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ABSTRACT

A general eiqiression is obtained for the time averaged force acting on a particle immersed
in a magnetic field in the presence of H.PquastpIanar, quasimonochromatic electromagnetic wave.
Here, avenging it done over (he period of the H.F wave. It is shown that this averaged force is
proportional to the lime derivative of the squared RF wave amplitude. The force also includes
a term proportional»the gradient of me time constant magnetic field and is connected with the
induced magnetic moment in the H.F field.
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A nonlinear connection can be obtained between the H.F and the L.F
waves in plasma using the averaged force of the H.F pressure call the pon-
deromotive force (l|.For this reason, determination of the structure of this
force is of interest in a good number of physical problems. An obvious
derivation of the averaged force acting on a single particle in a rapidly os-
cillating field is made in a text book (2], where it is expressed in a form
proportional to the gradient of the squared amplitude of the H.F field. In
(2) it is assumed that the amplitude is dependent only on the spatial coor-
dinatcs.If the particle mentioned in [2j is charged and the field is electrical,
then it is easy to show thai the result obtained in |2] becomes the known
expression for the averaged force acting on a unit volume of a nonmagne-
toactive^otlisionless plasma |3]
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(1)

Here w. Is the plasma frequency; w the frequency of the H.F field and £ its
amplitude. In the present paper we consider the motion of a single charged
particle immersed in a time constant magnetic field in the presence of H.F
quasi-planar and quasi-monochromatic (i.e the field amplitude is time de-
pendent) field. An easy to repeat calculation, analogy of the derivation done
in [2], made it possible to obtain a general expression for the averaged force
acting on a single particle. It is found that the expression for this averaged
force contains a term proportional to the time derivative of the squared H.F
wave amplitude f-t\E \* [4 - 7 ]. The induced magnetic moment of the
particle by the H.F wave also leads to the appearance of a force connected
with the inhomogeneity of the constant magnetic field.

1. Let us consider the motion of a single particle in a time constant but
inhomogeneous magnetic field Bt{r,t) in the presence of H.F wave,

^(rV) = £ - * - • * + cc) (2)

whose amplitude i[?,t) is a slowly varying function of f and t. By the
latter, we mean that the amplitude varies very weakly within a period of
the H.F wave.Tw > 1(T being the characteristic time scale of the amplitude
variation ) and within a distance equal to its wavelength, kL> 1 (L being
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the distance over which the amplitude varies). The particle equation is
then expressed in the form:

(3)
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where e and m are the particle charge and mass respectively, and c is
the speed of light. From the nature of the force acting on the particle
we can assume that it performs two kinds of motion : one is a smooth
and slow motion and the other is a fast oscillatory motion with frequency.
Correspondingly we shall seek the particle radius vector in the form [2]

R+f (5)

where f̂ due to the large value of w the frequency, corresponds to the small
oscillations. The mean value of the quantity r within one period ** is
i«ro,but the function R{t) varies very weakly within this time. If we denote
the average value of a quantity by a bar, then

f=B (6)

Consequently R describes the smooth particle motion. We can now ob-
tain the equation for the smoothed motion of the particle. We assume that
the particle displacement, caused by the H.F field,is small in comparison
with the wavelength i.e

fc?«l (7)
In other words, this means that the oscillatory velocity of the particle is
much smaller than the phase velocity of the wave. Consequently the velocity
of the smoothed motion is also much smaller than the phase velocity ;

Jfc?<l * f l « l (8)

We then substitute equations (2) and (5) into equation (3). Considering the
fact that the wave amplitude together with the constant magnetic field vary

weakly over a distance of the particle oscillatory displacement.Purthermore
we expand the resulting equation (together with the exponent) in series up
to the second power of f and conduct averaging,satisfying condition (8) to
obtain the following equation for the smoothed motion:

(9)

where the averaged force / , caused by the action of the H.F wave is given
by:

dR
(10)
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Neglecting all the small terms. In accordsnce with condition (8), we obtain
the following equation for the oscillatory motion from equation (3)

m ? » |[r%§.\ + \ CC} (ll)

If we consider the smooth dependence of the amplitude E{R,t) on time,
then the solution of equation (11) can be expressed as:

where

02)

(B)

and n =



Tensor <ra a connected with the dielectric permeability of the magne-
toactive electron plasma by the following relationship

Tensor an possesses the following properties:

(tt)
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From equations (2) , (4) and (12) we obtain the following equations for the
amplitude of the magnetic component of the H.F field and the velocity of
the H.F motion aa;

?„ *-fc g +1
2m k w (17)

Substituting equations (12) , (16) and (17) into equation (10) and consid-
ering the tensor properties (15), the expression for the averaged force can
be reduced to the following compact form:

(18)

In obtaining this expression all the terms of the order of | ^ £ \B [* |wO
are neglected. The first term of eq. (IS) is well known by the name pon-
deromotive force ( compare with eq. 1 ) . The second and the third terms

, are due to the nonstationarity of the H.F wave amplitude. The quantity in
the last term , containing the tensor product is, according to |5,7|, equal to
the magnetic moment of a single particle induced by the H.F wave. Infact,
with the help of eq. (14) we can ascertain that

(19)

where n, is the equilibrium particle concentration and M is the induced
magnetic moment density.

(20)

It is easy to see that the last term of the eq. (18) exists only when there
is a nonhomogeneous magnetic field. 2. The obtained expression of the
averaged force (18) differs from earlier results |5,6] by the addition of the
last two terms. We shall explain the reason for the existence of these terms.

If f=v is the velocity of a unit volume of a liquid, then r, determined by
eq. (12) is the displacement of this unit volume (5,7). From the continuity
eq. for the fast oscillating concentration.

-— + n*div
at (21)

we obtain „
n= -ntdiv f (22)

From eqs. (12), (15), (17) and (20) it is easy to ascertain the following
equality:

£ ( ^ h F= —rotM (23)

With the help of eqs. (22) and (23) the expression for the averaged force

(10) can be rewritten as:

ff -L) tf +±[J,B.\ .
an c

+m—nv--\nv,B.\
dt e

(24)



where S = } { B ( B , ( ) « ' M + < M } and J is the induced magnetic current
defined by equation

/ = -cratjk (25)

The appearance of the two last terms in eq. (24) is due to the velocity
renonnaliiation in the hydrodynamie equation of the slow motion. Such
renormalisation it inevitable in the above calculations and in the continuity
equation for the slow motion, which can be written as:

(26)

From this equation it is clear that the slow transport of the particles takes

place with a velocity ff+^v. If we renormalite the velocity as

+* —

i+iSrstf (27)

and express the hydrodynamic motion equation for € retaining the terms
containing the second power of the H.F wave amplitude, then these two
last terms hi eq. (24) appear also in the expression for the averaged force
in the hydrodynamics! description. It is necessary to remark here that in
hydrodynamics, the fast varying velocity and concentration a n described
by the same expressions (IT) and (22) obtained above for single particle
model As a result of this a consideration of the two terms mentioned above
leads to expression (18) for the averaged force also hi the hydrodynamic
equations. In papers [5,6] the above velocity renormalisation (27) was not
considered.
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