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Numerous studies have revealed that the superposition of magnetic field causes plasma-dust structures to
rotate in the plane normal to the field. The only explanation for this rotation found in the literature is that the
plasma-dust structures are acted upon by the forces of ion entrainment �ion drag forces� from ions moving
under the effect of the magnetic field in the azimuthal direction. However, this study demonstrates that the
experimentally observed motion of plasma-dust structures cannot be explained by the forces of ion entrainment
alone. We show that the observed motion of plasma-dust structures is further affected by their entrainment by
gas rotating under the effect of the moment of force IÃB, which exists in regions of discharge with nonuni-
form magnetic field in the vicinity of solenoid end faces, as well as at the narrowing of cross section of the
discharge channel. An eddy electric current exists in a discharge with strata in a uniform magnetic field; this
current causes the rotation of gas and is associated with the noncollinearity of the gradients of plasma density
and temperature. Estimates are provided for the density of this current and for its impact on the rotation of gas
in a magnetic field. Recent experimental data by Karasev et al. �Phys. Rev. E 74, 066403 �2003�� are
discussed.
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I. INTRODUCTION

The investigations of plasma-dust structures �PDSs� usu-
ally involve the use of a striated discharge, in which the
gravitational force acting on negatively charged dust par-
ticles is balanced by the electric field at the beginning of the
stratum �1�. It is revealed by numerous investigations that the
superposition of magnetic field causes the PDS to rotate in
the plane normal to the field �2–8�. The only explanation for
this rotation given in published papers is that the PDSs are
acted upon by the ion drag forces from ions moving under
the effect of a magnetic field in the azimuthal direction. This
explanation further holds for uniform positive columns of
discharges in tubes with glass walls parallel to a uniform
magnetic field. In particular, a large amount of new and valu-
able information is provided by the review �7� on a series of
studies performed in stratified positive columns of discharges
in a longitudinal magnetic field.

It is demonstrated in this paper that the experimentally
observed motion of PDSs cannot be explained by the forces
of ion entrainment alone. In a number of cases, such expla-
nation may lead to wrong conclusions. We argue that the
observed motion of plasma-dust structures is further affected
by their entrainment by rotating gas. Observations of the
behavior of dust particles in plasma opened up new possi-
bilities for fine measurements of gas and plasma motion in a
positive column of discharge.

The hypothesis of rotation of a neutral gas in a discharge
upon superposition of a magnetic field was suggested by
Granovskii and Urazakov �9,10�. They found that a light rod
with two wings at the ends, suspended from an elastic fila-
ment in a vertical positive column, turned through some
angle when a permanent longitudinal magnetic field was
switched on. The direction of the turn changed its sign with
variation of the direction B, but was independent of the di-
rection of the current I in the column. Granovskii and Uraza-
kov �9,10� inferred from this that the rotation of gas is not
associated with the Ampére force IÃB, but is an intrinsic
property of positive columns. They named this phenomenon

the magnetomechanical effect and associated the rotation of
gas with the Hall diffusion of ions and electrons transmitting
different momenta to neutral gas in the azimuthal direction.
The magnetomechanical effect was subjected to numerous
investigations �11–14�; however, no physical explanation has
yet been provided. No radial electric current is present in an
axisymmetric discharge with dielectric walls, and the mo-
ment of force is IÃB=0 �11�. In this case, no rotation of gas
and plasma will take place if we can only ignore the inertial
drift of ions arising upon ionization of a gas in a magnetic
field. In the experiments discussed here, the frequency of
ion-atom collisions is much higher than the cyclotron fre-
quency of ions, �i�i�1; therefore, the disregard of inertial
drift is valid.

It will be demonstrated below that the rotational moment
of force IÃB exists in regions of discharge with nonuniform
magnetic field in the vicinity of solenoid end faces, as well
as in the vicinity of the narrowing of cross section of the
discharge channel. In addition, an eddy electric current exists
in a discharge with strata in a uniform magnetic field; this
current causes the rotation of gas and is associated with the
noncollinearity of the gradients of plasma density and tem-
perature in the strata.

II. PROCESSES OF TRANSPORT IN POSITIVE COLUMNS
IN A LONGITUDINAL MAGNETIC FIELD

If the PDSs transfer the momentum they received from
ions to the gas, it would seem that the gas must rotate at
some low velocity. However, in the absence of the moment
of forces, the rotation of PDSs and slow rotation of the vis-
cous gas would contradict the laws of mechanics. Therefore,
more detailed analysis is required of the impact made by the
PDSs on a discharge in a magnetic field.

We will first consider an axisymmetric discharge without
dust particles in a uniform longitudinal magnetic field in a
glass tube of radius a with the walls parallel to B. The sta-
tionarity of the discharge is provided by the balance of ion-
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ization in the bulk and by the recombination on the walls; the
Joule heating is spent by electrons for ionization, radiation,
and heating of gas. We will use right-handed cylindrical co-
ordinates, in which the electric field E has components with
respect to r and z; the uniform magnetic field is directed
along the z axis. The concentrations of electrons and ions are
equal �ne=ni=n�; in so doing, dn /dr�0. It is assumed that
the electron and ion temperatures Te and Ti are constant over
the pipe cross section. For simplicity, we restrict ourselves to
the conditions ��e�e�2�1, where �e=e0B /me is the cyclo-
tron frequency, and �e is the mean free time of electrons
between collisions with atoms. For ions, ��i�i�2�1, i.e., the
effect of magnetic field on the radial ion motion may be
ignored. The radial ion flow is defined by the equality

nvir = binEr − biTi � n/e0. �1�

Here, bi=e0�i /mi is the ion mobility, and Ti is the ion tem-
perature. The radial ion current is acted upon by the Ampère
force of volumetric density fA= jri�B directed in the azi-
muthal direction �counterclockwise in Fig. 1�. It is trans-
ferred to the neutral gas by collisions.

Given the magnetization of electrons, an important part in
their motion is played by the diamagnetic current due to
incomplete mutual compensation of the electron rotation cur-
rents in the presence of gradient of n, as well as by the drift
in the crossed E and B fields. The density of the diamagnetic
current is

jdia � B = �pe, �2�

where pe is the electron gas pressure. The velocity of
diamagnetic electron drift is vedia= �Te /e0n���n�h /B�,
h=B /B. The velocity of azimuthal electron drift is ved
= �E�B� /B2. The azimuthal electron motion acts on the
neutral gas by the friction force. The density of this force is

f = n�vedia + ved�me/�e �3�

�in Fig. 1, this force is directed clockwise�.
The electrons are acted upon by a force �−f� which devel-

ops a radial drift of velocity

ver = �f Ã B�/e0nB2. �4�

Hence the density of electron current to the tube walls,
−j= f /B, which corresponds to the impact made on gas by

the specific force f= jer�B. Because the sum of currents to
the insulating wall is jer+ jir=0, the moments of Ampère
forces from electrons and ions, which cause the rotation of
neutral gas, are equal in magnitude and opposite in direction,
as would be expected. This equality is further valid for posi-
tive columns under conditions of developing current-
convective instability �15,16�. In the case of a turbulent posi-
tive column with magnetized ions �17�, additional analysis is
required. The polarization current must be taken into ac-
count, because the resultant ion during transition to motion
in the crossed E and B fields shifts along the radius in the
direction of the electric field.

In the absence of radial electric current, the intensity of
the radial electric field is found from Eqs. �1� and �4�,

E = −
�n�Te − Ti��e�e���i�i��

e0n�1 + ��e�e���i�i��
. �5�

In accordance with Eq. �5�, the radial electric field may
change its sign in strong magnetic fields. In the discharges
discussed by us, Te�Ti, and the change of sign requires an
appreciable magnetization of ions �i�i�1. In fact, when the
magnetic field intensity increases due to end effects and
current-convective instability, formula �5� ceases to be valid
before the change of sign of Er.

We will now return to the question of the forces acting on
the gas in the azimuthal direction. Disregarding the ion dif-
fusion in Eq. �1� �nEr�Ti�n /e0�, the ratio of azimuthal ion
velocity vi� to vir is equal to �i�i,

nvi� = binEr�i�i. �6�

The friction force acting on the gas on the ion side is

fA = binEr�i�imi/�i = e0binErB . �7�

The azimuthal electron velocity according to Eqs. �3� and �5�
will be written as

ve� = �− Er/B��e�e�i�i. �8�

Relations �6� and �8� yield the ratio

�ve�/vi�� = �e�e/�i�i = be/bi. �9�

The ratio of azimuthal velocities of electrons and ions rotat-
ing in different directions is equal to the ratio of their mo-
bilities, and the forces with which they act on a gas are
mutually balanced.

We will now consider plasma with the addition of a num-
ber of charged microparticles, the negative charge of which
is largely shielded by positive ions. It is assumed that the
motion of electrons does not act on the particles �although
the azimuthal velocity of electrons is two or three orders of
magnitude higher than the ion velocity�, and the ions act with
ion drag forces proportional to the velocity of ion motion �1�.
The addition of dust particles causes an increase in the aver-
age collision frequency of ions and a decrease in their mo-
bility. Relation �9� of the equality of friction forces remains
valid. However, if we assume that the electrons drifting in
the azimuthal direction collide only with gas atoms, the ions
transfer the momentum to gas partly through the intermedi-
ary of dust particles which are decelerated by the friction

f

fA

B

E

n

FIG. 1. Relative positions of magnetic fields �B�, of the radial
electric field �E�, of the gradient of plasma density ��n�, and of the
forces acting on the gas �f , fA�.
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forces. The gas remains stationary by virtue of the fact that
the motion of dust particles partly maintains the equilibrium
of forces acting on the gas. Under these conditions, the mea-
surement of the velocity of PDS motion could serve to test
the validity of the theory of ion drag forces. However, vio-
lations of uniformity of discharge exist, the reasons for
which are considered below.

III. IMPORTANCE OF END EFFECTS AND NARROWINGS
OF THE CHANNEL

Experiments with discharges in longitudinal magnetic
field are usually performed in tubes with the central part
located on the solenoid axis and the ends outside the mag-
netic field. At the solenoid end face on the anode side, where
the tube leaves the region of magnetic field, the longitudinal
current crosses the lines of magnetic flux confined in the
tube. The moment of force IÃB exists here, which causes
the plasma to rotate counterclockwise if viewed in the direc-
tion B. It was this direction of rotation that was observed by
Granovskii and Urazakov �9�. As a result of variation of its
direction, the current on the “new” anode end face interacts
with the field which has radial component of opposite sign.
In so doing, the direction of the moment of force IÃB is
retained. It was the fact that the sign of rotation of gas is
independent of the direction of current that misled Gra-
novskii and Urazakov �9� and their followers. The rotation
under the effect of IÃB is transferred along the tube by the
viscosity of gas and by closed currents. The counterclock-
wise rotation of dust structures was observed in weak mag-
netic fields �7�.

At the solenoid end face on the cathode side, the electrons
move in increasing magnetic field. When their motion be-
comes magnetized ��e�e�1�, the current continues to flow
along converging magnetic lines of force. In so doing, the
cross section of the discharge decreases, and the discharge is
focused on the tube axis. In the region of focusing, the radial
electric field may become negative, because the magnetized
electrons are largely held by the magnetic field, and the ions
by the electric field. The region of negative field elongates
with increasing intensity of magnetic field; in strong fields,
the negative radial field exists over the bulk of the length of
turbulent positive column �18,19�. In the adjoining part of
the tube outside the magnetic field, the radial electric field
defined by ambipolar diffusion is positive. Therefore, regions
of plasma with different signs of Er exist on both sides of the
cathode end of the solenoid. Because the circulation of E in
a closed circuit �along the discharge axis, in the radial direc-
tions, and along the walls� is zero, the electric current devel-
oping an additional moment of Ampère force flows in this
circuit.

The focused current channel within the solenoid in uni-
form magnetic field gradually expands because of collisional
or turbulent diffusion of electrons along the radius. The ra-
dial component of electric current directed toward the center
causes the gas to rotate clockwise relative to the direction B.
Note that, even in the absence of longitudinal magnetic field,
plasma disturbances in the positive column of low-pressure
discharge propagate through a significant length toward the

anode. The time of plasma departure to the walls is �
�a2 /5Da �a is the tube radius, Da�bi�Te+Ti� /e0 is the am-
bipolar diffusion coefficient, and the numeral 5 is defined by
the boundary condition�. The ions depart to the walls in the
vicinity of the point where they appear, and the electrons
drift along the tube in an electric field to a distance L
=a�be /5bi��e0aE /Te�. The factor �e0aE /Te� turns out to be of
the order of unity in inert gases and of the order of several
units in molecular gases. Because be /bi�102–103, we have
L /a�1. In a strong magnetic field, the negative radial field
exists over the bulk of the length of turbulent positive col-
umn.

The method of elimination of end effects at the cathode
end was employed in �18,19�. A severalfold increase in the
diameter of the cathode end of the tube before the solenoid
inlet made it possible to obtain the cross section of focused
discharge of the tube radius. In so doing, the radial electric
field remains positive in all modes of discharges.

IV. STRATA IN MAGNETIC FIELD

It is known that moving and standing strata are concen-
tration and temperature waves of plasma of ionization-
diffusion nature �20,21�. In the strata, the modulation of elec-
tron temperature along the discharge is combined with the
radial gradient of plasma density defined by diffusion. Addi-
tional electric current exists in the positive column with
strata; the circulation of this current is defined by the non-
collinearity of gradients of electron concentration and tem-
perature �22�. For estimating this current, we will write the
equations of motion for electrons and ions as follows:

e0nE + ��nTe� +
men

�e
�ve − v� = 0 , �10a�

e0nE −
min

�i
�vi − v� = 0 . �10b�

Here, v is the velocity of neutral gas; and �e
−1 and �i

−1 are the
frequencies of collisions of electrons and ions with atoms,
respectively, which we will assume to be independent of n
and Te. It is assumed that Ti�Te. We apply the curl to Eq.
�10a�,

e0n curl E + e0 � n � E +
me

�e
�n curl�ve − v� + �n

��ve − v�� = 0 .

In a standing stratum, curl E=0. We express E from Eq.
�10a� to derive

− be � n � �Te + e0n curl�ve − v� = 0. �10c�

It follows from Eq. �10b� that curl vi=curl v. We eliminate
the velocity of gas v in Eq. �10c� and derive the following
equation for current density j=e0n�vi−ve�:

be � n � �Te = − curl j . �11�

It follows from Eq. �11� that an axisymmetric circulation of
radial and longitudinal currents is formed in the stratum. This
circulation is caused by the fact that the stratum has at its
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beginning a region with elevated electron temperature and
radial electric field exceeding the field in regions with lower
temperature. Additional electron current flows under the ef-
fect of this potential difference; in the region of maximum of
Te in this current, the electron velocity is directed from the
axis toward the wall along the radius. The electron gas ex-
pands in the regions of maximum of Te, with a part of its
thermal energy converted to electric energy. This energy dis-
sipates in Joule losses under conditions of flow of eddy cur-
rent. As a result, the thermal energy flux turns out to exceed
by one-third the flux transferred by electron thermal conduc-
tivity alone �22�. The density of the eddy current is an order
of magnitude lower than the density of the discharge current.
Therefore, on being added to the main discharge current, the
additional current modulates its radial profile only slightly.

The effect of longitudinal magnetic field on the radial
component of eddy current sets the gas to rotation about the
discharge axis. In the region of high values of Te, where the
electric current is directed toward the axis, the rotation is
clockwise if viewed in the direction B. In the bulk of the
stratum, the gas rotates in the opposite direction.

We use Eq. �11� for estimating the order of magnitude of
the velocity of rotation. We set ��n��n /a and ��Te��Te / l
on the left-hand side of the equation; here, a is the tube
radius, and l=ka is the size of the order of length of the
stratum, which is equal to approximately 2a in standing
strata. On the right-hand side of Eq. �11�, we estimate the
current density j from the relation �Scurlnj dS=	Ljsds, where
S�al and L�2�a+ l�, �curl j���j�2�1+k� /ak. We equate the
estimates of both parts of equality �11� and derive

j� �
benTe

a	
, �12�

where 	=2�1+k��6.
The formula for the azimuthal velocity of rotation of a gas

in a uniform column of discharge was suggested by Za-
kharova et al. �11�; in this formula, the moment of force
j��B is balanced by friction against the walls with gas
viscosity 
= 1

3manavT�,

v� � 3
e0B

ma

n

na

vr

vT

a2

�
. �13�

The following notation is used in Eq. �13�: vT= �2Ta /ma�1/2 is
the thermal velocity of the gas, �= �na��−1 is the mean free
path, � is the gas-kinetic atomic scattering cross section, and
vr is the radial velocity of electrons. The velocity of rotation
of gas in strata is limited by its longitudinal and transverse
viscosity. Therefore, the application to strata of formula �13�,
which does not include longitudinal viscosity, results in sig-
nificant overestimation of the value of the rotation velocity.
According to Eqs. �12� and �13�, this estimate will be written
as

v� �
2��e�e�

	
na�
Te

Ta
�1/2
 Te

ma
�1/2

. �14�

In moving strata, similarly to standing strata, the sign-
variable azimuthal rotation of gas in a longitudinal magnetic
field must be present. In these strata, the duration of the

effect of eddy electric current is limited to the period of
strata oscillation �B depending on the magnetic field.
Estimates reveal that the maximal velocity of rotation
v��dv� /dt��B turns out to be much lower than the velocity
calculated by formula �14�. In �23,24�, the moving strata in
magnetic fields were investigated in neon in a wide range
of variation of gas pressure, current strength, and magnetic
field intensity at a=1.1 cm. For example, at p�0.4 Torr,
j�0.2 A, and B�800 G, the velocity is v�25–30 cm /s.
The rotation of gas was not measured in these experiments.
At present, such measurements could be performed using
plasma-dust structures.

V. DISCUSSION OF EXPERIMENTAL RESULTS

We will apply the foregoing results to the experimental
data from studies involving the visualization of motion of
PDSs in discharges in neon �7�. These data exhibited sign-
variable deviation of incident particle paths in the azimuthal
direction. The velocities of rotation of PDSs in different parts
of the stratum turned out to be different. The angular fre-
quency of azimuthal rotation of dust particles in the top part
of the stratum was directed in opposition to the magnetic
field, no deviation of particles was observed in the middle
part, and motion in the opposite direction was observed in
the bottom part. These observations agree with the foregoing
results. We will apply formula �14� to a discharge with the
following parameters: p=0.7 Torr, B=350 G, �e�e�2.6, a
=1.2 cm, �Te /Ta��102, n�109 cm−3, Te�3�104 K, and
�=1.8�10−15 cm2. We substitute these values into Eq. �14�
and derive the estimate of v��7 cm /s with angular velocity
of rotation �on radius a /2� ��14 rad /s. This value of angu-
lar velocity significantly exceeds the measured value of �
�1.5–2 rad /s. Estimation reveals that, even for the degree
of ionization of gas of 10−7, the observed rotation of PDSs
may be attributed to their entrainment by gas rotating under
the effect of the Ampère force from the current circulating in
the stratum. Rather than being caused by the change of sign
of the radial field �+3.3 and −0.8 V cm−1�, as was assumed
by Karasev et al. �7�, the observed variations of the direction
of rotation of particles were caused by the effect of rotating
gas. Such a sign-variable radial electric field would inevita-
bly develop a radial current rotating the gas, with the density
of this current being an order of magnitude higher than that
estimated by Eq. �12�. In reality, the radial electric field in
different parts of the stratum remains positive.

In the case of low magnetic fields, the plasma-dust struc-
tures rotated counterclockwise within the entire stratum. The
direction of this rotation was changed to the opposite with
increasing intensity B; however, the difference in the veloc-
ity of rotation between the upper and lower layers of stratum
was retained �7�. This variation of rotation of PDSs within
the entire stratum cannot be explained only by internal forces
or by a change of sign of the radial electric field, which
remains positive under the conditions of the described ex-
periments. The counterclockwise rotation is apparently asso-
ciated with the influence of the anode end face of the sole-
noid and with the effect of the forces of ion entrainment. The
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variation of the direction of rotation with increasing field
intensity in this case was caused by the narrowing of the
current channel, which develops the radial component of cur-
rent.

The rotation in a magnetic field is further developed in the
vicinity of narrowing of the discharge channel cross section.
Karasev et al. �7� used a narrowing with the opening 5 mm
in diameter �with the tube diameter of 24 mm� for the stabi-
lization of standing strata. In a longitudinal magnetic field,
the radial component of the current develops the moment of
Ampère force in a restricted volume in the vicinity of the
opening. The experimental results confirm that the direction
of PDS rotation is defined by this moment of force and that
the velocity of PDS rotation is maximal in the vicinity of the
opening and decreases away from the opening �7�. The rota-
tion proceeds in the direction opposite to that of the effect of
ion drag forces from the ions diffusing in the radial direction
to the tube walls.

Other experiments in investigating the PDSs in magnetic
field are described by Vasil’ev et al. �8�. These experiments
involved the use of a single-section superconducting sole-
noid with a field intensity of up to 2500 G �the field intensity
in this solenoid can reach 30 000 G, but discharge contrac-
tion is not observed in the field up to 2500 G� and a warm
bore in the center of the solenoid with the diameter of 15 cm.
A sophisticated optical system for observing the PDS motion
in a discharge tube in the central part of the solenoid was
placed in the magnetic field. The experimental procedure dif-
fered from that described by Karasev et al. �7�, where the
PDSs were observed in nonuniform magnetic field in the
9 cm gap between the solenoid coils. Unfortunately, this
study �8� does not elaborate on further experimental details
important for this discussion �for example, the length of the
solenoid and the method of stabilizing the strata by locally
narrowing the discharge gap�.

The motion of PDSs in a magnetic field described by
Vasil’ev et al. �8� qualitatively agrees with the results of
Karasev et al. �7�. In weak magnetic fields, the PDSs rotate
counterclockwise relative to the direction B. Such rotation
may be explained by the effect of ion drag forces, as well as
by the moment of the Ampere force at the anode end of the
solenoid. With increasing field intensity, the rotation ceased
at B of about 500 G. At high values of B, rotation in the
opposite direction is observed. Vasil’ev et al. �8� associate
this rotation with the ion drag forces, while assuming the
change of sign is caused by the radial electric field in the
vicinity of the axis �where the PDSs are located� and by the
radial motion of ions. The change of sign by the radial com-
ponent would cause the development of eddy current in the
nonuniform longitudinal electric field existing in the strata.
The cessation of rotation observed in �8� may correspond to
equilibrium between the ion drag forces and the entrainment
of PDSs by moving gas. In our opinion, the reversal of the
sign of rotation speaks in favor of the concept of rotation of
gas presented above. According to the estimates given in �8�,
an angular velocity of rotation of the order of 1 rad /s corre-
sponds to the velocity of PDS motion under the effect of ion

drag forces �relative to stationary gas�. This velocity of gas
rotation is sufficient for the rotation of PDS to cease.

VI. CONCLUSIONS

We argue here that, in addition to the effect of ion drag
forces on PDSs, the observed rotation of PDSs in magnetic
fields is associated with the rotation of gas caused by various
nonuniformities of the magnetic field and of the density and
temperature of plasma. The rotation of gas in longitudinal
magnetic field is affected by factors such as the narrowing of
the current channel, nonuniformities of magnetic field at the
solenoid ends, and the circulation of additional electric cur-
rent in the strata. For example, the experimental findings by
Karasev et al. �7� on the rotation of PDSs may be associated
with their entrainment by the motion of gas under the effect
of the moment of Ampère force.

It was demonstrated in Sec. II that the azimuthal and lon-
gitudinal directions do not physically differ, i.e., the friction
forces from ions and electrons acting on gas are mutually
balanced in both cases. It would seem that the ion drag forces
acting on the PDSs in the azimuthal direction will show up
along the discharge as well and provide for the velocities of
motion which are two orders of magnitude higher than the
observed velocities of PDSs rotation. These forces under cer-
tain conditions might have balanced out the gravitation act-
ing on the dust particles if the discharge current were di-
rected vertically upward. The effect of ion drag forces on the
variation of longitudinal velocity of PDSs may be evaluated
by varying the direction of the discharge current. In experi-
ments aimed at comparing the real ion drag forces to their
theoretically obtained values, the motion of gas must be
taken into account.

Under conditions where the discharge current does not
develop a torque, sign-variable rotation of gas and plasma
arises in the strata under the effect of eddy electric current.
However, the internal forces do not develop rotation of the
medium as a single whole. The effect of ion drag forces and
gas rotation may be studied in more detail by observing the
motion of PDSs in plasma and eliminating both end effects
by turns or simultaneously. In order to eliminate the rotation
of gas in the vicinity of the anode end face of solenoid, the
anode may be placed in a uniform magnetic field, or a hol-
low anode may be used on tube walls, where the walls are
crossed by the field lines. A method of eliminating the impact
of focusing at the cathode end has been proposed in �18,19�.
The kinetic two-dimensional effects in strata must be taken
into account in theoretical studies of motion of gas in dis-
charges in magnetic fields at low currents �25�.
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