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The ring current instabilities driven by the energetic oxygen ions are investigated during the
magnetic storm. The electrons and protons are considered to have Maxwellian distributions, while
energetic oxygen ions are having loss-cone distribution. Dispersion relation for the
quasielectrostatic modes with frequencies ���cp �proton cyclotron frequency� and propagating
obliquely to the magnetic field is obtained. Dispersion relation is studied numerically for the storm
time ring current parameters and it is found that these instabilities are most prominent during intense
storms when the oxygen ions become the dominant constituents of the ring current plasma. For
some typical storm-time ring current parameters, these modes can produce quasielectrostatic noise
in the range of 17–220 Hz, thus providing a possible explanation of the electrostatic noise observed
at the inner boundary of the ring current during magnetic storms. Further, these modes can attain
saturation electric fields of the order of 100–500 �V/m, and therefore, are expected to scatter O+

ions into the loss-cone giving rise to their precipitation into the atmosphere, thus contributing to the
ring current decay. © 2007 American Institute of Physics. �DOI: 10.1063/1.2777117�

I. INTRODUCTION

The multipoint satellite observations and modelling
efforts support the idea of coupling between the high latitude
ionosphere and the regions of magnetosphere. Observations
from two space missions, AMPTE �Active Magnetospheric
Particle Tracer Explorer� and CRRES �Combined Release
and Radiation Effects Satellite�, have demonstrated that the
abundance of terrestrial O+ ions in the inner magnetosphere
increases quickly, as a fast response of the ionosphere to
enhanced geospace activity during geomagnetic storm and
substorm.1 During the geomagnetic activity, the energetic ion
flux enhancement2 is more pronounced for O+ ions than
for H+.

The development of an intense ring current is an essen-
tial part of the geomagnetic storm. The main sources of ring
current particles are the solar wind and the terrestrial iono-
sphere. The quite time ring current is dominated by protons.
The only other ion species that contributes substantially to
the ring current is O+ ion, which become increasingly impor-
tant with the geomagnetic activity, and eventually dominates
the ring current during great storms.3,4 It is well known that
the energetic particles provide a source of free energy to
excite different types of plasma instabilities. AMPTE/CCE
observations indicates the presence of electromagnetic ion
cyclotron �EMIC� waves most frequently in the outer
magnetosphere5 beyond L=7. These waves can occur in
three distinct bands below the gyrofrequencies of H+, He+,
and O+. The excited band is controlled by the ion composi-
tion and anisotropy,6,7 the level of geomagnetic activity,8 and
the location with respect to plasma pause.9 Thorne and
Horne10 have shown that increased fluxes of O+ ions favors
the generation of waves below the oxygen gyrofrequency
and damps the waves above it. The ultralow-frequency

�ULF� waves with the spectrum localized near the harmonics
of the proton cyclotron frequency have been observed and
verified by several satellites in the equatorial
plasmasphere.11–14 The electrostatic ion cyclotron �EIC�
waves have been observed on the auroral field lines by many
satellites namely, S3-3 satellite,15–17 Viking,18

ISEE-1satellite,19 and Polar.20 For the excitation of the EIC
waves, currents, ion beams, and velocity shear have all been
proposed to provide the free energy for the instability.21,22

The ring current decay is mainly due to the charge ex-
change with exospheric neutrals, Coulomb collisions with
the thermal plasma, and wave particle interactions. The en-
hanced charge exchange loss of ring current ions having
small pitch angles23 deepens the loss cone and increases the
anisotropy of the drifting ion distributions making them
more unstable to the generation of the plasma instabilities. In
the ring current region a quasielectrostatic instability can be
excited by loss-cone distribution of protons.24–28 Recently
Singh et al.29 have studied the quasielectrostatic low-
frequency instabilities excited by the anisotropic O+ ions in
the ring current region. They found that the waves with fre-
quency near the cyclotron harmonics of the oxygen ions can
be excited by the anisotropic oxygen ions.

In the present paper the above work has been extended
to study the obliquely propagating modes with frequencies
greater than the proton cyclotron frequency. Using the ener-
getic oxygen ions as a free energy source, we study these
modes in the ring current region during the storm main
phase. Ring current plasma is considered to consist of Max-
wellian distributed electrons and protons, and energetic oxy-
gen ions are having a Dory-Guest-Harris �DGH� type of dis-
tribution. In the next section, we present the theoretical
model. The numerical results are discussed in Sec. III. Dis-
cussion on the application of the results to storm-time ring
current is given in Sec. IV.
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II. THEORETICAL ANALYSIS

We consider the three-component plasma consisting of
Maxwellian distributed electrons and background protons,
and loss cone type distributed oxygen ions with the Dory-
Guest-Harris �DGH� type of distributions,24,28–31
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��o=�2T�o /mo, and ��o=�2T�o /mo are the parallel and per-
pendicular thermal velocity of the oxygen ions, respectively,
J=0,1 ,2 ,3 , . . . is the loss-cone index defining the depth of
the loss cone, No, T�o, and T�o are the density, parallel, and
perpendicular temperatures of the oxygen ions. We have as-
sumed charged neutrality in the equilibrium state which de-
mands that Ne=Npb+No, where Ne and Npb are the number
densities of electrons and protons, respectively. In this analy-
sis we have considered the electrons and protons to be iso-
tropic. This assumption is for the sake of mathematical sim-
plicity and to emphasize the effect of energetic oxygen ions
on the excitation of waves.

In our analysis we assume the response of protons and
oxygen ions to the perturbations as if they are unmagnetized
����co ,�cpb� in the sense that they follow the straight line
orbits. This is justified because perturbations are of much
higher frequency than the cyclotron frequency of the protons
and oxygen ions and, on the perturbation time scale, the
ambient magnetic field does not distort their orbits signifi-
cantly. Further, the electrons are treated as magnetized since
the wave frequency is much smaller than the electron cyclo-
tron frequency, i.e., ���ce. The response of the electrons is
taken as fully electromagnetic, i.e., �pe

2 /c2k2�1, while pro-
tons and oxygen ions are considered to be electrostatic, i.e.,
�ppb

2 /c2k2�1, and �po
2 /c2k2�1. Under the above assump-

tions, a dispersion relation for the waves propagating ob-
liquely to the magnetic field B0 �z can be obtained by solving
the linearized Vlasov equation along with Maxwell’s equa-
tions and is written as24,28–31

1 +
�pe

2

�ce
2 	1 − I0��e�e−�e

�e



+
�pe

2

�ce
2

�pe
2

c2k2	 ��I0��e� − I1��e��e−�e�2

1 + �e�I0��e� − I1��e��e−�e



−
k�

2

k�
2

�pe
2

�2

I0��e�e−�e

1 +
�pe

2

c2k2 I0��e�e−�e

−
�ppb

2

k�
2 �pb

2 Z���pb�

−
2���po

2

k�k2��
2J+2

�− 1�J

J!

dJ

d�J	�1/2Z���o� + S���o�

−
1

2��

d

d�o
�e−�o

2
Ei��o

2���
 = 0, �2�

where Z���pb� and Z���o� are derivatives of the plasma dis-
persion function Z��pb� and Z��o� with their respective argu-

ment, �pb=� /k�pb and �o=��� /k�.
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where 
=0.577 215 664 9 is Euler’s constant.
Here �ps= �4�Nse

2 /ms�1/2, �cs=eB0 /cms, respectively,
are the plasma and cyclotron frequencies of the species s; ln
indicates the natural logarithm, Ns and ms are the density and
mass of the species s, k is the wave number, c is the velocity
of light, �s=k�

2 �s
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2 , �s is the thermal speed of the spe-
cies s. I0 and I1 are the modified Bessel functions of order 0
and 1, respectively. The subscript s=e , pb ,o refers to elec-
trons, protons, and oxygen ions, respectively. Equation �2�
has been derived under the assumption of k�

2T�o /k�
2 T�o�1.

It is interesting to note that dispersion relation �2� does not
depend on oxygen ion anisotropy explicitly because of this
assumption.

Expanding the plasma dispersion function in the limit
�pb, �o�1, and using �=�r+ i
; 
��r and neglecting the
contribution from the oxygen ions to the real frequency, we
obtain expressions for real frequency, �r, and growth rate, 

given by
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The first term on the left-hand side of Eq. �4� represents the
damping due to protons. It can be seen from the growth rate
expression �4� that for J=0, the growth rate is negative
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�
�0� and the waves are damped. This is due to the fact that
there is no free energy source to drive the instability.

The growth rate for J=1 is given by
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For J=2 growth rate is given by
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For J=3 growth rate is given by
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III. NUMERICAL RESULTS

We have numerically calculated the real frequency and
the growth rate of these excited modes, for various ring cur-
rent parameters. The normalized real frequency and growth
rates are plotted against normalized wave number ��o

=k�
2 ��o

2 /2�co
2 � for different values of loss-cone index J, in

Fig. 1. It shows that the normalized growth rate and the
range of the excited wave numbers increase with the increase
of J. This is expected here, as more deeper loss cone pro-
vides the larger amount of free energy to excite the modes

and increase their growth rate. Also it is found that the cor-
responding normalized real frequency increases with �o but
remains unaffected by an increase of J. We have studied the
effect of various parameters on the normalized real fre-
quency and the growth rate of the excited modes in detail for
the case of J=1. The variation of normalized real frequency
and the growth rate 
 /�co with �o for different values of the
fractional oxygen ion density No /Ne is shown in Fig. 2. It is
found that the peak growth rate of the excited modes in-
creases with the increase of oxygen ion density, while the
associated real frequencies and the range of unstable wave
numbers decreases with an increase of No /Ne. Figure 3
shows that the range of unstable wavelength, normalized real
frequency and the growth rates increased by the increase of
�pe /�ce. It is interesting here to note that, the smaller the
magnetic field, the larger the growth rate for the fixed oxy-
gen ion concentration. The effect of k� /k �propagation angle�
on the normalized real frequency and the growth frequency
of the excited mode is shown in Fig. 4. In this case the
maximum growth rate and the corresponding real frequen-
cies of the excited waves decreases with the increase in k� /k
values. Further it is pointed out that the range of excited
wave numbers decreases with the increase of k� /k. The effect
of oxygen ions perpendicular temperature to proton tempera-
ture ratio �T�o /Tpb� on the excitation of the waves is shown
in Fig. 5. It is found that the maximum growth rate for the
excited waves increases with the increase in �T�o /Tpb� val-
ues. It is also found that the corresponding real frequencies
and the ranges of the unstable wave numbers increases with
the increase of �T�o /Tpb�.

IV. DISCUSSION AND APPLICATION

The model presented in this paper deals with the excita-
tion of quasielectrostatic instabilities with frequencies

FIG. 1. The normalized real frequency �r /�co �- - -�
and growth rate �
 /�co� �——–� vs normalized wave
number ��o� for different J and the typical parameters
�pe /�ce=2, T�o /Te=400, T�o /Tpb=400, k� /k=0.09,
no /ne=0.3.
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greater than the proton cyclotron frequency in the ring cur-
rent region. For the complete numerical computations, we
have used the storm time ring current parameters to calculate
the growth rate of the excited mode from Eq. �4� for different
values of J. The calculated values of the maximum growth
rate and their corresponding real frequencies for J=1, 2, 3
are found to be �0.04 Hz, 17 Hz�, �0.1 Hz, 58 Hz�, and
�0.4 Hz, 220 Hz�, respectively. The corresponding perpen-
dicular and parallel wavelength range is calculated to be
�5–20 km and �50–180 km, respectively, for T�o

=30 keV, B0=500 nT �L�4� �here B0 and T�o are taken

from Thorne and Horne10�. It is found that the growth rate of
the excited modes increases with the increase in the loss cone
depth and oxygen ion concentration. During the main phase
of the magnetic storm, population of energetic O+ ions in-
creases substantially.3 Therefore, magnetic storm main phase

provides a favorable situation for the excitation of the modes

studied here.

Following Coroniti et al.,24 we assume that as the un-
stable modes grow, they will start trapping the O+ ions in the
wave field. The process will continue until the linear growth

FIG. 2. Variation of normalized real frequency �r /�oc

�- - -� and growth rate 
 /�oc �——–� vs normalized
wave number ��o� for J=1, and different number den-
sity ratio. Other parameters are the same as in Fig. 1.

FIG. 3. Variation of normalized real frequency �r /�oc

�- - -� and growth rate 
 /�oc �——–� vs normalized
wave number ��o� for J=1, and the various values of
electron plasma frequency �pe /�ce=1, 2, 3. The other
parameters are the same as in Fig. 1.
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rate equals the trapping frequency of the O+ ions in the satu-
rated wave field,

�t =�ekEs

mo
, �10�

where Es is the saturated electric field of the wave. There-
fore, by considering the modes are stabilized by the trapping
of oxygen ions by the waves when their amplitude becomes

large, the saturation electric field for the excited mode is
given by

Es �
mo

e


2

k
. �11�

Using Eq. �4� in Eq. �11� we get the saturation electric field
as

FIG. 4. Variation of normalized real frequency �r /�oc

�- - -� and growth rate 
 /�oc �——–� vs normalized
wave number ��o� for J=1, and various values of k� /k
=0.08,0.09,0.1. The other parameters are the same as
in Fig. 1.

FIG. 5. Variation of normalized real frequency �r /�oc

�- - -� and growth rate 
 /�oc �——–� vs normalized
wave number ��o� for J=1, and T�o /Tpb

=350,400,450, respectively, shown as curves 1, 2, and
3. The other parameters are the same as in Fig. 1.
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Using the ring current parameters, the range of the saturation
electric field Es of the excited mode is calculated to be
0.3–5 �V/m, 0.2–115 �V/m, and 0.12 �V/m–0.4 mV/m
for J=1, 2, and 3, respectively.

For the combined effect of anisotropy and the loss cone
distribution, we can construct a pitch angle diffusion coeffi-
cient, D, given by28,29

D =
�v��2

2  t
, �13�

where v�=eEs t /mo and t is the wave-particle correla-
tion time. Since 
��ekEs /mo�1/2, and assuming t�
−1,
then D is given by

D �

3

2k2 . �14�

The range of diffusion coefficients for J=1, 2, 3 are found to
be of the order of 4.62�105–4.03�107 cm2/s3, 1.74�105

−3.9�109 cm2/s3 and 8.2�104−2.1�1010 cm2/s3, respec-
tively. Corresponding diffusion time for an oxygen ion to
reach the loss cone is calculated to be in the range of
4.5�107–4�109 s, 4.6�105–1010 s, and 8.6�104–2.2
�1010 s for J=1, 2, and 3, respectively. Electromagnetic ion
cyclotron �EMIC� waves are known to scatter both the ring
current protons and oxygen ions and therefore, are respon-
sible for significant precipitation loss of ring current particles
into the atmosphere. Jordanova et al.,34 calculated the
bounced averaged Coulomb diffusion coefficients for 150 eV
ring current ions colliding with the different plasmaspheric
species at L=2.5. They found the diffusion coefficients to be
in the range of �10−7–10−9 s−1, i.e., the diffusion time is in
the range of �107–109 s. In our model we find that for the
anisotropic index �J=1, 2, 3� the diffusion time for an oxy-
gen ion is in the range of �105–1010 s. This shows that, for
the certain parametric range, the diffusion rate of quasielec-
trostatic waves may become equal or greater than the diffu-
sion rate of EMIC waves and may contribute to fast decay of
ring current particles.

The occurrence of intense low-frequency �20–500 Hz�
electrostatic noise bursts at the inner boundary of the proton
ring current during the magnetic storm of 16–17 December
1971 has been reported by Anderson and Gurnett.35 How-
ever, relatively less intense waves below 20 Hz have also
been observed. They have suggested that this electrostatic
noise may be responsible for the pitch angle scattering and
loss of ring current protons from the region near the plasma
pause boundary during the storm. Furthermore, they have
suggested a possibility of occurrence of low-frequency noise
related to the electrostatic instability described by Coroniti et
al.24 Recently, Singh et al.28 studied the obliquely propagat-
ing low-frequency quasielectrostatic waves ����cp� gener-
ated by the anisotropic oxygen ions. They found that the
growth rate of these excited waves decreases with the in-
crease of the anisotropic index. Also in another study of
Singh et al.,25 the obliquely propagating modes with frequen-

cies near the harmonics of oxygen ion cyclotron frequency
were found to become unstable due to pressure anisotropy of
the energetic oxygen ions. It is interesting to note that for the
parameters considered here, the low-frequency modes �fre-
quency�proton cyclotron frequency� discussed by Singh et
al.28,29 will also be excited along with the high-frequency
��proton cyclotron� modes. However, the low-frequency
modes have much smaller growth rates and would take a
longer time to saturate. It is difficult to assess how much free
energy would go into exciting the low-frequency modes. Fur-
ther, we have assumed nonlinear trapping of oxygen ions by
the wave field as the main saturation mechanism. This as-
sumption will work fine if there is a single large amplitude
wave. Since the growth rate peaks are quite broad there is a
possibility that several modes with comparable amplitudes
could be excited. In that case it would be more appropriate to
calculate the saturation by the quasilinear diffusion theory or
resonance broadening theory. This is beyond the scope of
this paper. Therefore, the estimates for the saturation electric
field given by Eq. �12� can be taken as the upper limit. It is
emphasized here that our mechanism may be relevant for
explaining the low frequency part of the noise observed by
Anderson and Gurnett.35

We would like to point out that although the main com-
ponent of the electric field, EL, associated with the modes
would be in the direction of the wave vector k, there will be
a small component of the electric field transverse the wave
vector, ET=E−EL due to the electromagnetic effects on
electrons. The transverse electric field would give rise to a
fluctuating magnetic field BZ along the Z-direction given
by27,36

BZ =
ck�ET

�
=

10−2

3
�2�oc2�co

2

��o
2 �2 �1/2�ET

E
�Es, nT. �15�

We have ��0=6�105 m/s �corresponding to T�0

=30 keV�, ET /E=10−3–10−2. Using these parameters in Eq.
�15�, the maximum fluctuating magnetic field BZ is found to
be in the range of 0.3–40 pT for J=1–3.

During geomagnetic storms the source of free energy for
the wave excitation is greatly enhanced due to an increase of
concentration of energetic O+ ions in the ring current region.
Both the temperature anisotropy as well as the loss cone is
expected to increase when the energetic O+ ions are pushed
towards lower L values. These factors lead to the excitation
of different kinds of waves, including the waves with fre-
quencies greater that the proton cyclotron frequencies in the
ring current region during magnetic storm. It is known that
the role of the ionospheric oxygen ions in the evolution of
intense magnetic storms is twofold. The explosive iono-
spheric oxygen ion feeding of the magnetosphere may cause
a rapid enhancement of the ring current at storm maximum37

and induce an equally rapid initial ring current decay.3 Fur-
thermore, oxygen ion loaded ring current can affect the
charge exchange process which is considered as a major pro-
cess for the ring current decay. The electromagnetic ion cy-
clotron waves are believed to be important for the wave par-
ticle interaction in the ring current region.10 The modes
studied here can interact with the ring current particles.
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These interactions can allow efficient energy transfer be-
tween different ions under certain conditions which produce
large growth rates and high saturation electric field. Further,
these excited waves may scatter the ring current particles
into the loss cone, leading to their precipitation in the iono-
sphere. This would contribute to the decay of the ring current
because of the loss of ring current particles. For example,
considering the peak diffusion time for the J=3 case, the O+

ions would precipitate into their loss-cone leading to the
ring-current decay of �24 h. Under the conditions of higher
J �i.e., J�4� which could exist during intense magnetic
storms when the ring-current is pushed to lower L values, the
ring-current decay could be as short as several hours.
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