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A method is developed for describing non-equilibrium processes in a partially ionized plasma
by taking into account inelastic processes. The initial set of equations is that for four opera-
tor density matrices that describe the states of free and coupled charged-particle pairs
(electrons and ions) as well as transitions from bound states to free ones and vice versa.

The equations are considered simultaneously with those for the microscopic electromagnetic
field strengths. Expressions in which inelastic processes are taken into account are ob-
tained for the field spectral functions, and a set of kinetic equations for the electron, ion, and
atom distribution functions is obtained, in which inelastic processes are taken into account.
The properties of the collision integrals are such that they ensure conservation of the total
number of charged particles, the total momentum, and the energy. The Maxwell-Boltzmann
distribution is the equilibrium solution of this set of equations under conditions of chemical

(ionization) equilibrium.

The approximation in which the kinetic equations have been derived corresponds to the
Born approximation for elastic and inelastic processes, but with atomic motions and polari-
zation of the medium taken into account. The polarization of the medium is due to four
processes: motion of free charged particles, variation of the internal state of the atoms, and
transitions of the charged particles from the bound state to a free one or vice versa.

A set of equations for the electron, ion, and atom concentrations is derived with aid of the
kinetic equations. The ionization coefficient for longitudinal electric field quanta is calculated.
The expressions for the equilibrium ionization and recombination coefficients of colliding

particles are considered.

INTRODUCTION

IN studies of the statistical theory of non-equili-
brium processes in a plasma [1’8], principal at-
tention is paid to the investigation of a fully-
ionized plasma. The starting point is either the
system of equations for the distribution functions
of the coordinates and momenta of all the charged
particles [2’8], or the system of equations for the
microscopic phase density of each plasma com-
ponent and the microscopic electromagnetic
fields ("), In the quantum case, the chain of equa-
tions for the distribution functions is replaced by
a chain of equations for the density matrices of
one, two, etc. particles [B], and the equations for
the microscopic phase densities are replaced by
the corresponding operator equations (9,10 The
initial equations are valid, naturally, for a de-
scription of both fully and partly ionized plasma.,
Limitations arise in the choice of the method of

approximately solving the initial equations.

The kinetic equations are derived for a plasma
by using the assumption that the correlation func-
tions are small (2478 In zeroth approximation,
that is, when the correlation of the coordinates and
momenta of the charged particles is completely
neglected, a closed system of equations is ob-
tained for the first distribution functions of the
electrons and ions and for the average intensities
of the electromagnetic field, namely the Vlasov
approximation, This approximation can be called
the approximation of completely free charged
particles. The term ‘‘free charged particles’’ has
here a statistical meaning and indicates that the
correlation functions are equal to zero,

In the next approximation (in determining the
collision integral), the correlation is taken into
account but it is assumed to be small. The small
parameter is either the ratio of the average poten-
tial energy of the interaction to the average kinetic
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energy to the particles, or else the plasma
parameter. Such an approximation is not suitable
for the description of the bound states of charged
particles in atoms, for in this case the correlation
functions are not small. This made it possible, in
the derivation of the kinetic equations in [1’2’4_81, to
obtain only a collision integral that describes
elastic scattering of charge particles—the collision
integral in the Landau form.

In the present paper we consider a more general
method of approximately solving the exact initial
equations; this method makes it possible to de-
scribe the procrsses in a partly ionized plasma
with allowance for inelastic interactions between
the free charged particles and the atoms and of
the inelastic collisions of the atoms with one
another.

In many recent papers dealing with ionization,
dissociation, and other inelastic processes in
gases at sufficiently high temperatures, kinetic
equations with allowance for inelastic processes
are used to derive hydrodynamic equations. An
analysis of these papers and a pertinent bibliogra-
phy are contained in [11-13]  The kinetic equations
themselves, which take inelastic processes into
account, are written in analogy with the Boltzmann
equation, by introducing appropriate effective
cross sections. A consistent statistical derivation
of these equations from exact macroscopic equa-
tions is one of the main tasks of the present paper.

1. INITIAL MICROSCOPIC EQUATIONS

We consider a partly polarized plasma. In the
simplest case, such a system consists of three
components: electrons, singly-charged ions, and
neutral atoms. The first two components will be
designated by indices a and b, and the third by
the double index ab. The charged particles of
components a and b will be called free, and those
of the component ab, that is, the charged particles
forming the atoms, will be called bound.

The system on the whole is neutral, so that the
total number of negatively charged particles (both
free and bound) is equal to the total number of
positively charged particles. We denote this num-
ber by N. In order not to complicate the problem
from the very outset, we confine ourselves here
to the case of a Coulomb plasma.

To take into account the bound states in the
kinetic equations (within the framework of the
classical theory), it is convenient to separate from
the very beginning the particle pairs making up
the atoms (or, in the more general case, more
complicated particle complexes). To this end we
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can use as the starting point the equation for the
microscopic phase density of pairs of charged
particles in twelve-dimensional space ra, pa, Th,
pp, that is, for the function

2 8(ra—¥ia(t))d(Pa — Pia(t))

I<iKN

XO8(re — 15 (2))8(Po — Pin(t)),

Nab (ra» Pa, Ty, Po, t) =

and the equation for the microscopic field (o],
For a consistent description of the inelastic
processes it is necessary to use quantum theory,
and therefore we shall use in lieu of the classical
function the corresponding quantum function—the
operator of phase density in the space ry, py, T'p,

Pp:

Nap S Pab( rai%ﬁta,rbiihfb) .

T (2n)s 2 .

X exp{— i (TaPa + T5Ps) } dTods.
Here pg} is the corresponding operator density
matrix.

In place of the variables rj, ry, I, Tp, it will
be more convenient to use the variables

R = (marq + myry) /(Mo + ms),

In terms of these variables, the equation for the
operator density matrix takes the form

r=r,—r (1.1)

ik % =— 2—75‘27 (Ars — Ag”) pap — -'Zh% (A — Ar~) Pap
+ {[Dap (| [) + Ugp (R’, )] — [Dap (| ")
+ Uas (R”, 1)1} pap (1.2)
Here
Mi=m,+mp, p= mamp/(mq+msp),
Uas (R, 1) = eaUM (ra) -+ e UM (r). (1.3)

The equation for the microscopic potential uM
can be expressed in the terms of these variables
in the form

AUM (q, t) = ——4:1:8[3,,6 (q—— (R—}— —”—l;%m—br))
+ e,0 (q—— (R——Y%—rj_f—;; r))] o (R, R,r, r,t)dR dr.
(1.4)

Equations (1.2) for the function pgp describes
the distribution of the particle pairs, both free and
bound. In order to separate the free and the bound
states and to describe the transitions between
them, we proceed as follows.

We use the eigenfunctions of the energy opera-
tor of an individual atom, They are represented
by the equations

K2
— “‘2? [A; 4 Dy (l r I)] Y, (r) = Eq¥a,

h?

—_ WAR“}}‘]) (R) = EPLPIP.

(1.5)
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The orthonormalization conditions for the eigen-
functions is written in the form

(e R) ¥ (R) R = BT 5 0 ),

¥e (R) = 1/_e {lP;{}

S‘If'a (r) ¥} (r) dr = a5
Spm for a=n,p=m

’

_ 0 for a=p',p=m; o =n,
B=p"
(@an) V=18 (p'—p") for a=p, p=p" (1.6)

Thus, the values a@ =n and g = m pertain to the
discrete spectrum, while @ =p’ and 8=p” per-
tain to the continuous spectrum.

Using the eigenfunction expansion, we represent
the operator density matrix in the form

Pab (Rly R”’ l”, l'”, t)
Ve
= iy 2 0o
X W (R") dP’ dP”.

(P’, P, t) ¥, (x') ‘I"B (r"y¥p (R

(1.7)

From (1.2) and (1.7) we obtain a system of equa-

tions for the functions pyp (P, P”, t):

apaﬂ (P ) P’ ) )
ot

V ! L4
+ (2nh)? %S[Uw (', Py) pg (Py, P7)

i = (Ea+ Ep — Eg— Ep) py (P', P")

— Py (P, P1) U g (Py, P")] dPy,
o=rn, plr B=mip”' (1'8)
Here
U (P, P, 1)
= S Yo (r) Vs (R) Uas (R, 1, £) Ppr (R) W (r) dr dR,
(1.9)
= .o dpd-
‘? Z (2 ﬁ)s S (1.10)

We have thus reduced the initial equation (1.2)
to a system of equations for four operator density
matrices:

Onmr  Pprpmr Prpws pp,m(P', P, t)

The first two describe the bound and free states
of the charged particles, respectively, and the
last two described transitions between the free
and bound states.
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2. KINETIC EQUATIONS FOR THE DISTRIBUTION
FUNCTIONS OF THE ELECTRONS, IONS, AND
ATOMS

We present the derivation of the kinetic equa-
tions in two stages. We first obtain the kinetic
equations for the distribution functions of pairs of
charged particles, and from them we obtain the
sought-for equations for the distribution functions
of the electrons, ions, and atoms.

We confine ourselves here to the case of a
spatially homogeneous plasma. Under this condi-
tion we have

—_ 2 ﬁ 3
pap (P, P”,t) = dap ( T;,) o(P' —P”)fo (P, ¢),
U=TU™=. (2.1)

Here f, (P’, t) is the distribution function of
pairs of free (a =p’) and bound (& =n) charged
particles.

After averaging the system (1.8), we obtain a
system of two equations for the function f, (P’, t).
We write it in the form

ofu(Pt) 2V
a  (2mA)3

XZ § 1 10pas (B, P7, 1) 6Uap (P, P7, 1) dP” = I (P, 1).
(2.2)
Here J, are the corresponding collision integrals.
They are determined by the correlation function
of the random collisions 0,q3 = pag - Pap: 0Uqp
=Ugp, since UM _ g,

The next step in obtaining the kinetic equations
is perfectljy analogous to that given in Sec. 14 of
the book [ in the derivation of the kinetic equations
without allowance for the inelastic processes. We
consequently omit all the intermediate steps and
write down directly the final expression for the
collision integral in the following form:

Ta(P'yt) = 4n _—hs S SdP”dPl’ dPy" do dk | Pgg (K) 2|

2Ry oo,

X Pap, (k) PE7 (0, k) [ 6 (k — (P'— P"))

X 8 (ho — (Eq + Ep- — Eg— Ep))- 8 (P'+ Py”

— (P"+ Py')) 8 (Ea+ Ep: + Ep, + Epy

- (E(h + EP,' + EB+EP”)) [fﬂx (Pll) fﬁ (P”)

— fo (P') fo, (P1")], (2.3)

where n = N/V, The matrix elements in (2.3) are
determined by the expression

Pog (k)= S [eaexp<i

T kr )
mq + my

+ e exp\ — l——+~r—n—kr>] Yo' (r)We(r)dr (2.4)
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€ (w, k) is the dielectric constant of the partly
ionized plasma It is determined by the formula

e(o, k)y=1 + kz (2:5)3
x 3, {ap’ap” | Pap k(l&lz (fa (P') — fi (P')) & (fik — (&' — P"))
ap +iA)— (Eq + Ep — Eg— Ep)
(2.5)
The double sum 2 has the meaning
ap
?,3 _gn +(2ﬂfl)3<zg dP”—i—ZS dp
2
t Gy J...avap (2.6)

It follows from (2.5) that the polarizability of
a partly ionized plasma consists of four parts: the
polarizability produced by the free particles (first
term), bound particles (fourth term), and the
polarizabilities arising in transitions from the
bound to the free state and vice versa. The colli-
sion integrals (2.3) take into account the possibil-
ity of production of bound states (atoms) from free
particles belonging to one pair only. In order to
take into account the possibility of formation of
atoms from free particles of arbitrary pairs, we
proceed as follows.

The free charged particles remain most of the
time at distances such, that the eigenfunctions of
the continuous spectrum can be replaced by plane
waves, that is, at the chosen normalization,

le(r)—>—1— exp{ﬂ}. (2.7)
114 h
In this approximation, the matrix element
[ Pprp” (K) |2 of the free particles is given by

(2nh)3 { . < mp >
4 4 hk
|4 ea"d( P P mq -+ myp

|Pprpe (k) |2 =

~+ €20 (P -P"'i-mﬁk)] .

To describe the motion of free particles it is more
convenient to use the variables

(2.8)

P=p,+ps, P= (MsPa— MaPs)/(Ma+ mp). (2.9)

Here p, and pj, are the momenta of the free
electrons and ions. Following such a change of
variables we have

fo (P, ) = f(Pa, Ps, 1). (2.10)
We note that the function
NfP(Pi t) =Nf(Paypb, t) (2-11)

determines the mean value of pairs of free charged
particles with momenta p,; and pjp. In order to
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take into account the possibility of formation of
atoms from free particles of arbitrary pairs, we
make the following substitution in the terms the
collision integral (2.3) which describe the transi-
tions from the free states to the bound states and
vice versa:

Nf(Pa, Po, t) = Nf(Pa, t) Nf (P ).

A similar substitution is made in expression (2.5)
for the dielectric constant.

We can now write the sought kinetic equations
for the distribution functions of the free electrons
f(pg, t), the free ions f(pp, t), and the bound
charged particles (atoms) f, (P, t). The last
function determines the probability of an atom of
momentum P in the state n,

Taking account of the fact that

(2.12)

14
f(pa) = (Znh)? Sf(pa, Po) dps,
14
f(pp) = _(Z—nﬁ—)—38 f(Pa, Pv) APa, (2.13)

we obtain from (2.2) and (2.3) the sought-for sys-
tem of kinetic equations.

af(pa,y t) V .

a0 (m)sS J(Pa, Po)dpy = J (Pa, ), (2.14)
9f (pv, t)
= (2nﬁ)38] (Pa: Po) dpa = J (Ps, 1),

0fn (P, t) /0t = I (P,1). (2.15)

The distribution functions of the electrons, ions,
and atoms are normalized in the following fashion:

Vv N,
_(WS f(pa’ t) dpa. - W == Cq,
4 N,
G =" e 210
14 Nl
Wz S'f"(P’t)dP= Nb = Cup; (2.17)

Here cgq =cp and cy +cgp = 1; cg, ¢, and cyp
are the electron, ion, and atom concentrations.

In the equilibrium state, the distribution func-
tions are given

Nja (P = exp{ B2 = 2n =0 )

Nf(pa) = exp{ ‘E" } , (2.18)

where
E,=P2/2M, Ep, = ps®/2m, and

Nay 7 2082 \% 1
s = xT 1
Map = xT'In [ V(MxT) z]'
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Ng / 2nh2 \
Wa %l In V\ et

(2.19)

(Z is the partition function). The expressions for
the functions f(py) and 4p are obtained from
(2.8) and (2.19) by the substitution a — b.

3. SPECTRAL FUNCTION OF THE FIELD AND
POLARIZABILITY OF PARTLY IONIZED
PLASMA

We return to expression (2.5) for the dielectric
constant of a partly ionized plasma. We represent
it in the form

e(w, k) = 1+ 4n(os + aps + oz + 0vs).

The indices f and b denote free and bound states.

For the polarizability a¢f we obtain from (2.5),
with allowance for (2.7) and (2.8), the well known
expression[“”s]

(3.1)

|4
(lff((l),k): nW
e,? fa(p+ 1/2hk)“‘fa(p_‘i/2hk)
* D Jap o F iA —ky ’ (3.2)

a
where a = e, 1i.
The polarizabilities apf and af,, which char-
acterize the transitions between the bound and
free states, are defined by the expressions

Ay ((J), k) = a,b* (— (,0', ——k)

Ve Py (k) 2
8 (ik — (po + Po — P) [V (po) f (Po) — fm (P)] | (3.3)
B0+ iA) — (pg2/2m, + p2/2mpy — Epy— Ep)y "

where p = (mppy — mapp)/ (Mg + my). We took
the condition (2.12) into account here.

The expression for app follows directly from
(2.5) with ¢ =n and g =m.,

We now consider the expression for the spec-
tral field-intensity function, which will be used in
Sec. 4. In the case of a partly ionized plasma, this
function is defined by the formula

(OESE),, ¢ = 2—22[125 (ap a7 17, @) — 15 (@)
P‘l k) |? ’ ”
kLIS‘Z(f),)kI)[Z é(hk—“(P _P))

X 8 (ko — (Eq + Ep — Ep— Ep). (3.4
The double sum has here the meaning of (2.6), and
therefore the spectral function (3.4), like the die-
lectric constant, consists of four terms. In the
terms due to the transitions from the free state to
the bound state and back it is necessary to take
the condition (2.12) into account. In the equili-
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brium case, the spectral field function is defined
by the usual expression“s’ﬂ. For that part of the
spectral function which is determined by transi-
tions between free states of charged particles, we
obtain from the general formula (2.4), with ac-
count taken of (2.7) and (2.8), a simpler expression
which coincides with the expression for the spec-
tral function of a fully ionized plasma.

Let us consider certain results that follow from
the foregoing general formulas,

Using (3.4), we can determine the spatial spec-
tral function of the field. In the equilibrium case,
we obtain for this function

(6ESE) = 4nunT L(i — ?(;l,-k—) )

< 1

+2l§iRe (1—m)]. (3.5)
In the classical approximation, when h=0, only
the first term remains in this formula. We con-
sider the two extreme cases when the degree of
ionization is close to unity and zero, respectively.

In the fully ionized plasma, the classical for-
mula can be used at values k < kmax ~ vV uk T/h.
This condition can be obtained from (3.2) and (3.5),
but it is simpler to derive it from the uncertainty
relation. It follows from this estimate that rp,in
~ 1/kmax ~ /¥ uxT. For a low-temperature
plasma we have rpin > a, where a is the Bohr
radius. This enables us to use the classical form,
assuming the spectral function to be equal to zero
when r < rp,i, (k> k). Inthe case of a fully
ionized plasma in the classical approximation”’”]

e(0, k) = 1+ 1/ra2k?, (3.6)

where rg is the Debye radius. From (3.5) and
(3.6) we get an expression for the mean square
deviation of the field

__._2._— 1 -
(OE)* =55 { (SESE) 1k

4T S dk

@7, 5 rék 1

8 N
~ ‘ﬁzeazna Vﬁ%T (3.7)

We used here the expression r% = KT/Za47regna,
and took account of the fact that kpyax > 1/rq.

The result (3.7) agrees with formula (1.12)
of [161’ where an expression was considered for
the quantum correlation function of a fully ionized
plasma.

We now consider the other limiting case. In
the dipole approximation, that is, when ka < 1
(a—Bohr radius) we get from the formula for the
function app{(w, k), under the condition me < mj,
the expression
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When ka > 1, the matrix element | Py, (k) |?
vanishes, and therefore we can use for the esti-
mate the formula (3.8), putting aph(ia, k) =0 for
ka > 1. In this approximation, the spatial spectral
function is

apy (iA, k) = (3.8)

e2anqyp

(OESE)y ~ 4nxT for ka <1 (3.9)

and vanishes when ka > 1; I is the ionization
potential, It follows therefore that the mean

square deviation is

2

(8E)? ~ 4m¢T—Z—I-nab,

that is,

(0E)2 [ 4niuTngy ~ 1. (3.10)

The mean square deviation determined by formu-
las (3.10) is larger than or of the same order as
the corresponding quantity in the case of a fully
ionized plasma.

A more detailed analysis of the functions
€(w, k) and (6E "5E)wk in the case of a partly
ionized plasma is a separate problem.

4, CLASSIFICATION OF COLLISION PROCESSES
IN A PARTLY IONIZED PLASMA. RELAXA-
TION TIMES

Using expressions (2.5) and (3.4) for the die-
lectric constant and the spectral function of the
field, we can write the collision integral (2.3) in
the form

1 . Pog (k) |2 ' pr
JﬂP’,t):Wk—% Sdp dmdk'—"k(z—)—' 8 (ik — (P'— P"))

X8 (o — (Ea -+ Ep — B — Ep)) {(SE8E)ox [f5 (P", 1)

— 1o, 0] — RO 11y @7, 0 @, 01}
(4.1)

If the time of relaxation of the function
(6E-OE) | to its stationary value is much
shorter than the relaxation time of the distribu-
tion function, then expressions (2.3) and (4.1) are
equivalent, In the opposite case it is necessary to
use for the speetral function an additional equa-
tion—the equation for plasmons. The collision in-
tegral in the form (4.1) is convenient for a classi-
fication of the collision processes.

We write down the system (2.14) for the distri-
bution functions of the electrons and ions in the
form

afa (pa/, t) /6t — (]a (pa/, t))1 + (]a (palv t) )2'

Here and below a =e and i for the electrons and

(4.2)
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ions, respectively.
The first term in the right side of (4.2) de-

scribes processes in which the number of free
charged particles is conserved. In order to obtain
for it an explicit expression, we put in (2.3)
a =p’ and 8 =p”, make the change of variable
(2.9), use expression (2.8), and integrate with re-
spect to pp. As a result we obtain

2

7 ” 1 4 ”
Cabs ) 1= { dpa”do dk -8 (k — (pa’ — Pa"))
_/ | P _ Pullz ”
X6<ﬁ‘° \"om, 2m>>{ (OBOE) oxlla(pa" 1)

4rthie” (o, k

ey 0 0+ 00)-
(4.3)

When h = 0 this expression coincides in form
with the Landau collision integral in which addi-
tional account is taken of the polarization (4,5,7]
The difference lies in the fact that the functions
(6E-0E) k and €(w, k) in (4.3) take into ac-
count both the elastic and inelastic processes.

We recall that the functions (86E-6E) k and
€ (w, k) each consist of four parts. As a result,
the integral (4.3) consists in turn of four parts
which describe four processes:

1) P’ + Pw” <> Pa” 4 P’y Po’ -+ Pra” > P + Pia’;
2) pa’ + miP{”" <> p.” + pi” + p1e’;

3) Pd + pt” -+ pr” <> po” + nP”;
4)ypa” 4+ mPy” <> po” + nyPy'.

Here 1) is the elastic-scattering process, 2) is
the direct process (from left to right)—ionization
of an atom by collision with an electron (py = pe)
or an ion (p;l = p'i), the inverse process—recom-
bination upon collision of three particles; 3) is the
process inverse to 2), and 4) is the inelastic-
scattering process. In all these processes, the
number of particles with momentum p, remains
unchanged, all that takes place is a change in
momentum (pj < pa).

In order to obtain an expression for the second
term on the right side of (4.2), it is necessary to
put in (2.3) @ =p, and B =m, make the substitu-
tion (2.9), and integrate with respect to pj. As a
result we obtain

1 1 V ’ " 1
Vo (B, 0= s iy 2 ) 4P 4P do dk g | P

- fa(po.,, t)]

X 8 (k — (b + By’ —P"))

pa,2 pb/2
X b (ho) — ( et o — Em——Ep»>)
X {(OF 0B)uk [ (B) — N7 (p') £ (9]

4rthie” (o, k) , ) /
"WUMPHNﬂpa)ﬂpbn}.

(4.4)
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where we put p = (mpp; — mapp)/(my + mp).
After substituting the functions (6E-6E) . and
€ (w, k), this integral breaks up in turn into four
parts, which describe the processes:

5) pa’ + Pbl + Pia” <« mP" 4 pa’,

8) pa’ + Po’ + MmiPy” <> mP” + pid’ + P,
7) po’ + o’ + Pa” + po” <> mP” + miPy”,
8) Pa/ + pb, + mPy” — mP” —+ mP”.

Here 5), 7), and 8) are recombination and ioni-
zation processes which change the number of the
free charged particles, and 6) is an inelastic-
scattering process accompanied by particle ex-
change.

We can also consider in similar fashion pro-
cesses described by the collision integral in (2.15)
for the atom distribution function.

It is important to note here the following. In
the case of a zero degree of ionization, there re-
mains in the collision integral J,(P’, t) only one
term, describing the process

nP’ 4+ m,P,” <> mP” + n,P/.

It represents elastic and inelastic scattering of
the atoms. In order to take into account the possi-
bility of formation of bound states for atoms
(molecules) it is necessary to take into account
the possibility of production of bound complexes
of four charged particles.

It is known (see, for example, [“’”]) that the
equilibrium state is established in three distinct
stages. Equilibrium if first established with re-

* spect to the translational degrees of freedom—a
Maxwellian distribution; this if followed by equili-
brium with respect to the internal degree of free-
dom—Boltzmann distribution—and finally by a
state of ionization equilibrium. The actual picture
of establishment of equilibrium in an electron-ion
plasma is more complicated. This is due, in par-
ticular, to the large difference between the elec-
tron and ion masses.

5. EQUATIONS FOR THE CONCENTRATIONS OF
FREE AND BOUND CHARGED PARTICLES,
IONIZATION AND RECOMBINATION COEF-
FICIENTS

Let us consider the state of a plasma in which
the nonequilibrium character is due only to the
fact that the concentrations ng, np, and ng}p do
not satisfy the ionization-equilibrium condition

e ( el \* A (5.1)
S \2m J Z
and are consequently functions of the time.

Let us multiply (2.14) by nV( 2rti)® and inte-
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grate with respect to p;. Using the Maxwell-
Boltzmann distribution for the functions f(pgy)
and f(pp), and recognizing that the following
condition

§7:(00', tydpa” = 0 (5.2)
is satisfied for the collision integral (4.1), we ob-
tain an equation for the concentration nz. To ob-
tain the equations for the concentrations n, and
n,} it is necessary to take account of the fact that
ng =np and nyg + ngp = n. If the relaxation time of
the spectral function of the field is of the order of
or longer than the relaxation times of the functions
ny, np, and n,y, then it is necessary to add to this
system also an equation for the function
(6E-0E) . In the opposite limiting case the
spectral function is given by (3.4), in which it is
necessary to substitute the Maxwell-Boltzmann
distribution for the functions f,(P), f;, and fj,.

Let us consider the case when the level of the
fluctuations of the longitudinal electric field
greatly exceeds the equilibrium level of the fluc-
tuations, Under this condition, nonequilibrium
ionization takes place, at the expense of the energy
of the longitudinal-field quanta. In order to deter-
mine the corresponding ionization coefficient
(which we shall denote by a(”)), we use the equili-
brium relation (5.1) for the concentrations. As a
result we obtain the equation

dng/dt = allhn,. (5.3)

To determine the explicit form of the coefficient
a(”), we take account of the following facts:

In the case of ionization by a longitudinal field,
we can consider the limiting case when there is
no spatial dispersion (k = 0). The ionization co-
efficient is obtained in the form

2 Sdpdw———lrpmklz

e
%8 (o — (2 —En )) e-rmnr (5ESE)
"

1
X ok (e MoMT — 1) ngp.

We note that the ionization coefficient alll) is
expressed in terms of the imaginary part of the
polarizability:

(5.4)

4
wzigw
)

(8ESE) odo.
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We now consider the recombination and ioniza-
tion processes which occur when plasma particles

collide. To obtain equations describing these
processes, we eliminate the functions (6E-60E) Kk
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and €(w, k). The equation obtained in this manner
is written in the following fashion:

dne [ dt = (ananes — Brad) + (na? — Bi17a2nas)

+ (a2nab2 - ﬁ2na2nb2) + (O«Snaznab —_ ﬁBnaznab)~ (5-5)

Here o is the impact-ionization coefficient; g is
the triple-recombination coefficient (two electrons
and an ion and two ions and an electron); By is
the coefficient of recombination in triple collision
of an electron, ion, and atom; @y is the corre-
sponding ionization coefficient upon collision of
two atoms; By is the coefficient of recombination
in the collision of two pairs of charged particles
(resulting in the formation of two atoms); @3 and
B3 are exchange coefficients.

The coefficient « is given by

dp’dP’dP” dp. dp." dw dk
o= (2 ﬁ Zec ZS P p./dp
|PP""|2———6(P'+Pc”"‘(P”J('Pc’))
kie(o, k) |?
p P/Z ”2 ( Pllz pclz ))
—(Ep+ ——
Xa(z +2M+2mc = T o
p/z P2 P2 \
fk — (P'— P” (ﬁ ( —E,— )
81k —(B'— ")) 80— (G- + 5 —Fm—
1 12 79
X o—- /{ P? 1
{200 (uM) "k TPZ ®XP {— \E’"+W+ 2mc>¥i .
(5.6)

The coefficients 8§ and a are connected by the

relation
B = (2ar2/puT)*Za.

We perform the calculations in (5.6) under the
following assumptions: € (w, k) =1, that is,
polarization is disregarded; the ionization is pro-
duced by electrons; the thermal motion of the
atoms is disregarded; the ionization proceeds
from the ground level. Under these conditions,
(5.6) takes the form

910 adpet xT

4, -1/ .
0 = 57 85k —p— . (5.7

In deriving this formula, we used the expression
given in p. 667 of (18] £o1 the effective ionization
cross section.

When the ionization coefficient is determined
within the framework of classical theory [1”, the
obtained formula differs from (5.7) in the factor
proceedmg the exponent (x7T/I is replaced by
(kT/1) v 2). This difference is equivalent to having
the dependence of the effective cross section ¢ (E)
on the excess energy near the threshold not linear
but of the form o~ (E — I)3/2. We note that the
Born approximation is also used for the numerical
calculations of the effective cross sections (see,
for example,[“’]).
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