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The ponderomotive effects of electromagnetic wave fields are
practically of great importance in such cases as RF stabilization,
RF-induced transport in magnetically confined plasmas, and so on.
Theoretically, however, there are still discrepancies among
expressions derived by a number of authors.

In this short note we restrict our attention to the discrepancy
between fluid'-?’ and kinetic®’ expressions of the ponderomotive
force often found in literatures dealing a warm plasma and discusss
where it stems from and how it is resolved.

The ponderomotive force density of electromagnetic wave fields

based on the Vlasov theory has been ¢btained as?®’

g=q<'r‘1"§>+%<ix§>—v-a : (1)
SH=mnfvvs fdv, (2)

where I' =nV , n is the density, V the flow velocity, E the electric
field, B the magnetic field, g the charge, m the mass and ¢ the light
speed. § f is the nonlinear wave-induced component of a distribution
funtion and is calculated from the quasi-linear theory. Here the
physical quantity X is divided into rapidly oscillating and slowly
varying parts as X= <X> +X= §+’)\(' where < --> denotes time
averaging over the rapid oscillation period. By definition, <<SZ>-==0.
On the other hand, the fluid ponderomotive force density is given

byl. 2)

~ ~ o~ i i
f_:q<n§>+—z-<_1"_xg>—mv-(?<l"l“>), (3)

where the effect of the thermal pressure is taken into account
through the rapid oscillating quantities obtainable from the
linearized equations of continuity and motion in a warm plasma'- 2’ .
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Hereafter, we consider the case of electrostatic high-frequency
waves in a unmagnetized plasma, for simplicity. Therefore, we put
E= §= 0. A general case of electromagnetic waves with an external
magnetic field will be reported elsewhere. To make the discrepancy
between the both descriptions clear, we need to compare 3 II in
eq. (1) with m<ﬁ‘:>/ﬁ in eq. (3).

We first calculate § I1. In the quasi-linear theory, the slow
time evolution of an averaged distribution function is determined

by*?

8 1Ekm(r t)lz T 6
EEf'(_“) fdz k> P a (w — kv)Lfvz— avf (4)

where |Eiol?= El?27 § [0~ @ (k)], §dr=dkde/(2m)*, (k) is
the wave frequency, 7 (k) the wave growth rate and k the wavenumber.
The wave amplitude Ek‘., is slowly varying in space and time and eq. (4)
is still valid to such a case. When we assume that { is composed of
the Maxwellian distribution function f, and the wave-induced
correction § f as f=fo+ &8 f, we can solve eq. (4) by the perturvation
analysis. Using @ [Exalz/a t =2y I'Ejkmlz and replacing f in the
right-hand side of eq. (4) by fo, we obtain & { as

lEka(z, t) l 2
2k2

ad 1 a
k-— k-—1o ,
v (w-kv)P=-a3v’ (6)

§f=(—)2fdt
m

where only adiabatic interactions(|w —k vI2>>7 ?) are retained
since we concentrate the discussion to the comparison with the fluid
description. Substituting eq. (5) into eq. (2) and performing the
integral in v after the expansion of 1/{w —k-v)? in powers of

k-v/w, we obtain to the lowest order in Tk*/mw ?

k ko~ 9Tk?
s=1T1drz nq IEm(r' Lty (i+ ) (6)
— na ? mw

where we assumed Tk2/mw 2<<1. The second term in eq. (8) represents
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the warm plasma effect.
Fa¥l
Next we turn to m< FI’ >/n. From the linearized equation of

motion with the thermal pressure in a adiabatic process, we obtain
"y'“= i{a/mw )[ 1 + 8Tkk/me 2] -En.([,t) , (7)

where T is the temperature and 1 is the 3x 3 unit matrix. Using

eq. (7) and ‘F =?1V, we can obtain to the same order as eq. (8)

~ Tk ko~ 6Tk?
n<TT > /A= {dr —= B (r, t)[2(1+ ——
I mew k nw

), (8)

2

Comparing eq. (8) with eq. (6), we find the discrepancy between
510 and m< I T > /T in the order of Tk*/mw®. For a cold plasma,
the both expressions coincide with each other. We can see that this
discrepancy in a warm plasma is due to the lacking of a wave-induced
contribution to the thermal pressure in the fluid description of the
ponderomotive force density given by eq.(3). The wave-induced
contribution & P to the thermal pressure is obtained from the

equation of energy given by

"~

E> , (9)

12
f<ad
<

O <V V> + sP1=an<E Vs

at =

where the energy flow term are neglected since they are of higher
order. Because of the slow time variation of the wave amplitude,

in place of eq.(7) the velocity fluctuation is obtained by replacing
w by w+id/at:

1 d 3Tk k 3i 3. .,
—_— — +——-:_7 — — — - o . ,
S 30t s S Ry (10)

where |w '8 /3 t|<{{1. Using Eq.(10), we obtain

~ ] ng® k k,~ OTk?
7t 1 2 T;EE“(;;,UIZ(H 2 ) . (11)

Substituting egs. (8), (11} into eq.(9), we obtain §P as
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ng® k k,~ 3Tk?
sp=[dr— iR oo (12)

where § P vanishes when T=0. From egs.(6), (8) and (12), We find to

the second order inAE;w and lowest order in Tk*/mow 2,

5M=n<T T >/m+3P. (13)

The difference between 8 I1 in eq.(1) and m<ifiii>>/ﬁ'in eq. (3) is
just equal to the wave—induced contribution to the thermal pressure.
Equation (13) shows that the contribution from the wave-induced
pressure coupled with the thermal motion — V -8 P should be added to
eq. (3) in order for the fluid description of the ponderomotive force
compatible with the kinetic one in the warm plasma.
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