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Electrostatic ion-cyclotron waves are investigated in multi-ion plasma (H', He" and O") using particle aspect analysis.
Variations with perpendicular wave number of wave frequency, resonant energy and growth rate with general loss-cone
distribution function are studied. The whole plasma is considered to consist of resonant and non-resonant particles. The
resonant particles participate in energy exchange while the non-resonant particles support the oscillatory motion of the
wave. The wave is assumed to propagate obliquely to the static magnetic field. It is found that the frequency for the lighter
ions increases then decreases by increasing the perpendicular wave number while the frequency for the heavier ions is
constant. Perpendicular wave number decreases the growth rate of the wave and also decreases perpendicular resonant
energy and increases parallel resonant energy. The effect of general loss-cone distribution is also discussed with multi-
component plasma which increases the wave frequency, growth rate and parallel resonant energy while decreases the
perpendicular resonant energy. The study may explain the EIC waves observed in auroral acceleration region. The results
are interpreted for the space plasma parameters appropriate to the auroral acceleration region around the earth’s
magnetosphere.
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1 Introduction

The excitation of ion-cyclotron waves has received
considerable attention because they provide an efficient
mechanism for energization of cold ionospheric ions
perpendicular to the Earth’s magnetic field'. These ions
are driven upward along the Earth’s diverging magnetic
field lines by the mirror force, converting some of their
perpendicular energy into parallel energy forming ion
beams and conic distributions. These transversely
accelerated ions of ionospheric origin ultimately make
their way deep into the magnetosphere, accounting for a
significant population of hot magnetospheric ions”.
Electrostatic ion-cyclotron (EIC) waves have also been
discussed as a possible mechanism for the formation of
V-shaped electric potential structures in the auroral
ionosphere, connected directly to the earthward
acceleration of auroral electrons, have been observed
simultaneously with EIC waves. The investigation of
charged particle trajectories, in the presence of wave
paves, the way to study the excitation of waves, their
dispersion relations, current driven by the waves and the
transfer of energy to the particles and hence heating and
acceleration of the charged particles by the wave, in the
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same sequence of analysis, referred to as the particle
aspect analysis, which will be adopted in the present
investigation.

Ono et al.’ studied the parametric excitation of EIC
waves in the He'-Ne" plasma. Abraham et al.* found
that the wave can be driven unstable by the hydrogen ion
drift velocity alone, at small perpendicular wave number
as well as electron drift velocity at large perpendicular
wave number. Also, the growth rate is dependent on the
densities and temperature anisotropies of the various
constituent ions. Zhao et al.’ found that proportion of
high and low energy outflow O' increased during
magnetic storms. They also suggested that the O
outflow intensity increased from 2000 to 4200 km and
had a positive correlation with the solar activities. Simic
et al® have investigated the critical electron drift
velocity in the presence of positively or negatively
charged resonant ions in multi-component plasma they
shown that the critical drift decreases’ as the state of
plasma approaches the isothermic state. Kurian et al.’
found that the frequencies and growth/damping rates are
dependent on the densities and temperatures of all
species of ions (H', O", O"). They also studied that ion
cyclotron waves are driven by electron drift parallel to
the electric field; the temperature anisotropy of oxygen
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ions only slightly enhance the growth rates for small
values of temperature anisotropies. Rosenberg et al.®
found that as the concentration of heavy negative ions
increases, the wave frequencies increases, the unstable
spectrum in general shifts to longer perpendicular
wavelengths, and the growth of higher harmonic EIC
waves tends to increase within certain parameter ranges.
Ahirwar ef al’ have studied electromagnetic ion-
cyclotron waves with multi-ion plasma (H',He',0") in
auroral acceleration region of the earth magneto-plasma
their conclusions may be useful to explain heating of
He" , O' ions by particle aspect approach along with
dynamics of EIC instability. It is found that the effect of
plasma densities enhances the steepness of loss-cone
distribution function.

The ground-satellite observations of structured
dayside Pcl emissions related to magnetospheric
compressions arise from enhanced densities in the solar
wind'® type mechanism in the top side auroral
ionosphere could be easily explained for the enhanced
He" energization. The He" ions are accelerated with H"
and O and the consistent association between
preferential acceleration and EIC waves may suggested
by the cyclotron resonant acceleration mechanism. Ion
heating and acceleration perpendicular to the magnetic
field is a common feature in the auroral region. The
observational evidence of simultaneous observations of
ion cyclotron modes and perpendicular heating of ions
are studied by Hamrin ef al.'', Summers et al.", Albert
et al.”® and Engebreston ef al."*. Kim Su-Hyun et al.”
shown that waves with frequencies near the ion gyro
frequencies and multiple harmonics launched from an
antenna are observed to grow in amplitude in the
region of ion flow shear. They discussed implication of
these results for plasma wave excitation in earth’s
auroral region. Strelstov'® presented the results from
numerical study of the effect of multiple ion species on
the development of  small-scale, intense
electromagnetic waves and density structures that are
frequently observed in the auroral ionosphere in the
vicinity of discrete auroral arcs. The simulations reveal
that these waves can be generated by the ionospheric
feedback instability in the downward current channels
adjacent to the upward currents, causing aurora, when
heavy ionospheric ions in particular (O,") provide the
“matching impedence” condition between the
ionosphere and the magnetosphere. Pandey et al.’
studied the oblique electromagnetic electron cyclotron
waves for Kappa distribution with A. C. field in
planetary magnetospheres.

The problem of EIC wave excitation in such a case
was first studied by Kindel and Kennel® using the
kinetic theory developed earlier by Drummond and
Rosenbluth”. There have been a few experiments on
EIC waves in multi-ion species plasmas. In previous
work various authors Mishra and Tiwari et al.”’ studied
the EIC waves in single ion plasma, thus it has become
necessary to understand the excitation of EIC waves in
multispecies plasmas. The importance of ion cyclotron
waves in auroral physics lies in their ability to heat and
accelerate ions, and perhaps to provide anomalous
resistivity, allowing the creation of a parallel potential
drop. Since such processes have global implications for
the magnetosphere, these waves have been the subject of
numerous publications” ™ and shown the existence of
electromagnetic waves. Chaston et al.*® have shown that
these waves can have a Poynting flux directed upward
out of the auroral oval, suggesting that the waves
observed at higher altitudes may have their source at the
base of the auroral potential structure where they are
electromagnetic.

The motion of anelectrically charged particle in
a magnetic field can be treated as the superposition of a
relatively fast circular motion around a point called
the guiding center and a relatively slow drift of this
point. The drift speeds may differ for various species
depending on their charge states, masses, or
temperatures, possibly resulting in electric currents.
These differences in various parameters of different
species will be used to study the effect of multi-ions, i.e.,
H', He" and O" ions present in earth’s magnetosphere.
Different ion species exhibits different dynamics,
depending on their masses and initial distributions.
Trapped charged particles drift slowly around Earth, to
gyrating around their guiding field lines and bouncing
back and forth between mirror points, switching guiding
field lines but staying at approximately the same
distance.

The EIC turbulence plays an important role in the
loss-cone current potential relationship. It has been
suggested that the loss-cone effects can enhance the
anomalous resistivity for a given turbulence level. Since
the steep loss-cone distribution in the presence of EIC
waves and the multi-ions enhances the growth rate, the
anomalous resistivity and transport resulting from this
instability are likely to play a crucial role in the auroral
acceleration region. The converging magnetic field lines
in the higher latitude auroral ionosphere may be
considered suitable for the use of the generalized loss-
cone distribution function. Pitch angle of a charged
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particle increases as it moves into a region of stronger
magnetic field and decreases as it moves into a region of
weaker field. In simple magnetic mirror geometry, the
magnetic field reaches a minimum value at the centre of
the geometry because the spacing between fields lines
greater diverging in nature. For the ends and magnetic
field is at maximum value due to converging nature of
magnetic field lines. The particles within this geometry
can follow a range of trajectories to be confined; this
result is known as magnetic mirroring. The particle
briefly gyrates perpendicular to its guiding field line, and
then retreats back to the weaker field, the spiral
unwinding again in the process.

Magnetic mirror is a type of magnetic confinement
device, used in physics experiments to trap high
temperature plasma using magnetic fields. In a magnetic
mirror, a specially shaped electromagnet creates a
configuration of magnetic field lines, which reflects
charged particles from a high-density magnetic
field region to a low-density magnetic field region as
discussed above. This mirror effect will only occur for
particles within a limited range of velocities and angles
of approach. Plasma in a mirror like device and in the
auroral region with curved and converging magnetic
field lines considerably depart from Maxwellian
distribution and have steep loss-cone distribution
function. It has been widely used by many researchers
on the study of electrostatic waves, electrostatic ion-
cyclotron waves”? and electromagnetic waves, drift
waves”, electromagnetic ion-cyclotron waves™.

The auroral acceleration region follow the geometry
of mirror like devices, the use of general loss-cone
distribution may be more appropriate to describe EIC
waves in the auroral region. The general loss-cone
distribution has been adopted by various authors™™*' in
past. Here index J represents the effectiveness of
perpendicular velocity and specify the effectiveness of
mirror geometry. Increasing the value of J, which
appears as the power on V1 reflects that the particles are
having much more perpendicular velocity as compared
to the parallel velocity. J= 1 and J = 2 represents steeper
distributions.

In this paper, we have studied a systematic and
detailed investigation of EIC waves in multi-
component plasma with general loss-cone distribution
function for magnetosphere like plasma parameters,
with the purpose of attaining a more complete
understanding of their relative importance. The
advantage of present approach is to its suitability for
dealing with auroral electrodynamics involving the

heating, acceleration and energy exchange by wave
particle resonant interaction.

2 Basic Trajectory

An EIC wave is assumed to start at £ = 0 when the
resonant particles are not disturbed. The trajectories of
particles are then evaluated within the framework of
linear theory. The wave is assumed to have the form:

Ky E.k=(k 0,k ),E=(E0,E,)
with

E,(r,t)=E cos(k x+kyz—wt),
E,(r,t) = kE, cos(k x + kpz — wt)

and

k
K=[—H]<l
kL

The amplitude £, is slowly varying function of ¢,
1e.,

1 ( dE,
— — | << ®
E  dt
The EIC instability in the system of hot electrons
and hot ions is considered under the condition:

w—-AQ,

. << Vme
n

Vite <
and k ’p, <<k ’p,’ ~1

Where V., . is the thermal velocity of the ions and

electrons, respectively along the magnetic field, Q  is
the ion-cyclotron frequency. A = 1,2,.... represent the

harmonics of the wave, p,, is the mean gyro-radii of

the ions and electrons, respectively, k; and k, are

the components of the wave vector along and across
the magnetic field, respectively and @ represents the
wave frequency.

2.1 Trajectories and velocities of the particles

The trajectories of particles are evaluated within
the framework of linear theory. The equation of
motion of a particle is given by:

m(i—j}zq{E+(%)vao} .. (D
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If £ is considered to be a small perturbation, i.e.,
E=E,, velocity v can be expressed in terms of

unperturbed velocity J and perturbed velocity u.
Then the trajectory of the free gyration is obtained as;

X(t) = %[sin(@—ﬂat) —sin@]+ X,

a

Y(t)zg—L[cos(H—Qat)—cos9]+ Y,, - (2)

a

Z(t)=Vyt+ 2,
The perturbed velocity u is determined by:

du |
dt

duy,

dr

. E G .
+iQ u, = %Z]l(y)COS(AZt-H/IAO)
- .. (3)

qE +00 )
=?Z/z(ﬂ)COS(Aﬂ+%°)

Where u, =u, +iu, represents the perturbed velocity

in transverse direction and u; represents the velocity in

parallel direction. The resonance criteria are given by:
=0;A=£1,£2,43,.........

Where, V is the resonance velocity of the particles
The oscillatory solution of u () is given by:

W ) = LS (YT ()%

A .
2—Azsm Anl —
A A —Q a
Sin( Xl _AﬂJrlt)_
A+1
sin - A, .t
_2A/1_1 (Zn/ l—l) |
qu +o0 +0o0
uy(r’t)zTZ_OOJn(:u)Z_DOJZ(IU)X
A
——+—5—cos y, — cos( ¥, —
A7y —Q7% 2A/1+1
o
A, - 5 cos( x,, — A, 1)
-1
xKE +o0 +00 1
u (r.0) ==L Y T, ()
m A,

[sin Xw —Osin( y, — AM)]
.. (4)

where, g, =kr—at+(n—A)Q,t—0)

0 =0 for non-resonant particles and o =1 for
resonant particles

2.2 Density perturbation

To determine the dispersion relation and the
growth rate, we consider bi-Maxwellian plasma with
density perturbation as

NW)=NyfL (v ) fnvp) ... (5
VLZJ -
fl(VL):[mT 2(M)J!]exp[ o j ... (6)
_| 1 —v’n
fn(vn)—{\/;vm]exp an2 (7

Where J is distribution index and measures the
steepness of loss-cone feature. It characterizes the
width of loss cone™?’. In case J = 0, this represents a
Maxwellian distribution, J = oo, this reduces to Dirac

)
delta function, o(V, —J AVTL )and peaked about

1 -1
J %2 V7 and has a half width of AV ~J AVTL given

by Mishra and Tiwari’>.
2T, 2T

Ve = and Ve = (j+1)' == are the squares

. mll . m(l
of parallel and perpendicular velocities of multi ions
with respect to the external magnetic field.

The quasi-neutrality condition yields to the
equation:
n,=n, +n, +n,.

Thus we evaluate the density perturbation
associated with the particle velocity as:
dn
7; =-N,. (v, )Vu),. +

(N o (2 V) o)+ (N (7 (V) )
. (8)

Transforming the RHS of Eq. (8) as the function of
t and we get the solution of equation
k| K’k

qE,N(v,) & .
”1(”’1):1’"7’(2/& DT (), (1) er I L sin g,

In=-x
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and
EN(Q, .
n(r,t)= q‘—(h')kaL
le
Z J(w)J, (#)—
{sin ot —SIN(Z = Ay t) = A £COS(Z — A t)}
EN(W, .
LAENC) )k2kL
mHe*
Z S0, (1)~
—00 ]H+
{Sin Kt — Sin(lnl ~ Nt t) N /\lHe* [COS(/’{n[ - /\ZHH t)}
EN®Wv,
+ q 1 ( 0 )kzkL
m.
Z S, (10—
Ln= lzfr
{sin z,, =sin(z, = Ay ) = A, t€0s(z, = A, 1)}
.9

Where and a = H,” He",0"

2.3 Dispersion relation
The Poisson equation is,

VE=-x (+ K* )E, sin(k.r — at) = 4me(n;, —n,)
.. (10)
Where n,, is integrated perturbed density of the

non-resonant particles of the respectivespecies given
by,

_ ek k, 1 K.
=+Jva(v)%;{Jn (mJI(;z)x[AZ” ol LS
. (11)

kV
——— A, =k Vp—o+nQ,, and

Where u=

a.e

Xy =kr—ot+n-10)(Q,1-0)

Where, a = H,"” He",0"

Using expression for unperturbed density for the
non-resonant ions” and Eq. (5) the integrated
perturbed densities for the non-resonant particles is
derived as,

E,
n, = 12 —Lsin( k.r — wt)
k,dne )4me

k 2
%< 24>$sin(k.r ~ wt)

<J2,1> = ]'i27ledVlJ21(,U)fm 7))

, 4N e’
Where, ®,, =———

andn ,

IR

is plasma frequency for
m

a
the multi ions and N, the multi ions plasma density.
Then the dispersion relation is,

1 1 K*
+ T - +
l+x k “d’ne 1+«
@ 2
p—az <(J2/171—J2/1+1)>;O
(- 1Qa)

For A =1, <(J20 +J22)>—1—(]+1) Léo =,

.. (12)

2\ 1 . k 2J_,l72 a
<(Jo +J,) >—1—5(J+1)—2
For J = 0, this dispersion relation reduces to that
given by Terashima™.

2.4 Growth rate
The wave energy per unit wavelength can be
defined as

- _AE;
w 72_
jds {(N+n)(V+u) —NVz}a,ea
» :/1E21 +/1E21 ©pa 21
Y8 167 {w-aQ, P 2 .. (13)

2 2 AE? 1
<J/1—1 +J/1+1 >+ 167 (kzLdzneJ

2.5 Rate of energy transfer
The changes in energy of the resonant particles are,

W= Z 0 +W,0)

20 v, +Ar

W, jdsjV av, jdej v, {(N+n)(V fu ) NV

. (14)
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20 v, +Ar

W, = :[dsIVnan !d@v [ @y %{(N-Hzl)(Vn Fup)? - NV
... (15)

=

For the resonant particles 0 =1 and the resonant
velocity V, defined as

v - w—1Q, ’
ki

W AE* | @ pa o | Q.t exp
" 87 \ Q% \knVi. JN27

1 o0,
B |-l ... (16)
2 kl_[thm w
AQ
1 R( a_lj T
1 2 2\l _ i Lla
X 2<J,H +J > 1 aQ, T,
)
/1E21 a)zpa w Q t
W= “—exp
1 [ 8 J[ (O kitVine )N27
1 o\
B |- Lre .. (17)
2 kHVtha @
-5
1 ) o T,
><5<(J;,71 +J,.) > Q. T,
1)
J+J,)°
Where’ R — ( l+12 -1 )2
™ +J057)

) > (10 0PI )

Using the law of conservation of energy the growth
rate is obtained to be

law*,. Nt
| ar | dr

Hence the growth rate is,

2
Q
1:1/1 @ 1—/1 | exp
@ 2 kl_[Vtha @

1 00 )
——( @ Ml— “j ... (18)
2 knl/tha w
aQ,
_1 T
x| R -2 | Lo
ﬂ'Qa Tl_[a
(0]

For J = 0 the growth rate reduces to that given by
Terashima®.

3 Results and Discussion

We have evaluated the dispersion relation,
transverse energies and growth/damping rate of EIC
waves in multi-component plasma. A graphical
representation of the expressions is shown in Figs 1-
12. The following parameters relevant to the auroral
acceleration region are used’” to evaluate the
dispersion relation, resonant energies and growth rate.

By=4300nTat 1.4 Ry ; Qy = 4125 ; Qu." =206 s
Q)" =51.505" ;1 =300m ;

E; = 50mV/m ; ky =2m™" ; Tie _ 5op ; die =52.55m
la

Using these data in derived expression for
dispersion relation (Eq. 12), perpendicular resonant
energy (Eq. 16), parallel resonant energy (Eq. 17) and
growth rate (Eq. 18) we obtain the graphical
representations.

Figures 1-3 show the variation of wave frequency
o (s') verses perpendicular wave number k L, p; for
multi-ions (H', H.," O") with J=0, 1 and 2. It is found
that the loss-cone distribution enhanced the wave
frequency of multi-ions due to loss-cone structure of
magnetosphere. More energetic particles are available
to provide energy to the wave by wave particle
interaction. For lighter (H", He") ions it attains a peak
and shifts towards right due to shifting in the
resonance condition while for heavier ion (O") after
attaining a peak wave frequency becomes constant it
may be due to its heavier mass.

The H' ions are in cyclotron resonance with the
wave and participate more effectively in energy
exchange process as compared to H, & O
jons. Ahirwar e al’ have stated that the FAST (Fast
Auroral Snapshot) satellite has detected a class of ions
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conics events in which H.  ions is more strongly
accelerated than H' or O ions. The transverse
acceleration of ion is a usual and normal process in the
high latitude auroral ionosphere that is approximately
coincident with the auroral oval. The steep loss-cone
affects the heating rate of the transversely accelerated
ions through the EIC instability in the auroral
acceleration region. The auroral acceleration region
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Fig. 1 — Variation of wave frequency o (s') versus Lp; for
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Fig. 2 — Variation of wave frequency ® (s') verses & L p; for
helium ion atJ=0, 1 and 2

accelerates both ions upward along magnetic field lines,
while electrons downwards which creates the visible
aurora. The ions precipitates in the energy exchange
process are predominant due to direct injection into the
loss-cone in this region.

Figures 4-6 represents the variation of growth rate

y /@ verses perpendicular wave number k, p, with
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Fig. 3 — Variation of wave frequency o (s) versus & Lp; for
oxygenionatJ=0, 1 and 2
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multi-ions (H", H.” O") for different values of
distribution index J=0,1 & 2. It is found that steepness
of loss-cone enhances the growth rate of the wave for
multi-ions, it is due to particle impart energy to the
wave by wave particle interaction. For H™ ion the
growth rate with perpendicular wave number first
decreases then increases. For He" and O" ions growth
rate decrease with perpendicular wave number, i. e.,
the wave impart energy to the particles of heavy mass.
For He' ion growth rate attains a peak and shifts
towards right due to shifting in the resonance
condition.
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Fig. 5 — Variation of growth rate y / @ versus k| p; for helium
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Fig. 6 — Variation of growth rate y / @ versus k| p; for oxygen
ionatJ=0,1and 2

The collision less wave particle scattering by EIC
fluctuations is a possible explanation for these results.
The steep loss-cone structures are analogous to mirror
like devices with higher mirror ratio that may
accelerate the charged particles moving perpendicular
to the magnetic field. Therefore, the more energetic
particles may be available to provide energy to the
EIC wave by resonance wave-particle interactions.

Figures 7-9 show the variation of perpendicular

resonant wave energy W, | (erg/cm) verses perpendicular

wave number k  p, with multi-ions (H", H.", O") for
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different values of distribution function J=0,1 & 2. It
is observed that perpendicular resonance energy is
decreased due to the steepness of the loss-cone
distribution for lighter ions (H, H.). For the lighter
ions (H', H.") perpendicular resonance energy of the
wave is decreased and attains a peak at 0.6 and
resonance condition shifting toward higher wave
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Fig. 9 — Variation of perpendicular resonant energy w,. |
(erg/cm) versus k| p; for oxygenionatJ =0, 1and2
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Fig. 10 — Variation of parallel resonant energy w,, (erg/cm)

versus k| p; for hydrogenionatJ=0, 1 and 2

numbers according to distribution index due to the
impart of the energy to the wave by particle. For
heavier ions (O") the energy is increased according
the increase of distribution index. For heavier ions
(O") by increasing the perpendicular wave number
perpendicular resonant energy attains a peak at 0.4. It
is due to the resonance condition of the wave particle
interaction.

The steep loss-cone distribution of the magnetosphere
decreases the transverse energy as the wave frequency
approaches the cyclotron frequency. The positive energy
represents the transfer of energy from the wave to
resonant ions whereas the negative energy represents the
transfer of energy from the resonant ions to the wave. It
is observed that the particular values of the distribution
index J the transfer of the energy from the wave to the
resonant ions decreases with perpendicular wave
number and after that the energy is transferred from the
resonant ions to the wave.

Figures 10-12 show the variation of parallel resonant
energy verses perpendicular wave number with J=0, 1
& 2. It is observed that the distribution index stablize
the parallel resonant energy it may be due to mirror like
structure of magnetosphere, i. e., traped energetic
particles provide energy to the wave. With
perpendicular wave number parallel resonant energy
first decreases then increses for H' ions and for He"
ions it decreses with perpendicular wave number. For
O" ions it stablized with perpendicular wave number
and attains a peak which shifts towards right due to
shifting in the resonance condition.
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The effect of general loss-cone distribution
function with distribution index on EIC waves with
multi-ions magnetospheric plasma has been studied. It
is found that the steepness of loss-cone distribution
function decrease perpendicular resonant heating of
O" ion, while enhances parallel resonant heating it
due to wave particle resonance. It also decreases the
growth rate of wave. Barghouthi et al.>* shown that
the behavior of O ion total actual heat flux in auroral
acceleration region is similar to its behavior in the
polar wind, except that the magnitudes are higher in
the auroral region and tend to increase at a slow rate
at altitude above 5Rg in the polar wind region and at
altitudes above 2Rg in the auroral region.

In the auroral region the magnitudes of H" and O" ion
total heat fluxes are on the same order. That is the same
amount of energy transferred from low altitude to higher
by both ions is similar. For H' ion actual total heat flux is
negative at very low altitudes (i.e., around 1.8Rg). This
means that energy is going downward along the
geomagnetic field lines. Barghouthi er al** stated that
parallel and perpendicular heat fluxes have different
signs above results shows correlation with our results in
auroral acceleration region. By comparing with
“thermalized” heat flux, Barghouthi e al** found that
O" and H' ion outflow in the auroral region in the
altitude range 1.2-3Rg . This is equivalent to our
prediction of auroral acceleration region, i.e., 1.4RE.
The size of mirror structure was about one-gyro radii.
Axelsson et al® used optical data from the Auroral
Large Imaging System (ALIS) to perform a statistical

study of spatial and temporal variation of diffuse auroral
structures.

Ge et al.’® reported the mirror model structure these
structures were observed by the THEMIS-D
spacecraft this has analogy with our loss-cone
distribution function. Magnetic mirroring makes
possible the "trapping" in the dipole-like field lines
near Earth of particles in the radiation belts, in the
inverted “V” structures of auroral acceleration region
and in the ring current. Such lines the field is much
stronger at their ends near Earth, compared to its
strength when it crosses the equatorial plane.
Assuming such particles are somehow placed in the
equatorial region of that field, most of them stay
trapped, because every time their motion along the
field line brings them into the strong field region, they
"get mirrored" and bounce back and forth between
hemispheres. Only particles, whose motion is close to
parallel to the field line, with near-zero magnetic
moment, avoid mirroring and these are quickly
absorbed by the atmosphere and lost. Their loss leaves
a bundle of directions around the field line which is
empty of particles the "loss cone".

Based on our prediction distribution index ‘J’ is a
measure of steepness of loss-cone feature. It
characterizes the width of loss-cone, if steepness will
be enhanced then more and particles that are more
energetic will be available to provide energy to the
wave in auroral acceleration region. In presence of
loss-cone distribution, the transfer of energy from the
parallel component of the plasma ions to the EIC
through the wave particle interaction takes place.
Distribution index J is slightly increases the parallel
resonant energy at lower perpendicular perturbations
but at higher perpendicular perturbation, the
distribution index J enhanced the transfer of energy
from the parallel component of the resonant ions to
the EIC waves. The O ions are more effective as
compare to H™ and He" ions’”’. The steep loss-cone
distribution enhances the wave’s emissions of the EIC
waves as well as the heating of the multi-ions parallel
to the magnetic field by extracting the energy of the
perpendicularly heated ions. The mirroring force may
become operative in association with EIC waves in
order to control the heating and to emit the wave.

4 Conclusions

In this paper we have conducted a comprehensive
mathematical analysis of EIC waves with multi-ions
plasma (H', H." and O") and found how the wave is
grown through the inverse landau damping as well as
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the wave particle interactions. The effect of the
general loss-cone distribution function is incorporated
in the auroral acceleration region to discuss these
waves emissions with multi-ions plasma. The steep
loss-cone structure are analogous to mirror-like
devices with a higher mirror ratio, which accelerate
the charged particles perpendicular to the magnetic
field and that may be a free energy source to excite
EIC waves. Thus, particles that are more energetic
may be available to provide energy to the wave by
wave-particles interactions. The converging magnetic
field lines in the higher latitude auroral ionosphere
may be considered suitable for the use of generalized
loss-cone distribution function.

The altitude around 1.4Rg is supposed as auroral
acceleration region where waves can impart energy
to the particles. The process can be conveyed to the
outer magnetosphere at higher altitudes as well as
towards the lower ionosphere by wave-particle
interaction mechanism. Theory may be useful to
interpret the electrodynamics of the auroral
ionospheric region. The EIC turbulence may play an
important role in the loss-cone current-potential
relationship. The steep loss-cone distribution,
enhance the growth rate and anomalous resistivity
may play a crucial role in the auroral acceleration
region. The particle aspect analysis developed may
be applicable to laboratory and space plasmas, as
well as to estimate the heating and acceleration of
charged particles along with the study of emissions
of EIC waves. The plasma waves can transfer energy
from ring current H® to O° during magnetic
storms”**’ and play an important role in the heating
of the thermal electrons and ions*. The present
analysis may be useful to explain heating of He", O"
ions, this heating of heavier ions is known as
differential heating.

It was observed from the observations by FAST
satellite that the ion cyclotron waves in association
with the ion-conics may play a significant role in
transverse acceleration of ions in auroral
acceleration region®'. It is reasonable to assume that
if ion cyclotron waves are present in the solar
corona, then the heavy ions will strongly affect the
ion cyclotron wave spectrum. In future present study
can be extended for storms times, which is generated
by solar phenomena like solar flares and coronal
mass ejections. These studies may help to predict the
disruptions of communication during the storm
times. Using this mathematical model and extending

for various conditions can be used to predict the
shape of the magnetosphere.
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