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PLASMA ACCELERATION BY
ION-ACOUSTIC TURBULENCE
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Indian Institute of Astrophysics, Bangalore — 560 034, India

(Received 27 September, 1979; in revised form 25 January, 1980)

Abstract. An energetic proton beam passing through a stationary ionized medium, excites ion-acoustic
turbulence. The ion-acoustic instability saturates due to the non-linear indirect wave-particle scattering.
The electric field associated with the ion-acoustic waves accelerates the plasma particles. Applicability of
the results to cometary tails is discussed.

1. Introduction

An electron-ion plasma system, in which the electrons move with a drift velocity
smaller than the electron thermal velocity and larger than the speed of the ion-
acoustic wave is known to be unstable towards ion-acoustic oscillations. The
amplitude of the ion-acoustic oscillations grows with time if the electron temperature
T, is more than the ion temperature 7,. There is another way of generating
ion-acoustic turbulence. A proton beam with a speed greater than the ion-sound
speed, passing through a plasma is also capable of exciting ion-acoustic oscillations
through resonant instability Mikhailovskii (1974). In this piece of work excitation of
ion-acoustic instability is studied in a system consisting of (i) a proton beam of density
n, and velocity V passing through (ii) an electron-ion plasma, the electronic
component of which has a drift velocity V, < V. All velocities are measured relative
to the stationary ions. The linear analysis of the instability is carried out in Section 2.
Section 3 deals with the saturation mechanism. Expressions for the rate of change of
momentum and the acceleration of the plasma particles are derived in Section 4.
Application of the results to the cometary tails is discussed in Section 5.

2. Linear Analysis

The dispersion relation for ion-acoustic waves in a proton beam-plasma system is
given by Mikhailovskii (1974):

TP 0 (w—q)

0, (1)

where

(w, q) are the frequency and the wave vector of the wave,
d. = Debye length for electrons,

4mnge’
2 : i
wp = ——, no is plasma density,
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m; = mass of the ion,

2
2 4mnge
Wp =

, hp is the density of proton beam and m,, is the mass of a proton,
p

V is the streaming velocity of the proton beam.
In deriving Equation (1), the following assumptions have been made:

V>V, V.<V<Vr,

w>qVTi’ Iw—qzvl>qVTP’
where Vr,, Vi, and Vr, are the thermal velocities of the protons, ions and electrons
respectively. V. is the drift speed of electrons.

In order to study the excitation of the ion-acoustic instability, Equation (1) can be
solved for complex roots {2 such that

N=w+iy
and
w~—-(ﬂ%-. 2)
1+Td§

The growth rate y and the wave vector q is to be determined from the following
equations:

3y’ aw® B>—1

PR SV )
and
2 3
- i O @
where
a = n,m;/nom,
and

B*=(w—q:V)'/¥*.

While arriving at Equations (3) and (4), no assumptions about the magnitudes of «
and B have been made.

3. Saturation Field

There have been many and varied attempts to explain the saturation of the
ion-acoustic instability. Kadomtsev (1964) invoked the ion-nonlinear Landau
damping as the saturation mechanism, which was shown to be inadequate by Sloan
and Drummond (1970). Sagdeev and Galeev (1969) put their trust in mode-mode
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coupling whereas Tsytovich (1971) preferred the process of one ion sound wave
scattering into two ion sound waves. Krishan (1978) suggested the indirect wave
mediated wave-particle scattering as the saturation mechanism of the ion-acoustic
instability. This mechanism furnished estimates of anomalous resistivity which
agreed very well with the observed results in solar flares. In the present proton
beam-plasma system, however, an additional contribution from the proton beam
needs to be included. Since the details of the calculations for this process are given in
Krishan (1978), here we will only give the final results as applicable to the proton
beam-plasma system. The various processes are shown in Figures 1, 2a and 2b. The

Fig. 1. Direct wave-particle scattering. The solid lines stand for the particles and the wavy lines for the
ion-sound waves.
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+Two more such diagrams obtained by reversing the
direction of the line q-q!

Fig. 2a. Indirect wave-particle scattering. The electron or the ion is scattered with the emission of two
waves, which then interact to yield the third wave, which is to be stabilized.

Fig. 2b. The details of the three-wave vertex appearing in Figure 2a.
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effective matrix elements for the direct and indirect electron-ion sound wave
scattering, ion—ion sound wave scattering and the proton—ion sound wave scattering
are found to be:

A7I(t) n, m> Vq
Z =_Woe 1— ( -2 e)
m=—Wed 3Npm\" noms V*
dy
<[ = .|, 0
[ ZS—BVLe cos (d/—qﬁe)]
; 4771(t)( n, m: v;‘e)
eff — Woe + 2—'_
Wﬁ l I 1 3NDm,- No mf, V4 %
dy
<[ = — |, ©
[ 25—0V¢,- cos (w—q&i)]
and
P =Wl 1___471(’)(2_22@_51@)
off o€ 3Npm, Ro mf, v
d
<[ = v 51 @)
[ > AL cos(¢—¢,,)]
where

T : . : :
| Woe| = [—‘—/;27:——] = matrix elements for direct wave-particle scattering,
q
Np =number of electrons in the Debye sphere,
I(t) = hN,w, = energy in the mode ¢,
N, =number of phonons in the ion-sound wave;
de, @i, ¢, are the azimuthal angles of velocity vectors V,, V,, and V,

¢s =ion-sound speed = \/ —,
m;
Cs
0~3
Vv
V.., Vi1, and V,, are the components of electron, ion and proton velocities
perpendicular to q.

The energy balance equation can be written as

dN,
ar |

=5 27 Wy PN+ Df K+ )1 = k) -

—No fi(k"YA = f;(k'+¢))]16(wqg—q V}) , (8)

where j =e, i, and p.
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The growth rate or the damping rate of the ion sound wave on electrons, ions and
protons is given by

1 dNg

YITONg dr

i

and one finds:

Ye= 8VTe(qV ‘"‘*)e"p[ 2m:r{(a; VE) }]x

8I(t) n, m: Vi
<[1-snopza i ) 9
[ 3ND,\/T302 Mo mi v )
7 C3 —T/2T.[ 47%1(t) ( Hp m. V;'e):l
i=—\ g M2 -— — —7 |, 10
¥ 8 V?”}‘i @Wa 3ND04miC3 Ro m,z, v* (10)

and
— 2

np mp [wq
+ \/ V- [— (—— V) ] X
7 8 VT ( wq) o exp 2XTp q

81(¢) n, m: V.
X 1————(2——‘3— )] 11
[ 3Npm,V?0°\" nom: v* (1)

The saturation energy of the ion sound wave is given by the condition

Yet+¥p+7v:=0. (12)

This furnishes

[10(a-32 25 58) /v Gam] -

[\/8 ¥ fme 1_ Q_Ve) o VHVE |
T Wq Wq

l

3/2

+ VTe (ﬂ_ 1) np -V2/V2 (2)
VTp T'z

no

e~Te/2Tf] x (13)

N> V3 127CE _\)y2 qvV,
|8 2(_e> Y -Tser,_1emCs —Ve/VTe<1___e>+
[ "\1) ¢ VVr © w0

-1

127TC§ m, VZTe np(qV ) —v2/v2 ]
+ >—|——1)e ™"
VVTP mpe \%4 Ry

wWq

4. Acceleration of the Plasma Particles

The rate of change of energy and momentum of the plasma particles in the presence
of ion-acoustic turbulence can be calculated by using the diffusion equation
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(Lacombe and Mangeney, 1969 and Kaplan and Tsytovich, 1973). One writes

ﬂ‘_ 1 (ofiV),
ot ,-_NO,-I s VIV (14)

where Ny; is the total number of particles, f;(V) is the velocity distribution function
and

: 2
af]a(tV) =2h_’; 5 4_5_‘3_ LI~ f;U) sk +q) = f(k) (1 = f;(k + @)} X
a Vq

X 8(Eicrq — Ex — hog) +
HA=f(k)fitk —q) — f;(k)(1 = fi(k — q))} X
X(S(Ek_q—Ek+hwq)], (15)

Here ¢; is the charge of the species and 6 is the energy conserving Dirac delta
function. Substituting for I, from Equation (13), one can write down the rate of
change of momentum for the electrons, the protons and the ions due to wave particle
scattering:

V| _ 1V(_61_z)4(&_l’s)(2)_3/2x
atl, 712w \q/ \q VI/\T,
x @ Te/2Ti g ~log/ = V.F/ V3, (16)
W wpe e ' e
WV _wpe ¥, Vr ——nome(@) (@—1)(—2}) X
atl, 72 @ Vg, nm,\q/ \q T;
x ¢ Te/2T; ef[(wq/q)—VP/Vsz , (17)
and
oVl _wre ¥, Vre @(&)5(%—”eTe/”fe-Te/”f (18)
ol 72 0 Vim\q) \T '

One can easily see that the ions gain negligibly small amount of momentum by direct
wave-particle scattering. Therefore the major process by which the ions get
accelerated is due to the relaxation of the electrons and ions. One can write the
momentum balance equation as

oV
RoMe—
at

+ oV
npmp——
UL

0
+ ,-——' =0
nom ol (19)

e P

and the acceleration imparted to the ions a; is given by

oV]
nom;a; = —HnoMm, ;

A%
—NpMp—

e o (20)

P
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5. Application to Cometary Tails

The theoretical system studied above can be easily identified with the solar wind
comet system, where the solar wind of density np is propagating with a velocity V
through the cometary plasma of density n,. The condition of zero current requires
the electrons to move with a velocity V,, which is determined such that npV =
(no+np)V,, np<no. Since V,« V, one can consider the proton beam passing
through a relatively stationary plasma. Even though the electrons have a net drift
velocity V,, the ion-acoustic oscillations are still described by the dispersion relation
given in Equation (1), since V,« Vr.. Chernikov (1975) has also considered the
acceleration of cometary ions by ion-acoustic turbulence. The present treatment
differs in two ways. First, here the proton beam is entirely responsible for the linear
growth rate of the ion-acoustic instability, the electrons give a small contribution in
case V, > C;. The growth rate as given by Equations (3) and (4) is much larger than
that given by Chernikov (1975). Therefore, it seems that the resonant beam plasma
instability is a more efficient mechanism of generating ion-acoustic turbulence.
Secondly as will be shown below, the electrons are more efficient in accelerating
the cometary ions than the protons. The rate of loss of momentum is, apart from
other factors, proportional to exp{—[(w,/q)—VT/V%,} for protons and to
exp {—[(wq/q) — V.J?/V%.} for the electrons. Obviously the first factor is much
smaller than the second factor, because V. » V7,. One gets from Equation (20):

4 -3/2
g = Te@rey V(‘IZ) (&_EXE) T2T, o -V, R/VE,

m 2w \q)\q VN\T)] ¢

We can make an estimate of the acceleration of the cometary ions, by using typical
values of the solar wind—comet parameters:

For
no=100cm™>, np=5cm>, V~3x10"cms™*,
T, . .
mi~28mp, —7':"“-‘20, V5e~3%x10 cms ,
T,
C.=y—=~003V, a=%
m;

For « =35, one finds that Equations (3) and (4) can be satisfied for |8|~3 and
therefore,

w_qzv=—3Ys

LV

=Y 1,3 and X-o04.
q Cs w w

Substituting for all the quantities one gets a; ~ 500 cm s ™. For no=10cm ™2, a = 4.
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For a =%, Equations (3) and (4) can be solved for |8| ~6 and therefore,

] 6
=V _ 1.9 .d YX-0s.

q C; W )
Again one determines a; to be

a;~2.5%10* cm s72,

6. Conclusion

A resonant ion-acoustic instability is excited by an energetic proton beam with
velocity V passing through a plasma, the electronic component of which has a net
drift velocity V. <V, but V, > C,. The streaming electrons and protons lose their
directional momentum due to wave-particle scattering. For the relaxation of the
electrons and protons a force arises which then acts on the ions and accelerates them.
It is found that the force produced for the relaxation of the electrons is much more
than that for protons. The estimates of acceleration of the ions in the solar
wind—cometary plasma agree very well with the observed results.
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