̂s exp�−




4

Te

Ti

y

v̂s
2� , �23�

for y�0. Here v̂s=�1+ v̄i
2 /vti

2. The conducting dust grain
will have charge Q given by

Q =
kBTe

e
ay�z,vp� . �24�

One notes that the ion velocity inside the sheath in-
crease, i.e., ui�1. This may lead to the anisotropic ion dis-
tribution around the sheath, and thus the resulting ion cur-
rent, and hence, the potential y in the ambipolar conditions,
Eqs. �22� and �23�, may get modified. For an unmagnetized
case, a self-consistent calculation of the potential around the
grain in flowing plasmas has been carried out recently,32 al-
though experimental resolutions do not distinguish between
the Yukawa potential and the potential given in Ref. 32 un-
ambiguously. For a magnetized sheath, the self-consistent
calculation of the potential does not exist and is beyond the
present task. Therefore, present work uses the OML expres-
sions for the currents, which are valid under the aforemen-
tioned conditions.

Once the electric field E is calculated from the sheath
potential and grain charge from Eq. �24�, the levitational
equilibrium of the grain,

QE = mgg , �25�

can be used to calculate the location and size of the grain
inside the sheath. Assuming grain density 	g=1 g cm−3, for a
spherical grain of radius a, from Eq. �25�, we calculate the
dependence of the grain radius on the sheath potential. While
writing levitation equilibrium, Eq. �25�, the ion drag force on
the grain has been neglected. Such levitation equilibrium has
been considered in recent experiments.5,33

In Fig. 6�a� the charge on the grain is calculated using
Eq. �24�. The charge is given in the unit of 103 e. We see
from Fig. 6�a� that in the absence of ion-neutral collision, the
grain charge does not change sign as one approaches towards
the sheath, i.e., grain remains negatively charged albeit with
less number of charge. With the increase in the collision
frequency �curves with 0.1 and 0.2 labels�, owing to the de-
crease in the plasma flux to the grain surface, the number of
charge on the grain reduces. This is consistent with the ion
and electron number density profiles �Fig. 2�b��.

In Fig. 6�b� the size distribution for the spherical grains
of radius a is obtained by solving the levitation equilibrium,
Eq. �25�, inside the sheath. The spatial derivative da /dz pro-
vides the clue to the stability of the grain inside the sheath.
Since the grain charge is a linear function of its radius, i.e.,
Q�a, da /dz�dQ /dz, dQ /dz�0 implies d�QE−mgg��0,
which is a condition for stable equilibrium. Therefore, when
dQ /dz�0 or da /dz�0, the grains are in a stable equilib-
rium inside the sheath. We see from Fig. 6�b� that in the
absence of ion-neutral collision, grain is practically present
right up to the sheath wall except when there are not enough
charge of the grain to keep it in equilibrium. However, with
the increase in the collision frequency, the charge on the
grain will determine the levitation equilibrium. For example,
grains becoming less negatively charged, when dQ /dz�0
and d�QE−mgg��0, grains will fall on the sheath.

In Fig. 6�c�, charge on the grain and the distribution of
the grain of different sizes inside the sheath for �i=0.01,
�e=0.1, �en=�in=0.1, and varying �I, are shown. The in-
crease in the ionization frequency leads to the dust grains

FIG. 5. Same as Fig. 2 with �I=0.001, �en=�in=0.1,
�e=5 fixed, and varying �i.
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becoming positive towards the sheath �Fig. 6�c��. This is in
agreement with the potential and density profiles, Figs. 3�a�
and 3�b�. With increasing �I, the grains remain negative with
a small number of negative charge on them. The distribution
of grains of different sizes inside the sheath is shown in Fig.
6�d�. The pattern is similar to the previous case. The increase
in the ionization frequency adversely affects the grain levi-
tation in the sheath.

In Figs. 7�a� and 7�b�, the charge and distribution of the
grain of different sizes are shown for �i=0.01, �en=�in=0.1,
�I=0.001, and changing �e. The increase in the electron
magnetization inhibits the electron flow and thus profoundly
affects the buildup of the sheath potential. This leads not
only to the grain acquiring less number of negative charge,
but also, the loss of negative charge near the sheath wall is
vary rapid �Fig. 7�a��. The distribution of different sizes of
the dust in levitation equilibrium also changes significantly
with changing �e. With increasing �e not only the location of
the stable levitation �da /dz�0� shifts towards the plasma-
sheath boundary, but the size of the grain also gets reduced.

In Figs. 7�c� and 7�d�, �e=5, �en=�in=0.1, �I=0.001,
and �i is varied. The increase in the ion magnetization ��i�

inhibits the free flow of ions to the grain surface. This results
in the grain setting up a “stronger” repulsive field against the
sheath with fewer electrons than is otherwise possible.
Therefore, increase in �i is accompanied with the grains hav-
ing less negative charge �Fig. 7�c��. The corresponding dis-
tribution of the different sizes of the grain displays a shift
towards bigger stable grains with increasing �i. Since the
sheath width becomes smaller and shifted, the stable equilib-
rium of the levitated grains as well shifts towards the
plasma-sheath boundary.

IV. SUMMARY

Following is a summary of the present work.

�1� The plasma-sheath characteristic is a sensitive function
of the plasma parameters. The sheath width decreases
with the increasing ion-neutral collision frequency. The
grains are generally negatively charged inside the sheath
and may change sign with increasing collision fre-
quency. In the absence of ion-neutral collision, grains of
smaller size are levitated inside the sheath in comparison
with the situation when collisions are important.

FIG. 6. The grain charge �a� and distribution of grains
of different sizes �b� inside the sheath for �i=0.01, �e

=0.1, �I=0.001, �en=0.1, and changing �in. The grain
size is given in microns. The lower panel �c� and �d� is
the same as �a� and �b�, except now �I is varied and
�i=0.01, �e=0.1, �en=�in=0.1 is kept constant.

FIG. 7. Same as Fig. 6 with �I=0.001, �en=�in=0.1,
�i=0.01, and varying �e for �a� and �b�, and with �I

=0.001, �en=�in=0.1, �e=5, and varying �i for �c� and
�d�.
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�2� The effect of ionization frequency is similar to the ion-
neutral collision frequency. The sheath width decreases
with the increase in the ionization level. The grains may
become negatively charged quickly and larger grains can
stay in the levitated equilibrium for higher ionization
frequency.

�3� The sheath width changes significantly only when
electron-cyclotron frequency is increased by an order of
magnitude in comparison with the ion-neutral collision
frequency. With such an increase in the ratio of these
frequencies, the sheath width decreases. The charge on
the grain remains negative although with fewer charges
towards the sheath. The most profound effect of large
change in electron magnetization is on the distribution
of grain size in the levitation equilibrium inside the
sheath. With large increase in the ratio of the frequen-
cies, the grains of smaller size will remain in the levita-
tion equilibrium.

�4� The ion magnetization causes the significant change in
the sheath characteristics as well. With the increase in
the ion-magnetization level, the sheath width decreases.
The grains acquire less number of negative charges with
increasing magnetization. The grains of bigger size can
stay in levitation equilibrium with increased
magnetization.
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