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Abstract

Electrostatic instabilities associated with a model applicable to the auroral acceler-
ation region consisting of an ion beam, precipitating electrons and stationary back-
ground electrons are theoretically investigated. The kinetic dispersion relation is
solved numerically without approximations. It is shown that two low-frequency
plasma instabilities are present and these may generate the low-frequency electric

field fluctuations (LEF's) that have been observed in the acceleration region.

A parameter variation study is carried out in order to reveal the features of the
instabilities. The model is adapted to suit two possible regions of study: (1) drifting

cool ions and (2} drifting cool ions and counter-strearning hot electrons.

The slow ion-acoustic instability which dominates at low jon beam drift velocities
is studied by varying plasma parameters such as the propagation angle, k,/k, the
wavenumber, k, the cold background electron density, n.,, the hot electron tempera-

ture and the cool ion beam temperature.

The second mode, the modified two-stream instability, which dominates at larger ion
beam drift velocities and at oblique angles of propagation is investigated in a similar

manner.

To complete the study of these two instabilities, the effect of drifting hot electrons is




examined briefly through a gimilar parameter variation study.
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a Toc/To
b (on/m0)(Te/Th)
B, external magnetic field in the z-direction
c T./ T,
Ch (Tb/mt)%, thermal velocity of ions
C. (Tc/me)%, thermal velocity of cold electrons
Ch (Th/me)%, thermal velocity of hot electrons
C, (Te/mi)%, ion sound speed
€ electronic charge
- E electric field
fi distribution function of species j
fio ' equilibrium distribution function of species j
i V-1
I, modified Bessel function of order p
Jp Bessel function of order p
k wave propagation vector = (kg, ky, k)
ki component of k perpendicular to B, = B,z = (k2 + k;‘;);‘
m; mass of species j

Vil



W

€

plasma density

density of species ]

equilibrium density of species j

temperature of species ]

velocity vector = (vy, vy, v;)

drift velocity

component of v in the x-y plane = (v2 + vz)%
drift velocity of species j

drift velocity of species j in the z-direction
unit vectors in the x, y, z - directions

plasma dispersion function with argument A
ki CE Q]

KL C2/;

K1 CR/e

e~ I,(a;j),7 = b,c, h for the respective species of particles
imaginary part of complex frequency, w
(T;/47n;,e?), Debye length of species

angle between wave vector k and beam velocity
angle between k, and &k,

electrostatic potential

comblex frequency

w—k.V,, Dopplef shifted frequency

real part of w |

(d7n,5¢2/m;)2, plasma frequency of species j

(eB,/mjc), gyrofrequency of species j
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Chapter 1
Introduction

The study of plasma instabilities has received much attention in fusion, space and
astrophysics research, as well as in industrial plasma applications. Instabilities are
classified broadly into macroscopic and microscopic instabilities. Through macro-
scopic instabilities, the plasma loses its free energy by a distortion of shape. These
are usually studied with fluid equations. Microscopic instabilities involve velocity dis-
tribution functions of the particles and are studied with the kinetic Boltzmann-Vlasov
 equations. The plasma loses its free energy through electrostatic or electromagnetic
waves. The process by which the free energy of the plasma gets converted into a

growing mode in a collective way is called a plasma instability (Lakhina, 1994).

Plasma instabilities have been found to play an important role in many phenomena
occuring in astrophysical, space and laboratory plasmas. Many of these plasmas are
not in thermodynamic equilibrium and lose their free energy through the excitation

of a growing (in amplitude) plasma wave.

Various kinds of microscopic plasma instabilities have been encountered in space

environments. S3 — 3, Viking and ROSE satellite observations have provided data
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on phenomena such as elevated ion conics, ion acoustic double layers, electrostatic
shocks and low-frequency electric field fluctuations (LEFs) on the auroral field lines
(Temerin, 1978; Hultqvist et al., 1988; Rose et.al., 1992). The presence of ion beams
and accelerating electrons have been the source of several investigations into beam
generated electrostatic instabilities in the auroral plasma. Research into instabilities
reveal possible mechanisms for the generation of various phenomena that have been
observed. In this thesis we examine the instabilities that arise in the auroral plasma
located between one and two earth radii (ie. 6000 — 12000 km.). In particular, we

study instabilities associated with the generation of LEFs. )

Lakhina(1993) discusses the instability associated with a model, applicable to the
auroral plasma, consisting of precipitating electrons, a single species Ht or Ot ion
beam and cold‘}:background electrons. In his paper the kinetic dispersion relati;)n
is solved analytically, with appropriate approximations in the electrostatic limit, by

treating the ion beam as cool and the precipitating electrons as hot.

In this thesis, we adopt the model of Lakhina(1993) and examine the associated insta-
bilities. However, in our case the dispersion relation is completely solved numerically
without any approximations and a detailed parameter study is presented. Further,
since ion beams parallel to the magnetic field have been found to have thermal ener-
gies that are much larger than the ambient thermal energy of their ionospheric source

region, (Bergmann and Lotko, 1986), we examine also the effect of increasing the jon

beam temperature as well.

The thesis is presented as follows:

In Chapter 2 we review the relevant literature. The Kinetic Dispersion Relation is

derived for our model in Chapter 3. Our numerical results are presented in



Chapter 4 (for an ion beam) and Chapter 5 (for counter-streaming electron and
ion beams). Finally, Chapter 6 contains a summary of our results and the major

conclusions.



Chapter 2
Literature survey

The consistent observations of low frequency turbulence by S3 — 3, Viking and ROSE
satellites at altitudes between 6000 — 12000km. in the auroral plasma have been the
subject of study for many years (Mozer et.al., 1977; Temerin, 1978; Hultqvist et.al.,
1988; Rose et.al.,1992; and others). It has been emphasized that LEFs are closely

associated with the excitation of various auroral phenomena.

Mozer et.al.(1977) have shown that electrostatic shocks with fields of up to 600 mV /m
~ are embedded in regions of low-frequency and large amplitude electrostatic turbulence
on the auroral field lines at altitudes between 1000km and 8000km. From data col-
lected By the S3 — 3 satellite, Temerin(1978) showed that a particular signature of
the electric field.frequency-time spectrogram, the "resonance fingerprint”, indicated
that the frequency range of the electrostatic turbulence is dominated by the Doppler

shift of zero frequency turbulence.

Further investigations indicated that auroral plasma instabilities could give rise to
an oscillating electric field, (Bhatia and Lakhina, 1980). In their paper, the pre-

cipitating electrons are regarded as anti-loss-cone electrons which are characterized
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by particle distributions having a deficit of particles with v & 0. i.e. they have a
large velocity spread parallel to the magnetic field lines. The streaming motion of
these energetic electrons is shown to produce a low-frequency electrostatic instability

(n= 0, Bernstein mode) which can give rise to an oscillating electric field, B~ 0.5—25

mV/m.

Bergmann and Lotko (1986) investigated two instabilities viz. the H*—O% two stream
instability and a resonant electron-ion instability. The following observed features of

the auroral plasma were found to be important:

il

1. the various plasma parameters vary with the electric field potential (and con-

sequently altitude) along the geomagnetic field lines.

2. the dominant plasma species at the low-altitude end are cool compared to those

at the magnetospheric end.
3. the effective ratio of T,/T; initially increases with altitude.
4. the upward accelerated ions are adiabatically cooled.

It was also found that low altitude plasmas were dominated by 2 species of ions and

warm electrons, while in the magnetospheric region, only H* existed together with

thermal electrons.

The Ht*—-O% two-stream instability was further examined in a magnetised and an
unmagnetised plasma for application to ion beam heating in the auroral electron ac-
celeration region. (Bergmann et.al., 1988). Wave modes which propagated obliquely
to the magnetic field were investigated. These investigations showed that heating of

the ion beams does develop at an oblique angle to the magnetic field. Dusenbery



et.al.(1988) also’ studied the excitation of low-frequency electrostatic modes by the

ion-ion two-stream instability for auroral plasma parameters.

Many interesting phenomena were associated with the presence of LEFs by several
authors. The analysis of data from Viking observations in 1986 by Hultqvist et.al.
(1988) confirmed the existence of accelerating electrons and ions along magnetic field
lines by quasi-static electric fields. Further studies on these satellite observations by
Hultqvist(1988) revealed that the simultaneous observation of upward field-aligned
fluxes of energetic ions and electrons may be due to field-aligned electric fields. It was
pointed out in this paper that for the electrons, the fluctuating electric field appears
as quasi-static. This results in electrons leaving the acceleration region in an effective
half-period of the field when it points downward. The fluctuating field has only a small
effect on the ions which are accelerated upward only by the magnetic-field-aligned éic

component of the electric field.

A close correlation between the presence of LEFs and of upstreaming electrons, as
well as elevated ion conics, on the auroral field lines was found by Ashour-Abdalla
- and Schriver (1989). In this study, through a self-consistent particle simulation,
the presence of a steady state electric field was asisumed and seen to generate a low-
frequency ion-ion two-stream instability. This instability in turn created a fluctuating

field that heated the ions oblique to the magnetic field forming distribﬁtions similar

to 1on conics.

Lakhina(1993), brought the focus back to the cause of LEFs themselves. Previ-
ous studies mentioned earlier discussed the generation of LEFs by the ion-ion two
stream instability where the free energy for the instability is derived from the rela-

tive streaming of the ion species. In this paper, precipitating electrons and upward



moving ion beams in the presence of cold background electrons were shown to drive a
low- frequency electrostatic instability. Two modes of the ion beam instability were
discussed, (one at high drift velocities and the other at low drift velocities), and a
res;)nant instability driven by hot electrons. The low frequency modes were found to
have a broadband spectrum and were easily excited either by ion beams having drift

speeds in the range 100 — 1500 km.s™*

, or by precipitating electrons drifting with
speed > 5000 km.s™! along the field lines. The results were found to be in fairly good
agreement with observations from Viking (Hultqvist et.al., 1988) and S3—3 (Temerin,
1978). Heating of ions and electrons was found possible only in the direction parallel

to the magnetic field. This led to the formation of hot electron and ion beams. The

presence of the cold background component in the model was found to be essential

for the formation of these modes.

Data on the electric field fluctuations detected by probes on the ROSE F4 rocket
was recently analysed by Iranpour et.al.(1997). The results showed that the waves

propagate in the Hall-current direction with a velocity below the ion-sound. speed. It

was also found that the waves are dispersive.



Chapter 3

Derivation of the Kinetic

Dispef}"sion Relation

To derive the kinetic dispersion relation for low-frequency electrostatic waves, we
follow the method of Gary and Sanderson(1970) and Singh and Bharuthram(1990).
The plasma in the auroral acceleration region is described by a model consisting
of three species in a homogeneous, collisionless plasma embedded in a uniform ge-
- omagnetic field, Bo, which is taken to be in the z-direction. These particles are:
precipitating hot electrons streaming down the geomagnetic field lineé with drift ve-
locity van = —wvgn.Z, temperature T, and density nj; cold stationary background
electrons with temperature T, and density n. and an ion beam (H*) moving upward
away from the earth along the auroral field lines with drift velocity vy = va. 2, tem-
perature T; and density n,. The distribution functions for the hot electrons and the
ions are considered as drifting Maxwellians while the cold background electrons have
a stationary Maxwellian distribution function. For charge neutrality at equilibrium

we require



Npo = Neo + Nko

where n;o is the equilibrium density of the species j.

3.1 The Ion Beam Term

We consider the ion beam velocity distribution as an isotropic, drifting Maxwellian
with temperature Ty, drifting parallel to the magnetic field, Bg = Bz, with drift

velocity vgp,. This is depicted in figure (3.1).

Figure (3.1)

The equilibrium velocity distribution for the ion beam is then given by

n v+ 02+ (v, — vg,)?
fb() — 50 . exp |- Y ( - db ) ’

(3.1)

where Cy = (T}/m;)? is the thermal velocity of the ions.
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Neglecting collisions and considering only the effects of electromagnetic forces, we

may use the Vlasov equation

%+V.Vfb+i(E+VX B).
ot m

%:

5y =0 (3.2)

By considering small electrostatic perturbations about the equilibrium quantities,

fy = fiolv) + fun(v) } B3
E=FEp+E;

we linearize the Vlasov equation. Substituting (3.3) into (3.2) and linearizing, we

obtain:

B
(Eo+v>< 0

8tfb1 + V.Vfbl + —T%El'avbe + )-avfbl = 0. (34)

e
m;
In the absence of an equilibrium electric field we have Eqg = 0 and we note that for

electrostatic fluctuations: Ey = —V¢, since By = 0. With Bg = By2, (3.4) reduces

to

d
(’;’; + i:(—wl).avf,,o -0

which implies that
dfer

e
—dt— = Evd)l-avfbo

where the operator d/dt = (0; + v.V) is defined as the rate of change following

an unperturbed orbit in phase space. Integrating along the unperturbed orbits we

obtain:
i

(e, v,t) = — [ V(' 1).0: fro(v')at

mi — 00

, (3.5)
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where
dr’ dv' e v x By
r_ 2 2 2 |E ’
v dt" dtl my [ 0 :I
and
r'(0)=r,
v'(0)=v
We have assumed above that the plasma is undisturbed at ¢ = —oo. Differentiating
(3.1) we get:
mn (v5)* 4+ (V) + (V] — vapz)?]
Ovi fro = (27TCI,2)% exp [ 2Cb2

vt vl + (V) — vape )2 ]
X [—( 5 Cbz )

v, U'y VU, — Vdbs /
== =5 =5, — V'), 3.6
_ or we may write

av'fbo = _Vequo(vl)) 7 (3'7)

where
1 / 7
Ven — ( U, Uy UV, — Ugp,
eq — 27 M2 2 :
Cb Cb Cb

For perturbations that are harmonic in space and time, we may write

for(r, v, 1) = fur(v)exp {i(k.r — wt)} } | (3.8)

¢1(r,t) = droexp {i(k.r — wt)}
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Substituting into (3.5) we get:

fbl(r,v)t) = _%fbo(v,) [oo k.Vequ(I‘,,tl)dt’. (39)

Solving the ion equation of motion

dv vxB
2 _J{E
™t q{ * c }

we obtain
vl = v cos(—t' + 6) ,_.
v, = v} sin(={Q;t" + ) (3.10)
vl = constant
~ where

is the velocity perpendicular to the magnetic field lines and §2; = eBy/m;c is the ion

gyrofrequency.

Z
B,
V.
00 y 5y
Va: V_L //

Figure (3.2)
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The situation at ¢’ = 0 is illustrated in figure (3.2), with v'(0) = v = vy cos 8, v sin 6, v,].

In order to allow for the different gyration directions of the jons and electrons, the

coeflicient of ; is made negative for the ions which have angular momentum vec-

tors antiparallel to Bg. Since motion along the field lines is unaffected by the field,
!

v, =constant. The wave vector k may be resolved into components parallel and

perpendicular to By as shown in figure (3.3).

z
k.
0¢ >y
R
X

Figure (3.3.)

Hence we have =
k = [ko, ky, k) = (ki cos U,k sin U, k], (3.11)

and we may write

KVeq = [ko, by, k] Vp Uy V= Vap
€eq [ Yo ] lcgacga 01,2

LUy ks (v} — vass)
c? cos(ft' + U — ) + o7 . (3.12)
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Using (3.8) and (3.11), we may write (3.9) as follows:

_ﬁlﬁyﬁ:ﬂ
for(v)exp {i(k.r — wt)}

U

] n [t kv , kz(vlz - vdbz) VNN,
— —%fbo(v ) ﬁw{ EEL cos(t" + v — 9) + —@——} ¢1(r ,f )dt

i b

' k k(v — vapz) 1 /
_ *—%fbo( { _L'U_L/ ¢y cos(Qt' + ¥ — 8)dt' + _—Cg—/—oo ¢1dt}
(3.13)

Evaluating (3.13) at ¢t = 0, we have:

kLvL

fu(v) = —i—efbo( )P1kw [ o7 /0 cos(Qt' + ¥ — 0) x exp {i(k.(r' — r) — wi')} dt’
m; b —00

kz(vz — v z) 0 . ! ' -
+——C£—db/_ooexp{z(k.(r —r)— wt )}dt]

(3.14)
Upon integrating (3.10) we obtain
r = {—?}— sin(—Q;t" + ), —cos( Qit'+9),v;t'] : (3.15)
At t' =0,
r(0)=r= [ ?; sin 8, %—cosﬂ 0} (3.16)

and from (3.15) and (3.16), with r'(0) = r = [zo, Yo, 20|, we obtain the orbit equations

/

¥ —r= %— [—sin(6 — Qut') + sin 0] &

+ [QS)'Z_L {cos(8 — Q;t") — cos 0}] g+ [vit] 2. (3.17)
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Using (3.11) and (3.17), the second integral in (3.14) becomes

0
/ exp [ipsin(f — ¥)] x exp [—iusin(f — ¥ — Q;t')]

x exp [i(k.vap + k: (v, — vap,) — w] t'dt’ (3.18)
where p = EE—TL With the use of the identity (Watson 1944):
exp(ipsin ) = X2 _ exp(ipB)Jp(p), (3.19)

where J, is the ordinary Bessel function of the first kind of order p, (3.18) becomes:

[ 5z explip(0 — )] (1) x B2 exp-ig0 - ¥ — )] Jy(w)

x exp [t(k.vap + k. (v, — vap,) — w)] t'dt’

oo s €Xp [’(P — q)(0 - \Il)] Jp(/‘)Jq(H)
= Hrmmeo Yoo {Z [¢% + k.vap + k2 (v — vap,) — w]} - (3:20)

Using the identity

cos f = 5 ,

(3.21)

we may write

cos(Qht' + U — @) exp {4 [k.(r' — r) —wt']} =

%exp (it + 0 — 8)} exp {i [k.(¢' = 1) — wi]} +

%exp{—i(ﬂft’ + ¥ = 0)}exp {ik.(r' — r) - wi']}

(3.22)
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Hence the first integral in (3.14) may be written as:

/0 {;exp[z(ﬂt + U — )] exp[i [k.(r' —r) — ]]}dt’
+/ { exp [—i(Qt' + ¥ — 6)]exp [¢ [k-(r’—l‘)—wt’]]}dt’

(3.23)

The first part of (3.23) is evaluated by using the orbit equations (3.17) and the identity
(3.19) to yield

L g o0l —q = DO = V] T8 da(p)

- — . 3.24
g Hrmeo S0 T (g £ 1) + Kovap £ Fa(vs — vas) — o] (3:24)
Similarly the second part yields
exp [i(p — ¢ + 1)(0 = )] Jp(1) Jo(#)
—Z""__OOE“’ oo . 2
2 P= = [(q - 1)Q + k.vgp + k. (Uz vdbz) - w] (3 5)

Using (3.20), (3.24) and (3.25) in (3.14) we obtain the perturbed velocity distribution

function:
e kivy oo o~
fu(v) = —Efbo(\’)%kw QLC: 07 o Bam o dp (1) (1) %
( _ exp{ilp—q-1)(0 - V)} N exp {i(p — ¢ +1)(6 — ¥)}
(q + 1)Qz + k.de + kz(vz - vdbz) —w (q - 1)Qz + k-de + kz(vz - vdbz) —w

O SE W 1. ST e FO) R

C¢ PETeeam T g + kovap + ka (v, — vap) —w

The perturbed ion beam density is given by

np1 (X, 1) = nprw exp {t(kr —wt)} = /fbl(v)dsv (3.27)
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To evaluate the integral in (3.27), we first transform to cylindrical coordinates in

velocity space with

d*v = v, dv, dv,db.

The triple integral in (3.27) can be separated into three parts corresponding to the
terms of fy;(v) in (3.26). From the expression (3.1) for the equilibrium velocity
distribution fyo(Vv), the first part yields:

2
Vz—Vdbz
exp { —{=vaea)”
TePirwhineo 5100 oo | oo p{ 2C? }

a Tb1(27er2)% —00 sz + k.de + kz(vz - 'Udbz) —w
vl 2
X exp{ — 557 ¢ Jp(#)Jp-1(p)vidvy
507

(3.28)
where we have used C? = T;/m;, and the result
i . 0, p#q+1
oTexp{i(p—q—1)0}df =3
2r, p=q+ 1.

We now introduce the plasma dispersion function (Fried and Conte 1961), also known

as the Z- function, defined by

Z(}) = 2ie= /_ e~ dt. (3.29)



18

The integral over dv, in (3.28) can be expressed in terms of the Z-function as

7F6¢1kwklnbo \/_ /
p—-——oo

W — k.de - pQ{l

VZ
# [ \/ikzcb
L
X exp ~502 vidvy . (3.30)

Similarly the second part of the integral in (3.27) yields

7T€¢1kwklnb0\/- 5100 / L) (1)Z [ —k.vdb—pﬂil
T, (2nCP)* A Fpme PR V2k,Cy

2
xexp{—%’b;} vidvy . (3.31)

The last part of the integral reduces to:

6¢1kwnbo v
TT,o7 p_*oo/ (14 2 Z(2p)] J2(p)vodvy exp{ 2—5;2—} , (3.32)
w-k.v —pQ,’
where z,, = ﬁfszbc'b'
Cofnbining the results (3.30 — 3.32), we obtain
Mprkw = _6¢ikwnbo { . b i /oo Qi T2 ()
¢ ToV/2k,Cy 7= Jo Pl

2

Z(zpb)exp{ 507 }vldvl +
' b

I oo v?
75 | R0+ 2 exn{ - wdnf, @)
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where we have used the identity (Watson 1944)

2p
']p—l(#) + Jp+1(l‘) = IJp(l‘-)
with M’ = k_L'UJ_/Qi.
The relation (Watson 1944)
8?

o0 1
2 2 _ _2
/0 J,(Bz) exp(—pz”)zdx o exp( o )

s

2’u), (3.34)

where I, is the Modified Bessel function of the first kind of order p, is used to perform

the integration over dv,. We then obtain

_ edikwNo kiCZ kiCbQ

]' [ore]
Ty . {\/ikzcb Epz_meiZ(zpb) P {- sz }Ip{ sz }

- k2 02 kz CZ
52 [+ 25 Z(2p)) xp {— B?b } I, {5—2"}} .(3.35)

Nprkw =

i

Letting ay = k3C?/Q!, Ty = e**I,(ap) and using the identity (Watson 1944)

B2 _ool'pp = 1, we can write (3.35) as

ePrkwmho w—kvp
s =~ S0 f Ly el (3.36)
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3.2 Contribution of the cold stationary isotropic
background electrons to the dispersion rela-
tion

The cold background equilibrium electron distribution is assumed to be a stationary

isotropic Maxwellian given by:

Mo v? }
= —————eXP { ——— 3.37
U (27C2)% p{ 202 :37)
where C. = (T./ me)% is the thermal speed. From the charge neutrality requirement,

we have at equilibrium :

Npo = Neo T Npo-

Using an analysis similar to that used in section 3.1, we obtain the perturbation for the
background electron density n.. This can also be obtained from (3.36) by replacing e
by (—e), setting Tp = 7. and the drift velocity to zero, since the background electrons

are stationary.

The cold electron density perturbation is then given by:

€¢1kwnco w o0
Nekw = —Tc_ {1 + mzp=—mz(zp6)rpc} ’ (3-38)

where z,, = sz_k%’ T = Pp;(ac) = e *I(a.) and a, = %—Cﬁz, with . being the

e

electron gyrofrequency.
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3.3 Contribution of the hot isotropic precipitat-
ing electrons to the dispersion relation

The equilibrium Maxwellian velocity distribution of the hot isotropic electrons is given
by:
Jho =

2 2 2
Tho vs + v} + (v — Vas.) }
—————exp{ — , 3.39

(2rCh p{ 2Ck )
where C}, = (Th/me)% is the hot electron thermal speed and vy, is the drift velocity

along the external magnetic field Bg.

Using an analysis similar to that of section 3.1, we obtain the density perturbation

of the hot electrons:

ePirwnho w—k.vg
n = —— X1+ —=¥% 7 I 3.40
h1kW T, { N o e (2ph) ph} ( )
w-k.v —er — k2 C?
where z,, = 5e.G 0 Loh = Ipn(an) = €7 [, (), and o, = 0L
3.4 The Kinetic Dispersion Relation
In the électrostatic approximation, Poisson’s equation,
Vi = dme(n + ny — ny), (3.41)
reduces to :
— K ipw = Ame(nepw + Nhikw — Mh1kw)- (3.42)

where the subscript ”1” indicates perturbed quantities.



22

By substituting the density perturbations (3.36),(3.38) and (3.40) into (3.42)

obtain the dispersion relation:

N B e L wokVahoo o ap
—k" = /\30 \/—k‘ C P_—ooZ(ZPC)PPC + )‘Zh 1+ \/—k Ch p=—00 (zph) ph
1 —k.v
+ {1 2k, C:b P"—ooZ(ZPb) pb} (3.43)

where the Debye lengths are Ay = (T-/47rnj062)%,j = ¢, h, b for the cold background

electrons, the hot precipitating electrons and the beam ions respectively. Further
since

_w—pl
\/_kC

w — k.th — er

ROV T
and
w — k.de - in
Zpb =

\/ikz Ob ’

equation (3.43) may then be written in the compact form as

-k = 32 (14 20202 _ 0 Z(2pe)Tpe) +
d

c

/\2 {1 4+ Zoth__ooZ(th ph} —+ /\2 {1 —+ Zobzp__ooZ(Zpb)pr } (3.44)
dh db

Substituting Ay = V};/w,; and considering low frequency, electrostatic modes (Bern-

stein modes, szl) we may write :

1+ X+ X+ X, =0 (345)
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where

w?

X; = kz;’% {14 20 Z(205)Ti} (3.46)

which is the dispersion relation obtained by Bhatia and Lakhina(1980) and Bergmann
et.al.(1988). Lakhina(1993) discusses approximate solutions to the above dispersion

relation.

3.5 Approximate solutions to the dispersion re-
lation
We consider low frequency electrostatic waves driven by a cool ion beam.

For the case of cold background electrons, hot stationary electrons and a cool ion

beam, satisfying T}, > T, Ty ~ 0, we have:

w
| 200 | = |ml >1 (3.47)
|zon | = | e | < 1 (3.48
zon | = | ——— )
o V2k,Ch )
w— k.vgp
=|l— | >1 3.49
] = | (3.99

The poWer series and asymptotic expansions for the Z-function in these limits are
given by Fried and Conte (1961):
227 424 1

Z(z) = i/mbexp(—2%) — 22 ll 3 + ST

for |z | « 1, and

. 1 1 3
2(z) = ivmbep (<) = |14 o4 o4,
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0, Im(z)>0
for | z | > 1, where 6=<1, Im(2)=0
2, Im(z)<0

For the very low-frequency waves we have | w — k.vgp |< . Thus we retain only

the p = 0 terms in the summations in (3.44).

For an instability (i.e. a growing wave with Im(z) > 0), the first term of (3.44) may

now be written as:

1 1 1

The approximation for the second term, considering (3.48), becomes:

AIE {1 + zon(iv/7 — 220h)} , (3.51)

while for the cool ion beam term, we have:
1 1 1
31 +z20 |——(+—)| ;- 3.52
Adb { " l Zob( 223, )]} (3.52)

Combining the terms reduces (3.44) to:

220[,2

1 [ 1 1 1 1
g )
M5 T, {1 +iy/mzon} + ') (3.53)

Then substituting (3.47) - (3.49) into (3.53) and multiplying by A}, = T./4nn,e?, we
get

k2C2 Zﬁw k2C2
_k2)\2e — _ 2Ve b 1 _Mzvb
’ a{ w? }+ { +\/§kzch}+c{ 2 }’ (3.54)
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where @ = (w—k.V,), is the Doppler shifted frequency, a = A3, /A%, = noe/no,
b =X /A = (non/no) (Te/Th) and ¢ = AL /A = T./T;.
We solve the equation by first writing w as w = w, + 4y and assuming that

| v/w, |<< 1 and

| y/w, |[<< 1.

With these assumptions, we make the following approximations :

1 1 1 :
—=——.—2“—2(1—211), ’
w? w1+ 2zwﬁ—r) wy Wy

and
1 1 1 :
— = - _ 2%_—2(1—21_1)
wt W1+ 2ug)" @ Wy

Using these approximations we have

ITSVI (LA - W VO G Jo [ MG -2g)
“ w? V2. C, 7 |

r wr
(3.55)
Taking the real part of (3.55) we obtain:
k20?2 k202
—k%\ge:a{— ;2°}+b+c{— ;21’}, (3.56)

which is fourth order in w,. We note that in the absence of the cold electron compo-

nent (n,. =0, i.e. a = 0), (3.56) yields

k. Cs

T 3.57
V19+ k23, (3.57)

w,=k. Vg +
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where C, = /T,/m; is the ion sound speed corresponding to the hot electrons.
Equation (3.57) is the usual form of the fast and slow beam ion acoustic waves.

In this limit, (a=0), the imaginary part of (3.55) yields:

b\/;oﬂ (k. Vo — w,)
w,. ck3C,CE

(3.58)

For wave growth (y > 0), we require k.V, > w,.  For Vo = V,3, this implies
Vo > w,/k,, i.e. the wave phase speed, vy, = w,/k,, along B, ’sees’ a positive slope

of the jon velocity distribution.

Substituting for:w, from (3.57) we obtain:

\/'m“’ (3.59)
m; 1+k2)\ %' | '



Chapter 4

Parameter variation study of the
ion beam driven ion acoustic and

"modified two stream instabilities

4.1 Introduction

- In this chapter, the dispersion relation (3.45) is solved numerically without any ap-
proXimations. We consider the case of cool ions drifting along Bg. In the next chapter
the effect of a drifting(precipitating) electron component will be considered. A study
of the variation of plasma parameters is made in order to determine the characteristics

of the instability and thereby identify the modes present. Our results are presented

in normalized form.

For the study, an H* beam is assumed, with m;/m, = 1836. Time is normalized
by the inverse of the ion plasma frequency, w,; = (47rn062/m,~)5', spatial lengths by

L

Ae = (TC/47rnoez)%, speed by the ion sound speed, Cs = wp;Age = (T,/m;)?, densities

27
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by the total equlibrium density, no, and temperature by the cold electron temperature,

T..

The normalized standard parameters used for the cool ion beam instability are : ion
beam temperature 7,/7. = 10, hot electron temperature 73 /T, = 1000, ng/ng =
0.001, £2; /wyi = 0.476, kAge = 0.01 for fixed k studies and vg, = 100C, for fixed drift
speed studies. The choice of these parameters is based on data collected through
satellite observations in the auroral acceleration region (Lakhina, 1993). We note

that the background electrons are relatively cold.

4.2 Beam driven instabilities

Beam driven instabilities fall into the class of plasma instabilities called microinstabil-
ities (or kinetic instabilities) which depend on the velocity distributions of the plasma
species. The energy driving the instability is obtained from the relative drift of the

species in the model. We investigate the instability by varying the drift velocity of

the ion beam.

It was found that for lower drifts the ion acoustic instability (IAI) dominated while
at higher drifts the modified two stream instability (MTSI) dominated. The features

of these two instabilities were revealed through a parameter variation study of each.
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4.3 The ion-acoustic instability (IAI)

4.3.1 Variation of propagation angle, ,

In figure (4.1) the normalized real frequency, w,/wy, is plotted against ky/k = sind
(6 = 6(k,Bg)) for normalized drifts vg, = 30, 40, 60, 80 and 100, while the corre-

sponding normalized growth rate curves, y/wyi, are shown in figure (4.2).

The normalized wave number, k, is set at 0.01. The condition that the electron tem-
perature be sufficiently larger than the ion temperature for electrostatic ion beam in-

B

stabilities, (Gary and Omidi,1986), is satisfied by our parameters (7, /7. = 100T;/T¢).

The instability is seen to propagate with maximum real frequency and growth rate
for k || vgbz. This has been found consistently to be the case for the ion-acoustic
mode. An increase in the maximum growth rate is also observed for increasing drift
speed thereby indicating a dependence on the beam speed. For 8 = 0°, v/w,, ranges.
from 0.072 to 0.704 for normalized drifts ranging from 30 to 100. We find a rapid

drop to zero growth rate at higher drifts,while a gradual drop is seen at lower drifts.

Considering the ion-acoustic instability, we have the real frequencies for the fast and

slow ion beam modes given by:

k,Cj

Wy = k.Vd + )
(14 k%)%, + k3 p2)2

(4.1)

for a plasma with magnetized electrons and ions (Singh et.al., 1990). For parallel

propagation, k; = 0. Equation (4.1) then becomes:

k.C,

wr =kvg £ ————.
(1+k2M%,)?
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Figure 4.1: Normalized real frequency versus k, /k with fixed normalized parameters;
k=0.01, T,/1, = 10, T3 /T, = 1000, n., = 0.001 and Q;/w,; = 0.476. The parameter

labelling the curves is the ion beam speed, vg,.
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Figure 4.2: Normalized growth rate versus k,/k with fixed parameters as for figure
(4.1). The parameter labelling the curves is the ion beam speed, vgs,.



32

The first term in equation (4.1) may be written as
kvgcosd

where 6 is the angle between the velocity vector and the magnetic field. For § = 0°
i.e. ky/k = 0.0, the real frequency attains a maximum, which is consistent with the
curves in ﬁgure (4.1). The threshold velocity for the slow ion-acoustic mode to have

a real frequency is from equation (4.2) approximately equal to (for our parameters)

C,/V2 = +/1000/+/2 = 22.3, which is consistent with our results in figure (4.3).

4.3.2 The effect of increasing vy,

Fiéures (4.3) and (4.4) show the real frequency and growth rate curves as a function
of the ion beam drift speed respectively. A calculation of the gradient of the curve
in figure (4.3) yields the value 0.0095 which is almost equal to the chosen value for
the fixed wavenumber, k=0.01. This is in agreement with equation (4.2), which for

ky/k = 0 and fixed ¥ may be written as

wr=mVy—C

which is a straight line with slope . = k. The curve also illustrates the lower threshold
value of Vy = 22.2 required férl w, to be positive. From figure (4.4) it is seen that the
growth rate maximizes at the normalized velécity of 100. Iﬁ Gary and Omidi (1986)
a similar result was obtained for the ioh-i(_)n acoustic instability. For our parameters,

the maximum is at approximately three times the hot electron sound speed.

At a velocity of vg, = 182C;, we find a sharp transition from the slow ion-acoustic

mode to a simple beam instability. The real frequency and growth rate versus drift
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Figure 4.3: Normalized real fréqﬁency versus lon-beam speed, vy, for the slow beam
lon-acoustic wave. Here k,/k = 0.0 and other fixed parameters are as for figure (4.1).
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Figure 4.4: Normalized growth rate versus ion-beam speed, va;, for the slow beam

ion-acoustic wave. Here k,/k = 0.0 with other fixed parameters as in figure (4.1).
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Figure 4.5: Normalized real fréquency versus ion-beam speed, vy, for the ion-beam

instability at drifts > 200C,. Here k,/k = 0.0 and other fixed parameters are as in
figure (4.1). :
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Figure 4.6: Normalized growth rate versus ibn-beam speed, vg,, for the ion-beam
instability at drifts > 200 C;. Here k,/k = 0.0 and other fixed parameters are as in
figure (4.1).
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speed curves are shown in figures (4.5) and (4.6). It is seen that this instability

propagates at the phase velocity:

w .
’U¢:?T:‘/o,

for a broad range of beam speeds, with the growth rate increasing with beam speed

(figure (4.6)).

4.3.3 The effect of varying the wavenumber, k

The effect of varying the wavenumber was examined at a drift speed of vg, = 100C,
for fixed propagation angles of 0°,45° and 90°. We note from the above that for the
particular choice of vg;,, the instability is identified as the IAI. The real frequency and
growth rate curves are plotted in figures (4.7) and (4.8) respectively. The parameter
labelling the curves is k,/k. It is seen that for parallel propagation, the instability
1s present over a broad region in k-space. This is expected since the term kv cos 6
1s a maximum at 0°. The strong € - dependence of the ion-acoustic mode is also |
evident. The maximum growth rate, (Y/wpi)maz, decreases significantly for angles of
propagation oblique to Bg. This is in agreement with the features of the slow ion-
acoustic wave. This is not a surprising result since from figure (4.2) we see that y/w,;
is a maximum for propaga’pi_on along vqupz, when resonance is a maximum. Therefore,

at almost perpendicular propagation (k,/k = 0.99) the wave "absorbs” very little

energy from the beam. Thus the instability is weak.
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Figure 4.7: Normalized real freq‘uency as a function of wavenumber, k, for k,/k =

0.0, 0.707 and 0.99. Here , vg, = 100C, and other fixed parameters are as for figure
(4.1). :
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Figure 4.8: Normalized growth rate as a function of wavenumber, k, for the parameters
of figure (4.7)
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Figure 4.9: Normalized real »fre_qﬁency and growth rate as a function of the cold
electron density, n.,, for k,/k = 0.0 and beam velocity, vg,, = 100C;. The maximum
growth rate is 0.142 at a density of 0.006. - Other fixed parameters are as for figure

(4.1).
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Figure 4.10: Normalized real frequency and growth rate as a function of the cold
electron density, nc,, for k,/k = 0.99 and beam velocity, v, = 100C;. The maximum
growth rate is 0.0178 at a density of 0.008. Other fixed parameters are as for figure

(41).
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4.3.4 The effect of varying the cold background

electron density, n.,

Although constituting a small fraction of the total particle density, in Lakhina(1993),
the stationary background electrons were found to be essential for the generation of
the ion beam instability. We examined the effect of varying this cold electron density
on the ion-acoustic instability with a beam drift of vg, = 100C, and k=0.01. For
parallel propagation where the real frequency and growth rate were found earlier to
be a maximum, the results are shown in figure (4.9). Investigations have been done
by Bergmann and Lotko(1986), Bergmann et.al(1988) and others on the ion-acoustic
instability in the absence of cold stationary electrons. In their investigations, they
assumed two lon species. The relative drifts in the ion-ion plasma allowed for the

excitation of these modes.

Our results indicate that the plasma is unstable in the absence of the cold electrons
(i.e. when n., = 0). However, as we increase n.,, we find that there is an optimum
value at which the instability growtih rate attains a maximum. This is illustrated in
the growth rate curve in figure (4.9) by the sharp rise in v/w,; to a maximum value
of 0.142 for n.,, = 0.006. As n, is increased further, we see that positive growth
ceases at n., beyond 0.260. This is most probably due to Landau damping. At near
perpendicular propagation, the instability, as seen in earlier results, is weak. Still,
the behaviour in response to' a change in the cold electron density is similar to that
found for parallel propagation (refer to figure (4.10)). In this case, the maximum for

the growth rate is (7/wpi)mez = 0.0178 at a density of ng, = 0.008.
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Figure 4.11: Normalized real frequency as a function of the normalized wavenumber,
k. The parameter labelling the curves is the-hot electron temperature, T} /T.. Here
k,/k = 0.0 and the beam velocity vg,, = 100C,. Other fixed parameters are as for
figure (4.1). '
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4.3.5 The effect of the hot electron temperature, 7}, /T,

Next we considered the effect of the hot electron temperature on the ion- acoustic
instability. For these results the beam temperature wa_s set at Tp/T. = 10. The real
frequency and growth rate curves for k,/k = 0.0 are shown in figures (4.11) and (4.12)
respectively, while for k,/k = 0.99 the curves are shown in figures (4.13) and (4.14).
The parameter labelling the curves is temperature. We find that as 6 increases from 0°
to 90° the lower temperature threshold cut off of the instability increases. Both figures
(4.12) and (4.14) show increased growth rate for higher temperatures. Increasing
the temperature of a species has the effect of increasing the thermal motions of the
particles. For the ion-acoustic wave, thermal motion of the electrons is a necessary
condition for the wave to exist. It is seen that the maximum for each value of T3, /T,
af parallel (to Bg) propagation angle, is higher than those for near perpendicular
propagation. This is consistent with the results found in the k,/k variation curves
studied in section (4.1). We also find that for a fixed T} /T, the k-value for (7y/wpi)maz
shifts to lower k as k,/k increases. For a given propagation angle, the k-value for
maximum growth rate shifts to the lower k region as the normalized temperature is
increased above 100. The increase in growth rate with T}, may be associated with
the decrease in electron Landau damping. The slow beam ion acoustic wave "sees” a
negative slope (0 fen/0v;) of the hot electron velocity distribution function fen((v,)).
As Ty, inc;eases, fe((v)) "Hlattens” with (9fen/0v,) decreasing. Since the associated

Landau damping is proportional to:(8fe,/v,), it also decreases, thereby causing an

increase in the net growth rate '7/w,;i.
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Figure 4.15: Normalized real freqﬁericy as a function of the normalized wavenumber,
k. The parameter labelling the curves is the ion beam temperature, T,/T.. Here &, /k
= 0.0 and the beam velocity, vg, = 100C;. Other fixed parameters are as for figure
(4.1). '
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Figure 4.16: Normalized growth rate as a function of the wavenumber, k, for the

parameters of figure (4.15). The parameter labelling the curves is the ion beam
temperature, T3 /7.
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4.3.6 The effect of the ion beam temperature

As mentioned in the introduction, the presence of hot ion beams have been observed in
the auroral acceleration region. We examine in this section the effect of the ion beam
temperature on the instability. For k,/k = 0.0, the temperature of the hot electron
component is fixed at Tj/T. = 1000 and the instability dependence on increasing ion
beam temperature is studied.

Raising the ion beam temperature has the effect of considerably lowering the maxi-
* mum growth for the k-variation curves in figures (4.15) and (4.16). This is character-
istic of the ion-acoustic instability for which a drifted Maxwellian is assumed. The
condition T,/Ty >> 1 is necessary to excite the mode, hence we find that as T} is
~ increased, the instability weakens. It was found that for the chosen fixed parameters,
no positive growth was possible when Ty > 2307,. Also, we find that for a highﬁer
temperature, the maximum growth shifts to a lower-k value and the range of k-values

for positive growth decreases significantly.

The reduction in y/w,; as T, /T, increases may be explained as follows: Since the slow-
~ beam ion acoustic wave sees a positive slope for the ion beam velocity distribution,

fo(v;), as T}, increases, the "flattening” of fy(v,) reduces df,/0v,. Hence the inverse

ion Landau damping decreases, thereby reducing the net growth rate.

4.4 The modified two-stream instability ((MTSI)

4.4.1 The appearance of the MTSI

Figures (4.17) and (4.18) depict the real frequency and growth rate versus k, /k curves

for the two modes that were found to be present at the normalized drift velocity
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Figure 4.17: Normalized real frequency as a function of k,/k for the IAI and the

MT®SI at ion beam speed, vg, = 140 and k= 0.01. Other fixed parameters are as for
figure (4.1).
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200C; and ky/k = 0.9. Other fixed parameters are as for figure (4.1).
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vas, = 140. We note the drop in the growth rate of the ion acoustic mode with ky/k,

which is consistent with figure (4.2).

The second mode appears at oblique angles of propagation, at the normalized drift
speed of vg, = 140C,, such that k,/k > 0.4. The growth rate curve shows that the
mode grows for increasing ion beam drift velocity. In order to identify the mode, a

parameter variation study was made.

4.4.2 Results of k,/k variation

Figures (4.19) and (4.20) show the real frequency and growth rate curves for the
second mode at normalized drifts of 140, 150, 160, 180 and 200.

The features of this instability is consistent with that of a modified two-stream insta-
bility that arises from the relative drift of the plasma species . This is a well known
electrostatic plasma instability for propagation oblique to B,. When the relative drift
is between ions and electrons, the instability is called a Buneman instability. Two
stream instabilities have been investigated by Bergman et.al.(1988) in the auroral
acceleration region. It was found that for the Buneman instability, the excited wave
has the phase velocity of the slow mode of an ion beam instability. va > C, was
found to be a condition for the instability. This low-frequency instability has been

found to propagate in a narrow cone about the perpendicular to the magnetic field,

Bo, (J.B. McBride et. al., 1972).
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4.4.3 The effect of varying the cold background

electron density, n,

Figure (4.21) shows the real frequency and growth rate versus cold electron density,
Neo, curves for the MTSI at the normalized drift velocity of v, = 200C;. For this plot,
k= 0.01 and k,/k = 0.9. We find here, as for the ion acoustic instability, an optimum
value of the cold background species at which the instability growth rate attains a

maximum. A maximum growth rate of v/w,; = 0.055 was found for n. = 0.0036n,.

4.4.4 The effect of the hot electron temperature, 7}, /7,

Figure (4.22) shows the growth rate versus normalized k curves for normalized hot
electron temperatures Th/Tb =50, 100, 500 and 1000. For these results, the drift
velocity was also set to vg, = 200C;, with k,/k = 0.9 and Ty/T. = 10. We note
here also the increased growth rate for higher temperatures. As T}/T. increases

significantly, (/wpi)mas shifts to lower values of k.



Chapter 5

The effect of counter-streaming

- hot electrons

5.1 Introduction

In this chapter we examine the effect that the hot precipitating electrons, given a non-
zero drift velocity, has on the instabilities studied in chapter 4. The electron drift is in
the direction opposite to the magnetic field, B, and therefore opposite also to the ion
beam drift velocity. A parameter variation study is made and the results compared

with those of chapter 4 in which the hot electrons were taken to be stationary.

5.2 The ion acoustic _xinétability

5.2.1 Variation of propag'atioin angle, k,/k

The ion acoustic instability was studied with the ion beam drift velocity, va,, fixed

at 100C;. Figures (5.1) and (5.2) show the real frequency, w, /w,;, and growth rate |

99
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4 [w,i, curves for the normalized electron drift velocities of 0 (i.e. stationary electrons),
-50, -100, and -150. We observe in figure (5.1) that the real frequency response to the
variation of electron drift velocity is not significant. This'is to be expected since from
equation {4.1), we note that for the slow ion acoustic instability, w, is a function of
the ion drift velocity and not the electron drift velocity. This dependence on the ion
drift velocity is clearly shown in figure (5.3) where, in this case, a significant increase
in the real frequency, w, /w,; is seen. For vg, = 100C;, w,/w,; = 0.71 while for vg, =
150, w, Jwy = 1.18 at k,/k = 0. The decrease in the growth rate curve for the drift
velocity, va, = 150 in figure (5.4), is consistent with the results in chapter 4 where

we found that v/wy; has a maximum at vg, = 100C;.

In figure (5.2) we observe that increasing the electron drift velocity results in a de-
crease in the growth rate. This may be understood in terms of the effect of electron
Landau damping. The slow ion acoustic wave for which the ion beam distribution
function attains a maximum at vg, = 100C;, ’sees’ the slope, (3 fer/dv,), of the elec-
tron distribution function, fex(v.), increasing in magnitude as the electron velocity
distribution shifts laterally in the —v, direction. Since electron Landau damping is

proportional to (0 fe,/0v.), it also increases resulting in a drop in the growth rate.

5.2.2 The effect of varying the cold background

electron density, Neo

With the ion beam drift velocity, vg, = 100C, and the electron drift velocity,
van, = —100C;, the effect of vax_‘ying the cold electron density was examined. The
real frequency and growth rate curves depicted in figures (5.5) and (5.6) are similar to

those of chapter 4, figures (4.9) and (4.10). In the presence of a non-zero hot electron
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drift velocity, v/wp;: attains a maximum of 0.1435 at n,, = 0.006 for parallel propa-
gation, while for stationary hot electrons (7/wWpi}mas 1s 0.142 also at n,, = 0.006. For
almost perpendicular propagation the results were found to be similar. These curves
show that the density of the background electrons at which the instability obtains its

maximum growth rate is negligibly affected by the drift velocity of the hot electrons.

5.2.3 The effect of the hot electron temperature, T;/T,

Figure (5.7) shows the normalized growth rate versus normalized k for hot electron
temperatures of T5/T. = 1000, 500, 100 and 50 at k,/k = 0.0. Here also, the ion
beam drift velocity was set at 100C; and the electron drift velocity set at -100C;.
The shape of the curves are similar to those of figure (4.12) in chapter 4. However,
we note that there is a general increase in the maximum growth rate attained for the
various hot electron temperatures. The increase in the growth rate may be associated
with the decrease in electron Landau damping. The slow ion acoustic wave ’sees’ the
negative slope of the hot electron velocity distribution function, fe,(v,) 'flatten’ as

Th(Ch = \/T—Ir;bg) increases and therefore (0f.,/0v,) decreases. This reduces electron

damping, hence enhancing the growth rate.

5.2.4 The effect of the ion beam temperature

With ky/k_ = 0.0, the hot electron température, Tw/T. = 1000, vg, = 100C, and
Vans = —100C, we examined the effe__ct of increasing the ion beam temperature on
the instability. Again, as in chapter 4, for inc’réasing ion beam temperature, we note
the drop in the ﬁlaximum grow:th rate for the curves shown in figure (5.8). This is
consistent with the condition T,/Ty >> 1 for the ion acoustic instability. A general

increase in the maximum for each choice of temperature seen here as compared to
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the curves in figure (4.16) of chapter 4 is observed. We again attribute this to the

decrease in electron Landau damping as vgp, is increased.

5.3 The modified two-stream instability (MTSI)

5.3.1 Variation of propagation angle, ,

With the electron drift velocity van, = —150C,, the curves were plotted for the ion
" beam drift velocity set at 150C; and 180C;. We note from our studies in chapter 4
that the MTSI is excited for ion beam drift speeds in the chosen range. From figures
(5.9) and (5.10), we see that the MTSI is sensitive to the changes in the ion beam

drift velocity, vgp,.

As in chapter 4, we find that as v, is increased, the real frequency and growth rate
increases. This is consistent with the behaviour of the MTSI which has the phase
velocity close to that of the slow ion beam instability (Bergmann et.al (1988)). The
fact that the grgwth rate attains a maximum for a k,/k value very much oblique to

- By and not at k,/k = 0 as for the IAL confirms that the instability is the MTSI.

From figure (5.11) we find that unlike the case of the TAI, for the MTSI, increasing
the maénitude of the negative electron drift velocity, vgp,, increases rather than de-
creases the growth rate. This is a characteristic of the MTSI which is a non-resonant
instability driven simply by the relative streaming of the particles. As the counter-
streaming electron velocity increases, this increases the relative velocity between the

ions and the electrons, hence enhancing the growth rate.
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—100C,. The parameter labelling the curves is vg,. Other fixed parameters are as

for figure (4.1).
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5.3.2 The effect of varying the cold background

electron density, n.,

In this study, the electron drift velocity was set at -100C}, the ion beam drift velocity
set at 200C, and k,/k = 0.9. Here we find that the curves in figure (5.12) are similar
to those in figure (4.21) of chapter 4. At a density of 0.0036, the growth attains a

maximum of 0.0543.

5.3.3 The effect of the hot electron temperature, 73 /T,

When comparing the results of this study (figure (5.13)) with those in chapter 4
(figure (4.22)), we find that there is a drop in the maximum growth rate for 7},/T, =
1000 and (7/wpi}maz shifts to lower k values. Also, we find that the lower threshold
temperature for the instability to propagate is higher in the presence of the counter-

streaming hot electrons.
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Figure 5.12: Normalized real frequency and ‘gr_owth rate as a function of cold electron
density, n.,, for the MTSI at k,/k = 0.9, vy, = 200C; and vgp, = —100C,. Other

fixed parameters are as for figure (4.1).



76

0.04 T l I

1000

0.03

0.02

v/

0.01

0.00
0.00 0.01 0.02 0.03 0.04

Figure 5.13: Normalized growth rate as a function of k for the MTSI at kyJk =

0.9, vg, = 200C, and vg, = —100C,. The parameter labelling the curves is T}/T..
Other fixed parameters are as for figure (4.1).



Chapter 6

3

Conclusion

In this thesis we have examined low frequency electrostatic instabilities present in a
three species plasma consisting of precipitating hot electrons, cold stationary elec-
trons and a cool ion bearﬁ that is modelled on observations of the auroral plasma.
The kinetic dispersion relation was derived and numerically solved without approxi-
mations. The instability was initially driven by an ion beam drift along the external

magnetic field, Bg.

Two instabilities were found to be present, viz. a resonant slow beam ion acoustic
instability and a non-resonant modified two stream instability. The behaviour of

these instabilities were investigated in chapter 4 and chapter 5 through a parameter

variation study.

In chapter 4, the study was carried oﬁt with stationary hot electrons and cool drifting
ions. The slow TAI featured prominantly at the normalized drift velocity of about
23C; to 230C; for a large spread of the angle of propagation relative to Bo, k,/k.
Beyond 230C;, a simple beam instability propagated at the phase velocity for a broad

range of the ion beam drift velocity. A study of the effect of varying the propagation

7
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vector revealed that for angles of propagation oblique to the ion beam drift velocity,
the maximum growth rate, y/w,:, decreases significantly. This was expected since for

the IAI maximum resonance is in the direction parallel to the drift velocity.

We next examined the effect of varying the cold electron density, ng, on the IAL
Optimum values of n., for maximum growth rate were found for both parallel and
near perpendicular propagation. It was also found that the plasma was unstable in

in the absence of the cold electron component (i.e. n,, = 0).

The instability growth rate was found to be proportional to the hot electron temper-
ature (associated with hot electron inverse Landau damping), but inversely propor-
tional to the ion beam temperature (aséociated with ion Landau damping). These
results were significant since in the auroral plasma, the temperature of the plasma

species varies at different altitudes (Bergmann and Lotko,1986).

A similar parameter variation study was made of the second plasma instability that
was found to dominate at drift velocities higher than about 140C, and for large prop-
agation angles relative to Bo. The results were consistent with the characteristics of
the modified two-stream instability, (MTSI). The instability was observed to propa-

gate in a narrow cone about the perpendicular to B, with a strong 6- dependence.

Here as well, an optimum value of n., was found for which the growth rate attained a
maximum. The study of the effect of increasing the hot electron temperature showed

that the mode grows with increasing hot electron temperature.

In chapter 5 we examined the effect of counter-streaming hot electrons on the insta-

bilities studied in chapter 4. It was found for the IAI that increasing the electron drift
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velocity caused a decrease in the growth rate but a neglible change in the real fre-
quency curves. This is an expected result, since from the theory, the real frequency
of the slow beam IAI depends only on the ion beam drift velocity and not on the
electron drift velocity. Changes in the growth rate has been attributed to increased
electron Landau damping. The results with regards to variation of the cold electron

density and hot electron temperature were similar to those of chapter 4.

On the other hand, for the MTSI, we find that the growth rate is enhanced as we
increase both the ion drift velocity as well as the electron drift velocity. This is not
surprising since the (non-resonant) instability is driven by the relative streaming of
particles. Therefore we find that as the magnitudes of the relative drifts are increased,

the growth rate also increases.

The curves depicting the variation of the cold electron density were also similar to
those of chapter 4. It was significant to note that for the MTSI, the decrease of the
hot electron temperature, 75 /T, caused a diminishing of the maximum growth rate
for a chosen temperature. Also, at fhe chosen propagation vector value, k = 0.9,
the minimum value of T}, for positive growth was higher in the presence of counter-

streaming electrons.

The results of our study is an extension of the work of Lakhina, (1993). In his paper,
Lakhina discusses (1) fluid instabilities driven by an ion beam and (2) a resonant
instability driven by hot electrons. In our investigation, we found the presence of
two low- frequency plasma instabilities, viz. the slow ion acoustic instability and the
modified two-stream instability. .The instabilities are kinetic and driven by the cool
ion beam. Their presence may be associated with the low-frequency electric field

fluctuations (LEFs)that have been observed in the auroral plasma.
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The model that we have adopted may be extended to include a counter-streaming O+
ion beam. Jon-ion waves in the auroral region have been investigated by Dusenbury
et.al.(1988), Ashour-Abdalla et.al.(1989) and Hultqgvist et.al.(1991) among others.
Further, the non-linear evolution of these instabilities, leading to the possible forma-

tion of, for example, solitons and doubles layers is worthy of investigation.
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