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Abstract—An experimental investigation is performed of the effect of the neutral gas temperature gradient on
plasma-dust formations in the positive column of a glow discharge. It is demonstrated that the thermophoretic
forces arising due to the temperature gradient are comparable with radial electric fields and define the condition
of formation and different shapes of plasma-dust structures, in particular, the formation of rings in the vicinity
of tube walls. A model description of this effect is given. © 2001 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The formation of ordered structures of micron-sized
dust particles was observed under different conditions
in a low-pressure plasma and in radio-frequency and
glow discharges [1, 4–6], as well as in thermal and
nuclear-excited plasmas [1–3]. In so doing, microparti-
cles acquire a high negative charge q = (104–105)e
(where e is the electron charge), corresponding to the
floating plasma potential, and the structures proper
resemble Coulomb crystals [1–4]. The possibility of
formation and the stability of ordered dust structures in
a plasma depend on temperature. The nonideality
parameter γ is proportional to the square of charge on
particles,

where nd is the concentration of dust particles, and
defines the temperatures at which a stable crystal struc-
ture of charged dust particles will be formed, the tem-
perature at which structures of the liquid type will be
formed, and the temperature at which no structures will
be formed [1]. In addition to the value of the tempera-
ture proper, the formation of ordered dust structures
must be further affected by forces associated with the
temperature gradient. These forces are also capable of
having decisive effect both on the conditions of emer-
gence of ordered structures and on their geometric
shape and arrangement in space. A plasma system is
always characterized by the presence of sources of
energy release and by the presence of boundaries;
therefore, there always exist both the temperature gra-
dient and the forces it causes. Up to now, the forces
associated with fluxes and with interaction of charged
components of plasma were largely included in the
analyses and investigations of ordered dust formations

γ q2nd
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[2, 3, 7, 8], while the forces due to the temperature gra-
dient were disregarded.

Ordered plasma-dust formations in a dc glow dis-
charge are formed in strata in which a fairly strong lon-
gitudinal electric field exists, which that makes it pos-
sible to contain particles in the field of gravity [1, 4–6].
Experimental results demonstrate [6] that plasma-dust
structures of different shapes may form in a glow dis-
charge. The shape and structure of dust formations
depend on the conditions of equilibrium in the radial
direction [6]. In the radial direction, the particles of a
plasma-dust formation are acted upon by various forces
directed towards the axis and the wall of the discharge
tube. The force directed toward the axis is defined by
the radial electric field and by the dust-particle charge.
The forces urging the dust particles towards the walls
may be caused by the motion of ions to the wall under
conditions of ambipolar diffusion and by the neutral
gas temperature gradient. The effect of temperature
gradients due to Joule heating on ordered plasma struc-
tures has not been taken into account up to date. It is the
objective of this study to investigate the effect of the
temperature gradient on the formation of dust struc-
tures in the positive column of a glow discharge.

2. EXPERIMENT

Ordered dust structures were developed in the posi-
tive column of a glow discharge in discharge tubes 1
and 2 cm in diameter and 30 cm long. The experimental
scheme is given in Fig. 1. Two metal rings 1 were glued
into the tube walls at distances of 10 and 15 cm from
the cathode for measuring the voltage drop in the posi-
tive column and for stabilizing the strata. Air at a pres-
sure from 0.2 to 0.8 torr served as the working gas. The
positive column was stratified, and the first stratum
001 MAIK “Nauka/Interperiodica”
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emerged in the vicinity of the first ring. Introduced
from above into the discharge were particles of alumina
3 to 10 µm in diameter and particles in the form of hol-
low glass spheres 20 to 60 µm in diameter. The dis-
charge current varied from 0.1 to 3 mA.

The current-voltage characteristic of the positive
column of a discharge in air is given in Fig. 2; also
shown in this figure are the shapes assumed by dust
structures at different values of current. At a low current
of 0.1 to 0.3 mA, ordered filaments of particles approx-
imately 1 cm long were observed, concentrated in the
vicinity of the tube center. When the discharge current
increased to 0.6–1 mA, we observed the formation of
an ordered structure in the form of a cylinder with the
diameter of approximately one-third or one-fourth of
the tube diameter. The diameter of the ordered structure
increased with current and reached two-thirds of the
tube diameter at a current of 1–2 mA. The structure
thickness decreased as the current increased, and, at a
current from 1.5 to 2 mA, plane structures were
observed consisting of several (five to ten) layers of
particles. A further increase of current resulted in the
formation of a ring structure whose diameter increased
and the width decreased with increasing current. No
particles were present in the axial region. The values of
the current at which transitions occurred between dif-
ferent shapes of ordered structures decreased with
increasing size of dust particles.

The following experiments were performed to
check the effect of the temperature gradient on the
structures.

1. After an ordered structure was formed, a rod 3
heated to 100°C (Fig. 1) was brought close to the side
wall of the tube (opposite the ordered structure). After
a period of 2–3 s, particles started to leave the structure
and move away from the rod, and, after a short time,
all particles from the structure moved over to the
wall (Fig. 3). Approximately 10–20 s after this, if the
rod was removed, the structure started to be built up
gradually from the particles that came from the walls.
In so doing, the center of localization of particles was
first biased toward the cold wall and then shifted slowly
toward the center.

2. If the wall was touched by the cooled (to –10°C)
rod, the structure was set up in the form of a cone with
the vertex at the point of contact between the cold rod
and the wall and flowed down slowly (15 s) onto the
wall (Fig. 4). After the rod was removed, the structure
was built up in the same manner as that described for
the case of heating.

3. In the third experiment, a heating coil 2 (Fig. 1)
0.5 cm wide was wound at a distance of 1 cm above the
bottom metal ring. Under the experimental conditions,
the heating largely affected the region between the
metal rings. Because the heater width was small, it gen-
erated both the longitudinal and radial components of
the temperature gradient. The discharge was ignited
such that two strata were located between the metal
JOURNAL OF EXPERIMENTAL AND THEORETICAL PHY
rings above the heater. After switching on the heater at
a power of 0.5 W (in so doing, the mean heat release in
the discharge per unit length was 0.01–0.02 W/cm), the
dust structure diameter in the stratum nearest to the
heater decreased, and it was observed that particles
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Fig. 1. Experimental scheme: (1) metal rings, (2) heater,
(3) heated or cooled rod, (4) video camera, (5) laser, (6) mir-
ror, (7) glass window, (8) discharge supply source,
(9) heater supply source; R, ballast resistor.

Fig. 2. The mean intensity of longitudinal electric field
between rings as a function of the discharge current. Shown
schematically at the bottom are the configurations of
plasma-dust structures in the longitudinal cross section, cor-
responding to the above-identified values of current.
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occasionally flew from this stratum to the top one and
back. When the heater power was increased to 1 W, par-
ticles from the bottom stratum were scattered into the
region between the strata and occupied almost the
entire volume. In so doing, the particles in the axial
region were motionless and the distance between them
increased; closer to the wall, the particles moved chaot-
ically. Between these two regions, chaotically moving
particles were observed among the motionless ones.
This effect is possibly associated with the presence of
particles of different sizes. In the vicinity of the wall
closer to the heater, the particles performed circular
motion. In the vicinity of the walls, they descended to
the heater and then departed to the center, after which
they ascended and moved towards the wall. This
motion may be attributed to the presence of strong tem-
perature gradients in the vicinity of the heater. When
the power of heating increased to 2 W, the particles
moved away from the heater and took up the top part of
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Fig. 3. Photographs of variation of the cross section of a dust
structure upon contact of a heated rod with the discharge
tube wall (on the left); O, tube center; R, tube radius; T, time
of stimulation in seconds.
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the region between the heater and the top ring. With a
further increase of the heater power, the particles left
the discharge. The effect of the rotation of particles was
also observed in the case of contact between the wall
tube and the cooled rod below the stratum with ordered
structure. In so doing, the particles shifted towards the
cooled spot (sideways and down), and the direction of
particle rotation was opposite to that observed during
heating.

Therefore, the presence of even insignificant tem-
perature gradients may define the geometric shape of a
dust structure, as well as fully distort or destroy the lat-
ter. The observed transition of an ordered dust structure
from a disk or cylindrical shape to a ring shape with
increasing discharge current may also be caused by a
radial temperature gradient when the gas in the tube is
heated by the flowing current.

3. CALCULATION MODEL

We will treat the steady state of a ring-shaped dust
structure. The shape of the structure in the radial direc-
tion depends on the equilibrium position of dust parti-
cles, which is defined by the balance of radial forces.
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Fig. 4. Photographs of variation of the cross section of a dust
structure upon contact of a cooled rod with the discharge
tube wall (on the left); O, tube center; R, tube radius; T, time
of stimulation in seconds.
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The attracting force of the radial electric field of ambi-
polar diffusion is directed toward the center of the dis-
charge tube, while the forces of entrainment by ambi-
polar ion and electron fluxes and the force caused by
the temperature gradient are directed from the center to
the wall of the tube. In calculating these forces, use was
made of the model of the positive column of the plasma
of a low-pressure glow discharge undisturbed by dust
particles. The forces were calculated per single particle.
Included in the calculations were the dependences of
the reduced electric field intensity E/P (the values were
borrowed from experiment, Fig. 2) and of the coeffi-
cients of diffusion and mobility of electrons and ions on
the pressure and the tube radius [9]. In strata in the air,
the longitudinal field intensity is high and the electron
attachment is almost fully compensated by detachment;
therefore, the concentration of negative ions in the
strata is low compared with that of electrons. The elec-
tron temperature was taken to be 3 eV [10], because its
variation has little effect on the calculation results. As
was demonstrated by Nedospasov [11], a stratified col-
umn of a glow discharge is described by the ionization-
diffusion model, and the radial distribution of the elec-
tron concentration in a stratum is the same as in a
homogeneous column and is close to the Bessel func-
tion J0(r/Λ) with the boundary condition

where Λ = R/2.4 and R is the tube radius. The loss of
charged particles at the values of pressure P = 0.2–
0.4 torr employed by us is largely defined by ambipolar
diffusion, as a result of which a radial electric field
arises. Because the drift velocity of electrons in the
radial direction is low compared with their thermal
velocity, the electron distribution over the discharge tube
cross section satisfies the Boltzmann equation [12]:

(1)

where ϕ(r) is the field potential at the space point being
treated and, on the tube axis, ϕ(0) = 0. In view of the
fact that in the diffusion approximation the radial distri-
bution of electrons is described by the Bessel function,
one can determine the potential at the preassigned
space point,

(2)

and then find the radial electric field Er = –dϕ/dr and
calculate the force acting on charged microparticles.
This approach enables one to simplify the computation
of radial electric field and avoid significant errors occur-
ring when the field is found directly from an ambipolar
flux of ions and electrons. Expression (2) is valid if
the distance from the point being treated to the wall
tube considerably exceeds the electron free path λe.

We expand the Bessel function in the vicinity of the
wall at R @ λe into a Taylor series to derive from (2) the

ne R( ) 0,=

eϕ r( ) kTe ne r( )/ne 0( )( ),ln=

eϕ r( ) kTe J0 r/Λ( )( ),ln=
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potential difference between the axis and the wall of the
discharge tube,

(3)

Formula (3) is valid within a numerical factor on the
order of unity under the logarithm sign.

Such distributions of the electron and ion concentra-
tion and of the radial electric field are distorted in the
vicinity of the discharge tube walls where the value of
excess space charge becomes comparable with that of
ion concentration, as a result of which the quasi-neu-
trality of plasma is disturbed. Therefore, in calcula-
tions, we restricted the field in the vicinity of the tube
walls where the quasi-neutrality was disturbed and
allowed for the fact that the dust particles lost their
charge in the vicinity of the tube walls and left the dis-
charge.

In order to find the radial distribution of the gas tem-
perature, we solved the heat-conduction problem for a
plasma column with known sources of heat release that,
in our case, were proportional to the concentration of
electrons and to the longitudinal intensity of electric
field.

Given below are predicted correlations for the main
radial forces acting on dust particles, namely, the force
of radial electric field, the force due to the temperature
gradient, and the force of entrainment arising as a result
of the ionic drift to the tube walls.

3.1. Force of Radial Electric Field

This force is equal to the product of particle charge
by radial electric field,

(4)

where

is the equilibrium charge of a microparticle, and a is its
radius. The dust particle charge is equal to 1.2 × 104e.
Figure 5 gives the radial electric force FE as a function
of distance.

3.2. Force of Temperature Gradient

If a temperature gradient is present in a gas, the
body placed in this gas is acted upon by the force FT

which is proportional to the temperature gradient and
caused by the sum of momenta imparted to a particle by
bombarding molecules of gas. A microparticle moves
along the line of temperature field toward a decrease in
temperature. When the molecular free path of gas is

eϕW kTe R/λ e( ).ln=

FE qEr– qkTe

∇ ne

ne

---------,= =

q aTe 0.4 mi/me( )ln=
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much longer than the dust particle size, this thermo-
phoretic force is defined by the formula [13]

(5)

where P is the gas pressure and L is the molecular free
path. Given the current density and the longitudinal
electric field, one can find the correlation for local heat
release and then the temperature distribution and the
thermophoretic force.

Because the longitudinal intensity of electric field is
independent of radius, the radial heating of neutral gas
is defined by the heat equation

(6)

with nonuniform heat release, where the heat release on
the discharge axis is Q0 = j(0)E, j(0) is the density of
electric current on the axis, and λ is the thermal con-
ductivity coefficient of gas. Convective heat transfer is
negligibly small, because the Rayleigh criterion is
invalid due to the low density of gas and insignificant
temperature gradients. The solution of Eq. (6) may be
written as

(7)

where i is the total current of the discharge and Tw is the
wall temperature. For the conditions of our experiment,
the temperature on the axis exceeds the wall tempera-
ture by 5 to 15 K.

The T(r) profile in this case coincides with the pro-
file of heat release and defines the radial thermo-
phoretic force acting on a microparticle (Fig. 5). In
treating thermophoresis, we did not include the heat
release associated with charged particle fluxes attracted
by the dust cloud, because, in our case, these fluxes are
much lower than both the radial ambipolar flux to the
wall and the conduction current. One can see in Fig. 5
that the forces FE and FT are comparable in magnitude,

FT
4PL

T
----------a2dT

dr
------,–=

λ∆T Q0J0 r/Λ( )–=

T r( )
1
8
--- iE

λ
-----J0 r/Λ( ) Tw,+≈
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Fig. 5. The force of radial electric field and the thermo-
phoretic force as functions of distance to the tube center at
P = 0.5 torr and I = 1 mA; particle diameter, 10 µm.
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act in different directions, and exhibit different depen-
dences on the radius.

3.3. Ionic Drift and Its Effect on Particles

An ambipolar diffusion of electrons and ions occurs
in a diffusion-controlled glow discharge. In so doing,
the fluxes of ions and electrons and, consequently, their
drift velocities coincide in the radial direction. Ion and
electron fluxes affect a dust particle. The main contri-
bution to this force is made by the ion momentum. The
momentum transfer from ions to dust particles is
defined by the velocity of ions in the vicinity of the sur-
face of a charged particle, and the difference between
ion fluxes affecting the particle is defined by the drift
velocity of ions in a radial ambipolar field; therefore,
the force with which a particle affected is

(8)

where ni is the concentration of ions in a stratum, mi is
the mass of ions, vr is the radial drift velocity, vi is the
ion velocity in the vicinity of a particle, and σ is the
effective cross section of capture of ions by a charged
microparticle [7].

The force of ionic entrainment (8) is an order of
magnitude less than the force of radial electric field (4)
and the thermophoretic force (5). Because the thermo-
phoretic and ionic entrainment forces exhibit the same
dependences on the particle size and on the discharge
tube radius, one can assume that a dust structure is
largely affected by the temperature gradient force. The
thermophoretic force attempts to pull the particles held
at the stratum center to the tube walls; however, it is
inhibited by the force of radial ambipolar electric field.

3.4. Particle Energy

The motion of a dust particle in the radial direction
is defined by its potential energy. Because the radial
forces are proportional to the respective gradients, one
can introduce the concept of potential energy for each
one of these forces,

(9)

Then, the total potential energy is

(10)

In our experiments, Joule loss is small, and the tem-
perature on the tube axis T(0) only slightly exceeds the
wall temperature, T(0) – Tw ! Tw; therefore,

(11)

Fi nimiv rv iσ,=

F r( )
dU
dr
-------.–=

U r( ) FT r( ) FE r( )+[ ] rd

0

r

∫–=

=  4PLa2 T 0( )
T r( )
---------- qeϕ r( ).–ln–

U r( ) α 1 J0 r/Λ( )–( )– β J0 r/Λ( )( ),ln–=
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where

(12)

In the vicinity of the axis, where r/Λ ! 1,

If α/β ≥ 1, the root of J0(rm/Λ) = β/α defines the min-
imum of the function U(r) (11),

(13)

At the minimum, the value of U(rm) is always nega-
tive, U(rm) < 0. In the vicinity of the axis, the potential
energy is U(r) < 0, and then passes through the mini-
mum. The value of potential energy (11) in the vicinity
of the wall in view of ϕW is

(14)

In the case when the electric forces prevail over the
thermophoretic forces, β > α, the potential energy
U(r) > 0 has no local minimum, and the particles
assemble in the vicinity of the axis. The behavior of the
function U(r) depending on r defines the region of finite
motion of dust particles or departure to the wall. There
are two characteristic regions, namely, U(r) > 0 and
U(r) < 0. The particles go to the wall if their total
energy is

(15)

The summation is made over all particles in the layer in
the entire region of motion. For finite motion, the total
energy (15) is negative, and U(rm) < ε < UW . The parti-
cles “slide down” to the potential minimum.

Hence, it follows that two options are possible of
radial structures of dust clouds in a glow discharge,
namely,

(1) the particles take up either the central region or
the entire cross section of the discharge tube, except for
a small region of ~λe in the vicinity of the tube walls,
and

(2) the particles are located at the potential mini-
mum and form a space structure in the form of a ring in
the neighborhood of the wall.

4. ANALYSIS AND COMPARISON 
WITH EXPERIMENT

We will determine the dependence of the forces of
radial electric field and temperature gradient on the
conditions of discharge, gas pressure, tube radius, cur-
rent, and particle size. The force of radial electric field
depends on the particle charge (proportionally), elec-
tron temperature, and radial electric field which
increases with radius. The temperature gradient force is
proportional to the cross-sectional area of particles and

α 1
2
---PLa2iE

λTW

------------------, β qkTe.= =

U r( ) β α–( )r2/Λ2.∼

U rm( ) β 1 β/α( )ln–( ) α .–=

UW α– β R/λ e( ).ln+=

ε
miv i

2

2
------------ U r( ) UW .>+

i

∑=
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increases with current and pressure, because the longi-
tudinal electric field and heat release increase with
pressure and decrease as the tube radius increases.

We will treat an ordered dust structure under condi-
tions of variation of the discharge conditions. Figure 6
shows the variation of the potential energy of particles
10 µm in diameter as a function of discharge current. In
the case of currents of up to 1 mA, it is advantageous
for the particles to be in the central region of the tube,
because a potential well is present at the tube center, as
is observed in the experiment: the particles take up
mainly the central part of the tube and form well-ordered
structures. When the current increases (1–2 mA), the
minimum of potential well shifts toward the walls;
however, the potential energy of particles in the vicinity
of the tube walls is higher than that at the center. In so
doing, the particles may both form ring structures and
take up almost the entire cross section of the tube
except for the region in the vicinity of the tube walls. In
this case, the size of the region taken up by the particles
depends on the number of horizontal layers of dust par-
ticles that may be contained by the longitudinal electric
field in a stratum. In order to calculate the space dimen-
sion of a dust structure, one must take into account the
number of layers that may be contained in a stratum
and, accordingly, solve a two-dimensional problem.
The characteristic depth of potential well in the axial
direction is defined by the potential drop on the stratum
and, in our case, amounts to 20–40 V, and the radial
potential drop eϕW does not exceed several values of Te.
Therefore, the depth of potential well in the longitudi-
nal direction is much greater than that in the radial
direction. In the case of weak fields in a stratum, the
number of layers is small, and particles are absent from
the central region; i.e., a wide ring structure is formed
with the particles absent from a very narrow central part
of the tube. In the case of fairly strong longitudinal
fields in a stratum, when the number of layers is large,
the particles take up almost the entire cross section of
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Fig. 6. The potential energy of charged dust particles 10 µm
in diameter as a function of the distance from the tube center
for different values of discharge current (0.5, 1, 1.5, and
3 mA).
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the tube. In so doing, excess particles from the structure
spill down. As the current continues to rise, the thermo-
phoretic forces start playing the decisive part, the
potential energy of particles at the tube center starts
exceeding the energy in the vicinity of the tube walls, and
the particles form only ring structures. The departure of
excess particles also depends on the longitudinal electric
field, and the particles either spill down or depart to the
walls. The higher the current, the narrower the ring formed
and the greater its inside diameter. At some value of the
current, the potential barrier in the vicinity of the tube wall
disappears and all particles in the stratum depart to the
wall. The disintegration of a structure in the vicinity of the
wall may occur because of a different reason. In the vicin-
ity of the tube wall, the concentration of ions exceeds con-
siderably that of electrons; this leads to a reduction of the
particle charge, and the particles are not contained by the
longitudinal field.

When the particle size changes, the values of critical
current at which the structure disintegrates vary approxi-
mately inversely proportionally to the particle size. One
can say that the less the particle size, the less the effect
of the thermophoretic forces on the particles in the
structure. The structure becomes more stable, the num-
ber of particles in the structure increases, and the range
of currents at which the structure exists becomes wider.
The effect of the gas pressure on the structure is defined
by the variation of longitudinal field in the stratum and
by heat release. The higher the pressure, the stronger
the longitudinal electric field and, accordingly, the nar-
rower the range of current values at which the structure
may exist. At values of the gas pressure that are too low,
the structure may not exist either, because a decrease in
pressure leads to a reduction of the longitudinal field
necessary to contain particles and to a reduction of the
electron concentration in the discharge. Therefore, an
optimal range of pressure exists for a “good” ordered
structure, which depends on the tube radius and on the
particle size.

The suggested model describes qualitatively all of
the experimentally observed transitions between differ-
ent forms of plasma-dust formations for dust particles
of different sizes. A numerical comparison of predicted
and experimentally obtained values of current, at which
the observed transitions occur, has revealed a good
agreement at a pressure of 0.8 to 1 torr. At a pressure
from 0.3 to 0.5 torr, the qualitative pattern is main-
tained; however, a numerical discrepancy is observed.
The numerical difference between experiment and the-
ory is associated with other effects observed in the
strata of a glow discharge, such as an inhomogeneity of
electric and thermal fields along the tube axis, end
effects, and the effect made on the plasma by the struc-
ture of dust particles proper. We are inclined to attribute
the discrepancy between the prediction and experimen-
tal data to the effect of the cuplike shape of the stratum
and, accordingly, to the presence of stronger radial
fields than those in our calculations. In this case, the
problem is two-dimensional. This assumption is
JOURNAL OF EXPERIMENTAL 
favored by the fact that a transition to a ring structure
was observed for particles 5 µm in size with a close-to-
predicted value of current only at a pressure on the
order of 1 torr when the shape of stratum became flatter.

5. CONCLUSION

In a bounded plasma with current, the thermo-
phoretic forces associated with heat release may be of
the same order of magnitude as the electric forces and,
together with the electric forces, play the main part in
the construction, stability, and disintegration of plasma-
dust structures; in numerous cases, they define the
structure and shape of dust formations and the condi-
tions of their existence. The effect of thermophoresis
may be used for removal and deposition (for example,
onto a substrate) of charged particles and ordered struc-
tures, for separation of particles, in microelectronics,
and for other applications. The forces of temperature
gradient may be used in developing traps for contain-
ment of charged microparticles, for example, under
conditions of microgravitation.
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