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ABSTRACT

In this paper, propagation of low frequency disturbance through a plasma having
a drift velocity is dealt with the help of macroscopic appreach. Existence of a
drift velocity makes ion oscillation possible to propagate with constant amplitude
under a certain condition.

The frequency of propagating wave is found to be higher than the ion plasma
frequency. The frequency deviation depends on the magnitude of the drift velocity.

I. Introduction

In gas discharge plasma, a number of types of oscillation may exist without
any external excitation. For example, plasma electron oscillation has been ob-
served in d.c. discharge under a special condition” ~® and has been produced as
a result of beam-plasma interaction.” =*¥ Natural ion plasma oscillation has not
been certified but several authors have understood low frequency oscillation ob-
served in laboratory plasma as an ionic sound wave in which the frequency was
determined by the dimension of the system used.! ~1¢

Exsistence of low frequency oscillation has been verified by noise measurement,
showing single or multiple peaks of noise amplitude in frequency spectrum.'” —*%

In this paper, our attention is directed towards propagation of low frequency
oscillation in a drifting plasma. Hitherto, the drift velocity has been neglected
in the analysis of the ion plasma oscillation.® *V*

The purpose of this paper is to clarify how the drift velocity or static electric
field may affect the propagation of wave.

II. Basic equations

In this paper, the macroscopic approach is used to describe velocity and
density of charged particle in plasma, because under tne condition considered
here an equilibrium in velocity distribution can be reached in a time shorter than
the period of the oscillation.

Basic equations in the macroscopic approach are derived from Boltzmann’s
equation by assuming a displaced Maxwellian distribution of energy of charged
particle. Those are refered as the equations of the continuity, the conservation
of momentum and energy, respectively.?¥* Those are expressed in one-dimensional
case as follows;

on/fot +o/ox(nu) = (an/ot). (1)
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o/ot(nu) +0/ox{n (el +ET/m)} = eEn/m =3 Plm (2)
/oHn(’+ kT m)}y +3/ox{n(u® +3ukT/m) ) £2 eEnu/m = >y Llm ()
where 7 is the density, # the drift velocity, (8n/8f). the changing rate of the
density, E the electric field, 2 the mass, ¢ the unit charge, 7" the temperature,
> P the transfered momentum, and 37 the transfered energy. Here, it is as-

sumed that all the collision terms (on/9t)., are negligibly small. Then, egs. (1)
to (3) are simplified as

on/ot +3/ox{nu) =0 (4)
nou/ot + nudu/ox +3/ox(nkT/m) + eEnfm =0 (5)
n3/ot(2®) + /ot nkT/m) + und/ox (o) +3/2x 3 nkTu/m) = 2eEnu/m = 0

(6)

where the plus sign appearing in egs. (5) and (6) refers to electron, while the
minus to ion.
The last equation is Poisson’s equation, which is expressed as

OE/ox =4 me(ny — 1) (7)

where 7 and 7, are the density of electron and ion, respectively.

I1I. Dispersion Relation for the Case with no Drift

Since we confine ourselves to the case of small amplitude, the follwing sub-
stituion method is applicable as far as propagation of small signal is concerned.
The density and temperature are expressed as a sum of steady and perturbed
parts as follows;

o=l + ¢ exp i Kx — ot} (8)
M = mao{ 1+ gp exp i Bx — ot)} (9)
Ty=Tiw{l+riexpi(Kx —wt)} (10)
Te = Tofl+ rrexpi(Ex — wt)} (11)

where K is the wave number, and » the frequency. In these expressions, it is
assumed that mo=70=mn, ¢<1 and v<1.

As there is no steady drift velocity or electric field in this case, they are
composed of only the perturbed part as

E=FEexpil Kx — wt) (12)
w1 = uyexp il Kz — ot) (13)
e = up exp i(Kx — wt) (14)

Substituting these into eq. (4) for electron and ion, we get

- icoqh +iKu =0 (15)
— dwgs + iKuty = 0 (16)
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provided that the second or higher terms of exp {(Kx—wi) are neglected. Also, with
the help of such linearization and the assumption that all the collision terms are
neglected in the perturbed parts, we get the following equations from egs. (5),
(6) and (7);

— jou; + (BT o/ m) Ko + i( BT/ m: ) Kry + eEfm; = 0 (17)
— iwtty + 1(BT a0/ m12) Ko+ i BT o0/ m12) Kty — eE/m2 = 0 (18)
—do(g+ 1) + 35K =0 (19)
—iw(¢gs + 72) + 37K =0 (20)
iKE = 4 nweno(¢ps — ¢1) (21)

Combining egs. (15) to (21) and eliminating #, ¢. « and E, we finally have the
so-called dispersion relation as

1= wh/{w? = 8(ETw/m) K + wh/{w® — 3(kTw/m:) K} (22)
where wh = 4w’ no/ my (23)
and whe = 4 we*ne/ms (24)

are the electron and ion plasma frequency, respectively. In addition to the dis-
persion relation, an adiabatic relation t=2 ¢, or p ~#n", where 7v=3, can be deduced
from egs. (15), (16), (19) and (20). Now, the dispersion relation found here is
identical with that obtained by several authors for the case of one kind of particle,
by using Bolzmann’s transfer equation.”®?® If the temperature is assumed to he
constant, ie., r=0, a similar dispersion relation results from combination of egs.
(15), (16), (17), (18) and (21). That is

1= (0?01/{@2 - (kTm/ﬂll)Kz} + ﬂ)zz/{wz - (szo/?nz)Kz} (25)

This expression has been given by J. J. Thomson and G. P. Thomson®® and B. D.
Fried and R. W. Gould® by means of the substitution method.

With any of these relations, one can not find a specific frequency and wave
number of the wave propagating through a plasma with no drift.

IV. Dispersion Relation for the Case with Drift

In this paragragh, we shall discuss the effect of drift on the dispersion re-
lation.

For simplicity, we make an assumption that the temperature is not perturbed
in time and space. Only difference from the case dealt in the preceding para-
gragh is that a steady drift velocity or electric field is involved in this case. With
these respects and with use of a similar way in the preceding paragragh, the
dispersion relation can be found.

In the present case, egs. (12) to (14) are replaced by

E=FEf{l+cexpi(Kx — wt)} (26)

w1 = upll + oy expi( Kx — of)} (27)
s = t20{1+ 2 exp {(Kx — wt)} (28)
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where u, is a constant drift velocity.
Introduction of egs. (8), (9), (26), (27) and (28) into egs. (5), (6) and (7) re-

sult in the following equations;
( -~ 4w+ i‘%mK)qbl -+ i[{um?h =0 (29)
( 1w+ Z'ung)qﬁz -+ iKuzoﬂz =0 (30)
{i(kTm/m; )K+ €Eo/772_1 -+ zw};l/K}g{); - i(m}n/ff)gﬁz + ( — fU0w + 1%?01()771 =0 (31)
- z’(wﬁp/K)qu + {i(szo/ﬂlz)]{— eEo/ng -+ Z'w?;z/K>¢2 + (= du0 + iugoK)‘Oz =0 (32)

where the following equation is used instead of eq. (20);

eE K = 4 weny (g — ¢1) (33)

Combining egs. (29) and (30) and separating them into real and imaginary
parts, two equations are obtained. They are
K4( mlu;“’n - kTm) (7722%%0 - szo)/mﬂ}lg +2 sz{mmgo( kTm - ?721%?0)
+ a0 To0 — 100ty } + K*{ — @ (BTso/ms + ETyo/my) + 0721(}<T201/m2 — at3)
-+ w;z(leo/ml = ulo) 4+ 0 (4 th1g0420 + Uiy + usy) + e Es ) mymny )
+2 K( a)(%]gu)})z + Z!z()w;;l) - wg( g9+ uzo)} - 602((1)?)1 + wsz) -+ a)4 =0 (34)
Kg( le()“‘]" m;ufa - szo - mguﬁg) d ZKw(mmm - 77’121/!/20) -+ wz( 7 — 7722) =0 (35)
Solutions of egs. (34) and (35) allow us to find a dispersion relation, by which
the frequency and wave number are given as a function of plasma parameters,
such as the drift velocity and temperature of electron and ion. However, the re-
sulting expressions for K and » have too complicate a form to understand. Since
we have interest in the case usually encountered in laboratory, the problem is

simplified by assuming that AT kT, and k7w > myd,.
As a consequence, eq. (35) becomes

K= + o(m/kTy)"? (36)
Providing that the condition mu<kTy is also fulfilled for ion, combination of
egs. (34) and (36) yields
wz = [(T20/ TIO)CU;I -+ wfz)l -+ ezEﬁ/kTmml &= 2(7%2/%7’10)1/2%00)22 - 2(?772/!87_‘10)1/2%20&);51]
x Lome/ 1y — meToo) 10 Tao % 200 (maf k T1o) () 1113 + Togtizo] Trotton) % 2 tao () R T10)*17
= {ﬂ)f)} ~+ ezEg/le(}m] == 2(7722/kT10 )1/2{ ul()wjzjz -3 Z{ggw;ﬂ)}
x{ms/my = Z(mz/kTm)uz(uzomz/mx + 11T/ Tro — 2 20:0) } (37
For example, we take the following numerical values in order to verify the
present approach; 71 =3.10*°K, T2%=300°K, m,=6.8.10"%g, E=1V/cm, #10=7.10°
cm/sec., #20==8.10° cm/sec., m=10°/cm?, v} = 3.10%/sec?, wh, = 4.10%/sec®. With these
values, the third term in the numerator and the second term in the denominator

of eq. (37) are negligibly small.
In such a case, the dispersion relation is given as

W X w;z -+ & B BT (38)
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and K?= (ma/ kTw) 0hp + EE BT, (39)

The calculated values of the angular frequency and the wave length are
2.107/sec. and 0.29 cm, respectively. Thus, we found the definite values of frequency
and wave length of the progressive wave propagating through a drifting plasma.
From this result, it is seen that progressive plasma wave may take place and
that the frequency is shifted from the ion plasma frequency by an amount de-
pending on the drift. The frequency shift in the example taken above is quite
small, but it may become large as the steady electric field is increased. For ex-
ample, if we take 100 V/cm as the value of Ei, leaving other values as before, the
frequency and wave length are found to be 3.10"/sec. and 0.19 cm, respectively.

Next, we examine the problem with another assumption that neutrality of
plasma is maintained even when a disturbance is applied. The existence of the
neutrality allow us to ignore Poisson’s equation and to set ¢:=¢. in egs. (29) and
(30). Eliminating ¢, 7, 7. and e from egs. (29) to (31) and considering the above
condition, we finally find that the neutrality does not lead to propagation of pro-
gressive wave.

Secondly, we deal with the other case where ETio< muui, and kT < My, are
assumed. In this case, egs. (34) and (35) become

Kt — 2 K ommattits i + ts0) + KX 0™ (4 gt + 650+ 39)
+ &2 E; [ mums — leowf‘n - Zima);n) + 2 K{w!( %mwfm -+ Zf/zomzl) - wg(um + 220)
- 602(6021 -+ 6022) -+ ka =0 (36)

Kz(mtufo - m-zugo) — 2 Ko(muw ~ mzuzo) + 602(7}’14 ~ n) =0 (37)

From eq. (37), we have

K= w{ Mty — Mallsy = (m;ma)w( U — ugo)/(mmfo — 77’13%30)} («38)

From egs. (36) and (38), we obtain an expression for o or K with function
of the plasma parameters. As an example, we choose the following numerical
values; 21,="7.10° cm/sec, uy=8.10° cm/sec, m,=6.8.10"% g, Ey=1 V/cm, n,=10°/cm?,
0} =3.10%/sec’ and w}), = 4.10"/sec’.

However, the result shows that no real value of w or K is attainable or no
steady wave propagation is possible. This is connected with the so-called two
stream instability.?®®

V. Conclusion

In this paper, we emphasized the effect of drift on propagation of low fre-
quency wave. Experimentally, oscillation or noise generated in plasma is observed
by means of a probe or antenna which is located apart from the source of oscil-
lation or noise. Thus, the observed signal may be controlled by the dispersive
property of the plasma between the source and the receiving point, if there is
no boundary responsible for generation of sound wave and no source adjacent to
the receiving point. Our theory provided an explanation for the result of noise
measurement that noise level was dominant in a frequency range near the plasma
ion frequency.
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We also found that the propagation with constant amplitude was possible
only under the condition where 2T > mui was satisfied.
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