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Motion of charged particles in a magnetic field having regular or random components is con
sidered. A kinetic equation for the particle distribution in such a field is derived under the 
assumption that the magnetic-field inhomogeneities move with a certain velocity. It is as
sumed in this case that the particles are not deflected much by the random field in a 
distance equal to the correlation length. A solution of the kinetic equation is obtained for 
some particular cases. Transition to the diffusion approximation is considered and the 
equation for diffusion of particles in a medium with moving magnetic-field inhomogeneities 
is derived. 

1. FORMULATION OF PROBLEM 

IN many problems of plasma theory, astrophysics, 
cosmic-ray physics, etc. it becomes necessary to 
consider the passage of charged particles through 
random magnetic fields. This includes problems 
in the passage of cosmic rays through the magnetic 
fields of the solar system, problems in the diag
nostics of a turbulent plasma, problems of motion 
of clouds of ionized gas through magnetic fields of 
cosmic medium, etc. These problems are usually 
considered in the diffusion approximation. In many 
real cases, however, this approximation is not 
valid, and it becomes necessary to use more ac
curate equations. Even in the diffusion approxima
tion, if the random magnetic fields are carried by 
clouds of a moving plasma, the equation for the 
distribution function of the diffusing particles does 
not have at all the usual form, a fact disregarded 
by a number of authors (for exampleP~. We 
therefore consider in this paper a more general 
formulation of the problem. 

We consider the motion of charged particles in 
a magnetic field H(r, t) that fluctuate in space and 
in time; the fluctuations may move with a certain 
velocity. In this case the particle motion is best 
described by a distribution function satisfying 
Boltzmann's equation. We average this equation 
over the random field and derive an equation for 
the average distribution function F(r, p, t). For 
some simple cases we construct an approximate 
solution of the obtained equations. We then go over 
to the diffusion approximation and obtain an equa-

tion describing the diffusion of particles in a med
ium with moving magnetic-field inhomogeneities. 

2. DERIVATION OF KINETIC EQUATION 

We assume that the magnetic field H == H0 + H1 

has regular and random components H0(r) and 
H1(r, t) respectively, with H0 == (H) and (H1) == 0. 
The angle brackets denote averaging over the ran
dom fields. For a complete description of the ran
dom field, we specify a second-rank correlation 
tensor 

and an entire aggregate of similar tensors of higher 
rank. If the probabilities have a Gaussian distribu
tion, all the higher correlators are expressed in 
terms of (1). If the field is transported by clouds 
of magnetized plasma, then the motion of the fields 
relative to the observer must be taken into account. 
The velocity that must be ascribed to the field de
pends on the degree of freezing-in of the field in 
the plasma. We shall consider the case of a com
pletely frozen-in field dragged by the plasma with 
a velocity u that is in general different at different 
points; u « c. We assume that the concentration of 
the particles passing through the field is sufficiently 
small so that interaction between them can be 
neglected. 

The classical distribution function of the non
interacting particles in a magnetic field H satisfies 
the Boltzmann equation 
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Here 

of of 
-+v--HD/=0 ot ar . 

D = _:_ [v - u _!__] 
c 'ap ' 

p is the momentum, v = c2p/E the velocity, and E 
the energy of the particle. 

(3) 

The function f varies rapidly and follows the 
variations of the random field. Interest attaches to 
the distribution function averaged over the random 
field, F(r, p, t) = (f(r, p, t)). In order to find the 
equation for F, let us change (2) to a more conven-
ient form. 

We expand f(r, p, t) in a Fourier series inside a 
cube of side L (we shall later let L - oo) 

2n 3 ' 
/(r,p,t) = ( L) ~ /k(p,t)exp[ik(r-vt)]. 

k 

The coefficient fk(p, t) satisfies the equation 

iJ/k(P,t) _ (~\3 "" ikvt(DH) -i(k-l)vt/ ( t) at -- L ) LJ e I e k-1 p' ' 
I 

(4) 

where 

(DHh = (2nt3 ~ dr (DH) e-ilr. (5) 

Solving Eq. (4) by the iteration method, we obtain 

(6) 

where f (p, 0) is the value of fq(p, t) at t = 0. 

In oraer to integrate with respect to time, the 
right side of (6), let us expand each of the factors 
(D ·H) in a Fourier time integral 

(DH)I = ~ (DH (w))1 e-io>t dw (7) 

and let us substitute (7) in (6). The arguments of 
the exponentials in (6) will then take the form 
- i[(k -11- ... -lj) 'V + W1 + ... + Wj) (tj- tj+1), 
We multiply both sides of (6) by exp(-ik · vt) and 
take their Laplace transforms with respect to time. 
In the left side we obtain 

co 

j,.. (p, s) = ~ f,.. (p, t) exp ( -st- ikvt) dt. 
0 

The integrals with respect to time in the right side 
of (6) will be evaluated by going over to new varia
blesT= t- t1, T1 = t1 - t2, ... , Tn_1 =tn-t- tn, and 
T n = tn. In terms of these variables, we can inte
grate independently from zero to infinity. As a re
sult we get 

+ ikvt1 (DH (w1})i, · [s + i (k- h) v + iwi]-1 

X(DH(w2)}i2 ••• (DH(wn)hn ·[s--t-i(k-h-···-ln)V 

+ iwl+' · · + iwnr1 fk-11_ ... -In (p, 0). (8) 

We now average (8) over all possible values of 
the random magnetic field. We assume for con
creteness that the probability distribution has a 
Gaussian character. This assumption is not sig
nificant in the case when H1 is small, for only the 
pair correlator (1) will enter in the equation in this 
case, regardless of the probability distribution. 
Let us consider a stationary random field, which 
can be inhomogeneous in space, and let us choose 
B 01{3 in the form 

(9) 

where r = (r1 + r 2)/2, x = r 1 - r 2, and t = t1 - t 2• 

The first argument in the right side describes 
the change in the mean square of the random com
ponent of the field in space, while the second des
cribes the weakening of the correlation with the 
increasing distance, with account taken of the mo
tion of the inhomogeneities. The velocity u of their 
motion will be assumed directed along r. It should 
be noted that the character of the dependence of 
B 018 on the first and second arguments is different. 
Let B 01{3 change noticeably when the first argument 
changes by an amount on the order of L0, and the 
second by an amount on the order of Lc, where L0 

characterizes the spatial scale of the change in the 
square of the random field, and Lc has the meaning 
of the linear dimension of that region within which 
the values of the random field are essentially cor
related. We assume that these scales are different: 
L 0 » Lc. We shall assume that similar inequalities 
are valid also for the spatial scale LH0 of the var
iation of the regular field, and for the scale Lu of 
the variation of u: LH0 » Lc, and Lu » Lc· 

Maxwell's equation div H = 0 leads to the condi
tion BB01{3/ox 101 = 0, which reduces, owing to the pro
posed inequality L0 » Lc, to the requirement 

iJBa.a (r, x) I oxa. = 0. (10) 

From the definition (1) of the tensor BOI{3 it follows 
that it satisfies also the condition B 01{3 (r, x) 
= B01{3 (r, -x). 

For a statistically isotropic random field B01{3 
takes the form 

1 . ( ()2 ()2 ' 
Ba.a(r,x)=-<Hi2 ) -ax,2 ila.a .. J ll>(r,x), (11) 

12 OXa.OXfl ' 
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where (H~) is a dimensional factor and 4> (r, x) is a 
scalar function. In concrete calculations we shall 
take <I> in the form 

Cl> (r, x) = Lc2<p (r) exp ( -x2 / Lc2). (12) 

If the regular field H0 does not depend on the 
time, then the quantities (D · H(w))l, which enter in 
the right side of (8), take the form 

(DH(CJl))I = (DHoh b(w) + (DHI(w))•· (13) 

If the probability distribution is Gaussian, for a 
random field the average of the product 
((D · H1 (w 1)) ..• (D · H1 (wn))l) for even n vanishes, and 
for odd n it is expressed in the form of a sum of 
products of all the possible combinations of the 
paired averages: 

((DHt (w;))._ (DH1 (wi)h) =-"' (2nt3 b (w; + wi) 
'· 

X ~ exp (- iqr) DaDaBa~ (r, I, w;) dr, 

where q = li + lj, 1 = (li -lj)/2, and 

Baf3(r, I, w) = Bap(r, I)6(w- ui) 

(14) 

(15) 

is the Fourier component of the correlator (9) with 
respect to t and x. In integrating with respect to r 
in (14), it must be remembered that Da and Df3 de
pend on r via u. 
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FIG. 1. Certain diagrams which enter in the expansion of 
the distribution function. 

The left side of (8) is transformed after averag
ing into Fk(p, s) = (fk(p, s)), and the quantities 
((D · H)t ... (D · H)n) are expressed in terms of (13) 
and (14). We can then set in correspondence to each 
term of the averaged equation (8) a diagram des
cribing a definite interaction between the particle 
and the external field. Examples of such diagrams 
are shown in Fig. 1. To each diagram we set in 
correspondence a definite analytic expression in 
accordance with the following rules: 

1. A black circle in a diagram with n vertices 
corresponds to the quantity Fk-11_ ••• -ln (p, 0) · 

2. A vertex together with an outgoing dashed 
line, the other end of which is free, corresponds to 
the factor (D · H0)1j 6 (wj), where j is the number of 

the vertex, counting from right to left. 
3. The diagram element containing two vertices 

and a dashed line joining them, corresponds to the 
quantity (14). 

4. A vertical section line should be drawn be
tween any two neighboring vertices (for example 
1-I in the diagram 1b, II-II and III-III in the dia
gram lf). The section between the vertices j and 
j + 1 corresponds to a factor [s + i(k -11 ••• -lj) ·v 

and i.L; wr)-1, where~ wr is the sum of the fre-
r 

quencies corresponding to the dashed lines crossed 
by the given section lines. All the factors which 
depend on v are arranged in the same order as 
shown in the diagram, reading from right to left. 

5. A summation of the type (2rr/L)3El .... is car
J 

ried out over all the lj, and integration is carried 
out over the wj . 

Using the diagram concepts and the rules pre
sented above, it is easy to construct the sought 
kinetic equation. Graphically it takes the form 
shown in Fig. 2a. The shaded circle with lines 
emerging from it represent the quantity Fk(p, s). 
The left angle plays the role of the collision term 
of the kinetic equation and corresponds to an aggre
gate of an infinite number of irreducible diagrams, 
i.e., diagrams whose parts are connected with one 
another not only by one solid line. Diagrams of this 
type include all the diagrams of Fig. 1 with the ex
ception of 1b and 1g . 

a•=~+~ 
f 

b ___r---t_ I ,.--, 
~ =--'--+---

,.............. , ........... 
~+~+··· 

I I I 
l l .1: 

FIG. 2. Graphic representation of Eq. (16). 



1198 A. Z. DOLGINOV and I. TOPTYGIN 

Let us estimate the contribution of the different 
diagrams to the kinetic equation. The simplest of 
them are 1a and 1c. The first describes the inter
action of the particle with the average magnetic 
field, and the second with the inhomogeneities of the 
field. The ratio of the contributions of diagrams 1d 
and 1c, as can be readily established with the aid of 
the preceding formulas, has an order of magnitude 
Lc/RH0, where RH = cp/eH0 is the Larmor radius 
in the regular fiell Addition of an extra dashed line 
with one vertex (diagram lf) introduces an addi
tional factor of the same order. We shall not im
pose any limitations whatever on the quantity 
Lc/RHo• and therefore all the diagrams of type 1d, 
lf, etc. must be taken into account. Diagrams of 
the type 1e and 1h contain, compared with 1c, an 
extra factor of the order of L~/Ri, where 
R~ = c2p2 /e2 (H~). This factor will be assumed 
small. Therefore the diagrams 1e and 1h, and the 
more complicated ones, of the type 1j and 1k, should 
be discarded. Thus, the collision terms of the 
kinetic equation is expressed in terms of the dia
grams shown in Fig. 2b. 

Our assumptions concerning the relative magni
tude of the individual diagrams signify that the 
random magnetic field, within the limits of the 
single inhomogeneity (linear dimension Lc), de
flects the particle by a small angle. At the same 
time, the deflection of the particle by the regular 
field H0 at the same distance may not be small. 
The assumed relations between Lc, RH , and R1 are 
satisfied, for example, for a broad ene~gy interval 
of cosmic rays in magnetic fields of the solar sys
tem[2J. 

On the basis of the assumed choice of diagrams 
we write out with the aid of Fig. 2 the kinetic equa
tion: 

k · v term signifies that the inhomogeneity in the 
particle distribution has a scale larger than Lc. 
Taking next the inverse Fourier transform with 
respect to the coordinates and the inverse Laplace 
transform with respect to time, we obtain from (16) 

aF (r, p, t) + v aF (r, p, t) = Ho(r) DF (r, p, t) 
at ar 

2 3 t 
+( ____::) L·BaB(r,l)Da~ Ui(-r)DBF(r,p,t-<)dT. (17) 

L I 0 

where 

u1 (T) = exp (il(v- u)-r + Ho(r)DT], (18) 

and Ba(3 (r, 1) is defined by (15). 
In order to carry out the integration with respect 

to 1, it is necessary to factor out the components of 
the operator (18). Let us consider to this end the 
equation for the Fourier transform of the particle 
distribution function in homogeneous static magnetic 
field H0 and electric field -u x H0/c: 

afk(p, t) . . at + £kvfk(P, t) = HoDfk(p, t). (19) 

A solution of this equation, satisfying the initial 
condition fk(p, 0) = f~0 > (p), is 

/k(P, t) = e~p(- ikvt + HoDt)fk<0>(p). (20) 

Thus, Uj(t) is, apart from the factor exp(il·ut), the 
operator for the evolution of the distribution func
tion. 

On the other hand, in any regular external field, 
in the absence of collisions, the distribution func
tion can be written in the form 

f(r, p, t) = j<0>(r - .. M(t)t, p- ~p(t)), (21) 

where ~r(t) and ~p(t) are the changes of the radius 
vector and of the momentum of the particle within 

(s+ ikv)Fk(P, s)= Fk(p,0)+(2:rt/L)3 ~.(DHo)mFk-m(p,s) the timet. Taking the Fourier transform, we ob-
m tain (21) 

'00 

+(2:rt)--6 ~ (2:rt/L) 3n+6 ~ 
n=O 

X~ drexp(-iqr)DaBaB(r, I) ·[s + i(k -l1)v 

l1l2m1 ... IDn 
+ iulj1 (DHo)m, [s + i(k -11- m1)v + iul]-1 ... 

X(DHo)mn [s+i(k-lt-ID1- ... -mn)v 

+ iui]-1 D~ k-q-m,-: .. -m n (p, s). (16) 

Using (9)-(12), we can readily verify that the 
essential values of 1 and q in (16) are in order of 
magnitude equal to L~1 and L01, respectively, so 
that l » q. Therefore we can replace in the den om
inators of (16) 11 • v by 1 · v, and neglect the terms 
mi · v and k · v compared with 1 · v. Neglect of the 

/k(P, t) = exp[- iMr(t)] exp[- ~p(t)~]tk<0>(p), (22) 
ap . 

since exp( -~p a~) is the shift operator in momen

tum space. In the particular case when u = 0 and 
there is only the magnetic field H0, this operator 
takes the form exp(H0 • Dt). Comparing (18) with 
(20) and (22), we can write U 1 (T) in the form 

U1 (-r) = exp [il (M- u-r)] exp [- ~p a: J. (23) 

where ~r and ~p are the changes in the coordinate 
and momentum of the particle within the time T in a 
field H0(r), which can be regarded as homogeneous 
over distances of the order of Lc. 
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Integrating with respect to 1 in (17) with the aid 
of (23), we get 

iJF (r, p, t) iJF (r, p, t) 
iJt + v iJr = H0DF(r, p, t) 

+ ~ DaBaB(r, M('r)- U1:)exp [- ~p_!_ J 
0 ' iJp 

X DBF(r,p, t--r:)d-r. (24) 

The action of the operator exp( -6p a~) on F reduces 

to replacement of the argument p by p- 6p(r). 
If the momentum of the particle in the field H0(r) 

changes little over the distances of the order Lc, 
then we can put 6p = 0 and 6r = vt. Assuming that 
the distribution function F changes little within the 
time T ~ Lc/v, and putting F(r, p, t - T) r:; F(r, p, t), 
we obtain for times t » Lc/v 

iJF iJF _ - + v- = H0DF + DaBaB (r, v) DBF, (25) 
iJt iJr 

where 

"" 
BaB(r, v) = ~ BaB(r, V'L- UT)dT. (26) 

This equation corresponds to allowance for only two 
diagrams-1a and 1c. 

For a statistically isotropic random field we get 
from (11) and (12) 

- -y-;;Lc<IN> [ 
BaB(r, v) = "T2 jv _ uj ilaB + 

(v-u)a(v-uh J 
(v- u)2 <p(r). 

(27) 

When this quantity is substituted in (25), the second 
term in the square brackets (27) makes no contri
bution, and Eq. (25) takes the form 

iJF iJF inLc<Ht2> 
Tt+var=HoDF+ 12 cp(r)Djv-uj-tDF.(28) 

Finally, scattering in a static magnetic field 
corresponds to u = 0. The energy E of the particle 
is conserved here, and D takes the form ecl/E, 
where 1 = [p x B/Bp] is the operator of angular 
momentum in momentum space. The distribution 
function satisfies in this case the equation 

3. SCATTERING IN A STATIC RANDOM MAG
NETIC FIELD 

Let us consider the case when: a) the particles 
are emitted from a stationary point source located 
at the origin; b) there is no regular magnetic field; 
c) the velocity of the plasma cloud producing the 

random magnetic field is small (u r:; 0); d) the mean
squared random field depends only on the distance 
to the source, i.e., the function cp(r) has spherical 
symmetry. 

The foregoing assumptions allow us to write 
Eq. (29) in the form 

iJF fnL 0v 
v-- cp(r)l2F=Q6(r), (30) 

iJr 12Rt2 

where Q is the particle-source strength. 
We investigate first that region of space around 

the source, where the particles have not yet been 
deflected through a large angle from the initial 
direction. We denote by e the angle between rand p 
and introduce the dimensionless length p = r /r0, 

where r 0 = 12c2p2;l;e 2 Lc(H~). In the case when 
e « 1, Eq. (30) reduces to 

oF 1 iJF ap- p-6 ··86 = <p (p) ~oF+ (Q I 4nro2p2v) 5 (p) 5 (6). (31) 

Here 9 is a vector perpendicular to r and 6 8 is the 
two-dimensional Laplace operator acting on the 
components of 9. The Fourier transform of the dis
tribution function 

F (p, "l) = (2nt 2 ~ F (p, 6) exp (- i1j6) d6 (32) 

satisfies the equation 

DF(p, 1]) 1 iJ 
---. --+------·1]F(p, 1J)+'fJ2<p(p)F(p, 'IJ) 

fJp p 01J 

Qo(p) 
(33) 

The change of variables (p, 71) - (p, t = 71 / p) allows 
us to get rid of the terms containing the derivatives 
with respect to 71: 

[fjiJ +2_+\?p2cp(p)JF(p,;)= 16 ~ 2 z 6(p). 
p p n ro p v 

(34) 

Equation (34) can be readily integrated. The result 
takes the form 

F(p,i;)= (35) 

Taking the inverse Fourier transform, we ob
tain the particle distribution function 

p p 

F (p, 6) = Q (t6n~r,,tv ~ cp (s) s2 ds r exp {- 6?p~ I 4 ~ <p (s) s2 ds}. 
0 0 

(36) 

The condition for the smallness of the scattering 
angle reduces to the inequality 

p 

(37) 
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which can be satisfied in all of space if cp (p) de
creases like 1/p or faster. In the case of a homo
geneous field (cp = 1) the solution is applicable in 
the region p « 1. 

If the particle source is nonstationary 

S= 4Q 2 /(t)b(r)&(6), (38) 
:rtr 

then the distribution function will differ from (36) 
by the factor f(t- r 0p/v), which represents the re
tardation, and the path covered by the particle will 
coincide in this approximation with r. 

Let us consider now that region of space where 
the angle between r and pis not small. For this 
region the solution can be obtained when cp = 1, i.e., 
for a homogeneous field. 

Let us expand the distribution function in a 
Fourier integral in p. The Fourier transform 
F(k, J) satisfies an equation that follows from (30): 

ik cos ftF(k, ft} = l2F(k, ft} + Q /32:rt4r02v, (39) 

where J is the angle between k and v. We represent 
F(k, J) in the form of a series of Legendre poly
nomials 

the finite fraction is obtained from (44) by breaking 
the sequence at one of the elements. Therefore the 
infinite sequence (44) can be approximated by means 
of a certain finite continued fraction. Calculating 
the convergents of different orders, we can readily 
establish that for k2 ;S 100 is sufficient to confine 
oneself to the fourth approximation: 

liL' "' liL' (4) - 504 + 13k2 (45) 
:1- o(k)"' :1- 0 .(k)- k2 (84 + 0.3k2 ) 

With increasing k, the convergence of the continued 
fraction (44) becomes worse and the approximation 
(45) becomes invalid. 

Thus, we have calculated 9"0 (k) and $'1 (k). The 
other coefficients ffl (l = 2, 3, ... ) are best deter
mined directly in the coordinate representation. 
To this end we take an inverse Fourier transform 
of the series (14). Using the formulas from the 
theory of Bessel functions, we obtain 

00 

F(p, 8)=(Q/8:rt3r02v) ~ (2l+1)$'1(p)P1(cos8) (46) 

where 
1=0 

00 
(" 

.¥'z(p) = i1 .¥'z(k)jz(kp) k2 dk, (47) 

F (/,·, ft) = (2l + 1)Fz (k)Pz (cos ft). 
1=0 

(40) j z is a spherical Bessel function. With the aid of 
(47) and (45) we get 

The expansion coefficients Fz(k) satisfy a differ
ence equation in l, obtained from (39): 

iklFt-t + l(l + 1) (2l + 1)F1 + ik(l + 1)F1+1 

(41) 

This equation can be solved with the aid of con
tinued fractions (see, for example,CSJ). We put 
327r 4r~vFz(k)/Q = .¥'z(k). From (41) we get §'1(k) 
= -i/k. With the aid of the identity 

( 1 )-1 
ff'o(k)= 1 -1+ik§'tfffo - 1 (42) 

and the relation 

ik-!1 =k2 [(l+1)(2Z+1)+ik (l+i).¥'t+t ]-1 (43) 
:1- 1-1 lffz 

3:rt ( 809 :-) 
.¥'o(P) = -1 1 +--e-p>zso . 

p \ 126 
(48) 

The exponential term in the region of applicability 
of the approximation (45) (p ~ 1) is a small addition 
and should be neglected. As a result we obtain 

.~o(p)=3;r,/p, ff't(p)=:rt/2p2• (49) 

The remaining .¥'z(p) are calculated from rela
tions (41), which take in the coordinate representa
tion the form (Z > 0): 

( d l-1 ) l - - -- 5' l-1 + l ( l + 1) ( 2l + 1) 5' l 
dp p 

( d l+2)6L' +(Z+1) -+--- :1-z+t=O. 
dp p 

(50) 

we can express ~(k) in terms of the continued frac- We seek the solution of the system (50), which in-
tion eludes (49), in the form 

( . §'I )-1 _ _!_ !!.._ 4k2 
1 + ~k 5' 0 - 1 + 6 + 30 

l2k2 

+ ... + l(l + 1) (2l + 1) + .... (44) 

The continued fraction (44) has positive elements, 
and, as can be verified, converges for all real val
ues of k. In this case the exact value of the infinite 
continued fraction lies between the values of any 
two neighboring convergents of the fraction, i.e., 

ff'z(p) = Az I (2l + 1)p1+1, 

where A1 = A0/2 = 37r /2, as follows from (49). 
(50) we obtain the recurrence relation 
Az = Az_tf(l- I)!, which yields 

Az = 3:rt I (l + 1)! 

The series (46) takes the simple form 

F( H)_ 3Q ~ Pt(cos 8) 
p, - 8:rt2ro2v 1::a ( l + 1) ! p1+t · 

(51) 

From 

(52) 

(53) 
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This formula describes the angular and spatial 
distribution of the particles in a homogeneous ran
dom magnetic field at distances p .2: 1 from a point
like isotropic source. For comparison we present 
the form of the distribution function for the same 
case in the region p « 1 (see (36)) 

3Q 
F(p, 8) = ---~-exp(- 382/4p). (54) 

.16n2ro2vp3 

We note that the regions of applicability of (53) and 
(54) do not overlap. 

4. DIFFUSION APPROXIMATION 

If the dimensions of the system are sufficiently 
large and the particles have time to become strongly 
scattered, so that their direction distributions be
come close to isotropic, then we can use the diffu
sion approximation. To obtain the diffusion equation 
in the presence of a random magnetic field, let us 
expand the distribution function F in a series in 
Legendre polynomials of the angles of the vector p, 
and confine ourselves to the first two terms of the 
expansion 

1 3 
F (r, p, t) =- [N (r, p, t) +- vJ (r, p, t) ]. (55) 
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We assume that the second term in the right side of 
(55) is much smaller than the first term. Substitut
ing (55) in (28), we obtain the following system of 
equations for N and J 

aN uz [ a2N ( u2 ) aN] -+divJ=-- p2-. +\1+- p-ot 9xo op2 c2 ap 

(56) 

A aN p aN ( A ) A aJ J+-[n1J]=-x0----;;- u+-[n,u] ---. 
RHo or 3 ap RHo u (}t 

(57) 

Here n1 = H0/H0, RHo = cp/eH0 is the Larmor radius 
of the particle in the regular field, and 

vA 
xo(r,p)= 3 , 

(58) 

The terms of order (u/v) 3N and u2J /v3 have been 
discarded. 

The last term in (57) can be discarded if A « vT, 
where T is the time in which J experiences a notice
able change. Equation (57) can then be solved with 
respect to J. We direct the coordinate axes along 

the vectors n1, n2 = u x n1, and n 2 = n 2 x n1• In terms 
of these axes we have 

-- aN p aN (59) 
fa=- Xa~~-TapUa, 

where K11 = K 0, K22 = K33 - K0R 2H (Rk + A2), K32 ~ -K23 
0 0 

= KoARH0 (Rk0 + A2)- 1, and the remaining Ka{J = 0. 

In the absence of a regular magnetic field, (59) goes 
over into 

aN p aN 
1=-xo----u. or 3 Dp 

(60) 

In this case A has the meaning of the transport 
mean free path, and Ko that of a scalar diffusion 
coefficient. 

Substitution of (59) in (56) yields a diffusion 
equation for the function N (r, p, t) -the concentra
tion of particles with specified p: 

aN 1 aN 
-= V'aXaBV'BN-uVN+-(Vu)p-_-. (61) 
at 3 ap 

Equation (61) has been written out in invariant form 
and is valid for an arbitrary dependence of u on r 
(u « c) and for any orientation of the coordinate 
axes, if the tensor Ka{J is transformed to the corre
sponding axes. 

Equation (2 8), from which (61) is derived, is 
valid if the angle of deflection of the particle over 
the length Lc is small. However, (61) remains in 
force also when the random component of the mag
netic field is produced by magnetized plasma 
clouds 1 >, each of which can deflect the particle to 
an arbitrary angle. All that changes here is the 
definition of A: in place of (58) we obtain from the 
kinetic equation 

(62) 

where Ci (r) is the concentration of magnetic clouds 
of sort i, 

g;(p)=~ (1-c-os8)dcr; (63) 

is the transport cross section of a particle in one 
cloud, e is the scattering angle, and dai is the dif
ferential scattering cross section. 

In the spherically-symmetrical case, when 
H0 = 0, u = ur/r, and u = const, Eq. (61) takes the 
form 

aN 1 a aN fJN 2u aN 
-=---r2x0--u--+--p--. (64) 
at r2 or ar or 3r ap 

It should be noted that the diffusion equations ob-

l)The model of magnetized clouds is frequently considered 
in the theory of motion of cosmic particles (see [•]). 
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tained in the present work, and particularly (64), 
differ from the equations derived by Parker[! ·5J. 
The difference is due to the fact that Parker did not 
allow correctly for the motion of the clouds and is 
discussed in greater detail in our papersC6 '7J, 
where a solution is also obtained for Eq. (64) with 
a constant diffusion coefficient. 
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