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Abstract

The kinetic dispersion relation for a magnetized dusty plasma comprising of ions,
electrons and massive, charged dust particles is solved for low frequency electrostatic
instabilities in the dust plasma frequency regime. The free energy is provided by the
drifting ion beam. The effect of varying parameters such as ion drift speed, particle
densities, ion temperature and magnetic field strength on the real frequency and
growth rate is examined. Initially light and heavy dust species of different charge
are separately considered. This procedure is then repeated for a four-component
plasma in an attempt to study the effect of the presence of both the dust species on
low frequency electrostatic phenomena. Using a different plasma model, instabilities
generated by an equal E x B drift of both the magnetized ions and electrons relative
to the unmagnetized dust grains of both the heavy and light dust species is also
investigated. The latter instabilities are applicable to the planetary ring plasmas of
Saturn. Throughout our studies, numerical solutions of the full dispersion relation
for the real frequency and growth rate are compared with approximate analytical

solutions.
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List of commonly used symbols

a;j = k3C?/Q2 (where j = i,¢,dl and dh for the ions, electrons, light

and heavy dust particles respectively)

—

B, (Bo) external magnetic field in the z direction

C; = (T;/m;)/?= thermal velocity of the j** species

C, = (T /m;)/?*=thermal velocity of beam ions perpendicular to B,
C = (Tj/m:)"/*=thermal velocity of beam ions along B,
C, = (T./m;)"/?=ion sound speed

0 Nio/Neo

e magnitude of the electron charge

€o permittivity of free space

5 distribution function of particles of type j

Fio equilibrium distribution function of particles of type j
Ly = e Ip(a;)

i V-1

Ip modified Bessel function of order p

Jp Bessel function of order p

k =(kg, ky, k. )=wave propagation vector
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= (k2 4 k2)!/?= component of k perpendicular to B,

= k,=component of k along B,

= (T./4nn,€?)'/*=normalizing length

= (Tj/47rnjoq12-)1/2=Debye length of j** species

where g; = e, —e, —Zgne and — Zge (for j = i,e,dh and dl
respectively)

mass of particles of species j (j =1, ¢e,dl and dh)

density of particles of species j (for j = e,1,dl and dh)
equilibrium density of particles of species j

total plasma density

= w, + 7= complex frequency

=w—k .‘_/'O=Doppler shifted frequency

real frequency

growth rate

=| ¢;B,/mjc |=gyrofrequency of the j** species

where q; = e, —e, —Zgye and — Zye (for j = i,e,dh and dl
respectively)

=(47rnjoqj2-/mj)1/2=plasma frequency of species 5

where ¢; = €, —e, —Zgpe and — Zye (for j = i,e,dh and dl
respectively)

electrostatic potential

angle between k; and &k

angle between k and k,
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azimuthal angle

beam ion temperature perpendicular to éo

beam ion temperature along B,

temperature of particles of species j (j = €,1,dl and dh)
velocity vector

=T./Ty

=1-¢

= (V2 4 V;})"/*=component of V in z — y plane

E x B, drift of the ions and electrons (Chapter 6)

ion drift velocity

plasma dispersion function with argument A

the number of electronic charges on each dust grain of
the j** species (j = dl and dh)

. . ﬁ_;\ —B_A i;\
differential operator -2 + 359 t 3.2
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Chapter 1

Introduction

The concept of ’plasma instability’ has attained widespread attention because of its
importance in nuclear fusion and space research. Plasma instabilities play a vital role
in many phenomena such as magnetic reconnection, and solar and pulsar radiation
which occur in space and astrophysical plasmas. These instabilities are also detrimen-
tal to the confinement of a thermonuclear plasma. Instabilities arise because plasmas
are usually far from their equilibrium states and hence contain certain amounts of free
energy. The natural tendency for a plasma is to get rid of some of its excess energy
and ultimately attain a state of thermodynamic equilibrium. It does this by shedding
this energy to some of its normal wave modes and hence causing their amplitudes to
grow in time. Such a growing plasma mode is referred to as being an unstable mode.
Plasma instability refers to this process whereby the free energy in a plasma becomes

converted into a growing wave mode.

The interest in studying linear and nonlinear instabilities in the so called ”dusty”

plasmas is fairly recent, this being motivated by the fact that charged dust has been



increasingly found in cometary environments, planetary rings, interstellar clouds and
also in laboratory devices. These dust grains are extremely variable with regard to
shape, size, mass and charge. The dust grains range from micron, submicron sized
grains to extremely large boulders. Grain charge is not fixed but depends on the
properties of the surrounding plasma, photo-ionization processes, secondary electron
emission and ultra-violet ray irradiation. If charging effects other than those due to
the surrounding plasma are neglected, the dust grain must aquire a negative charge (as
the more mobile electrons reach the grain surface first) in order to equalize the ion and
electron thermal fluxes to the grain surface, and attain a state of equilibrium. Most
theoretical treatments, therefore, assume the dust grains to be negatively charged.
However, other processes such as photo-ionization, secondary electron emission and
ultra-violet ray irradiation may result in grains becoming positively charged. Once the
dust is charged it starts to react to electromagnetic as well as to gravitational forces.
One finds that a grain must be in the micrometre range of sizes before electromagnetic

effects start becoming dominant over gravitational effects (Northrop,1992).

The three fundamental length scales for a combined dust-plasma mixture are the grain
size a, the Debye length Ap and an average intergrain distance d which is roughly
related to the dust density by d ~ ngl/ %, The grain size a is the smallest of the three
lengths. Single particle dynamics dominate over collective effects for a < \p < d.
On the other hand, collective effects become important when a <« d < Ap. It is this

latter case that we refer to as being a dusty plasma.

Dusty plasmas are similar to plasmas comprising of ions and electrons except that



the dust grains have large mass and charge. Each dust grain can be highly negatively
charged with up to 10* electrons on a single dust grain. The mass of a typical
dust grain is about 106 — 10'? that of the proton. The time scales associated with
dust phenomena will therefore be orders of magnitude greater than those associated
with the ion component of the plasma. The entire spectrum of plasma waves will
therefore be modified by the presence of the charged dust component. Rao et al.
(1990) found that a new ’sound’ wave called a dust-acoustic wave could propagate
in such a plasma. Linear dust-acoustic waves have been detected very recently in a
laboratory experiment by Barkan et al. [2]. The low frequency density fluctuations of
dust particles, which seems to be consistent with the theory of dust-acoustic waves,
was observed by Prabhakara et al. (1996) in a hot cathode discharge device. Dust
grains are also known to have been grown in laboratory plasmas to form the so called

dust ’plasma crystals’ which are Coulomb lattices of charged dust grains (Thomas et

al.,1994).

The linear theory of waves in a dusty plasma is well developed. Wave excitation
mechanisms may also give rise to large amplitude waves where nonlinear effects be-
come important such as leading to the formation of solitary wave structures (solitons).
Dusty plasmas encountered in the laboratory as well as in space environments are of-
ten immersed in an external magnetic field, therefore it is also imperative to study

the effects of a magnetic field on wave phenomena in plasmas.

This thesis presents a study of low frequency electrostatic instabilities in a magnetized

dusty plasma. A brief outline of the thesis is as follows:



A survey of relevant literature is presented in Chapter 2. In Chapter 3 we derive

the relevant dispersion relation and present approximate analytical solutions.

Chapter 4 investigates the dust-acoustic instability in a three-component plasma
consisting of drifting ions, stationary electrons and a single, stationary heavy dust
component. The ion drift is parallel to the external magnetic field. The effect of
the variation of parameters such as ion drift speed, densities, ion temperature and
magnetic field strength on the instability real frequency and growth rate is studied.
The effect of the presence of a single light dust component on the dust-acoustic

instability in a three-component plasma is also studied.

Chapter 5 examines the effect of two different species of dust (of different mass
and charge) on the dust-acoustic instability in a four-component plasma. A complete

variation of parameters as done in the previous chapter is undertaken.

Chapter 6 serves to examine the transition from the dust-acoustic instability to the
dust-modified two-stream instability in a four-component plasma comprising of drift-
ing ions, drifting electrons and two stationary dust components of equal density. Mass
and charge of both dust components are the same as in preceding chapters. These
instabilities are generated by equal E x B, drifts of both the magnetized electrons
and ions across the external magnetic field, while the dust grains are treated as being

unmagnetized.

Finally in Chapter 7 we present a summary of our results.



Chapter 2

Literature Survey

In this chapter we present a discussion of the reported works in the literature that

are relevant to our investigations.

The first study of wave phenomena on the dust time-scale was made by Rao et al.
(1990). They studied the linear and weakly nonlinear properties of the dust-acoustic
wave. In their analysis, the motion of the dust particles was assumed to be described
by the fluid equations. The electrons and the ions were assumed to be in thermody-
namic equilibrium and their densities described by Boltzmann distributions, because
of their relatively small mass in comparison to the dust grains. In the nonlinear limit,
they found that dust-acoustic solitons of either positive or negative electrostatic po-

tential could propagate in the plasma.

Using a standard Vlasov analysis, M. Rosenberg (1993) investigated the conditions for
the excitation of dust ion-acoustic (DIA) and dust-acoustic (DA) instabilities driven
by weak ion and/or electron drifts in an unmagnetized dusty plasma. It was found

that the dust ion-acoustic mode could be be driven unstable by an electron drift even

)



in an isothermal plasma with 7; = T, provided that the dust grains carry most of the
negative charge (n;/n. >> 1). Approximate expressions for the real frequency and
growth rates of both instabilities are presented. Possible applications to collapsing

protostellar clouds and Saturn’s rings are discussed.

Using a standard linear Vlasov analysis, V.W. Chow and M. Rosenberg (1995) inves-
tigated the effect of the presence of charged dust on the electrostatic ion cyclotron
instability (EICI). Although the EIC wave propagates almost perpendicular to the
external magnetic field Bo, the wave vector has a small but finite component along
Bo. The EICI is driven by electrons drifting along the direction of the magnetic
field. They found that for negatively charged dust grains as § = n;,/n., increases,
the critical electron drift for the onset of the instability decreases and the instability
is enhanced. On the other hand, the presence of positively charged dust grains tends
to stabilize the EICI. A possible application to the environment linking Jupiter to its

satellite Io is discussed.

M. Rosenberg and N. A. Krall (1995) studied modified two-stream instabilities in a
three-component magnetized dusty plasma driven by electrons and/or ions drifting
across an external magnetic field. Instabilities in both the high frequency (we; €« w € wee)
and low frequency (w4 € w < w,;) regimes are studied via the full dispersion re-
lation. In the former case the instability is driven by a drift of the magnetized
electrons relative to the unmagnetized ions and the unmagnetized dust grains. The

low frequency instability is driven by a drift of both the magnetized electrons and the
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magnetized ions relative to the unmagnetized dust grains. Both numerical and ap-
proximate analytical solutions of the dispersion relation are presented. Applications

to dusty protostellar plasmas and planetary rings are also mentioned.

Using a kinetic approach, R. Bharuthram and T. Pather (1996) studied the dust-
acoustic instability in a three-component magnetized plasma consisting of stationary
electrons, drifting ions and a stationary, massive, negatively charged dust compo-
nent. The instability is driven by the energy provided by the drift of -the ions along
the magnetic field direction. Both numerical and approximate analytical solutions of
the kinetic dispersion relation are presented. They found that

(1) The instability growth rates 7 increase with an increase in the drift speed of the
ions. For normalized beam speeds Vj;,/Cs < 0.01, the Landau damping due to the
electrons and the negatively charged dust component is strong and there is no growth.
(2) Due to the kinetic nature of the dust-acoustic instability, the growth rate v de-
creases as the normalized ion temperature T; /T, increases.

(3) For a fixed kA4, the real frequency decreases as the normalized equilibrium electron
density ne,/n, increases. This behaviour agrees well with the analytical expression of
the real frequency.

(4) The instability growth rates increase as Z, increases where Z; is the number of
electronic charges on each dust grain. The growth rates also increase with a reduction
in the dust grain to ion mass ratios.

(5) As the magnetization of the plasma increases, the range of propagation angles for

the instability widens.



The numerical results were found to be in excellent agreement with approximate

analytical solutions of the dispersion relation.

R. Bharuthram (1997) examined low frequency electrostatic instabilities in a three-
component dusty plasma driven by equal E x B drifts of both the ions and electrons
across an external magnetic field. There is a transition from the dust-acoustic insta-
bility (DAI) for small angles of wave propagation to the dust-modified two-stream
instability (DMTSI) of Rosenberg and Krall (1995) which becomes excited for wave
propagation almost perpendicular to the magnetic field. A variation of the normal-
ized ion temperature T;/T, produces results that are consistent with the findings of
Bharuthram and Pather (1996) for wave propagation in the direction of the magnetic
field. The DAI was found to be more easily excited in plasmas having a high con-
centration of negatively charged, massive dust particles. The opposite was found to
be true for the DMTSI. Results could be applicable to Saturn’s rings where both the

ions and electrons have an azimuthal drift relative to the levitated dust grains.

M. Rosenberg and V.W. Chow (1998) examined the effect of charged dust on the
Farley-Buneman instability in a three component dusty plasma. The instability is
applicable to the E-region of the ionosphere at altitudes of about 90-130 km. In
the presence of an electric field E, perpendicular to E, the instability is driven by
a crossfield E:, x B drift of the electrons relative to the ions. In their analysis, they
assumed that Y = eB/mcc >> Ven, i = eB/mic K vy, and Qg = ZgeB/myc < vy,
where (. (€2;) (Qq) is the electron (ion) (dust) gyrofrequency respectively and v;,

(Ven)(van) is the ion (electron) (dust)-neutral collision frequency. They found that



the critical drift for excitation of the instability decreases as the charge density of
the negatively charged dust grains increases, as was found for the EICI (Chow and

Rosenberg,1995).

Most theoretical treatments of dusty plasmas assume the dust grains to be uniform
with regard to shape, size, mass and charge. However in real dusty plasmas the
size distribution of the dust grains must be considered. P. Meuris (1997) made a
comparison of the dust plasma frequency of

(1) mono-sized dust grains

(2) dust grain size following a power law distribution with the differential dust density

given by
n(a)da = Ka "da

for charged dust grains with grain radii ¢ in the range [@min;@mqz]. They found
that the dust plasma frequency increases when a power law or a normal grain size
distribution is considered. This correction is negligible for 3 values greater than 2

but is significant for smaller values.

The focus of initial experimental work on dusty plasmas was on the measurement of
charge on individual dust grains (Robertson,1995). It was not until very recently that
experiments on collective processes in a plasma such as waves and instabilities were
undertaken. Barkan et al. [1] investigated electrostatic ion cyclotron (EIC) waves in a
Q-machine modified by the presence of a dust dispenser. They found that as the dust

grains became increasingly negatively charged, larger amplitude waves were produced
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indicating that the EIC instability was enhanced. This behaviour is in good agreement
with theoretical predictions. Linear dust-acoustic waves have been detected recently
in a Q-machine by Barkan et al. [2]. Both theoretical and experimental studies of
low frequency electrostatic waves in a magnetized dusty plasma were carried out by
Merlino et al. (1998). The experiment was carried out in a dusty plasma device
(DPD) which is a Q-machine modified by the presence of a rotating dust dispenser.
The plasma was created by ionization of potassium atoms supplied by an atomic
beam. A dusty plasma was created by introducing kaolin (aluminium silicate) into
the plasma column of the device. Further experiments on dust-acoustic waves were
carried out in a glow discharge device containing nitrogen gas. The experiments
performed confirm that the ion-acoustic and ion cyclotron instabilities are more easily
excited in a dusty plasma consistiqg of negatively charged dust grains. Taking into
account collision effects between the dust grains and the neutral gas molecules, the
experimental results on the dust-acoustic mode were in good agreement with the

theoretical dispersion relation obtained from fluid theory.

H.R. Prabhakara and V.L. Tanna (1996) investigated the trapping of negatively
charged dust particles in a hot cathode filament plasma discharge device. The dust
particles were made visible by the scattering of the light of a He-Ne laser. The source
of the dust was about 5g of alumina powder (average grain diameter 0.3 um) placed
in an aluminium plate at the bottom of the device. After aquiring a negative charge,
it was observed that the dust particles became trapped in a plasma which was main-

tained at a positive potential with respect to the walls of the device. Due to the
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electric fields in the plasma being very weak, the dust grains began to fall under the
influence of gravity, but would be pushed back into the plasma due to the repelling
force of the electric field of a sheath region surrounding the lower plate. The observed
low frequency density fluctuations of the dust was found to agree well with the the-
ory of dust-acoustic waves although a more reliable method of measuring the number

density of dust particles was required.



Chapter 3

Derivation of the Kinetic

Dispersion Relation

In our derivation of the kinetic dispersion relation we follow the method of Gary et
al. (1970) and Singh (1989). As a general treatment, we consider a three-component
collisionless plasma comprising of an anisotropic ion beam and stationary, isotropic
background electron and dust components. A uniform magnetic field B, is assumed
to be present in the z-direction. We assume that there is no equilibrium electric field
(E; = 0). The electrostatic approximation is used, therefore the electric field E; can
be derived from the gradient of a scalar potential ¢, viz. El = —V¢,. Perturbations
in the magnetic field are therefore neglected. The electrostatic modes occur due to
charge separation and bunching phenomena. In our model all species are assumed to
be magnetized.

The velocity distribution of the anisotropic ion beam is assumed to be a drifting
Maxwellian with temperatures T (7};) perpendicular (parallel) to the external mag-

netic field. The beam is assumed to have drifts V,, (V,,) perpendicular (parallel) to

12
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B,. The configuration is depicted below.

2
1
byt
V. | B,
0 Voy y
-
Figure 3.1

The equilibrium ion beam velocity distribution is given by

fio == (QWCJZ_)T(IIIQ;ClT)I/Z €xp {_ [‘/:02 + (‘/y - ‘/03!)2] /2C.2L} X

exp [~(V — Vi:)?/2C7] (3.1)

where C; = (T/ m,-)l/ % and Cy=(Ty/ m,-)l/ ? are the perpendicular (parallel) thermal
velocities of the beam ions respectively. The density of the ion beam is given by n;,.

In the linearization of the Vlasov equation

of - dv af;
o TVt gs =0 (3.2)

we consider small perturbations about equilibrium quantities:
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fi = fotfa

E = E,+E (E,=0)

B = B,+B

n; = nj+nj (3.3)

where j = i,e and d for the beam ions, electrons and dust particles respectively.

Using the equations of motion for the ions

av . . VxB, VxB
—=_6’[E0+E1+ % . ’ (34)
dt m; c c
the Vlasov equation for the beam now becomes
fa - e |2 VxB,| dfa e |~ VxBi| 8f.
it i} Vfai+— |E, —=—-——|FE — :
G TV Viat B+ — 37 = BTt T )
Since for electrostatic modes El = -V, 51 = 0 and setting E:, = 0, the above
equation can be rewritten as
dfa e Afio
Tl miV¢1. P (3.6)

where the operator d/dt is defined to be the rate of change following an unperturbed

orbit in phase space (Gary et al.,1970). Integrating (3.6) along unperturbed orbits

we obtain
o e [t o Ofi(VY)
P ) 7t —— Ia T = 2 e
fal® V1) = /_wv¢1(r {). s dt (3.7)
L, dr AV e [~ V'x B - B . .
where V' = @ ar o | P , r0)=rand V'(0)=V.
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Assuming the variation of perturbed quantities to be harmonic in space and time

Fa(7 Vo) = fa(Vyexp{i [k.7 - wt]} (3.8)

$1(7,1) = duew exp {i [£.7 - wt] } (3.9)

Then Véy(r,t') = ikgy(r,t') and (3.7) becomes

— i t - = - —
A -Tin‘i / kViy $u(r, 1) fiol V') &t (3.10)
where
— v vVI-V, V!-V,
‘/8 —_— — _"L‘..; y Y ; o i (3.11)
-
is obtained upon differentiation of (3.1).
Solving the equations of motion (3.4) for the ions we obtain
V! = V] cos(=Qit' + 0)
Vy' -V, = V]sin(—Qt' +0)
V] = constant (3.12)

1/2
where V| = {V,f2 +(V, — Voy)z} / is the speed in a circular orbit in a plane perpen-
dicular to the magnetic field. The configuration at ¥ = 0 is indicated in

Figure 3.2.

Resolving k into components parallel and perpendicular to B, (Figure 3.3)

-

k= [ks,ky, k] =[kLcostp; kysiny; k] (3.13)



Figure 3.2

Figure 3.3

16
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We can show that

(V2 = Vo:) (3.14)

Using (3.14) and (3.8), the integral (3.10) can be rewritten as

fa(Pyexp {ilk.F—wt]} = fu(FV,1)

i -' k V
m;

/ by cos(Qt' + ¢ — @) dt’

+ pery - oz ¢1 dt:l (315)

Evaluating the right hand side of (3.15) at ¢t = 0 we get

FalP) = =2 Py | [ costut 40 O)exp {7 1)~}
+(’§_%(v; = W) /_ _exp {i[k.(" - 7) — wt]} dt'} (3.16)

We solve the equations (3.12) with 7/(0) = 7 = [z, Yo, 2] to obtain the approximate
orbit equations

’
r— = Yﬂi[sm@ — sin(—Q;t' + 0)]

+ [% {—cos O + cos(—%t' + O)} + Voyt'] g+ Vit'z (3.17)

Using (3.13) and (3.17) the second integral in (3.16) reduces to
0
/ explip sin(© — )] exp[—ip sin(© — ¢ — Q;t')] x
exp |1 [ {k Vot ko (V] = V,,) — w} ] (3.18)

where p =k, V) /Q;. Using the identity (Watson,1944)

(oo}

exp(iusinB) = Y exp(il8)Ji(w) (3.19)

l=—c0
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where J; is the Bessel function of order I, the integral (3.18) becomes

= ox expli(p —a)(0 = ¥)1Jp(k)Jq(k)
p=z—:oo qg;oo i@ + .V, + k. (V. = Vi) — ) (3.20)

The first integral in (3.16) can be manipulated by using the identity

18 -1
cos 3 = _c;}-ie__ (3.21)
and can be separated into two parts, of which the first part is given by
1 p0 % .
5 / expli(¥ — © + Qit")] expli{F.(7 — 7) — wt'}] dt’ (3.22)

Using (3.17) and (3.19), the first part of the first integral of (3.16) simplifies to
1 Z i expli(p — q — 1)(© — ¥)]Jp(p)Jq(p)
2 pmee =" i[(q + 1) + kY, + k. (V; = Viz) — ]

Similarly the second part yields

(3.23)

1 i = expli(p — q 4 1)(© — ¥)]Jp(r)Jq(n)
2 P=—00 q=-00 1[(q - 1)91 = E‘Zz + kz(‘/z - ‘/oz) - U.J]

Using (3.20)-(3.24) in (3.16) we obtain

(3.24)

kbtV, & &
TEY Y g

L pP=—c0(g=—0
{ expli(p —q — 1)(© — ¢)]
[(a+ 1)+ £V, + k(V, = V,.) — o]
expli(p — g + 1)(6 — ¢)] }
[(a— D)% + &V, + ka(Vz = Vir) — ]
k = expli(p — 4)(© — ¢)]Jp(p) Jq (k)
+ (V. — Vor

C“ )p-—z;ooq—z_:oo [qQ +kV +k (V ‘/oz)— ]

The perturbed ion beam density is given by

Fa(P) = =—fiol V)1t

(3.25)
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Ni1 = Milkw exp{i[E.F— wt]} = /fz1(\7) a3V (3.26)

The integration can be manipulated by transforming to cylindrical co-ordinates in

velocity space, with
&V =V, dv, dV; d© (3.27)

The triple integral (3.26) can be separated into three parts. Using (3.1) for the

equilibrium velocity distribution f;o(V), the first part is

medrroki nio Z /' /‘°° exp{ (V.= Ve 2/2C|ﬂ}
Tu(2nC3)(2rCHY? [P + k.Y, 4+ ko (V, — Vi) — ]

dv;

V2
exp | =55 | Ip(p)Jp-1(p)VE VL (3.28)
2C%
where we use

0 ifp#q+1

2
expli(lp —q—1)0] dO =
/0 pli(p —q—1)6] {% fp=qql

Introducing the plasma dispersion function or the Z-function (Fried and Conte,1961)

for Im(A) > 0 or alternatively as
2 iA 2
Z()) = 2ie™> / e~dt (3.30)

the integral over dV, in terms of the Z-function becomes

WCCblkwa_ N

w—E.VZ— Q;
T.(2rC3)(2rCH)V/? & Z / Jp(p)Jp- 1(#)Z( ok, C”p ) X

Vi
exp ( 202) VEdvy (3.31)
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The second part of the integral (3.26) yields

Tebirkinie VT S [ w — k.V, — p;
Jp(p)J, VA
T (QTFC_L)(QWCH)W k, pzoo/(; p(1)Jp+1(k) ( \/§sz”
2
exp ( 2‘22) VEdv, (3.32)

It can be shown that the last part of the integral (3.26) is

2

eqslkwnw V
— )1 $ Bl Es V. dV 3.33
1,7 pz / Ip* (L) + 2piZ(2yi)] exp ( 261) 1 dVy (3.33)

where z,; = (w — k.V, — pQ)/V2k.Cy.

Combining (3.31), (3.32) and (3.33) we finally obtain

_ e¢lkwnio 1 V
ke = CJZ_ l:\/ikzcu pz / pQ Jp (u) (sz) €xXp ( 2C2) V_L dV.L

3 V7
J 1 7 {3 d .
T” pz / p 2L + 2piZ(203)] eXP( ZC_L) Vi VL} (3.34)
where we have used the identity (Watson,1944)

2pJp(p)

Jp-1(p) + Jpsi(p) = p

(3.35)
where p =k, V, /Q;.

Using the identity (Watson,1944) where Ip is the modified Bessel function of order p

/Ooo Jp?(Bz) exp(—az?) z dz = %exp (—2’%) (g:) (3.36)
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the expression for the perturbed density (3.34) becomes

eqslkwnio 1 k2 C_L) (k.zL Ci)
Mg, = — O Z(zpi I
ik T, \/ik‘zC“ pz P (Zp )exp ( Q? P Q,Z

=—00

T, & K ki C?
+ -]—,';T [1 + 2piZ(2pi)] exp (— "h;‘) Ip ( ‘;221‘ (3.37)
p:—oo 1

Finally letting a; = k2C%/9? and [, = e *Ip(a;), the equation (3.37) can be

rewritten as

e¢lkwnio T.L W — k V =
Sk, = — —<1 Z(2pi) s
itk T, |T { T BEC) p—z-:oo ) ,,}
1—-—= ——— 7 (2 ) 3.38

3.1 Contribution of Background Species to Dis-

persion Relation

The stationary, isotropic Maxwellian distribution of the background electrons and

dust particles is given by

Mo Ll
fJO (27TC2)3/2 ( 2CJ2) (3.39)

where 7 = e and d for the electron and dust species.

Quasi-neutrality at equilibrium requires n;, = n., + Zyng, where e,d and : refers
to the background electron,dust grains and the beam ions respectively. Here Z; is
the number of electronic charges on each dust grain. The perturbed densities for

the background electrons and dust grains are easily obtained from (3.38) by setting
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T, =T;=T;and V,=0 for the isotropic, stationary species. We thus obtain

giPrkaNjo w & (w— pﬂj)
by = ————— |1+ ——=— Z | 4 3.40
Njik TJ [ \/iszj p;oo ( \/iszj m] ( )
for j = € and d for the background electrons and dust particles respectively, with
ge = —e and gg = —Zze. In the electrostatic approximation, Poisson’s equation
V2 = Ane[ne + Zgna — ni) (3.41)
becomes
4me
qslkw = L2 (nzlkw - Zdndlkw - nelkw) (3.42)

We finally obtain using (3.40) for the background dust particles and electrons and

(3.38) for the beam ions

k2

\/—k C. Z Z zpe)Fpe]

P=-c0

- A
+ ’\ﬁd \/—k C, p_z—:oo (Zpd pdjl
1 w — kV 20
b Z(21) T
X, 0{ Yok, Oy p_z_:oo (z2i) "}
B S 0z | =
V2k.C) pé:oop Z(zpi)lpi| =0 (3.43)

which is the dispersion relation for electrostatic waves in a dusty plasma comprising
of an ion beam against a background of stationary electrons and dust grains, where
all species are magnetized. Here 0 = T [T}, B =1 — 0, zpe = (w — pQ.)/V2k,C.,
Zpd = (W — de)/\/iszd, Zpi = (W — kv, — pﬂ,')/\/isz” and the Debye length of

species 7 is defined by A4 = (fl’d,,-/47rnjoqj2)l’l2 (7 = e,1 and d).
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3.2 Approximate Solutions of the Kinetic Disper-

sion Relation

From (3.43), the dispersion relation for a three-component dusty plasma (single dust

component) (Bharuthram and Pather,1996) may be written as

A2 w &
0 = k2)\2 i | Z(2pe)T e
SR IV AR DR i
A2 [ w—E.Vo >,
b E e Z(2)T,;
+ % | * BeC, p;oo (2pi) d
; —1+ © S Z(zq)T - (3.44)
Aﬁd | ﬂkzcd P=-x v de -

where Ay = (T /47rn,-oe2)1/ 2. On the other hand, in the presence of two dust species

of mass mg;, mgp and charge —Zye, —Zype; the general dispersion relation will be

A2 w e ]
0 = k%)\? d 11 Z(2pe )W pe
it 5 [ +\/§kz08p§,o C
A2 w—kV, & ]
— |1+ —— Z(2pi) i
! Adi [ * V2k.C; p—_-z—:oo (22 pJ
[, e &
=11 Z r
T % | T Vakca p:‘;oo L
A w 0
1 Z r :
" Adan [ * V2k.Cap p:z—:oo () pdh] (343)

We consider low frequency waves in three and four-component plasmas with hot

electrons, hot ions and cold dust constituents. Hence we make the assumptions

T.=T,>» Ty (T. = T; > Ty; Tw) for a three-component (four-component) plasma

and |w |[K Q.
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The series expansion of the Z-function (Fried and Conte,1961) is given by

2 4

Z(2) =i¢ﬁ€“—2zb—%;+f%— ]bﬂzk(lmd (3.46)
: 1 13

= imbe — — 1 — + = ... 1 3.47

Z(z) iy/mde . [ tostat ]for |z [> (3.47)

where

0 if Im(z)>0
0=4¢1 ifIm(z) =0
2 if Im(z) < 0,

Assuming the drift of the ions to be weak (small V;) (Rosenberg,1993), | © < Q

where G =w —k.V, is a Doppler shifted frequency. With this assumption

w—EV,—pQ _ —pQ

- ~ f 0. 3.48
WS VRGP (3.48)
Then
2 £V, pf; p&d; )}
Z(zpi)pim Z Lo Z|———— ¢
p, 2 (\fkc) +Z{ (fk0)+ (\/ikza- "
= Z(2i)Ts; (3.49)

for zoi = (w— E‘Z,)/\/ﬁkza and using the fact that Z(§) + Z(—¢) = 0 which can

easily be proved from the definition of the Z-function.

Furthermore for large T; we may assume that | z,; |< 1. Then using (3.46) we may

write

S Z(2p)Tyi  (iv/7 — 2200)T (3.50)

p=—co
Since for the cold dust grains | a4 |=| k3 C}/Q3 |« 1 and I'p(z) < 1 for p # 0, we

can write ['p(z) = eIp(z) = (z/2)P(1/p!)(1—z) for | z |< 1. Hence we retain only
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the zero order term in the summation. We may then write

= 1 1
3 Blapla 2l - - 5] e (3.51)
where z,4 = w/ V2k,Cy.
Since | w |K Q.,
w 1. —p£,
\/—kpC \/iir C forp #0 (3.52)
Then
) - 00 pQe p,
Z(zpe)pe m Z [oe Z\| - | o
p=2—:oo ity (\/ikC) * 2{ (fk C)+ ( ﬁkc)} ’
= ZlZell o (3.53)

for zoe = w/v/2k.C. and again using Z(£) + Z(—¢£) = 0.

For large T. we may assume that | z,. |« 1. We may then write

Z Z Zpe pe ~ (1\/—“220e) oe (354)
pP=—c

Using (3.50),(3.51) and (3.54) in the dispersion relation (3.44) we obtain

neo

0= K*AJ + —= [1 4 2oe(iv/T — 220¢)Toc]

10

-+ % [1 -+ Zoi(if - zzai)roi]

T Ndo
+ i
Td Nio

Zg [1+Zod (—-—1——— !
Zod 2Zod

3) r,,d] (3.55)

It can be shown that for oy = k3 C2/02 <« 1

Fod ~1 (356)
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Using (3.56) and neglecting terms involving z,? and z,® since | zee |,| 20 | 1;

equation (3.55) becomes

_ 212 Neo Z_ zndo [ 1 ]
0 = KA+ o + T + 7, an P (3.57)
Setting w = w, + iy and assuming | y/w, | 1 we can write
1 1 _ 1
Wl =1t (1+———)
1
= Y
w? (1 - 17)
1 217y
= o [1 - wr] (3.58)
Using the above manipulation, (3.57) becomes
_q2y2, Peo  Te  Temao [ KIC [ 3 2i7]
0 = k) +n,o+T+Tdand( o 1 o (3.59)
Taking the real part of the equation (3.59) we get
0=kt Ree Ty Tenao po [ KCy (3.60)
- 4 Nio T Td N0 4 w,? .

Multiplying (3.60) by n;,/n., and rearranging terms we obtain

nlO

T. Te Ty npp k?
THASNE 4 g it 8 o o8 Td TR TH g f :
Neo i Neo T Tamgne, o 4 w,? (3 61)

We recall that the quasi-neutrality condition for a three-component dusty plasma is

given by

Neo + ZdNdo = Mo (3.62)
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Using (3.62), the equation (3.61) becomes

e "tio Mo = Tleo T kz
Miopaye g4 Mele  Temionio —neo 1 ;o 10 ( ) (3.63)

Neo Neo Tz Td Neo Zd Nio mq wz

We finally obtain

1

2 = Kk2C2Z4(8
wr = kG20 - )md (1+ 6% + 6k2)3)

(3.64)

where Cs; = y/T./m; and § = n;,/ne. This expression corresponds to that obtained
by Bharuthram and Pather (1996) for a three-component (single dust constituent)

plasma.

Now for a four-component plasma (two dust species), the approximate dispersion

relation from (3.45) is given by

0= kA3 + =2 [1+ ze(iv/T — 270¢) T

10

+ %— [1 + zoi(iv/m — zzoi)Foi]

Te Ndh 1 1
27z [1 . (— - )I‘o ]
Tyn niy * B Zodh  2zoan3)
T Ndio 1 1
72 [1 . ( ———-) r, ] .
Ta nip & Rl Zoat  220a®) ¥ (3.65)

where subscripts dh and dl have been introduced to differentiate between the heavy
and the light dust components.

Simplifications are the same as before and the four-component analogue of equation

(3.60) is given by

T. T. n k2C? T. n k‘202
0= k2A2 Neo -e _eio_ 2 [ _MzMdl dho dh
4t T4 T T; T Ta nio Za w? + Tan nio i G w? (::6)

r

r



Multiplying (3.66) by ni,/n., and rearranging terms we get

e Nio Te _ {T Nio ndlozz Ta Te ni, ndhoZ Tdh} (1&) 3.67
neok A + 1 + Neo T le Teo Nis m + Tdh Neo Mo dh Mmgp w2 ( )

Nio

r

Using the quasi-neutrality condition

Neo + ZaiMdio + ZdnNdho = Mio (3.68)

the expression within curly brackets becomes

) T 1 °
{L_nlz_zdl (5 T Zdhndh ) s —ﬂ-Zdh (5 —-1- Zdlndl )} (3.69)

m; mq; Neo m; Mdgp eo

We finally obtain

A (6—1—Zdz )+—‘-Zdl (5—1‘Zdh n)}

W = K202 Lman (3.70)
(1+ 6% + ok222)

which is the approximate expression of the real frequency for a four-component plasma
(two dust constituents).
Setting the density of either one of the dust constituents to be zero (nq, = 0 say),

we can write from the quasi-neutrality condition (3.68)

ZdhNdho
TG = (3.71)
Neo
Using (3.71), the approximate solution (3.70) becomes
1
w; —-k2C2——Z -1 3.72
o )(1+6%+6k2)\§) (3.72)

which is the approximate solution of the full dispersion relation for the three-component

(single dust constituent) plasma of Bharuthram and Pather (1996).
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In deriving the approximate solution of the growth rate for a three-component plasma,
we neglect second order terms in (3.55) and we include the exponential term in the

series expansion of the Z-function for the dust species.

0 = K+ 22 [1+ivTzeclue] +%[1+i\/1?szm~]

k2C
L. ndoZd [ == i + iv/T2.qe” z""Z} (3.73)
Td o

Now

)2 w3(1+2_i_‘1_%;)

_( w
T \/ikzcd

2k2_d.
Zmg
RLz,(6-1 !
( e, Za(d )md ( 146 +5k22 )
~ 2k2Le
T. 1

- Zy($ -1 3.74
o7, 4 )(1 + 0T + 0k2)3) i)

using the expression (3.72) for w, and neglecting terms involving v/w, assuming that

| v/wr | 1.

Now using z,. = w/\/isze, Zei = (w— E.‘Z,)/\/ikz(]i and z,y = w/ﬂszd and

writing w = w, + iv; the equation (3.73) becomes

0=k2224 " | 4 mlt
at Nis [ lfka

+ %:5 [1 +i\/7_rwr L i k'VOFoi]

i V2k,C;
T.ng4, i 65 21y w, + 1y 2
+ =73 (1 ) . g %ol :
Tyni, ° { w? e \/_\/—k c,° (3.44)
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Taking the imaginary part of (3.75)

e 7E\Y20. /mo\ M2 T 7a\2w. /m:\1/2
_ Mo (TN 7@ (Me) W5, ) Ze (M)W (ML
¢ (2) k(T> - +11-(2) kz<T,-)

Nio

B %<£)1/2E.‘7; <E>I/2F0i T Ndo Z22_7E_Ifd_

kz Ti Td Nio d Wy u)2 my

T. ndo 2(#)1/%), (md)1/2 rog?

—_— — —| — #e T
+Td Bio Za 2 k. \Ty c (3.76)

From the quasi-neutrality condition (3.62) we can write

Ndo _ 1 }_
- 20 o)

Using (3.77), the equation (3.76) can be written as

" 1/m\ Y2, fm, 1/2F T e\ Y2, fm; 1/2F
=33) FF) rerz(5) £(F) T

12L vV N 1/2 2
B R e g (-3 2

k. \T; Ty Zg wr w2 my
T. 1 1 T 1/2w my 1/2 2
_e._._ 1 — T Z2(_. __7‘(_) —Zod .
7 ( 5> \2) E\T,) °© (.45

Simplifying equation (3.78) we get

1/2 3/2 \1/2 3/2 N1/2E
0=<&) poe+5(£) (_m_) Fm._cg(?&) (Ln__) kVor
T’z' my Tz mq Wy

k (md)wQTr\CZd( ‘1)ﬁ:+(

T.\%? 2
T;) Z4(§ — 1)e~%od (3.79)

Rearranging terms and making v the subject of (3.79)
3/2 1 4 1/2 3/2 N\ 1/2
7 = { (E) \/_ wr (%) Foe - 5(26_) (ﬁ) Pm'
T.) 2/3Z(5-1)k my T; my

T2/ m; 1/2k.‘7:, T.\3/?
+5<_) (ﬁ> ro,»—(ﬁ> Zy(§— 1) | (3.80)

T'i my Wy
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Now I',i(o;) = 1 since a; < 1. Rearranging terms and using expression (3.64) for w,

we finally get

| /= w me\ /2
= —/Z4(6 —1 r —(——e) e
! {\/g 4 )(1+5%+6k2xg)3’2}[ mq
3/2 AN12 BV
()
T mgq Wy

T 3/22 § L 61 ! 3.81
— = —~1 — - 8
(Td> (6= 1)exp 2Ty (6-1) (14 6% + 6k2A2) (3.81)

which is the approximate expression of the growth rate derived by Bharuthram et al.

(1996) for a three-component (single dust constituent) plasma. We note in (3.81) that
the electrons and dust particles provide Landau damping, while for EV, > wy, the
ions provide inverse Landau damping which leads to wave growth when the positive

ion term dominates.

Extending the calculation to a plasma with two dust species, the four-component

analogue of equation (3.75) is given by

Ve, | T T V2k,C;
T, nas .5 [ k:C3, ( 217) w, +1fy 2
7 —Z Zodh
i Tan Wy dh w? T+ \/—\/_k th

Te nao k:C3 21y s e wrtiy 2
4 72 [_ z —dl ( ) +i r e Zodl 3.82

0_k2A3+ne°[l+\/"’+‘7r] Te[1+1\/‘°"”+”_k'v°roi
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Taking the imaginary part of (3.82) and using the quasi-neutrality condition (3.68),

the equation (3.82) becomes

0= L(T 120, (m, 1/2F T. (m\Y?w, m,-)”"’r T. (m\/2k.V,
—3(§> z(:re) °e+ﬁ(§) k—z(f ‘”’f-('z‘) K,

gz (1 - zae) DB
bz (1 - 2270 () () Ve

Simplifying, rearranging terms and using [',; = 1, we get

T2 /8\1/2 [ 3 T,

)G (5) @) g (5-1-zae)
m; T wy Wy mgp Neo
T (51— 22

mgq; Teo

= () - a(T) " s() R

+

m; T‘z 71: Wy
T 3/2 1/2
()" (22 2 o1 - 2
Tan m; Reo

T, \3/? 1/2
= (___) (Til.) Zdl (5 -1 - Zdh ndho) e—zod12
T m; Neo

(3.83)

(3.84)
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We finally obtain for the growth rate, using the expression (3.70) for w;,

(1+6T,/T; + 5k2A2)3/2 {—deh(a — 1= Zye) 4 Is zd,(a — 1 — Zgy e

N\/~{ O2 [ Zn(§ — 1 — Za™=) + 22 Z(5 — 1 — Zp ")V, }
e}

1/2 3/2
x[_(&> r +5(Z) (W 1)
m; T; Wr

3/2 1/2 )
— ( T ) (T_ﬂ‘_) Zan <5 —1=- Zdlndlo) —Zodh

Tdh m; Neo

3/2 1/2
- (I—> (22)" 2 (5 —1- 2y 222 e'z““] (3.85)

Ta m; s

where

2 _ Temy {—Tn—izdh (5_1_Zdln,ao>

o 2]1_1 m; (Mmgp eo
m; Ndho 1
LCE (5 _1-7z ) }
T g ® " (1+6% +6k223)

which is the approximate expression of the growth rate for a four-component plasma
(two dust species) where j = dl and dh for the light and heavy dust components

respectively.

In the following chapters we shall compare numerical solutions of the full dispersion
relation with the approximate analytical solutions for plasmas with one and two dust

species.



Chapter 4

Solution of the Dispersion
Relation for a Single Dust

Component Plasma

4.1 Heavy Dust Component

We initially consider a three-component plasma comprising of drifting ions, station-
ary electrons and a single, stationary dust component which we will refer to as being
heavy. In Chapter 5 we will apply our analysis to a four-component plasma consist-
ing of two dust components (having different grain mass and charge and hence the
distinction between light and heavy). In our analysis we assume that the dust grains
are uniform with regard to shape, size, mass and charge and that the grains do not
break up or coalesce. All species are fully magnetized. The velocity distributions of
all species are isotropic Maxwellians and that of the ion component simply a Doppler
shifted Maxwellian. Using standard Vlasov theory and following the method of Gary

et al. (1970), the general kinetic dispersion relation for electrostatic fluctuations is

34
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obtained to be:

1| w e
0=k + 1+ Z(Ze)re}
M| V2k.C. p;,o ey
1 [ w—kVyg &
+ =1 Z(zpi)0 ,]
/\ﬁ’L \/f?k,C,- p‘;oo Pome

1 w —
+ — |14+ —= E Z(Z dh)r dh (4.1)
A?{dh ﬁkZth p=—00 P P

where e, i and dh represent the electron, ion and the heavy dust components respec-
tively. We recall that the wave frequency is given by w = w, +ivy and Z is the plasma
dispersion function. I'y; = e™%/ [,(a;) where a; = E%—?Jz- for j = e,? and dh.

Ci= \/zl-:, Q; and Ay = (T /47rnjoqj2)§ is the thermal velocity, gyrofrequency and
Debye length of species j (where ¢; = —e,+e and — Zgpe for j = e,: and dh respec-
tively) while Ip is the modified Bessel function of order p.

The components of the wave vector k are given by k, (k1) along (perpendicular) to
the external magnetic field B, = B,Z. Also zp. = (w — pQ2.)/ V2k,C.,

Zpi = (w — k.Vg — p)/v/2k.C; and zpan = (w — pQan)/V/2k,Cap. The ion drift ve-
locity is given by Vy;. The numerical solution of the dispersion relation is compared

with the approximate analytical solution in the next section.

4.1.1 Numerical Results

The root-finding technique employed uses Muller’s method and deflation. The disper-
sion relation (4.1) is of the form D(w, k) = 0. The number of roots to be found, initial

guess values for the roots and the maximum number of iterations to be performed
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to arrive at each root are supplied by the user. The FORTRAN code then begins
by using the initial guess value of the root and by a series of approximations to the
true root, attempts to arrive at this root. Once the true root is found, the order of
D(w, k) is reduced by one (deflation), the guess value of the second root is picked up

by the program and the process continues in the usual way until all roots have been

found.

In our analysis we assume the drift of the ions to be in the direction of the magnetic
field B,. For simplicity we restrict our analysis to the y —z plane, with k = (k,, k;) =
(ki,k;). Results are presented in normalized form. Time is normalized by the inverse
total ion plasma frequency wy;' = (47n,e2/ m;)~2. Speed is normalized by the ion
sound speed C, = (T./m;)?, spatial lengths by Ay = (T./4mn,e?)z, densities by
the total plasma density n, and temperatures by the electron temperature 7.; the
normalizations having being chosen so as to keep the dust mass mg, and charge Zg,
as variable parameters in the numerical work that follows.

Quasi-neutrality at equilibrium requires:
Neo + ZdnNdho = Nip = Mo (4.2)

where (—eZg3) is the uniform charge on each dust particle.

We initially consider wave propagation along B, i.e. k,/k =0 (or § = sin_l(ky /k) =
0°). It will later become evident that this will correspond to the direction of propa-
gation for which wave growth rate will be a maximum. Standard parameter values
chosen are T; = T,, Ty, = 0.01 T,, no, = 0.1 n, and Zz = 10%. The dust grain to

ion mass ratio is set to mg,/m; = 10'? as inferred for the E-ring or G-ring of Saturn
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(Goertz,1989;Rosenberg,1993). The ion to electron mass ratio is set at m;/m. = 1836
(corresponding to a hydrogen plasma). For these parameters wy;/wpin = 1.1 X 10%.
Assuming grain radii much smaller than the electron Debye length (¢ << Ape), the
mass and charge of a dust grain of radius a may be expressed as follows (Meuris et

al.,1997):

4
m(a) = =mpa®~a

3
g(a) = 4me,poa~a

3

where ¢, is the vacuum permittivity, p is the mass density of a dust grain and ¢,
is the equilibrium surface potential. The charge to mass ratio of a dust grain is
thus proportional to a=2. In the numerical work that follows, parameters have been
selected so as to keep the charge to mass ratio of the dust grains to be proportional
to the inverse square of the grain radius. We set w,;/{2; = 100, which corresponds to

weakly magnetized ions and dust particles.

Figure 4.1 shows that as V3, /C; increases, there is an increase in the growth rate of
the instability. An increase in ion drift velocity results in more free energy becoming
available to drive the instability. There is no growth for V3, < 0.01 C, because the
beam is not energetic enough to drive the instability. Similar behaviour was observed

by Bharuthram et al. (1996).
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The behaviour of the real frequency w, for V4, = 0.3 Cj is shown in Figure 4.2. The
real frequency curves corresponding to the growth rate curves of Figure 4.1 for other
beam velocities are not shown because w, is found to be independant of ion drift
velocity. The behaviour shown in Figure 4.2 is found to be in excellent agreement
with the analytical expression obtained by appropriate expansions of the Z function

(Bharuthram et al.,1996), viz.

m; 1

mMJp (1 + (STe/T,' + (Skz)\g)

w? = k2C%Z (8 - 1) (4.3)

where § = (ni,/neo = no/ne.). The approximations used in deriving equation (4.3)
are |w | Q; and T, = T; > T4n. This expression for a magnetized plasma is similar
to that obtained by Rosenberg (1993) for an unmagnetized plasma and that derived

earlier by Rao et al. (1990) using a fluid approach.
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Figure 4.1: Plot of normalized growth rate against normalized wavenumber. The

parameter labelling the curves is the normalized ion drift speed Vg;./Cs. The fixed
parameters are T; = T,, Tyr = 0.01 T¢, ne, = 0.1 ny, map/m; = 10'? and Zy, = 10*
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Figure 4.2: Plot of the normalized real frequency versus normalized wavenumber
for Vi, = 0.3 C;. The broken line shows the real frequency calculated from the
approximate expression (4.3). All other parameters are as in Figure 4.1
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If the effective temperature of the point particles (electrons and ions) is defined by
Z2 naho/Tef = Meo/Te + nio/T; (Bharuthram and Shukla,1992), then the analytical

expression (4.3) can be rewritten in the form for ion acoustic waves as

k2C%)
wr=—2sd (4.4)
1+ k203 g’

where Csd = (Teff/ mdh)% and /\deff = (Teﬁ‘/ 47 ndhozghez)%'

Figure 4.3 shows that the numerical growth rate is also in excellent agreement with

that calculated using the approximate expression

2
4

\/— Zanll = )(1+6T/T + 0k203)E
A2 G () -r(2)
i

: . Za(6-1)
—Zu(6-1) ( Tdh> [2Tdh 1+5;h/T +5m2)]} (4.5)

which is similar to that obtained by Rosenberg (1993) for an unmagnetized plasma.

We see from equation (4.5) that an instability arises (y > 0) whenever V., > w, /k.,
i.e. the wave phase speed in the direction of the magnetic field sees a positive gradient
of the ion velocity distribution. This is a phenomenon known as inverse Landau
damping. The remaining terms in (4.5) are the damping terms associated with the
electrons and the dust particles. The beam speed has to be sufficiently high enough to
overcome the effects of wave damping. Since | [',e |< 1 and m, < mg;, the damping

is negligible for sufficiently large values of Vj;,.
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Figure 4.3: Plot of normalized growth rate against normalized wavenumber for V;, =
0.3 C,. All other fixed parameters are as in Figure 4.1. The broken line shows the
growth rate calculated from the approximate expression (4.5)
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Figure 4.4 shows the effect of the variation of the electron density on the growth
rate of the instability. As the equilibrium electron density decreases, the growth rate
is found to increase. From this we may conclude that the instability is more easily
excited in plasmas with fewer electrons. It is seen in Figure 4.5 that for a fixed
kMg, the real frequency increases as n., decreases (the dust density increases). This
behaviour is consistent with the analytical expression (4.3) for w,. A similar trend

has been observed for EIC and ion-acoustic modes (D’Angelo,1990).

Figure 4.6 shows the effect of the normalized ion temperature T;/T, on the instability
growth rate. As T;/T. increases, the growth rate decreases. For T;/T, > 5.0 the
growth rates become negligible. This reduction in the growth rates with an increase in
T;/T. may be explained in terms of the kinetic nature of the dust-acoustic instability.
The growth rate v is proportional to the slope (0f;,/0v,) of the ion beam velocity
distribution. As T; increases the slope of the ion velocity distribution decreases and
this ’smaller slope’ is seen by a wave propagating along B, with phase speed w; /k..
The ion beam velocity distribution is almost flat (9f;,/0v, ~ 0) for T;/T. > 5.0,
consequently there is no positive growth. The real frequencies corresponding to the

growth rate curves of Figure 4.6 are illustrated in Figure 4.7.

Fig 4.8 illustrates the effect of increasing the equilibrium electron density n.,/n, on
the growth rate of the instability. It is seen that wave damping increases with an

increase in the concentration of the electrons.
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We finally study the effect of the magnetic field strength on the instability. It is seen
in Figure 4.9 that with an increase in the magnitude of B, (w,:/(); decreasing), the ion
magnetization increases, the range of propagation angles for positive growth widens
and the growth rates increase. As the magnetic field strength increases, the motion
of the ions becomes increasingly restricted by the magnetic field lines. The ions are
not so 'free’ to move to shortout potential perturbations of a wave propagating in a
direction oblique to Bo. As a result, wave growth rate is enhanced. For a weakly
magnetized plasma, the instability is restricted to a narrow cone of propagation angles
about the beam direction displaying similar behaviour to that of an unmagnetized
plasma. The growth rate v is maximum for propagation along B, since this is the
direction of propagation for which the wave can gain maximum energy from the ion

beam.

The real frequency (1) and growth rate (2) curves for selected oblique angles of
propagation are shown in Figures 4.10, 4.11 and 4.12 corresponding to angles § =
sin™'(k,/k) = 45°, 30° and 72° respectively. Results differ from Bharuthram et
al. (1996) in that the instability becomes the dust-modified two-stream instability

(DMTSI) (Rosenberg and Krall,1995) for w,;/Q% > 0.01 i.e. when the ions become

less strongly magnetized.
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Figure 4.9: Plot of normalized growth rate as a function of k,/k. The parameter
labelling the curves is wy;/Q;. Fixed parameters are Vy;, = 0.2 C, kAg =24 and T; =
0.1 T.. All other parameters are as in Figure 4.1
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Figure 4.10: Plot of the normalized real frequency (1) and growth rate (2) versus
kXq for oblique angles of propagation relative to B,. Here T; = T, and k,/k =
0.707 (8 = 45°) for various values of wy;/Qi: (a) wpi/ = 0.01, (b) w,: /% = 0.5 and
(¢) wpi/Q% = 1.0. All other fixed parameters are as in Figure 4.9
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4.2 Light Dust Component

We now consider a three-component plasma consisting of drifting ions, stationary
electrons and a single stationary dust component which we will refer to as being light
due to the smaller dust to ion mass ratio of the individual grains when compared to
the heavier dust component in section 4.1. All species are again fully magnetized.
The velocity distributions of all species are the same as in section 4.1. The general

kinetic dispersion relation similar to that given in section 4.1 is given by:

1 w o
0=k + )\—‘21"[14‘\/5]66 pr: Z(zpe)rpe}

1 w — k.Vd,' e
" 1 ——— Z : r :
+ 1 [ + \/ikzci p=z—:oo (Zp ) ? J

+

w o0
14 ——— 7 r 4.6
* V2k,Cy p:z—oo (2pa1) pdl] (4.6)

M
where e, ¢ and dl represent the electron, ion and light dust components respectively.
All symbols have their usual meaning as defined in section 4.1. This dispersion

relation is numerically solved and comparison is made with the approximate analytical

solution.

4.2.1 Numerical Results

Here again we assume the ion drift to be in the direction of the magnetic field B,.
Results are presented in normalized form. Normalizations are the same as in section

4.1. Quasi-neutrality at equilibrium requires:

Neo + Zdlndlo =N =Ny (4.7)
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where (—eZy) is the uniform charge on each dust particle of the lighter species.

In the numerical work that follows the standard parameter values used are T; = T,
Ty = 0.01 T., n., = 0.1 n, and Zy = 102. The dust grain to ion mass ratio is set
to mg/m; = 106. We again consider a hydrogen plasma (m;/m. = 1836). For the
chosen parameters wy; /wpar = 1.1 X 102. We again consider weakly magnetized ions

and dust particles (wy;/; = 100).

It is seen in Figure 4.13 that as the normalized ion drift velocity Vj,/C, increases,
there is a corresponding increase in the growth rate of the instability. This is due to
more free energy becoming available to drive the instability. For very low ion drift
speeds Vi, < 0.01 C;, there is no growth as was the case for the single heavy dust

constituent plasma in the previous section.

As observed for the single heavy dust constituent plasma, the real frequency is again
found to be in excellent agreement with the analytical expression (4.3) of the real fre-
quency for the three-component plasma given in the previous section. The numerical
growth rate is also found to be in excellent agreement with that calculated using the

approximate expression (4.5) as given in section 4.1.

As was discussed for the single heavy dust constituent plasma, the dust-acoustic mode
is unstable whenever the wave sees a positive slope of the ion velocity distribution,
i.e. at any particular wave speed, the ions that are travelling slightly faster than the
wave can impart more energy to the wave than those travelling slightly slower, and

hence resulting in its amplitude to grow in time (inverse Landau damping).
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Figure 4.13: Plot of the normalized growth rate against normalized wavenumber. The
parameter labelling the curves is the normalized ion drift speed Vy;,/Cs. The fixed
parameters are T; = T,, Ty = 0.01 T., ne, = 0.1 n,, mg/m; = 10° and Zy = 102
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In Figure 4.14 we see the effect of the variation of the electron density on the growth
rate of the instability. The growth rate is found to increase as the concentration of
the electrons decreases. This is consistent with the results for the single heavy dust
constituent plasma. We see that the wave frequency (Figure 4.15) and growth rate
(Figure 4.14) are about two orders of magnitude higher than those for the heavy
dust component plasma of the previous section. This is due to the dust grains being
lighter and hence fluctuations in potential would occur on much shorter time scales
than those associated with the more massive, heavier dust grains. It is observed in
Figure' 4.15 that for a fixed k)4, the normalized real frequency w, increases as ne,/n,

decreases as was the case for the three-component plasma in the previous section.

Figure 4.16 illustrates the effect of the normalized ion temperature T;/T. on the
growth rate of the instability. As T;/T. increases, the growth rate decreases. Results
are consistent with the findings for a single heavy dust species plasma. The lowering
of the growth rates with an increase in T;/T. may again be explained in terms of
the kinetic nature of the dust-acoustic instability. As 7; increases, the ion velocity
distribution 'flattens’ and thus a ’smaller slope’ is seen by a wave propagating along

B, with phase speed w, /k,. The real frequency curves are depicted in Figure 4.17.

Figure 4.18 illustrates that the Landau damping increases with an increase in the
normalized electron density ne,/n,. This is consistent with the findings for the heavy

dust constituent plasma.
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The effect of the magnetic field strength is depicted in Figure 4.19. As the magnitude
of B, increases (wp; /€ decreasing), the range of propagation angles over which the
mode is unstable becomes wider and the growth rate increases as for the single heavy
dust constituent plasma. Again, for a weakly magnetized plasma (large w,:/;:),
the instability is restricted to a narrow cone of propagation angles about the beam
direction. The growth rate is maximum for propagation along B, as was the case for

the single heavy dust constituent plasma.

We finally investigate the effect of oblique angles of wave propagation relative to
Bo,. The real frequency (1) and growth rate (2) curves for certain oblique angles of
propagation are shown in Figure 4.20 corresponding to 6 = sin™"(k,/k) = 45° and 30°
respectively. The instability is dust-acoustic in nature. However if we consider a more
oblique angle of wave propagation (more perpendicular to Bo) such as k,/k = 0.95
(8 = 72°), then in addition to the dust-acoustic instability, the dust-modified two-
stream instability (Rosenberg and Krall,1995) is also excited for each value of wy;/€;

(Figures 4.21-4.23).
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Chapter 5

Solution of the Dispersion
Relation for a Four-Component

Plasma (Two Dust Species)

Our analysis is now applied to a four-component plasma comprising of drifting ions,
stationary electrons and two stationary dust components (one light and one heavy)
where the distinction between light and heavy is due to the different dust grain to
ion mass ratios of the two species. All species are considered to be fully magnetized.
The velocity distributions of all species are the same as in Chapter 4. Following the
procedure outlined in Chapter 4, the general kinetic dispersion relation for the model

is obtained to be:

64
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where e, i, dl and dh represent the electron, ion, light and heavy dust components
respectively. All symbols have been defined in Chapter 4. This dispersion relation
is numerically solved and compared with the approximate analytical solution in the

next section.

5.1 Numerical Results

We again carry out our analysis in the y — z plane, with k = (k,,k.) = (ki,k.).
Results are presented in normalized form. Normalizations are the same as in Chapter

4. Quasi-neutrality at equilibrium requires:
Neo + ZdiMdio + ZanNdho = Nio = N, (5.2)

where (—eZ;) (for j = dl and dh) is the uniform charge on each dust particle of
species j.
We initially consider wave propagation along B, (k,/k = 0). It will later become

evident that this will correspond to the direction of propagation for which wave
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growth rate will be a maximum as for the single dust constituent plasmas in the
previous chapter. The standard parameter values chosen for the numerical work are
Ti=T., Ty=0.001T, Ts =0.01T., n, =0.1n,, Zy = 10? and Zz, = 10%. The dust
grain to ion mass ratios are set to mg/m; = 106 and my; fm; = 1012 corresponding to
the light and heavy dust constituents respectively. Assuming equal densities of the
light and the heavy dust constituents, we set ng, = ngn,. The ion to electron mass
ratio is set to m;/m. = 1836 (corresponding to a hydrogen plasma). In our selection
of parameters, we recall (Meuris et al.,1997) that the charge to mass ratio of the dust
grains is proportional to the inverse square of the grain radius (gz/mq ~ a=%). We
again consider ions and dust particles which are weakly magnetized (w,;/Q; = 100).
For these fixed parameters, wy; /wpa = 1.1x10% and wy;/wpan = 1.1x10* corresponding

to the light and heavy dust species respectively.

Figure 5.1 shows that as V;;,/C, increases, there is an increase in the growth rate of
the instability due to more free energy becoming available to drive the instability. We
notice that the range of wave numbers for which the dust-acoustic mode is unstable,
is reduced when compared to the case of the single dust constituent plasmas of the
previous chapter. In Figure 5.1 we see that for fixed Vj;, = 0.5 C, the mode is
damped beyond kA; & 3.0, whereas in the case of the single heavy dust constituent
plasma (Figure 4.1), the upper limit of normalized wave numbers for which the mode
is unstable is approximately 5.0. As was observed by Bharuthram et al. (1996) for a
three-component plasma, there is no growth for Vj;, < 0.01 C, because the beam is

not energetic enough to drive the instability.
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Figure 5.1: Plot of normalized growth rate versus normalized wavenumber. The pa-
rameter labelling curves is the normalized ion drift speed Vj;,/Cs. The fixed param-
eters are T; = T,, Ty = 0.01 T, Ty = 0.01 T, ne, = 0.1 n,, nao = Nano, Mar/m; =
106, Zdl = 102, mdh/m,- = 1012 and Zdh = 104
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The real frequency curves corresponding to the growth rate curves of Figure 5.1 are
not shown because the real frequency is numerically found to be independant of ion
drift velocity. This is confirmed by analytically solving for the real frequency for a
four-component (two dust species) plasma by making appropriate expansions of the
Z function (Bharuthram et al.,1996). We find

i ekl =1 i) i L6 -1 - Za24=)}

(1+ 0T./T; + 6k2A2)

(5.3)

where § = (n;,/Neo = no/Neo). We recall that the subscripts dl and dh refer to the
light and heavy dust constituents respectively. In arriving at (5.3) we have used the
approximations | w |« Q; and T, = T; > Tqn, Ty. By setting the number density of
either one of the dust species equal to zero (n4n, = 0 orng, = 0), the equation (5.3)
reduces to the approximate expression of the real frequency for a three-component
(single dust constituent) plasma derived by Rosenberg (1993) for the dust-acoustic

mode in the limit &k, /k = 0.

In Figure 5.2 the numerical solution of the real frequency of the full dispersion re-
lation is compared with the approximate analytical solution (5.3). We see that the
upper limit of normalized wave numbers kg for which we get excellent agreement
1s approximately 0.5, beyond which there is a deviation of the analytical from the

numerical result.
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The analytical expression of the growth rate derived for a four-component plasma

(two dust species) is

3/2
\/’ 02 —‘—Zdh((s -1- Zdz—‘ﬂ"') + —-'—Zd[(5 —-1- Zdh )] Wy
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+ 2z (5 —1-2Z )}
my “ o Mo (1 + 5% + 5’&‘2)\3)

for j = dh and dl for the heavy and light dust components respectively.

In Figure 5.3 we see the comparison between the numerical and the approximate
analytical solution of the growth rate. Numerically we see that the upper limit of
normalized wave numbers for which there is growth (4 > 0) is approximately 2.75, be-
yond which the Landau damping due to the negatively charged components becomes
significant and the mode is damped. Analytical considerations of the full dispersion
relation predict that the dust-acoustic mode is unstable for a slightly wider range
of wave numbers, the upper limit of normalized wave numbers in this case being
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Figure 5.4 shows the effect of varying the concentration of the light relative to the
heavy dust grains (in the form of the density ratio ngi/n4n,) on the real frequency
of the instability. The flat ’plateau’ regions labelled H and L correspond to the
real frequency of the dust-acoustic instability of the single dust constituent plasmas
(three-component) of the heavy and light dust species respectively. The transition
from the one mode to the other is continuous and occurs over an extremely large
range of ng,/n4n,. For a typical value of equal densities of the heavy and light dust
constituents (ng, = n4n, ), the real frequency lies intermediate to those corresponding
to the light and heavy dust species of the single dust constituent (three-component)
plasmas of Bharuthram et al. (1996). This behaviour is in agreement with Figure
5.6 which shows the approximate solutions of real frequency for the three-component
plasmas corresponding to the light and heavy dust constituents and a four-component
(two dust species) plasma assuming equal concentrations of the light and the heavy
dust species. Figure 5.5 shows the numerical growth rate corresponding to the real
frequency curve of Figure 5.4. We observe that for ng,/ndn. < 1072 (na,/nan, > 10%)

the heavy (light) dust-acoustic real frequency and growth rate are independant of the

light (heavy) dust species.
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The effect of the variation of electron density on the growth rate of the instability is
shown in Figure 5.7. As the equilibrium electron density decreases, the growth rate
increases which is consistent with the findings in the previous chapter. The range
of normalized wave numbers over which the mode is unstable narrows as n.,/n,
increases. It is evident from Figure 5.7 that as n.,/n, increases, the curves peak
at smaller values of kA;. For the three-component plasmas in the previous chapter,
the curves peak at the same value of kA\; = 0.75 (Figure 4.4). The real frequencies

corresponding to the growth rate curves of Figure 5.7 are shown in Figure 5.8.
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Figure 5.7: Plot of the normalized growth rate versus normalized wave number for
Vi = 0.2 C,s. The parameter labelling the curves is the normalized electron density
Neo/Mo. All other fixed parameters are as in Figure 5.1

—n
o
o
o
I

Figure 5.8: Plot of normalized real frequencies corresponding to the growth rates in
Figure 5.7. The parameter labelling the curves is n,/n,



76

Figure 5.9 demonstrates that the effect of increasing the equilibrium electron density
is that the Landau damping becomes more significant. For nonzero electron densities
(Figures 5.9(b) and (c)), there is crossing over of some of the curves corresponding to
different normalized ion temperature T;/T. (Figure 5.9(c) has been repeated to show
the labelling of the individual curves). This behaviour becomes clearer by examining
the growth rate as a function of the normalized equilibrium density n.,/n, for (a)
k)¢ = 1.0 and (b) kXg = 2.0 (Figure 5.10). For fixed kA; = 1.0, there is no growth
beyond n., ~ 0.8 n,. For normalized wave number fixed at 2.0, the behaviour of the
curves are as for the three-component plasma of Bharuthram et al. (1996) in that

there is no crossing over.

Figure 5.11 shows the effect of increasing the normalized ion temperature 7;/T. on
the instability growth rate. As T;/T. increases, the growth rate decreases as found
for the single dust component plasmas in Chapter 4. This reduction in the growth
rate is attributed to the kinetic nature of the dust-acoustic instability as explained
for the three-component plasmas of the previous chapter. The corresponding real
frequencies are shown in Figure 5.12. Figure 5.13 depicts the comparison of the
numerical solution of real frequency with the approximate solution (5.3) for different
values of T;/T.. It is noted that the agreement is better for higher values of normalized
ion temperature. This is to be expected since one of the assumptions in deriving the
approximate solution (5.3) is that T; = T, > Typ,Tai. For T; = T, the numerical
real frequency is compared with the approximate solution for different values of the

equilibrium electron density (Figure 5.14), done for values of k for which v > 0.
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T;/T.. All other fixed parameters are as in Figure 5.1
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All other fixed parameters are as in Figure 5.1
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We finally study the effect of the magnetic field strength on the instability. It is
seen in Figure 5.15 that as the magnitude of B, increases, the range of propagation
angles for which there is positive growth widens, and the growth rates are enhanced as
observed for the single dust constituent plasmas in the previous chapter. The growth
rate v is again a maximum for propagation along B, since this is the direction of

wave propagation for maximum resonance with the ion beam.

Finally the effect of selected oblique angles of wave propagation relative to the mag-
netic field B, is examined. This is depicted for angles 8 = sin™'(k,/k) = 45° (Figures
5.16-5.18), 30° (Figures 5.19-5.21) and 72° (Figures 5.22-5.24). The mode obtained
for w,i /€ = 0.01 is the dust-acoustic mode shown in Figures 5.16, 5.19 and 5.22. It
is noted that for values of wy; /€2; of 0.5 (Figures 5.17, 5.20 and 5.23) and 1.0 (Figures
5.18, 5.21 and 5.24), two modes are obtained. This second mode present only for
propagations oblique to BZ,, corresponds to the dust-modified two-stream instabil-
ity (DMTSI) first studied by Rosenberg and Krall (1995) and later by Bharuthram
(1997). For k,/k = 0.5 and w,/S = 0.5, Figure 5.25 illustrates both solutions
for normalized w, of the full dispersion relation as well as the approximate solution
(5.3) for the purpose of easy comparison. The growth rates corresponding to the real

frequency curves in Figure 5.25 are shown in Figure 5.26.
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Figure 5.21: Plot of normalized real frequency (1) and growth rate (2) versus kA, for
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Chapter 6

Solution of the Dispersion
Relation for Equal Crossfield Drift

of Electrons and Ions

The interest in studying linear instabilities is motivated by the fact that relative drifts
between charged particle species provides the necessary energy to excite such insta-
bilities (Havnes,1980,1988; D’Angelo,1990; Bharuthram,1997; Rosenberg et al.,1998).
The work that follows in this chapter is an extension of the three-component (one
dust species) model of Bharuthram (1997) to a four-component (two dust species)
plasma and serves to examine the effect of an additional component of dust on low fre-
quency electrostatic instabilities. We have extended the work of Rosenberg and Krall
(1995) to include much wider angles of wave propagation and find that in addition
to the dust-modified two-stream instability (DMTSI), the dust-acoustic instability
(DAI) could also be excited as first reported by Bharuthram (1997). Results may be

applicable to ring plasmas such as Saturn’s rings where the magnetized electrons and
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ions have an azimuthal E x B drift relative to the unmagnetized dust grains.

6.1 The Kinetic Dispersion Relation

For a four-component plasma comprising of magnetized electrons and ions, and two
unmagnetized dust components, the kinetic dispersion relation obtained for electro-

static waves, following the procedure outlined in previous chapters is given by:

.
1 oo
0= k2 + :\2— 142, Z Z(ZPC)FPE:I
de i P=-c0
1 [ o0
+ 32 1424 Z Z(zpi) i
di L P=-c0
1 o0
+ 2 I:l + Zodl Z Z(zpdl)rpdl]
ddl p=—co
1 o0
o T 1+ zoan Y, Z(zpdh)[‘pdh:| (6.1)
ddh pP=—o0

We recall that e, i, dl and dh represent the electron, ion, light and heavy dust com-
ponents. Here z,. = (w — k1 Ve — pQe)/V2k.C., 2, = (w — k1 Vi — pi)/V2k.C,
Zoat = w[V2k,Cy and z,gn = w/v/2k,Cyp.

Vg is the equal Eo X éo drift of the ions and electrons for an equilibrium electric
field Eo = —E,Z. All other symbols have been defined in previous chapters. Numer-
ical solutions of the full dispersion relation are presented in the next section and are

compared with approximate analytical solutions.
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6.2 Numerical Results

For simplicity the analysis is restricted to the y— z plane, with k = (ky, k;) = (kL, k).
Results are presented in normalized form. The normalizations are the same as in
preceding chapters. The quasi-neutrality condition for a two-dust component plasma
is given as equation (5.2) in Chapter 5. Parameter values correspond to those in
Chapter 5: T, = T;, Tgn = 001 T, Ty = 0.01 T., n,, = 0.1 ny, Zgp = 10%,
Zg = 102, mgp/m; = 10'%, mg/m; = 10° and ng, = nqn, assuming equal densities

of the heavy and the light dust species.

Figure 6.1 depicts the normalized instability growth rates as a function of k, /k = sin @
for different values of V. Figure 6.2 shows the real frequency curves corresponding
to the growth rate curves of Figure 6.1. The high peaks in growth rate in Figure
6.1 for low ky/k correspond to the dust-acoustic instability (DAI) whilst the peaks
in the vicinity of k,/k ~ 1.0 correspond to the dust-modified two-stream instability
(DMTSI) as observed by Bharuthram (1997). This becomes clear in Figure 6.3 by
plotting the real frequency and growth rate against normalized wave number kA, for
(a) ky/k =0.175 (6 = 10°) and (b) k,/k = 0.993 (8 = 83°). It is evident from Figures
6.1 and 6.2 that for lower drift speeds only the DMTSI is excited but for higher drift

velocities the DAT dominates.
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The numerical real frequency in Figure 6.3 is compared with the approximate an-
alytical solution of the dispersion relation for a four-component plasma (two dust

constituents), equation (5.3) in Chapter 5:

w = k202{;;7Zdl B 1 B Zdh ) + _J—Zdh((s - 1 - Zdl Neo )}
(1+ Sfj + 6k2)2)

(6.2)

Comparison is also made in Figure 6.4 of the numerical solution for the real frequency
of the dispersion relation for a three-component plasma (single dust constituent) with
the approximate solution, equation (4.3) in Chapter 4:

m; 1

Y e T 5To/Ts 5 5F5T)

w? = K*C?Z4(5 - (6.3)

derived by Rosenberg (1993) for the dust-acoustic mode. The numerical solutions for
the normalized real frequency and growth rate (for wave propagation almost perpen-
dicular to Bo) in Figures 6.3(b) and 6.4(b) correspond to the DMTSI of Rosenberg

and Krall (1995).

Figure 6.5 demonstrates the effect of varying the equilibrium electron density on the
instability growth rate for fixed ngp, = ngj,. It is seen that for the DAI, the maximum
growth rate v,,qz decre‘akses as the equilibrium electron density n., increases. This be-
haviour was also observed by Bharuthram (1997) for a single dust species plasma and
for the ion-acoustic and EIC modes seen by D’Angelo (1990,1995). The opposite is
found to be true for the DMTSI which is consistent with the findings of Bharuthram
(1997). The DAI will therefore dominate in dusty plasmas with small electron con-

centrations whereas large electron concentrations are needed for the DMTSI to be

excited.
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Figure 6.6 shows the effect of varying the normalized ion temperature T;/7T. on the
growth rate of the instability. The lowering of the growth rate with an increase in
T;/T. is due to the "flattening’ of the ion velocity distribution as explained in preceding

chapters.

Figure 6.7 shows the effect of varying the ratio of the light relative to the heavy dust
densities (ng,/n4n,) on the growth rate of the instability. The equilibrium electron
density is fixed at n., = 0.1 n,. The corresponding real frequencies are shown in
Figure 6.8. It is seen that as ng,/n4n, decreases (ng;, increasing), the growth rate
and real frequency of the DAI decreases due to the instability becoming dominated
by the heavier species and hence the slower inertial response of the heavier particles
to perturbations in potential. For ng, < 0.01 ng,, the growth rate becomes com-
paratively very small. Thus when the fraction of the light dust grains is very small,
the instability is present on the heavy dust fluid’ time scale with growth rates two
orders of magnitude lower than those associated with the light dust grains. We find
that the growth rate of the DMTSI also decreases as the concentration of the heavy

dust grains starts increasing.



Following a study of the relevant literature (Chapter 2) and the derivation of the
kinetic dispersion relation (Chapter 3), Chapter 4 presents a study of the dust-
acoustic instability in a three-component plasma comprising of ions, electrons and a
single heavy dust component. The instability is driven by a drift of the ions in the
direction of the external magnetic field Bo. The effect of the variation of parameters
such as ion drift speed, densities, ion temperature and magnetic field strength on
the real frequency and growth rate of the instability is studied. In this chapter
the instability is also studied in a three-component plasma comprising of lighter dust
grains. The real frequency and growth rates associated with the light dust constituent
are found to be two orders of magnitude higher than those associated with the heavier
dust grains. This is to be expected since perturbations in potential would occur on
smaller time scales than those associated with the heavier, less mobile dust grains.
The numerical solution of the full dispersion relation is found to be in excellent

agreement with the approximate analytical solution.

In Chapter 5 the instability is investigated in a four-component plasma comprising of
both the light and heavy dust constituents of Chapter 4. In addition to the variation
of parameters undertaken in Chapter 4, the effect of varying the density ratio of the
light relative to the heavy dust grains (n4,/n4n.), is also studied. The transition
from the dust-acoustic instability corresponding to the single dust constituent (three-
component) plasma of the heavy to that of the light dust grains is continuous and
occurs over an extremely large range of n4i,/n4r,. Assuming equal concentrations

of the light and the heavy dust constituents, we observe that the real frequency lies
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intermediate to those corresponding to the light and heavy dust components of the
three-component plasmas of Chapter 4. The numerical solution of the full dispersion
relation agrees well with the approximate solution for smaller values of normalized

wave number k.

The effects of the parameter variation in Chapters 4 and 5 may be summarized as
follows: An increase in the ion drift speed (V, increasing) enhances the instability
growth rate as more free energy becomes available to drive the instability. An increase
in the ion temperature T; results in a lowering of the growth rates. This is attributed
to a 'flattening’ of the ion velocity distribution. It is also found that the dust-acoustic
instability is more easily excited in plasmas with small electron concentrations due
to a reduction in the Landau damping. An increase in the magnetic field strength
B, enhances wave growth and is attributed to the effect of the increase in particle

magnetization. As expected, maximum growth is obtained for propagation along B..

In Chapter 6 we modify the model of Chapter 5 and consider an equal E x B, drift
of the magnetized ions and electrons relative to the unmagnetized dust grains. This
model is relevant to the planetary rings of Saturn where the unmagnetized, levitated
dust grains are stationary, while the magnetized electrons and ions have an azimuthal
E x B, drift (Rosenberg,1993). The mass and charge of the two dust components are
the same as in Chapter 5. The effect of varying parameters such as drift speeds, par-
ticle densities and normalized ion temperature on the real frequency and growth rate
is examined. We find that the DAI dominates for small angles of wave propagation

relative to B:,, whereas for almost perpendicular propagation, the DMTSI is excited.
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The DAI is more easily excited in plasmas with small electron concentrations which
is consistent with the findings in Chapters 4 and 5. The numerical solution for the
real frequency w, of the full dispersion relation is compared with the approximate

solution.

There are several extensions of the work in this thesis. Charge variation effects of
the dust particles which could play an important role, should be incorporated into
our model. The number of dust components in our model is limited to just two. A
real dusty plasma comprises of an extremely diverse range of grain sizes. We could
generalize our model to include a variable number n of different (with respect to mass
and charge) dust constituents and employ a grain size distribution for the dust grains,

due to the grain size generally being distributed according to a power law distribution

(Meuris et al.,1997).
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