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1. It is known that, in a state of thermodynamic equilibrium, the motion of
a neutral gas is composed of translational motion and rotation about a fixed
axis. If external forces that do not depend on the velocity act on the gas, then
these forces have a potential, and the density distribution obeys the barometric
formula. In this case the temperature does not depend on the coordinates, while
the density varies in the direction perpendicular to the mean velocity of the gas
().

If the gas consists of charged particles, then in a state of thermodynamic equilib-
rium there is a separation of charges caused by the combined action of rotation
and of the intrinsic electric and magnetic fields. The conditions for the existence
of thermodynamic equilibrium of a plasma coincide with the conditions listed
above for the existence of thermodynamic equilibrium for ordinary gases, with
the difference that the external forces are replaced by internal forces, which are
due to the electric and magnetic fields arising from the centrifugal separation
of charges and the convective current.

The force exerted by the magnetic field on a particle is of order (v,/c)? in
comparison with the force due to the electric field. Since, as was said above,
the total force acting on a particle of each species has a potential, the basic
equations have the form

%¢ 1)

n = ngexp (f%) qE +mlvg, &+ 6] = ——=,

where n, is the particle density at ¢ = 0; 9 is the generalized potential; ¢ and
m are the charge and mass of a particle; Q) is the rotation frequency; @ is the
Larmor frequency; v, is the mean velocity of the component, vy = v/ + [Q r].
Here v/ and Q are constants.

To these equations, written for each component, one must add Maxwell’ s equa-
tions and the equations relating the current and charge to the densities and
mean velocities of the particles.
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We shall restrict ourselves to the case when the generalized potential is small
in comparison with the temperature. Then exp(—/6) ~ 1 — /0, and the
equations become linear.

Let us consider a thermodynamically equilibrium plasma consisting of electrons
and singly charged ions, rotating in a cylinder of radius py. In this case all
quantities depend only on p, the angular velocities of rotation are the same,
and v/ = 0. Then the system of equations has the form:

e
o=e(n; —n,) =e(ng —ny) + 5(”17#1 — naty); (2)
1d dB 47
J po, o dp (pE) o, dp c D> (3)
d Q d Q
a4 :eE—!—e—Bp—mQQp, Wy = —eFE — e—Bp—MQ2p. (4)
dp c dp c

Here and below the indices 1 and e refer to electrons, 2 and ¢ to ions; n; and ng
are the particle densities on the axis of the cylinder (the potentials are measured
from the axis); j = j,, F = E,, B= B,.

Assuming that the total charge per unit length of the cylinder is zero and that
external fields are absent, we obtain the following boundary conditions of the
problem: on the axis of the cylinder the electric field vanishes and the magnetic
field remains finite, while at the edge of the cylinder the electric and magnetic
fields are zero.

2. From equations (3) it follows that pE + éB = 0. From (4), neglecting

(vy/c)?, it is easy to obtain

d’B

XTXQ —bB = —ay, (5)
where
Q2 Mn, ¢ ~Qp? B 0
e ng+ny - 2Qp,’ X= 2cpy’ Pa = dmre?(ny + ny)

is the Debye radius.

The number of particles per unit length of the cylinder is

_ Ty N9 Py 2+ M
ny + ny 40 '

(6)
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The generalized potential has the order of magnitude of the ion rotation po-
tential. Consequently, the linear approximation of the exponential assumes the
smallness of the ion rotation potential in comparison with 8, i.e. vy < vp;, where
vp, is the thermal velocity of the ions.

The solution of equation (5) satisfying the boundary conditions is

_al L2vhx)
B(X)—b[X \/Xixol1<2 on)l'

The remaining physical quantities are expressed through B(x) as follows:

1 dB
E:—LB, o= —_—, 7= Qpo,
Qp dmpg dx
0 — MO? 2
wl _ o + e(nl n?) _ n2p , (8)
nq + U e 20
0 oc+eln, —n MO2n, p?
by = — [ (4 2) + 1P .
n1 + n2 e 29

The charge separation at the center of the cylinder is determined by the rotation
frequency and the radius of the cylinder. The equation relating these quantities
is obtained by comparing formulas (2) and (8), which determine the charge on
the axis. It has the form

2MO? X 1
2 |: - T 0 :| ==X (9)

mwy 211 (xo)

where X = ny/ny, Xo = po/Pa> W, = \/4Tn1€% /M.

The left-hand side of (9) is always positive, i.e. always n, > n,. It is easy to see
that for vy < vy, the quantity

MQ?
=— {1 __Xo ] < 1.
mwy 214 (xo)
Consequently,
x~1—A
For xy <1
MQ*  xj/8

mw2 14 x3/8’
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whereas for x, > 1

M2

5 -
mwp

x=1

Thus, for x, > 1 the charge separation on the axis does not depend on the
radius of the cylinder.

Using (8), it is easy to find the fields, charge, current, and potentials. Figure 1
shows the behavior of these quantities, normalized to their greatest values. The
latter are equal to:

m MQ3en,p} 8 ¢B
= TS a1 T 5o m = o = m’ O = €(N1—Ny), .m:Q Oms
m 8 cf(1+ x3/8) 3v/3 Qpg (1=72) ’ Po
b = ctB,, X3 b = MQ?p3 [1 B noXg }
im 16eQp2(ny +ny)’ m 2 8(ny +1ng) (14 x3/8)
for xo < 1;
_ 2 (m)
B, = pm 172111)(0721 1n2+1n 2Xo , Em:cB (11n)(0>7
Xo Xo X0 Qpg Xo
cB™) ( 2 )
m= 5 O 1—— ’ jm:Qpamv meZﬂ-eppo.ma
4mpapoS2 Xo ’ ' o
by = NP1, 1+ 209/ X0 Bom) MQPn,p2
2m No 1—2/x ce(ny + ny)
for xo > 1.

Along the abscissa axis is plotted the quantity 7 = p/p,. In the case x, < 1,
the behavior of the curves does not depend on x,. As x, increases, all extremal
points move toward the edge of the cylinder. All calculations were carried out
using two terms of the series and one term of the asymptotics of the Bessel
functions.

Fig. 1. 1-reduced magnetic field; 2—reduced electric field; 3—charge; 4—current;
5—electron potential; 6—ion potential
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Fig. 1

Figure 1: Fig. 1

For x, > 1, determination of the extremal points reduces to solving transcen-
dental equations, the asymptotics of whose roots can be obtained by the method
of iterations [2]. The behavior of curves 6 for x, = 10 and x, = 100 depends
on x (x = 0.98 and x = 0.9998). For v, < vp;, the inequality 1 —6/x3 < x < 1
holds for x.
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