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Abstract + The electrostatic 1on cyclotron instability has been studied, nvestigating the
trajectorics of the charged particles in the presence of clectrostatic 1on cyclotron waves The waves
propagauing at an angle to the geomagnete ficld are considered. The effects of parallel electric
fields are ncorporated through the modification of distnbution function which 1s anisotropic
Maxwellian. The stabilising/destabilising effects by the parallel clectrie ficlds are studied,
penaining to simultancous observations of clectrostauc 1on cyclotron waves and parallel potenual
drop n the auroral accelerauon region. ‘The eflects of energetic 1on beam on the wave generation

processes are mvestigated, which may be a possible cause lor the cledrostate on cyclotron wave
generation duc 10 the upward Howing 1on beams.

Keywords @ Waves and instabilibes, wave-parucle interactions, charged parucle mouon and
accelerations
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1. Introduction

Recently, interest has been devoted to the role of the high-latitude ionosphere in influencing
magnetospheric dynamics or morphology. In particular, the problem of the high-lautude
nosphere as a source of magncetospheric plasma has come undcer intensc study in the last
few years. Several invesugators have observed upward flowing accelerated ionospheric ions
in the auroral zonc space plasma [1-3].

Kininer et al [4], using S3-3 satcllite data have measured clectrostaue 1on cyclotron
waves near regions ol upward lowing 1ons. At lower altitudes (400-600 Km) Yau et al (3]
have observed ion cyclowron wave activity near ion transverse aceeleration regions. Bering |5)
has given evidence of ion cyclotron wave activity at low altitudes (350 Km) in the diffuse
aurora, Basu eral [6] have obscrved apparent ion conics at approximately 350 Km in the
presence of wave acuvity in the 10n eyclotron range of frequencics and large ficld aligned
currents,

Allven | 7] was first 1o point out the importance ol the pzmillcl clectric ficld on auroral
ficld lincs. Axford and Hines [8] aunibuted the geomagncetic activity during disturbed periods
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10 cnhanced magnctospheric convection. The connection between magnetospheric convection
and parallel electric ficlds has been studied by Coroniti and Kennel [9], Bostrdm [10], Kan
and Akasofu [ 1], Lennartsson [12], Goertz and Bosewell [13], Chiu eral [14], Lyons [15]
and Sonncrup [16]. Kan and Lee [17] formulated a theory of steady staie imperfect
magnctosphere-ionosphere coupling (E # 0) in which the magnetosphere as well as the
ionosphere is allowed (o respond to the effects of the parallel electric ficld.

Therefore, in this paper we have investigated the cffect of parallel clectric {ields on the
clectrostatic ion cyclotron instabihtics, using modificd distribution functions [18]. The
analysis 1s bascd on a physical model used by Dawson [19] in his theary of Landau damping
and further extended by Terashima [20], Misra and Tiwari [21] and Tiwari et al [22]. The
plasma particles are divide into two groups ; non-resonant particles and resonant ones. It is
assumed that only resonant particles arc responsible for the cnergy exchange between waves
and parucles while the main plasma of non-resonant particles supports the oscillatory motions
ol waves. As compared with the discussion of Landau damping the inclusion of external
magnctic field results in some differences in resonant condition and in scheme i)f wave
particle interaction. The change in encrgy of resonant particles is computed under ap:lropnalc
initial conditions by following their trajectories. The fluctuations in staying time of int¢racting
particlcs are expressed as density variations in spacc. Instability criteria are derived from the
rale of energy transfer tor the respective cascs.

2. Basic assumptions

We consider a homogeneous collisionless plasma in a uniform magneuc hicld By, along the
z-direction. The 10ns arc supposed (o have the unit charge. It s assumed that an clectrostatic
wavt in the form below starts at the ume ¢ = () when resonant particles are not yet disturbed.

We assume a wave of the formn : ’

kWE k = (k,0, k)

and £ = (Ex, 0, L=2) W
with
Ex (r,1) = E, cos (k,x+ k2~ wt) o
Lz (r, 1) = KE| cos (k x+kz-ar)
and K=k, /k, (3)

The amplitude E; 1s thought to be a siowly varying function of 1 that s
(/E)) x (dE\/dl) << w.

3. Perturbed particle velocities
The equation of motion of a parucle 1s given by the equation :

{v "
m—‘d-l— = ¢(E + (I/C)v x By). i
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The velocity v can now be expressed in terms of the unperturbed velocity V and the perturbed
velocity 4. The equation for u is :

dujdt - (g/mc)u x By = (q/m)(E (r(t), 1)) ®
where in the argument of E, r(¢) in the form as below is to be substituted.

. The trajectory of free gyration is given by

x (1) = ~(V /) [sin(6-Q1) - sin@) + x,
y () = (V./€) [cos (8- 1) —cos 6] +y, ©®
() = Vi + gz

where £2= gB,/ (mc) is the ion cyclotron {requency and unpenurbed velocity is taken as ;
Vo, () = V, cos(6- )
Vy(t) = V, sin(6-Q) ©)
v, = V,.
Substituting ¢q. (6) 1nto cq. (2) we get :
Ex (r (1), 1) = Ey cos (kyx (1) + kyz (1) — an)
Ey cos (- (k V,/Q) sin (8-S) + (kV,-o)N
+ (k V. /0) sin + kyxg + kyzg]

EI Z.Jn (ﬂ) cos y,

where u= kV, /02, v, = At + wg,

A, = KV - @+ ns2, wf,’ = —-nB + usin 6 + k.ry. ®
Note that rg = (xy, ¥y, 2o) and are paramcters at ¢ = ().
Now cq. (5) becomes :

dufa = (qxE[m) Y T, () cos (At + y?) ®

n=-oo

du,fdi + iQu, = (qE,/m) 2 o (1) cos (A + y,)
where Uy = Uy + LUy,
Hence in gencral, we cxpect the resonance condition :
A, (V“:-’ V,)=k|,V,-(x)+n.Q=0. n=%t1+2 (10)

We call those particles with V= V,, the resonant particles where V, is the resonant velocity.
To solve ¢q. (9) we set the initial condition for the resonant particles :

u(r=0) = 0. (1
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The respecuve solution of eq. (9) are found 10 be :

(0= (GE ) 3 1] AL (A2 - 2P )siny,

- Ssin(yn - )[(2A,,0)-8sn(yy + )24, )

u, (1) = (gE, /m) i./n(y)[{n/(/\i - 2%)}cos v,

A=--0o

+5cos( wf.) —.Ql)/(2A,,”)—5cos( V/,(.' + .Ql)/(ZA,, ,)]

w (1) = (gRE\[m) D’ Ju () (1/A,) [siny, - Ssin yy ] (12)
where &= 0 for the non-resonant particles and & = 1 for resonant particles. This u(t) includes
the varable ¢ and also the imial paramcters and can be written down as a function oli rand ¢
by chminating the iitial parameicrs with the use of eq. (6) thatis : \

o w |
ur=(gE/m) Y, Y Jnhl{a.f(AL -2 )singy -

N=—ol=—vo

55[“(an - A,,+|f)/(2/\,,,| ) - &sin (an - An—ll)/(zAn-l )]

\

u, (r.1y=(qE,/m) i i],,(u).l,(u)[{()/(/\f, —.Q2)}cosx,,, +

N=—on l2—on

dcos (XIII - An+l’)/(2/‘u+l)" 6005(111/ - An—l’)/(?An—l)]

u (rt)y=(gkE /m) Y Y S, (A () (1A,)

n=-wl=—co

(13)
[ SN, —osin{x,, — A,,I)]

where
X = kor — wt + (n-1) (2 -0). (14)
4. Density perturbation

In order to find out density perturbation associaied with the velocity perturbation u (r, ),

lct us consider a group of particles with the same imtial candition and let the number
density be

nir,; V) = N (V) + n (r, 1;V) 15)

where N (V) = N (Vy, V) 1s unperturbed density and n, the perwrbed density.
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The conservation of particlc number is :

nlr@’), ' =t+ AV ) dr =nlr@), 5V (@)ldr (16)
where r (¢) is the particle trajectory, that 1s :

dr(t)/dt =V (1) + u(1).
Using Taylor expansion of ¢g. (16) we get,

dmfdi = -N(V) (p-u). a7

Changing the variables of the right hand side of cq. (17) in terms of 1 and the initial
parameters with the help of eqs. (13) and (6) we get :

dnfdt = gEk,N(V)/m i.l,.(u)[A,,/(Af; - 2%)cos v, -

n= w

Scos(wn - )24 n1) - Scos(y + i) f(2A, V- (8)

gE kk,N(V)/m ZJ,, (u) (1/4,) (cos v, - 6cos w:,’).

n=-oo

Here, the second bracket on the right hand side denotes the density variation due to
velocitics along By while the first term denotes the planc normal to By. By integration we find
ny (1) the perturbed density for the non-resonant particles :

m(t) = - gENVYm Y J. [k [(47-27) +
n=-o (19)
(k, A'I/Af,)] SIny,.
The transformauon of n, (£) o ny(r, )18
M) = - GENWm Y Y L) J(w
ne - Iz 0)
Ui f(AL - Q7Y & k(A sin g
The perturbed density for the resonant particles under the assumption that n; (1 = 0) = 0,

we gel :

m(t) = - (GENV)Im) &k, Ji(w) A} Q1)
[sin y; —sin(y; - Ayt) = Agcos(y; - Ayt)]

m(r) = - GENVm) Kk Y, Y Jr(ndiw) (1/A7) ”
['=w00 |==00 (

[sin g —sin(xy — Ajt) - A/'COS(ZII' -A)
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provided that
w-1Q and K*= K[kl > |A}[(A]-Q%) = AY/Q@ @3)

where
x”' =k-r-wt + (l—l’) (.QI—G)‘

5. Distribution function

A detailed treatment of the inclusion of parallel clectric field through the zeroth order
distribution function has been incorporated in various papers [18,23,24] performing
mathematical analysis, through the kinctic approach, Mishra eta/ [18] have mentioned that by
the inclusion of parallel electric field, the kinctic cquations remain unchanged, in that case the
zeroth order distribution function is converted from,

P ny exp [_ Vi (Va-Vp)? ] 24)
enala 2a} 2a
10 the another distribution function defined by
% Vi-Vp)?
5 = /no - exp [_ i M 20) 25)
2m)" aloyc 2a) 2a¢

where

1/2 - 2 oy 12

JeE, j ( KT, ) K1, ,

e =a|ll-——| . qy=|——] , a, = (26)
" ‘ ( ma,.zk ! m L

K 1s the Boltzmann constant and V), is the drift velocity of the clectrons due to the parallel

electric field. They have also mentioned that the velocity space integratidn of the perturbed
distributions f_and g_ are equivalent. That is

jg.d3v = If_djv .

Adopting the same model we have selccted N(V) as the equilibrium distribution function of
the 10ns which is of the form,

2 (V,-Vp)?

NV = (no/@m ™ adac) exp | - 77 o)

@n

The applied electric field parallel 1o B, modifies the clectron thermal velocity in that direction,
and the temperature T in the dirccuion of magneuc field modifics 1o the complex temperature
T|_- AS "

I, =T, l] + JeEn/(kIIKTII)] (28)

Here we [ollow the techniques of Pines and Schrieffer [23] and Bers and Brueck [25] where,
the change has been introduced in the zero order distribution function by a change in the
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temperature parallel 1o £,. This method has been further considered by Misra et al [18] for the
investigation of whistler mode instability and by Tiwari and Varma [24] for the study of drift
wave instability.

There are several observational evidences where the parallel clectric fields as large as
100 mV/m are reported along the auroral field lines [26,27]. Various theories have been
proposcd for the existence of parallel electric fields on the auroral field lines [28,29].

6. Dispersion relation

We consider the clectrostatic ion cyclotron instability in the system of hot electrons and hot
1ons under the conditions,

@ ~ 1Q; << kywyencamy, <|@ - 19|
1>k = K[kl >(0-12)}/Q} and p, <<ki' -p, 9)
where p, and p; are the mean gyroradii of the electrons and the ions respectively.

The resonant particles in this case also are the ions with parallel velocities near o
/= (w-19,)[k,, except for them, the other particles are non-resonant. The intcgrated

perturbed densities for the electrons and the 1ons are estimated respectively as :

A, = - Vf(kudi).  Ej(4me).  sin(k-r-ar)

i =~k o), f(w-192,) (7 )1+(2Vp V) {1 - (12, /)}]

(30
[E, /(4 7e)]sin(k -r — o)
where
2
wyz):.r = 47mﬂe /ml."
and (7) = [2av.av R,V DFL 00 31
exp %kfpf ]I, -;—kfpf for the Maxwellianf |, |
dy, is the Debye length defined as :
dllzt = Tllce/(mew;zae) (32)
The Poisson's equation can be writlen in the form
V-E = -k, (1+x*)E, sin (k.r-or
J(1+x%) E, sin (k.r-ar) )

4me (ﬁn _ﬁr)

Substitution of egs. (9 - 12) in eq. (13) results the dispersion relation in the form :

1+ (14 %) (fIa2) - (/014 ) {h fro- 12.7%)
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[1 + {@vo)v, -0 100) @) =0 34)

In this method, we considcr the principal part of plasma dispersion function, therefore; the
dispersion relation is real. We follow the energy cxchange procedures 1o evaluate the growth
ratc and, therefore, complex analysis of the dispersion relation is not required. The
involvement of Bessel functions (J H ) in the dispersion relation shows that the procedure is
equivalent to kinctic approach. In casc V), = Ey = 0 our result is same as derived by
Terashima [20)] using the standard Maxwellian forms.

7. Energy balance and growth rate

Wave energy density per unit wave-length W, is defined as a sum of purc ficld energy and
the change in the energy of non-resonant particles ve.,

Wy = (AEZ[8x) + W, + W, (35)

where \

\
\
» '

A
w,, = jax [av(m,.p2) [(Nw) V+u? - Nv"] e

After substituting values from eq. (13) with 6§ = 0, and cgs. (20), (26) and (27), we get the
cnergy associated with the ion and electron components of the non-resonant particles as :

W, = (AE her) (1/klds), a7
w, = (AEX or) o’ /(w ~10,)? ;— (4F i+ a80)

[1+{(2VoVe) /1- (10210} - R KEVE[w(ig2, - )] (3¥)

Hence the expression for the wave encrgy density per unit wave length can be writien by
substituting cgs. (37) and (38) into cq. (35) as :

W, = AE.Br+ A fon V/ildi, +(AEL N6n) 0k /(0 -102,)?)
1
— {7+ 7h) [1 + {(2vo/ve) [ 1- (2 /w)}

~ RKZVE [0(1Q, - ) 39)

where
R = ((-’Ll +Jin )2) / ((-’12»1 +le+1)) 40

Here in the above, the ions' contribution is dominant unless kfd.f, <.
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The changes in energy of the resonant particles are

2n  V,+AV
Ww,, jd.\ jv av Id() J'dv.. (m/2) [(N+m) (v, +u, 7 = NVZ] @a1)

0 D Vr av
27 V,+aV

W, = IdsIV av, JdO jdV., (m/2) [(N +m) (Vy+ ) =NV, ] @)
0 vroav

where eq. (13) with 6 = 1 and eqs. (22), (26) and (27) are 10 be substituted to cvaluate the
change in encrgy W,.

The change in encrgy for resonant particles duc to the presence of EIC wave,
perpendicular o the ambient magnetic ficld for (=1 is given as :

W, = (ABR/8) (@3, /@2) = (43 +3) (Q/0) (w/kVan) Quf2m)"

CXP-[wz{l—(Q./w)—(VD/Vo )/ 2wvi {1+ (B KT )}]
[1+(E k2 kT2

1-R((.Q,/w)+(V,,/V°)—]y(ﬁ,/w) . {“(e é yPpe )} . (43)

Similarly, the change in energy lor resonant particles due 1o presence of wave, along the
ambient magneuc field for [=1:

W, = (AE2B) (w2 /) (€00) (0/kVa) % ((Jo+12)2) (T /1)
[1-(€2/@)~ (Voo )] [ (($2/0)2m)"?)

exp-[@* {1- (/@) - (ViV} [ 26iV5 {1+ (B KT}
[1+(PE w2k

(44)

wherce use is made of :
(112 (IJ)) = (Lo W)+ d (IJ 2/I‘”?)
The growth raic of the wave is found from the energy conservation cquation and defined as
= (JE) (dEy/dt) = - (dW,/d1) [ 2W,,. @5)
Hence, the growth rate in eg. (45) 1s now :

p o{l-(Q /o)) {1+((2v,,/v,) [ 1-(12;/w))}

Y = 2
o = (a2 o {1+ (B KT
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exp -[w? {1-(Qi/@) - (Vo/v,)} / 2V {1+’ B /I K717 )}
T, _

T, [1+(’Ef ki KT}

where /=1, 2, 315 10 be substituted and we have used the egs. (25-27), (39) and (43) to
cvalualte the growth rate. If the applied parallel electric field E, = 0 and V, = 0, the result is
samc as derived by Terashima [20)].

[R((IQI [@)+(Vp/Ve = 1) (192, /a2) 1] (46)

Here, the growth rate is valid for clectrostatic ion cyclotron waves in the presence of
ion beam and paraliel electric ficld. The contribution of elcciron beam and interaction of
resonant clectrons with the wave has not been taken into account. The results with electron
drifts and energy cxchange with the clectrons have been considered by Drummound and
Roscnbluth [30], Kindel and Kenncl [31]. The constant parametcrs used in the calculations
arc:A=300m, E,=50mV/m KI',=5¢V, k,=0.002m", bi=0.5 whkVy = %

8. Results and discussion
instability

In this paper, we have conccentrated upon the study of clectrostatic ion-cychotron
which has been observed in the inverted - V structure of the auroral acceleration regyon. We
have emphasized the study to investigate the possibilities of EIC wave emissions in the
presence of EIC wave and unflowing 10on beam relevant Lo the auroral acceleration processes.
The wavce clectric field choosen for numerical evaluation of the results arc pertaining to the
wavc ficlds obscrved in the acceleration region {32]. Thus the ionospheric physicist may usc
the results as the ion bcam may be the cause of EIC wave emissions, which have been
observed in the auroral accelerauon region. The study on saturation spectra and the saturation
level has not been considered in the present analysis which may require the further
mvestigation,

The expressions for the change in cnergy of the resonant particles due to presence of
wavc perpendicular and along the ambient magnetic field arc derived in cgs. (43) and (44).
Hence the growth rate is cvaluated as cq. (46).

Figurcs 1 - 3 show the variauon of the normalised growth rate versus £,/ for
different values of parallel clectric field at the harmonics of the ion cyclotron frequency. The
variation of Y/w versus €,/ for [ = 1 is shown in Figure 1. The growth rate reaches the
maximum value for the particular valuc of 2,/ and electric ficld enhances the growth rate,
when  ~ €2, the growth rate vanishes, when €2, > @ the growth rate goes on increasing
and after a certain value of $2;/@ growth rate starts decreasing. This is due to the term
| - ( £2,/w) appeared in eq. (46) of the growth ratc. Higher parallel electric ficlds tend to
enhance the growth rate of wave and the band of €2,/ is expanded. At the particular band of
£, /w the generation of wave is possible which may correspond to the wave emissions
around @ = £2, above the wave frequency @. The shifting of maximum of the growth rate at
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the higher electric fields indicate that the wave generation may be possible away from the
wave frequency @ and increasing growth rate with higher electric fields indicate the
possibility of generation at the higher ficlds,

.78
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Figure 1. Vaniauon of Y/owih L) /wlor different values of Eylorl=1.

Figure 2 shows the variation of Y/ Versus 2 /o for [ = 0 for different parallel
elecrric fields (£,). Figure predicts that E, expands the bandwidih of £2;/w. Ata particular
valueol 02,/ = 0.5, growth rate becomes maximum and afterwards, it approaches o zcro,
This predicts that the most possible mode of the excitation is second harmonic, that is
@ =2Q,. Beyond the first harmonic thatis = £, the growth rate reduces 10 minimum
values. Thus the possible band of wave generation may be in between £2, 10 262,

The similar patiem is seen in Figure 3, where, growth ratc 1s plotted with £, /w for
/=3 and different values of paralici electric field. The electric ficld controls the growth rate
4nd increases the emission band.,

67B-(4) 9
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Comparing the above mentioned figures, it can be noticed that the possible mode of
excitation is the lowest harmonics. The resonant particles corresponding to the first harmonics
of the wave feed maximum energy to the wave around @ = £2, and less effective for the
higher harmonics. Thus, the electric ficld is less effective Lo provide cnergy Lo the wave
through the modification of thermal velocity parallel to the magnetic field. The particles

resonating with the first harmonics may be less effective for the higher harmonics. Thus the
clectric field may reducc the growth ratc.

Figures 4 — 6 show the variation of Y/w with V[V, for different paraliel electric
fields at the harmonics of the ion cyclotron frequency. In Figure 1, the parallel electric fields
cxpand the band width of V/V,, . E, may alter the beam velocity required for growth rates at

R=1S
T,
-l -‘L [X.)
10 4 Tui
&,
-2
a 10 A
>
€, 20nv/m
-3
10 1
-4
10 A
€, * 10mV/m
€0
T T T T T T T L
< .5 -9 1.3 .7 2.1 2.5 29

—_— Vo/ Ve

Figure 4. Vanauon of Y/wwith V p/V,, for different values of Eyforl=1.

smaller electric ficlds. When parallel electric field is zero, the growth rate increases rapidly
with the increase of Vp/V, and after a certain value of V[V, slarts decreasing. It is seen in
figure, that whenever, the parallel eleciric field is above 10 mV/m, the growth rate increases
rapidly but after a certain valuc of V[V, il decreases slowly and approaches to zero. In
Figures 5 and 6 between Y/wand V,/V, for [ =2 and for [ = 3, the similar nature may be
visualised. In Figure 4, 1t may bc noticed that when phasc velocity V, approaches beam
velocity Vp, the effect of electric ficld is Lo reduce the growth raie. However, beyond this
limit the effect of electric field is to enhance the growth rate. In the case of the higher
harmonics of the ion cyclotron frequency, the conditions for V/V, are modified as seen in
Figures 5 and 6. The higher electric fields require higher values of V/V,, for the excitation
ol the wave. This may be due to the rcason that the electric ficld may be additional encrgy
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source for the generation of EIC wavcs in the presence of beam velocity Vp. The condition on
Vp/V, may thus be modified. The presence of clectric field may change the beam velocity

—
10 1 Re=|
T
—_—
Tn!
10"
3 4
~
> € "20mV/m
-3
10 4
-4
10 -

I',.- 10mvV/m

1 -378 -7 9 A3 s (7 19 24 23 25 27 29
Vp/ Vg |

Figure 5. Vanauon of Y/@with V y/V, for different values of 7 for (=2

required for the gencration of the wave. The condition for the instability may be predicied
by the Figure 4 as the growth 1s possible as V/, is around V. These results may be consistent

10
R=1
T .s
-, T”l
10 1 & el
K]
> -4
> 10 4 €, 20m V/m
-3
10 1
€ s omv/m
€0 J

13 .8 .7 .9 LI 13 13 17 L9 21 23 2527 29

V'/v‘.

Figure 6. Variauon of Y/mwith V y/Vy for different values of £y lor =3 .

with the results reported by Mozgr e al [ 1], Lundin and Huligvist [33], Singh et al |34] and
the references therein; about the up flowing ion beams and the parallcl acceleration in the

auroral rcgion.
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The high altitude observauons by $S3-3 indicated that the altiude range upto 10,000
Km was a prime acceleration heating region lor the topside 10nosphere. Upward flowing ion
becams were believed Lo be predominantly accelerated by parallel clectric fields. Scveral
theoretical studies on the topic of ionospheric ion acceleration have also been made during the
past year [35,36]. Since the beam velocity is the critical parameter that determines whether
bcam driven instabilitics, can be excited. The plasma in the upward current regions may be
morc casily destabilised due to the upflowing ion beams reporicd by various satellites. Over
the altitude range of 5000 to 8000 Km bcam the velocity in the acceleration region also
maximises and therefore, plasma at those altitudes will be most casily distablished by ion
heams driven instabilities supported by the parallel electric ficlds.
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