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mset. Lt 1s shown that the presence of an
}}eric-origin anisotropic oxygen ion beam can ex-
elicon mode instability in the near-Earth plasma
fregion. For the case of a nonneutral ionospheric
‘ion beam passing through the plasma sheet, re-
':c'!ﬁjrresponding to a finite field-aligned current in
util'ibrium state ), the helicon modes are found
Sexcited below (or comparable to) the oxygen ion
on frequencies. On the other hand, for the case
utralized (i.e., carrying no net field-aligned cur-
eakly magnetized oxygen ion beam , both the
1 modes and the LH modes are excited. An in-

ling time of the instability is about a few minutes.
efore these modes are likely to attain saturation

modes could twist the ambient magnetic field and
oe observable as flux ropes. Low-frequency turbu-
“;ﬁ.t'odtlced by these modes could scatter electrons

ent observations suggest that ionospheric-origin
lons consititute an important and sometimes dom-
art of the outer magnetosphere and the near-
L plasmasheet region [Peterson et al., 1981; Sharp
i;_‘f-_1981; Lennartsson, 1994; Shelley et al., 1982,
vist, 1991; Lennartsson and Shelley, 1986; Daglis
1991, 1993, 1994]. Observations by GEOTAIL
te the presence of tailward flowing energetic O
Bbursts in the distant magnetotail [ Wilken et al.,
Two most important ionospheric outflow regions
the O+ jons are the auroral region and the day-
g%eft [Lockwood et al., 1985; Delcourt et al., 1989;
s and Francis, 1992). Daglis and Azford [1996]
shown that auroral ionospheric ion feeding of the

Fmanent Address: Indian Institute of Geomagnetism, Co-
Tumbai/Bombay-400 003, India

ORMS-4, Edited by §. Kokubun and Y, Kamide.

erra Seientific Publishing Company / Kluwer Academic Publishers, 1998,

inner plasmasheet during substorms can be fast (i.e.,
~ characteristic substorm timescales). Therefore, the
lonosphere could actively influence the substorm ener-
gization processes by strongly responding to the solar
wind.

It is interesting to note that ionospheric O™ ion fluxes
in the near-Earth plasmasheet (X ~ -6Rg to -15 Rp |
are observed to increase dramatically during the growth
phase of substorms [ Daglis et al., 1991; Kistler et al..
1992]. Thus, the O ions would exert pressure in the
region of the plasmasheet where the near-Earth neutral
line is expected to form. The presence of ionospheric
Ot ions would influence the dynamical evolution of the
plasmasheet. For example, enhanced densities of iono-
spheric O ions in some localized region in the plas-
masheet could excite several plasma instabilities. such
as, ion tearing instability [ Schindler, 1974; Baker et al..
1982], velocity shear instabilities [Cladis and Francis,
1992], firechose type instabilities [ Davidson and Vélk,
1968; Verheest and Lakhina, 1991; Hill and Vougt, 1992,
Yoon et al., 1993; Lakhing, 1995, 1996], which could
lead to the onset of the substorms. Thus, it is unpor-
tant to study the effects of ionospheric O ions on the
stability and dynamics of the near-Earth plasmasheet
which ultimately controls the substorm processes.

In an electron-proton plasma, the dispersion relation
for the right;hand polarized low-frequency modes, 1.¢.,
W K Qp ( here w and Q, represent the wave and the
proton cyclotron frequencies, respectively), propagat-
ing parallel to the magnetic field, Bg, gives the MHD
Alfvén modes. In this case the proton Hall current
completely cancels the electron Hall current. and the
wave is maintained by the proton polarization current
[Papadopoulos et al, 1994]. However, in the presence
of oxygen ions, the ion (both proton and oxygen) Hall
currents cannot completely cancel the electron Hall cur-
rent unless w < Q, ( ©, being the oxygen ion cyclotron
frequency). Therefore for the case when O* ions are
weakly magnetized or unmagnetized, they carry negli-
gible Hall current, and the resultant ion Hall current
is not sufficient to neutralize the electron Hall cur-
rent. This situation could give rise to helicon waves
[ Papadopoulos et al., 1994; Zhou et al., 1996; Lakhina
and Tsurutani, 1997]. The helicon waves could lead to
the fast current and flux penetration across the plasma
sheet [Papadopoulos et al., 1994], thus affecting the sub-
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storm dynamics. Here, we show the possibility of driv-
ing the helicon mode instability in the magnetotail by
the ionospheric-origin oxygen ion beams.

2. Helicon Mode Instability

The dispersion relation for the electromagnetic modes
propagating parallel to the magnetic field, Bg = Bpx in
a multispecies plasma can be written [ Lakhina, 1995;
Lakhina and Tsurutani, 1997], in standard notation,
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where wp; = (4mg®N;/m;)/? and Q; = g; Bo/m;c are
the plasma and the gyrofrequency of the jth species,
with j = e, p and o for electrons, protons and the oxy-
gen ions respectively, U; is the drift velocity of the jth
species, and o) ; and «; are respectively the perpendic-
ular and parallel thermal velocities with respect to By,
and Z(n;) is the well known plasma dispersion function
with the argument n; = (w — kU; £ Q;)/key;. The
+ sign in 7); denotes the RH (+ sign) and the LH (-
sign) modes. In writing (1), we have taken the dis-
tribution functions as drifted bi-Maxwellians. In the
equilibrium state, the charge neutrality is maintained
by taking N, = N, + N,, where N is density.

For the case of 7; 3> 1 for each species, (1) can be
simplified to,
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We shall solve (2) in the proton rest frame, le.,
U, = 0, and will consider two special cases, namely,
1) a nonneutral ionospheric oxygen ion beam passing
through the plasmasheet region (corresponding to a fi-
nite field-aligned current in the equilibrium state ), and
2) a neutralized oxygen ion beam (i.e., the current neu-
trality is maintained in the equilibrium state).

2.1 Nonneutral Ot ion beam

The case of ionospheric O ion beam passing through
the stationary (U, = 0, and U, = 0) plasmasheet re-
gion corresponds to the situation of a finite field-aligned
current in the system. Then, for (w — kU;)? < Qf for
J= e (electrons) and p (protons), and w? & ¢?k?, (2)
can be written as
A,
-

. A
Qew — k*VZ, (1 - 7”)
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Figure 1. (a) Variation of normalized real freqi
wy [, (b) and growth rate /9, versus nor
wavenumber kV4,/Q, for the helicon mode insta
driven by O ions in the CPS region for M = Uy
= 025, R = po/pp = 2.0, A. = 0, and f, =
The curves 1, 2, 3, and 4 are for A, = 0, and’:
(Bjjo = BLo) = 0.1, 0.5, 1.0, and 2.0, respectively.
curve 4 and 5 are for A, = 2.0 and 4, = -0.5 anc
respectively. For the parameters considered here as
as in Figures 2, the LH mode instability does not €xiS
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Here pressure anisotropy of the plasma species i'_'q"
resented by A; = (8); — 81;), where gy; and 3¢
respectively the parallel and the perpendicular pl:
beta for the jth species, and Vy, = By/(dmp,) ]
Alfvén speed with respect to the proton mass
pp ::be?np.

Neglecting the oxygen ion dynamics in (3),
sidering w? < %ﬁ:ﬂew, we get the helicon modgg
multi-ion plasma

I
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This is very similar in structure to the dispersion’
tion for the usual helicon mode,
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tron -proton plasma. Equation (4) shows that

- dynamics dominates the interaction between

lectromagnetic waves and the multi-ion plasma.

e shall take into account the dynamics of the

tons, and look for an instability near the helicon

requency wo. Considering w? < %:pr, and
w = wp + ¢, (3) simplifies to

B34 [2(wo — kUs) = Q0] 82 + (wo — kU.)* 6

2R
= {

+ (wo — kU, ) (wo — kU, £ Q0) | 26

(6)

R = (Nom,/Npymy) represents the relative oxy-
mass density with respect to protons.
lved (6) using Mathematica for both RH and
arized modes. We find that the helicon mode
bility occurred for the RH mode only. Therefore
for the real frequency, w, = (wp + Red) and
rate, ¥ = Imd > 0 for RH modes are shown in
es 1-2 for the parameters relevant to the central
1asheet (CPS) region where we have taken g, =
aglis et al., 1991; Lennartsson, 1994].
ges of real frequencies and growth rate increase
A, is increased (cf. curves 1,2 and 3 in Figures la
b ), and growth rates peak for a certain value of
ormalized wavenumber. Positive (negative) values
ton anisotropy, Ap, lead to increased (decreased)
for real frequencies as well as growth rates (cf
s 4 and 5 in Figures la and 1b). In Figures 2a
b (and in Figures 3 and 4), we have to truncate
urves for real frequency and the growth rates be-
the latter could attain the maximum value, say
IQ,. The truncation was necessary as the assump-
f treating the oxygen ions as cold, i.e.,

= RQ3
°7 B k2VZ, |9,
aks down for values of the wavenumber kVap[Q0
han those shown in Figures 2a and 2b.

crease of M = U,/Va,, the oxygen ion Alfvén
‘number with respect to the proton Alfvén speed,
has destabilizing effects on the helicon mode
res 2a and 2b). The effects due to electron an-
Py, Ae, were found to be insignificant (not shown).

Neutralized O ion beam

onsider an ionospheric OF ion beam passing
gh the plasmasheet region where the current car-
by O* ions is neutralized by the equilibrium
on drift velocity satisfying the condition, U/,
/N, (once again U, =0). Such a situation cor-
nds to no net field-aligned current in the system
equilibrium state. Then, once again considering
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Figure 2. Variation of normalized real frequency w./Q,
(a), and growth rate v/Q, (b) versus normalized
wavenumber kVj4,/€Q, for the helicon mode instability
driven by O* ions in the CPS region for 4, = A,=0,
and A4, = 2.0, For the curves 1, 2, and 3, R= 1.0, and
M= 0.05, 0.1, and 0.2, respectively. For the curves 4
and 5, M= 0.2, and R= 5.0 and 10.0, respectively.

low frequencies (compared to ion plasma frequencies),
(2) can be simplifies to
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As mentioned above, to get the helicon modes, it is 1m-
portant to break the MHD constraint of w << , for
the oxygen ions. For example, for (w—£k{,) >> 0, {un-
magnetized oxygen ions), taking A,=0, and neglecting
the first term compared to the second term, (8) gives:

(9)

which is very similar to ( 3) except for the Doppler
shifted term on the left-hand side. Equation (8) in-
deed predicts right-hand mode instability for the case
of unmagnetized oxygen ions (ie., (w — kl,) >> §2
). For simplicity, let us take A, =A, = U, = 0 and
neglect the first term compared to the second term in
(8). Considering the minus sign in (8), we gel



Awp2
where wy = (k*V,/RQ,). On writing w = —wo + 7,
with 7 < wq, the above equation yields an approximate
solution,

=0, (10)

—Ww — Wy

L s
Mgy e 4 Oy
w2 \M?
9 = Imnp=8, (Ao—@) (11)

The mode is unstable provided 4, > 45:2

Now the polarization, P, for the case of parallel
propagating electromagnetic modes can be written as
[Winske and Gary, 1986]:

P=+

i1

(12)

where the plus or minus sign refers to the corresponding
signs in (8), and P = +1 (-1) corresponds to right-hand
(left-hand) polarization. From (10) above it is clear
that the unstable helicon mode would have a right-hand
polarization. If one was to start with the positive sign
in (8) and redo the analysis, one would arrive at the
above solution but with w, = +3wy > 0. This again
leads to the unstable helicon modes being right-handed
polarized. The unstable modes, because of our assump-
tion of unmagnetized O% ions, would occur much above
the oxygen cyclotron frequency.

We have numerically solved (8) for both RH and LH
polarized modes, and for the case of weakly magne-
tized oxygen ion beams. For the parameters considered
in Figures 3 and 4, both RH and LH modes were found
to be unstable. The growth rate of the LH modes were
usually smaller than the RH modes. Since the helicon
modes have RH polarizations, we have shown the re-
sults for the RH modes only. In general, the instability
occurs for larger values of 4,, M, and R as compared
to the case of non-neutral OF ion beam. The growth
rates as well as the real frequencies are increased by
the increases in A, and A, (cf. Figures 3a and 3b), M
(Figures 4). The range of unstable wavenumber is in-
creased by an increase in R. Note that many curves in
Figures 3 and 4 are truncated to satisfy the inequality

(7).

3. Discussion and Application to Substorms

Our analysis shows that the presence of ionospheric
O* ions in the central plasmasheet (CPS) can excite he-
licon mode instability during the growth phase of sub-
storms. For the case of a neutralized Ot ion beam,
when both the charge and the current neutrality condi-
tions are satisfied in the equilibrium state, modes with
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Figure 3. Variation of normalized real frequency w

(a), and growth rate 4/, (b) versus norma
wavenumber kVy,/Q, for the RH mode (helicon)i
bility driven by OT ions in the CPS region for A
M = 0.25, and R = 10.0. For the curves I, 2, a
A, = 0.0, and A, = 2.0, 3, and 5, respectively:
curve 4, A, =5 and A, = 1.0. Note that LH mo
also excited for parameters considered here as well
Figure 4. However, the growth rates of the LH modg:
are smaller than the RH modes and hence not showil

both RH and LH polarizations could become unstabia
for the case of weakly magnetized O* ion beams:
helicon modes, however, lie on the RH branch. O1
other hand, for the case of a nonneutral ionosp
O* ion beam passing through the plasmasheet'f
(corresponding to a finite field-aligned current in

larization are found to be excited below {or comp_é".
to ) the oxygen ion cyclotron frequencies for the pa
eters relevant to the plasmasheet region. We find
the parallel Mach number, M, of the oxygen ion$’
rise to the larger effective ), thus, leading to d
blIlza,tlon of the mode be]ow the classu:a] ﬁre hos
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e 4. Variation of normalized real frequency w, /Q,
d growth rate ~/Q, (b) versus normalized
mber kVa, /S, for the RH mode instability
by O% ions in the CPS region for 4,= A, =0,
A, = 2.0. For the curves 1, 2, and 3, = 0.0, R =
ind M= 0.25, 0.5, and 1.0, respectively. For curve
§=1.0 and R = 20.0.

‘numbers than the right hand beam resonant in-
ity ( typically M > 1). Based on observations and
ical models, we consider the following parame-
i the the central plasmasheet in the region X ~
2Ue to -15 Rg: Ag =0.1 to 2.0 [Daglis et al., 1991;
artsson, 1994; Cladis and Francis, 1992], R = 1 -
Vilken et al., 1995], and |U, — U, | ~ 10— 60 km s~1
on et al., 1981; Orsini et al., 1985]. Then, for
0nT and N, = 0.5 cm™3, we get typical Mach
sers M = 0.025 — 0.25 in the CPS region.

gures 1 —4 show that the range of excited real
encies, growth rates, and unstable wavelengths,
2r/k, are respectively w, = (0.1 - 1.5) Q, =(1.0
mHz, v = (0.1-0.5) @,=( 1.0 — 5.0) mHz, and
‘ap/(0.1-1.75)Q, = (1 - 15 ) Rg for M = (0.01 -
=1-10, A, =0.1-2.0, B = 10 nT and N,
em™®, Hence the instability would preferentially
- low-frequency waves with wavelenghts ~ (0.8 -
£ in the CPS. The typical e-folding time of the
bility is about 3 to 15 minutes at wavelengths of
l to 5 Ry, which is reasonably short. Therefore,
Mmodes could attain saturation as the enhanced
ction events may last for a few hours.

&€ existence of large amplitude helicon modes driven

t

515

by the free energy of the ionospheric-origin OF ion
beams in the CPS region may CPS have some interest-
ing consequences for the substorm processes. The large
scale fluctuating z and y components, i.e., dB. and éB,,
agsociated with the helicon modes could twist the equi-
librium magnetic field into flux ropes. This gives an
indication that the helicon modes may be playing some
role in the processes related to oxygen lon bursts asso-
ciated with multiple flux ropes in the distant magne-
totail as observed by GEOTAIL [Wilken et al., 1995].
The large amplitude § B, could produce localised min-
ima in the z component of the 2D equilibrium magne-
totall magnetic field near the neutral axis. Moreover,
the low-frequency turbulence due to the helicon modes
could scatter electrons trapped in the CPS region. Both
these factors would make these localized minima (sep-
arated by the wavelength of the excited modes) to be
the potential site for the excitation of the tearing mode
instabilities which could lead to the onset of the ex-
pansion phase of the substorm. Further, the helicon
mode may be responsible for some of the low-frequency
RH polarized electromagnetic noise in the ULF - ELF
frequency range observed in the CPS and plasmasheet
boundary layer [Russell, 1992; Tsurutani et al., 1985,
1987; Bauer et al., 1995].

Oxygen 1ons at times are found to dominate the en-
ergy density of the storm-time ring current [Hamil-
ton et al., 1988]. The origin of these oxygen ions is
one of the major puzzle for magnetic storm research
[Tsurutani et al., 1997]. Tt has recently been noted
that dayside boundary layer/cusp O and H* ions are
heated/accelerated essentially all of the time by the in-
tense broadband plasma waves. During southward 1n-
terplanetary magnetic fleld events, these ions could be
convected in the anti-sunward direction across the polar
cap and into the plasmasheet [ Tsurutani el al., 1998].
We speculate that if the oxygen ions form anisotropic
beams in the inner plasmasheet as discussed here, they
provide an ideal situation for the excitation of the heli-
con mode instability and substorm onset. Consequen-
tial injection of this plasma inward into the Earth’s
nightside magnetosphere by the storm electric fields
could then lead to enhanced oxygen ions in the storm-
time ring current
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