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In deriving kinetic equations for a plasma, the assumption that the correlation
functions are small is used (12). In the zeroth approximation one obtains a self-
consistent system of equations for the first distribution functions and the mean
fields—the system of Vlasov equations. This corresponds to the approximation
of “free” charges, since the correlation functions are equal to zero. In the next
approximation (in obtaining the collision integral) correlations are taken into
account but are assumed to be small. Such an approximation is justified for
a fully ionized rarefied plasma. However, it is not entirely satisfactory for the
case of a weakly ionized plasma, for example a hydrogen plasma, when each
electron spends most of its time near an ion. In the present article equations
are considered which describe both the approximation of “free” and of “bound”
charges.

The question of taking “bound” charges into account has been considered in
connection with the statistical justification of Maxwell’ s equations (see, for
example, (34)). This question is set out most consistently in the work of Mazur
()

For simplicity we consider here a hydrogen plasma. More general cases may be
considered in an analogous way.

Let a = 1,2 be the component index: 1—ions, 2—electrons; x,; = (q,;, Py;) IS a
six-dimensional vector characterizing the state of the i-th particle of component
a; 1<i< N; Ny =N, =N;e; = ey

If electrons and ions are combined into pairs, then the Liouville equation for the
distribution function of all particles of the system fopn (.. Xq; vy e Xgj ery ey T)
in the case of a Coulomb plasma can be written in the form
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dfan dfan . 9P (|dai — i) Ofon . U(qq;) Ofon | _
ot * Z {Vai aqai 8qai apai ‘a aqai apai B O,

1<i<N, a

(1)
b#£a=1,2.

Here ® is the Coulomb potential energy of a pair. The potential is determined
by the equation

0?U .
S = —dme Z [6(du; —q1;) —0(Qu; — )], j#Fifora=1ora=2.

(2)
Instead of the system of equations (1), (2), one may take as the starting point
the equation for the microscopic potential U and the phase density in the space
Qs Ay Pas Py (a7 b= ]-7 27 a 7& b)

Nop(Ags Aps Pas Pps ) = Z 6(d, —a1)0(a, — d;)6(Py — P13)0(Py — P2;)- (3)
1<i<N

Neglecting unity in comparison with N, we obtain for the functions N, U the
equations

8]Vab +v a‘]Vab +v 8Z\]ab _ 6®(|qa - qb|> 8Nab _ 6(b(|qa B qb‘) 6Nab
ot ' “0q, " oq, q, op, oq, op,

8U<qa) a‘]Vab a[j(clb> 8Nab
€, —e =0, 4
dq, Op,  Oq, OIp, @

92U
o =17 [ ledta—a,) +eidla— )
X Nop(dgs dps Pas Py ) dd,d9,dP,dpy, (5)

In the approximation of “free” charges it is convenient to use, as the starting
point, the simpler microscopic equations for phase densities in six-dimensional

space (?)

No(@pt) = [ Ny dagdp, = Y 30 au(0)dp - pul0) (O

1<i<N
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ON, ON,
+v

ON, 0 . B
5t q —|—eaE(q,t)$ =0, div E(q,t) = 47rza:ea/]\7a dp. (7)

These equations follow from (4), (5).

In the approximation of “bound” charges we use the variables

myq; +myQy

R= , r=q; —q,, =MV =p,; +py;
My + My q; — 43 P1 T P2
MMy
= UV = ————(V; — Vs ).
P=pu m1+m2( 1 2)

From (4), for the functions N (R, ,r,p,t) we obtain the equations

ONy <, ON, 0N, 0&(r|)oN,,  OUT)ON, U ON,,
a V a ab ab ab a —
a "V or Y or o gp TR &  “ar op
a=1, b=2. (8)
Here
UC(R,r) = U (R+ M2 r> —U <R S L - r> : (9)
mq + My my 4+ My
02U m m
=4 Slg— ([R+ —2 ¢))-6(q- ([R— —"L
oq® Wel/[ (q ( +m1 +m2r>> (q ( my +m2r>)] -
x N,(R, ,r,p,t)dRd drdp. (10)

The systems of microscopic equations presented are equivalent. The advantage
of one or another form of notation appears upon passing, after averaging, to
approximate equations for the lower moments of the random functions N, U.
Thus, for system (7), the approximation of the first moments corresponds to the
self-consistent approximation for the first distribution functions f, = N,/n,
and the mean field (?) (the Vlasov equations).

The approximation of the first moments for system (8) corresponds to the self-
consistent approximation for the second distribution function f,, = N, /n
(n, = n, = n) and the mean field created by all particles surrounding the
distinguished pair. The equations for the functions f,,,U coincide with (8)—
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(10) if in them N,, — nf,,, U — U. In contrast to the usual self-consistent ap-
proximation, the mean field now depends on the correlation function g of pairs
of charged particles

g(Rara 7pvt):fab(R7r7 7p7t)_fa'fb' (11)

If the distance r, on the average, is considerably greater than the radius of
action, then correlations may be neglected and the system of equations for the
functions f,;, U reduces to the usual system of self-consistent equations.

If f,,,U as functions of R vary little over distances of the order of the range of
action, then the system of equations for f,,, U is simplified. Thus, for example,
in the first (dipole) approximation the equations for the functions f,;,, U have
the form

afab 8fab afab o @afab ( i) afab 8fab _
at VR Vo arop T tar) B taBy, =0 (12
. 0
divE(R,t) = —4we1nﬁ/r w(R,r, ,p)drd dp. (13)

In the quantum case, instead of (3) we use the function (cf. (5))

1 1 - 1 1 - 1 -
N, =—= R+ -ho —h7, R——hl, r — —h7 | e "0 7P, 14
ab (Qﬂ)ﬁ/p( +2 ,I‘+2T, 2 , T 27’)6 ( )
Here p is the operator density matrix.

If the spectrum corresponding to the relative motion of particles in pairs is
discrete, then instead of (14) we use the function

Nop(R, ,x,p) = 3" NG (R, ) f (v, D), (15)
where
N, (R, ,t) = ! / (R+ Lig r— Lug t) —illd g
nm 0 - (27’1’)3 Pnm 2 ’ 2 ’ € ’

1 1 1N
fnm(ra p) = (277')?)/\1}:‘” (I‘* §ﬁ7_> \Ijn <r+ ihT> e pdT,

W, are eigenfunctions of the operator H = p2/2u + ®(|r]).
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The equation for the function N,(ﬂz) (R, ,t) has the form

N, < ON, 1
ot TV or ~ i Be B Numt

27r /Z R+ hH)Nkm(R ")—

n km

— 1 - YT
_N,.(R, YU (R— 5&9)) ¢~ g, (16)

The equation for U and expression (9) remain the same.

Equation (16) is substantially simplified if the motion is classical with respect
to the variables, while with respect to the variables r, p one uses the dipole (or
higher) approximation.

In the approximation of “free” charges, for the first moments N, U from (15),
(16) there follows a self-consistent system of equations for the quantum distri-
bution functions f,, f,, U (6,7).

In a more general case, from (15), (16) there follows a system of quantum self-
consistent equations for pairs of charged particles.

The equations presented here and the corresponding equations for interacting
neutral particles are used to obtain kinetic equations taking into account the
“internal” degrees of freedom, and also to solve certain problems in the theory
of nonlinear polarization.

In particular, with the aid of equation (16) _a kinetic equation has been ob-
tained for the quantum distribution function N an( > t). In the equilibrium case
N,,,,(,t) is the Maxwell distribution in and the Boltzmann distribution in E,,.

For a system of molecules with two levels an expression has been obtained for
the polarization with allowance for saturation and the thermal motion of the
molecules. In the approximation in which the relaxation is characterized by two
times 7y, 7, and

electric field E(R, t) = E cos(wt—kR), the expression for the polarization vector
P(R,t) has the form

(wg; —w + kV) cos(wt — kR) +

1
— sin(wt — kR)

6271 r 2 T
p(r.0) ~~ L [ap (40(2) - () B T
(wg; —w+kV)? "‘*‘*‘ h2| 2 E?
an’
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Here péo)(P), p(10>(P) are the populations for molecules with momentum P. If
the thermal motion is not taken into account (ple) P= pné(P)), then expres-
sion (17) coincides with the known expression for the polarization vector with

allowance for saturation.
Expression (17) corresponds to that given in the book 8.
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