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Abstract. A new interpretation of AMPTE/CCE observa-
tion of substorm onset and current disruption and the corre-
sponding physical processes are presented. Toward the end
of late growth plase the plasma (3 increases to > 50 and a
low frequeticy instability with a wave period of 50 — 75 sec is
excited and grows to a large amplitude at the current disrup-
tion onset. At the onset, higher frequency instabilities are
excited so that the plasma and electromagnetic field forin a
turbulent state. Plasma transport takes place to modify the
ambient pressure profile so that the ambient magnetic field
recovers from a tail-like geometry to a more dipole-like ge-
ometry. A new theory of kinetic ballooning instability (KBI)
is proposed to explain the low frequency instability and the
high 3 threshold (8. > 50) observed by AMPTE/CCE. The
stabilizing effect is mainly due to kinetic effects of trapped
electrons and finite ion Larmor radii which give rise to a
large parallel electric field and hence a parallel current that
greatly enhances the stabilizing effect of field line tension.
As a result 8. is greatly increased over the ideal MHD bal-
looning instability threshold by > O(102 — 10%). The wave-

. ion magnetic drift resonance effect produces a perturbed res-
onant ion velocity distribution centered at a duskward ve-
locity roughly equal to the average ion magnetic drift veloc-
ity. This perturbed ion distribution explains the enhanced
duskward ion flux during the explosive growth phase and can
excite higher frequency instabilities (such as the cross-field
current instability).

Introduction

A critical process in the previously established view of the
substorm onset and current disruption based on the observa-
tion of the AMPTE/CCE spacecraft is the explosive growth
phase (which lasts ~ 30 sec) at the approach of current dis-
ruption onset [Ohtani et al., 1992]. During the explosive
growth phase a large upsurge in the duskward ion flux is
found near the local midnight sector which could lead to the
excitation of the cross-field current instability (CCI) during
the current disruption phase [Lui, 1996]. In this paper a
new scenario of the AMPTE/CCE observation of substorm
explosive growth phase, onset and current disruption is pre-
sented. In the late growth phase the plasma f is typically
~ 20 at ~ 10 minutes prior to the ciirrent disruption on-
set. At ~ 2 minutes before the onset 8 increases to > 50,
the pressure becomes isotropic [Lui et al., 1992], and a low
frequency instability with a wave period of ~ 50 — 75 sec is

Copyright 1998 by the Américan Geophysical Union.

Paper nuimber GRL-1998900093.
0094-8276/98/GRL-1998900093$05.00

excited and grows exponentially to a large amplitude with
8B/B > 0.5 at the onset: The half wave period of the insta-
bility before the onset corresponds to the explosive growth
phase with an enhanced duskward ion flux. At the onset
higher frequency instabilities (with wave periods of 15 sec,
10, sec, 5 sec, etc.) are excited and they combine with the
low-frequency instability to form a strong turbulence state
for ~ 4—5 minutes. During the turbulent state anomalously
fast plasma transport takes place to modify the average pres-
sure profile so that the ambient magnetic field relaxes from
3 tail-like geometry to a more dipole-like geometry.

Two key issues need to be resolved to further understand
the physical processes of current disruption and subsequent
magnetic field dipolarization: (1) the excitation mechanism
and the high plasma 3 threshold (> 50) of the low frequency
instability that underlines the explosive growth phase; (2)
the physical mechanism of the enhanced duskward ion flux
that occurs only during the explosive growth phase and leads
to excitation of higher frequency instabilities. To under-
stand these two key issues, we have developed a new theory
of kinetic ballooning instability (KBI), which results from
the release of free energy of nonuniform pressure with gra-
dient in the same direction as the magnetic field curvature.
Analogous to the expansion of a balloon due to higher inner
air pressure around weak surface tension spot, the balloon-
ing instability will relax higher plasma pressure and hence
the magnetic field across the large field line curvature surface
toward the weaker pressure direction. Previously the ideal
MHD ballooning instability has been proposed to explain
the current disruption and explosive growth phase [Rouz
et al., 1991; Liu, 1997; Voronkov et al., 1997]). The ideal
MHD ballooning mode theory would predict a low critical 3
(B < 1) for instability, which is contrary to the high 3 val-
ues (> 20) observed by AMPTE/CCE throughout the late
growth phase. In this paper we show that kinetic effects
such as trapped particle dynamics, finite ion Larmor radii
(FLR) and wave-particle resonances are important in deter-
mining the stability of KBI and we are able to answer these
two key issues of substorm onset and current disruption. In
particular, we show that the KBI theory properly explains
the wave frequency, growth rate and high 8. (> 50) of the
low frequerncy instability as well as the enhanced duskward
ion flux during the explosive growth phase observed by the
AMPTE/CCE.

Low-Frequency Perturbation

Evidence for a low-frequency perturbation occurring prior
to current disruption onset can be found in detailed exam-
ination of ‘magnetic field during current disruption events.
Figure 1 shows the result of such an analysis. Magnetic field
measuremients fromi AMPTE/CCE on August 30, 1986 were
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Figure 1. Three components of the low frequency per-
turbed magnetic field.

studied. The satellite was in the midnight local time sector,
MLT = 23.5, at a radial distance of ~ 8Rg. The current dis-
ruption onset time is at 11:52:40 UT [Lui et al., 1992; Ohtani
et al., 1995]. To extract the low frequency components of the
fluctuations, we employed successive smoothing of the origi-
nal data with normalized binomial coeflicients as previously
used in Lui and Najmi [1997]. The derived magnetic field
perturbations in the cylindrical (V, D, H) components were
then converted into components in the ambient magnetic
field coordinate system to give dBr, dBy, and §Bj, where
positive d By is pointing eastward, positive B is along the
mean magnetic field direction and positive By is in the
third right-handed orthogonal direction. From Figure 1 the
real frequency of the low-frequency perturbation is ~ 0.1
Hz (compared with proton cyclotron frequency of about 1
Hz) and the growth rate is about 0.2 of the real frequency.
Note that the unstable perturbation begins quite early at
~ 11:51:30 UT, ~ 1.5 min before the onset of current dis-
ruption. We have further confirmed that before onset the
perturbation is in a linear growth phase because the rela-
tive wave phases of the three magnetic field components are
in agreement with the wave structure of the linear balloon-
ing instability [Cheng and Qian, 1994]. It is interesting to
note that there is almost no magnetic field fluctuation be-
fore the low frequency instability was observed. Although
not shown here, a low frequency perturbation similar to that
shown here has also been found in a June 1, 1985 current
disruption event [Lui et al., 1992] which we have examined.

The 30 sec period (11:52:10 — 11:52:40UT) of the low fre-
quency instability (with amplitude reaching §B/B > 0.5)
just before the current disruption onset was previously called
“explosive growth phase” [Ohtani et al., 1992] which is ac-
companied by a large increase of the duskward ion flux cen-
tered at ~ 500 km/s (below the ion thermal velocity of
2 1000 km/s)[Lui, 1996]. This enhanced cross-tail ion drift
population is responsible for exciting higher frequency insta-
bilities which together with the low frequency instability last
throughout the current disruption phase to form a strong
turbulence. Note that the duskward ion flux enhancement
lasts only in the explosive growth phase.

CHENG AND LUI: KINETIC BALLOONING INSTABILITY

During the late growth phase the plasma pressure in the
midnight sector at approximately 8Rg [Lui et al., 1992] in-
creases < 20% from ~ 10 minutes prior to the current dis-
ruption onset to the time the low frequency instability is
excited. The corresponding plasma (3 increases from ~ 20
to.> 50 also due to the reduction of the magnetic field inten-
sity. The pressure increase may be due to Fermi acceleration
process [Ganguli et al., 1995] or plasma convection [Erick-
son, 1992]. This pressure change leads to further thinning
of the plasma sheet. Although there is no observational de-
termination of the pressure profile during the late growth
phase, it is reasonable to expect that the plasma pressure
decreases monotonically with increasing radial distance.

Kinetic Ballooning Instability

To understand the observed low-frequency instability we .
consider KBI. Based on the AMPTE/CCE observation of ~
particle data [Lus et al., 1992; Lui, 1996], the average elec-
tron energy at the end of the growth phase is about 5 keV
and the average ion energy is about 10 keV. The particle ve-
locity distribution function does not have appreciable bulk
drift and the plasma pressure becomes isotropic in the late
growth phase at a few minutes before the onset. With this
information we consider KBI perturbations with the order-
ings: k1pi ~ O(1) and k) < ki and vine > (w/ky) > eni
[Cheng, 1982b, 1982a; Cheng et al., 1995], where p; is the
ion gyroradius, k is the wave number, and || and L represent
parallel and perpendicular components to the equilibrium
magnetic field. With these orderings the following kinetic
effects must be considered: trapped electron dynamics, ion
FLR effect and wave-ion magnetic drift resonance.

We shall derive the KBI eigenmode equation by obtain-
ing approximate solutions of the perturbed particle distri-
butions based on the gyrokinetic formulation with the as-
sumption that both electrons and ions have local Maxwellian
equilibrium distribution functions. The detailed deriva-
tion can be found in our previous papers [Cheng, 1982a;
Cheng et al., 1995]. Including full FLR effects we express
the perturbed particle distribution function in the rational-
ized MKS unit as §f = (q/M)(0F/3&)|(wT Jw)® — (1 —
wi fw) (1 = Joe®*) @]+ge'L, where g is the particle charge,
M is the particle mass, w7 = B x ky - VF/(Bw.0F/0E),
0L = k x v:-B/w:B, J; is the I-th order Bessel function
of the argument kv /we, we = g¢B/M is the cyclotron fre-
quency, ® is the perturbed electrostatic potential, the guid-
ing center particle equilibrium distribution F is a function
of L-shell and particle energy £, and g is the nonadiabatic
part of the perturbed distribution function. Based on the
WXKB-ballooning formalism the gyrokinetic equation [Catto
et al., 1981] in the low frequency (w < w,) limit is given by
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1
where V¥ is the parallel perturbed electric field potential with
E| = -V}, 6B) is the parallel perturbed magnetic field,

wq = k -v4 is the magnetic drift frequency, v4 = (B/Bw,)x
(vik + pVB) is the magnetic drift velocity, and & is the
magnetic field curvature. Note that the vector potential,
defined by A = A — i6B x ky/k}, is related to & and
¥ by wA| = —iV(® — ¥). We note that the gyrokinetic
formulation is still valid for ion Larmor radii on the order of
equilibrium scale length if the ion magnetic drift frequency
is replaced with the pitch angle average value to account for
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the non-conservation of the magnetic moment [Hurricane
et al., 1994].

For electrons we shall neglect FLR effects and consider
vy V| > w,wde. Trapped and untrapped electrons have
very different parallel dynamics. The untrapped electron
dynamics is mainly determined by its fast parallel transit
motion, and to the lowest order in (w/|v Vj|) the perturbed
untrapped electron density is given by

eNey [Wae Wxe'

bnes = 5 [w<1>+(1 w)\p] @)
where w.e = B X VN, - k| /(BwceNe) is the electron dia-
magnetic drift frequency, New/Ne = 1 —[1 — B(s)/Bi]'/? is
the untrapped electron fraction at the location s, B; is B at
the ionosphere. Near the equator Ney/N. =~ B(s)/2B; < 1.
The trapped electron dynamics is mainly determined by its
fast bounce motion and to the lowest order in (w/wee) the
perturbed trapped electron density is

elN. Wxe W A
Srter = ﬁt[w¢+( J)Aﬂ+ﬂmh (3)
where N,;/N. = [1 — B(s)/B;]"/? is the fraction of trapped
electrons,
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X <(wde/w)<1> + v_L6B||/2wce> and (wge) is the trapped par-
ticle orbit average of wge. Note that A « 1 near the equator.
. To obtain the nonadiabatic perturbed ion distribution
function we assume that w,wq; > |v V)|, and we have
er w — wﬂ wdi.fo@ ’UJ_J1JB||
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The ion dynamics is mainly determined by its perpendicular
motion and the perturbed ion density is given by
el [‘ﬁié + (1 - “’—”) (1-T) «b] +60,  (6)
i Lw w
where Wei = = B x VNi . k_l_/(chiNi), Wxpi = B x VPi .
kJ_/(B{JJCz ,) F(b) = Ig(bi)exp(—b,-), bi = kiTz/Mzwgl =
k% p2/2, Io is the modified Bessel function of the zeroth or-
der, and (S'f),,, = fds'vgiJo.
From the charge quasi-neutrality condition we obtain the
parallel electric field potential
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In comparison with the limit without trapped electron ef-
fects, the parallel electric field is enhanced by N./(Neu +
N.:A) which is much larger than unity near the equator for
b; ~ O(1). From the parallel Ampere’s law the perturbed
parallel current is given by §J) ~ iV} V| (& — ¥) /w, which
represents the enhancement of stabilizing field line tension
due to effects of trapped electrons and ion FLR.

Following the derivation presented in the paper by Cheng
et al. [1995], we obtain from the parallel Ampere’s law

k2 w(w —Wipi) 1 = T'(by)
B? Vi pil2

Bxk-k 2B x VP -k .
J
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where Va = B/(n;M;)*/? is the Alfvén speed, and the nona-
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diabatic perturbed pressures for each particle species are
given by dp; = M; fd3 [(Q-wE /w)(1-T3)@+g;Jo)(v] /2+
vu) Note that the relation B - 6B + 6P, ~ 0 is used for low
frequency instabilities with w < k1 V4 [Cheng, 1991; Cheng
and Qian, 1994; Cheng et al., 1995].

Equations (7) and (8) form a coupled set of KBI eigen-
mode equations for solving & and ¥ along the field lines
and the eigenvalue w. We also need to obtain the nonadi-
abatic contributions of perturbed densities, d7ie; and 7,
and perturbed particle pressures, 6p; and dp). The eigen-
mode equations include kinetic effects of trapped electron
dynamics, parallel electric field, full ion FLR, and wave-
particle resonances. Considering the ordering w > wde, wdi,
the nonadiabatic density and pressure responses in Egs. (7)
and (8).can be neglected and the local dispersion relation
for KBI is approximately given by

2k -VP
= ©)

w(w — Wepi)

1+b:)VZ —

where S = 1+ (b;/(1 +b;))NeTe/(New + Net A)T; > 1, and
the Padé approximation 1 — I' ~ b;/(1 + b;) is used. The
real frequency of KBI is w, = w«pi/2 and the critical 3 is
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where R, is the radius of the magnetic field curvature and L,
is the pressure gradient scale length, and BMHD — kﬁRch
is the ideal MHD (3 threshold. It has previously been calcu-
lated that BM#P ~ 0.2 for a dipole field with L, = 1Rp
at L = 8 [Cheng and Qian, 1994]. For a more tail-like
field we expect that BMHD will be even smaller. Note
that based on the AMPTE/CCE observation of B = 10
nT, T./T; = 0.5,b; = 0.5, we have S ~ 10 — 10%, then
B: > 0(10*)MHP ~ O(10). Assuming that L, = 0.5Rg
and kyp; = 1 the KBI real frequency is w» ~ 0.2 s™* and
from past calculations [Cheng, 1982a, 1982b] the growth rate
is usually about 0.1w, for 3 of 5—10% higher than 8.. These
results are consistent with the AMPTE/CCE observation.

If w ~ wgi, the wave-ion magnetic drift resonance can
modify the growth rate and 8. To fully evaluate the effect
of the magnetic drift resonance, we retain ion nonadiabatic
responses in the perturbed density and pressures. Numeri-
cal studies of KBI have been performed for tokamaks previ-
ously [Cheng, 1982b, 1982a] and the results indicated that
the magnetic drift resonance effect reduces 3. by 20% at
most and the real frequency of KBI will increase to w.p; at
B.. We expect the results for the magnetosphere will be
qualitatively similar to the tokamak case and the numerical
solutions will be presented in the future.

One consequence of the wave-ion magnetic drift resonance
is that the perturbed ion distribution has a (w — wg;) res-
onance denominator. Because w, ~ w.pi/2, the magnetic
drift resonance will occur at vg; = T;B x VP;/(2eP; B?) ~
Vthipif2Lpi, where Lp; is the ion pressure gradient scale
length. Thus, |vgi| ~ 0.5v¢s; for p; ~ Ly;. As KBI grows to
a large amplitude with  B/B > 0.5, the resulting change in
ion velocity distribution gives rise to a positive slope near
the duskward resonant ion magnetic drift velocity, and pro-
vides an additional free energy source for exciting higher
frequency instabilities. Note that because the perturbed dis-
tribution oscillates with KBI, the duskward ion flux should
be enhanced only in a one-half wave period and should be
reduced in the other half wave period. These features are in
qualitative agreement with the AMPTE/CCE measurement
of ion flux.
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Summary and Discussion

In this paper we have identified a new scenario and phys-
ical processes of substorm explosive growth phase, onset
and current disruption observed by AMPTE/CCE. We have
found a low-frequency instability with a wave period of
about 50 — 75 sec excited at approximately 2 minutes be-
fore the current disruption onset, and we have interpreted
it as the kinetic ballooning instability (KBI). The 3 thresh-
old (> 50) for exciting KBI is at least 10% larger than that
based on the ideal MHD theory because of the kinetic ef-
fects of trapped electron dynamics and finite ion Larmor
radii which give rise to a large parallel electric field and
hence a parallel current that greatly enhances the stabiliz-
ing effect of field line tension. With KBI we are able to
explain the enhanced duskward ion flux which occurs only
during the explosive growth phase (=~ 30 sec) and can ex-
cite higher frequency instabilities such as CCI. Thus, our
new substorm scenario emphasizes KBI which can naturally
account for the features of the explosive growth phase and

the initiation of current disruption through a combination -

of KBI and higher frequency instabilities such as CCI.

The physical processes presented in the paper has not di-
rectly made use of the concept of ion chaotic motion and
Fermi acceleration [Ganguli et al., 1995] related to the thin-
ning of the plasma sheet. These processes can have im-
pact on the ion distribution function during the late growth
phase. As the plasma sheet thins to a scale length of ion
gyroradius, the ion energy will increase due to Fermi accel-
eration process which can contribute to destabilize KBI. The
ion motion can become chaotic due to non-conservation of
particle magnetic moment (u) on a time scale of several ion
gyro-periods and the ion pressure becomes isotropic. The
change of u also leads to a change in ion drift velocity.
However, because the KBI parallel wave phase velocity is
larger than ion thermal velocity and the wave frequency is
larger than typical ion magnetic drift frequency, the stochas-
tic change of ion magnetic drift frequency does not have
a primary effect on the KBI stability. The primary stabi-
lization effect remains to be the trapped electron dynamics
and ion FLR that enhance the parallel electric field and the
parallel current which provides a large field line tension to
increase (.
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