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1. Introduction

A weakly ionized plasma in electric and magnetic fields, in which the electron energy
distribution is nonequilibrium, is considered in the present article. Such a plasma is en~
countered in the ionosphere [1], MHD generators [2], and semiconductor devices. A nonequilib-
rium gas-—discharge plasma in crossed electric and magnetic fields has recently evoked in-
creased interest in connection with a number of technical applications [3, 4].

The phenomenon of anisotropy of electron diffusion in gases under the action of an elec-
tric field, which has found a theoretical explanation in [6, 7], was discovered experimentally
in [5]. In [8] it was shown that the system of equations of electron transport in a weakly -
ionized, weakly nonuniform plasma in an electric field is reduced to one modified equation
of continuity, which was obtained in the final form (without a magnetic field) in [9]. This
is connected with the fact that the average wvelocity and the average energy of the electrons
are uniquely determined by the external electric field and the cross sections of electron
scattering on atoms and molecules. According to [9], not only nonuniformity of the electron
density but also nonuniformity and nonsteadiness of the parameter E/N. (E is the electric field
strength and N is the density of neutral particles) result in a renormalization of the electron
flux along the electric field, i.e., the electron "thermodiffusion" in the electric field is
also anisotropic. A large number of articles [7, 9] have been devoted to the calculation of
electron transport coefficients in an electric field (without a magnetic field).

A modified equation of electron transport in a weakly ionized plasma in electric and
magnetic fields was derived in [10], equations were given for determining the electron trans-
port coefficients, and the stability of a weakly ionized plasma was investigated on the basis
of the new transport equation.

In the present article we consider the limit of a weak magnetic field, when.the electron
cyclotron frequency is large compared with the frequency of electron momentum transfer. Ex-
plicit expressions are obtained for the electron transport coefficients in the model case when
the collision integral has a divergent form while the cross sections of electron scattering on
neutral particles are power-law functions of the electron velocity. A collision integral of
this kind occurs if the main losses of electron energy are connected with elastic collisions
(atomic gases). In molecular gases the collision integral is reduced to the same form under
certain conditions with the excitation of rotations and vibrations. Only the transverse
diffusion coefficient was calculated earlier [7] from a set of electron transport coefficients
for a strong magnetic field.

2, TFundamental Equations

We obtain the equations for determining the electron transport coefficients in a non-
equilibrium weakly ionized plasma in electric and magnetic fields following [10].

If the electrons acquire an energy considerably higher than the thermal energy (eE}\u >> T,
where Au is the relaxation length of the average electron energy, e is the electron charge,
and T is the gas temperature) over a length Au under the action of the electric field, then

the average electron energy considerably exceeds the energy of the heavy particles [11]. For
a sufficiently low degree of ionization oy (ai € 10~%-10~" for various gases) the electron

mean free path with respect to electron—electron scattering exceeds Xu’ and the electron
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energy distribution becomes non-Maxwellian [11]. For the electron velocity distribution func-
tion we use the two-term approximation [11] £ = fo + (¥/v)f, (v is the electron velocity),
which is valid .for the majority of gases. 1If the frequency of variation of the plasmaparam-.
eters 1is much less than the frequency v of momentum transfer from electronsto neutral par-
ticles, then the system of equations for the isotropic and anisotropic parts of the electron
velocity distribution function in electric and magnetic fields E and H has the form [8, 12]

o (nf E 4 : )
(6t0) — le (ﬂfl) - o 2 Fr (vzfl) - (”fo) = Oz‘ (2 l)
TV fo)~£i*‘“>\f»1 =0,

where v = thv; 9 is the transport cross section of electron scattering on neutral particles;

n is the electron density; w = eH/mec; So is the collision integral averaged over angles.

The electron distribution function is normalized by the condition
o0
43’5 foridv = 1.
5-
If the characteristic size L of the nonuniformity and the time scale 1 of variation of the

electron energy distribution satisfy the conditions Au << L and 1% << Y4 (vu is the frequency

of energy transfer from electrons to neutral particles), then the electron distribution func~
tion in the primary order foo is determined by the solution of the system (Z.1) without the
terms describing the nonuniformity and nonsteadiness:

4 o 61‘00[ (mE] _ @2.2)
MWE%&+$M E? + A S (foo) = 0.

This function can be used as the zeroth approximation in the construction of a theory of dis-
turbances in the parameters ('lzx)u)’“1 and Au/L.

We shall assume that the electron density and the electric field are nonuniform and non-
steady. Then, according to [10], the electron distribution function can be represented in the
form
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where E; = a(0E)/0?and IEL :=E<f§E”. (Here and latter summation over the recurrent indices

is understood.) Equations for the coefficients in the expansion (2.3) are presented in [10].
According to [10], the expression for the average directional velocity of the electrons has
the form
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and 8ij and eijk are Kronecker and Levi—Civita symbols. The tensor Dij describes electron

diffusion in the nonequilibrium plasma (the expression for Dij was first obtained in [7]) and

D" and Dj; " are the electron "thermodiffusion," since the quantity E determines the average
electron energy. The tensor D!*'l describes the nonclassical electron fluxes connected with

the nonsteadiness of the electric field. According to [10], if v does not depend on the
electron veleccity,

® , aD;; A, ti,
Dij= Dy, pﬁﬂ:EﬁfT,Df":Di =0.
: o,

3. Electron Transport Coefficients in the Model Case

To determine the electron transport coefficients in the general case one must numerically
solve a system of integrodifferential equations [10], but for certain models one can obtain
an analytical solution of this problem.

Suppose the integral of collisions of electrons with atoms and molecules has the diver~
gent form

1 0 4
So(f)=§§*a—,,(v Vuf)
and the frequencies of elastic and inelastic coilisions of electrons with neutral particles
are power functions of the electron velocity: v = vovP, v, = 8v, 8§ = ovd. As indicated in
the introduction, this model reflects a number of concrete situations.

We shall assume that the magnetic field is perpendicular to the electric field and is
directed along the z axis, i.e., Ejf = 0 and E; = E. Then the solution of Eq. (2.2) has the
form
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If the magnitude of the magnetic field is small and w << v, then the expression (3.1) is re-
duced to the well-known equation [9] without allowance for the magnetic field. In the other
limiting case of w >> v Eq. (3.1) is simplified,*

foo = C exp [— (v/o)],
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It is just this case which will be considered below. Then the electron mobility and diffusion
tensors are

(3.2)
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*The effective phase of the notation (3.2) is correct for the calculation of integral quanti-—
ties of the type u, D, etc. The distribution function itself may differ greatly from (3.2)
owing to the second term in the exponent of (3.1).
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where v{o) = vp2® and 1, i = %, y. We shall not write out the components of tensors with an

index z, since *he expressions for them do not depend on the magnetic field. With allowance
for the renormalization, the expression for the diffusion tensor has the form

Dij=Dy+0C, “_"@e e e=EiE,
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For p > —3 the guantity § can be written in the series form

R

The electron "thermodiffusion" tensors are written in the form
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The expression for the tensor D!* describing the electron fluxes comnected with the non-

steadiness of the a2lectric field is reduced.to

We note that as w > 0 the equations obtained above coincide with the results of [9] with the
substitution p » —p. The quantity s is also different in this case. Here s = q + 2 while in
91 s = 2p + q + 2.

The results of a calculation of the dimensionless coefficients Co, S, C;, and C; as a

function of p for s = 2 and 4 are presented in Table 1. It is seen that, as in the case
without a magnetic field, the signs of these coefficients are determined by the sign of the
derivative of the transport frequency of collisions of electrons with neutral particles with
respect to the electron velccity. 1In the transition from one limiting case of w >> v te the
other, however, the signs of S, Co, Ci, Cz, and some of the electron transport coefficients
change. This is connected with the fact that the dependence of the mobility of the electrons
on their transport frequency changes in this case.
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TABLE 1

=2 - ) s==4
D .
Ce ' 8 C, [0 Cs s ¢, B

—1 —0,26 { —0,073 1 ~ 0,70 | —0,75 —0,14 | -+-0,054 0,40 | —o0,11

0 0 0 o 0 0 0 0 0

0,2 0,10 0,048 { :—0,16 0,28 0,032 0,016 | —0,025 0,029

0,4 0,23 0,12 —0,32 <0,83 0,087 0.036 { —-0,051 0.060

0,6 0,40 0,21 ‘| —0;50 1,06 . 0,11 0,058 | —0,080 0,095

0,8 -0.62 0,35 ~0,69 1,60 0,45 0,083 | —0,11 . 0,13

1 1,08 071 | —0,9 2.26 0,20 0,12 | —0,45 0,17

1,5 2,10 1,52 —1,67 | 4,67 - 0,34 0,22 | —0,25 0.29

2 4 62 3,37 —2,54 8,75 0,57 0, 40 —0,40 0,45

The experimental determination of the above-indicated electron tramsport coefficients

will open up new possibilities for determining the cross sections for electron scattering on
atoms and molecules and finding the regions of instability of a nonequilibrium weakly ionized
plasma. The use of correct transport equations allows one to make sufficiently reliable cal-
culations of the characteristics of a mnonequilibrium weakly ionized plasma in electric and
magnetic fields.
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