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Energization of ions in near-Earth current sheet disruptions
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Abstract. In this study we examine observations made by
AMPTE/CCE of energetic ion bursts during seven substorm
periods when the satellite was located near the neutral sheet,
and CCE observed the disruption cross-tail curren’ in situ. We
compare ion observations to analytic calculations of particle
acceleration. We find that the acceleration region size, which
we assume to be essentially the current disruption region, to be
on the order of 1 Rg. Events exhibiting weak acceleration had
either relatively small acceleration regions (apparently
associated with pseudobreakup activity on the ground) or
relatively small changes in the local magnetic field
(suggesting that the magnitude of the local current disruption
was limited). These results add additional support for the view
that the particle bursts observed during turbulent current sheet
disruptions are due to inductive acceleration of ions.

Introduction

Energetic (> 10 keV) particle bursts in the Earth's
magnetotail have been discussed by a number of authors [e.g.,
Krimigis and Sarris, 1980]. The observations discussed in
those papers were made by the IMP series of spacecraft, which
sampled the more distant (30 Rgto 40 Rg) magnetotail. These
particle bursts often have maximum energies of 1-2 Mev, in
spite of the fact that the potential drop across the magnetotail
is on the order of 100 keV. Thus the generation of such
particles must be related to processes such as those thought to
operate during a substorm. The bursts are generally substorm-
associated and it has been suggested that they are related to the
generation of reconnection regions in the tail [Hones, 1984},
or acceleration of particles through inductive electric fields
[Krimigis and Sarris, 1980]. Calculations based on this idea
have shown that acceleration up to MeV energies is possible
{Galeev, 1979; Taktakishvili and Zelenyi, 1990] and that the
calculated spectrum and velocity dispersion of the accelerated
particles is consistent with observations [Zelenyi et al., 1990;
Taktakishvili et al. 1993]. Pellinen and Heikkila [1978] also
discussed inductive acceleration of particles in the magnetotail,
although they attributed much of the energization to betatron
acceleration as the particles drifted into regions of high
magnetic field.

Recently there have been detailed studies of substorm
phenomena in the inner (R < 10 Rg) magnetotail using data
from the AMPTE/CCE satellite [e.g., Lopez et al.,, 1993 and
references therein]. These studies have highlighted the
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importance of the inner magnetotail and provided considerable
evidence that substorms are initiated in this region [Lopez et
al.,, 1990; Lopez, 1992; Lui et al., 1992]. Moreover, there are
several examples of substorms when CCE was located within
the current disruption region itself in close proximity to the
neutral sheet [e.g, Lopez et al., 1989; Lui et al., 1992].

During these current sheet disruption events, bursts of
energetic particles were observed in conjunction with strong,
turbulent magnetic field perturbations, leading to the
suggestion that the particles in these bursts might have been
accelerated by inductive electric fields within the disruption
region [Lopez et al.,, 1989]. Support for near-Earth
acceleration of ions by current sheet disruption has also been
presented by Reeves et al. [1992]. In fact it has long been
recognized that the dispersionless injections regularly scen at
geosynchronous orbit are likely due to some near-Earth
acceleration process, otherwise energy-dependent drifts would
disperse them [e.g., Baker, 1984].

In the following sections we will present observations of
current sheet disruption and evidence for particle energization.
Those observations will allow us to calculate the maximum
energy of the accelerated particles as a function of the X extent
of the acceleration region using the model of Zelenyi et al.
[1990]. Comparing this simple model of acceleration with the
energetic particle observations we will find surprisingly good
agreement with expected acceleration region source sizes.

Observations

The data to be examined in this paper consist of energetic
particle and magnetic field measurements from AMPTE/CCE.
CCE is in an equatorial elliptical orbit with apogee at 8.8 Rg.
It has a spin-rate of 6 seconds and a spin axis roughly parallel
to the Earth-Sun line. Energetic particle measurements were
made by the Medium Energy Particle Analyzer (MEPA). MEPA
collects data using two detectors, the Time-Of-Flight (TOF)
head and the ion head. We will only present all-ion data
collected by the ion head since the all-ion channels from the
TOF head are not directly compatible with the ion head
channels. MEPA experienced a steadily increasing gain shift
and the energy boundaries of the channels have been
individually adjusted accordingly. We also present data from
the magnetic field experiment.

Figure 1 presents magnetic field data from a sample event
that occurred on October 19, 1986, just before 2212 UT when
CCE was at a radial distance of 7.7 Rgand at 23.1 MLT. This
event is one of those discussed by Lui et al. [1992]. The data
are presented in VDH coordinates, where H is along the dipole
axis, V is radially outward, and D is positive eastward. Prior to
the onset, the magnetic field value was about 28 nT, well below
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Figure 1. Magnetic field data from CCE on October 19, 1986. The data

are in VDH coordinates (see text) and have a resolution of 0.6s.

the dipole field value of 67 nT, and the V component was small
and positive, indicating that the satellite was located near the
tail midplane just south of the center of the current sheet (the 1-
2 nT variations are spin noise due to a small offset between the
magnetometer booms). At the onset of the event the magnetic
field exhibited a turbulent reconfiguration toward a more
dipolar field value over a 1.5-minute interval. The final field
magnitude was about 45 nT, indicating that the local cross-tail
current had been disrupted.

Spin-averaged, ion-head energetic particle data with 24s
resolution are presented in Figure 2. The gaps in the plots are
periods when the TOF head collected all-ion data. At 2212 UT,
there was a sharp increase in the energetic ion flux. The
increase extended only into the 328-620 keV channel, and we
take the center point of that channel to be the maximum energy
in the injection. Lower energy channels (not shown) also
recorded the injection, which was essentially dispersionless
over a wide range of energy. This indicates that the ions must
have been energized nearby, or energy dependent drifts would
have quickly dispersed them [e.g., Reeves et al., 1992].

The other six events in this study are also taken from Lui et
al. [1992]. We only take those events for which it was
possible to obtain the parallel and perpendicular components
of the plasma pressure prior to the disruption; these are
summarized in Table 3 of Lui et al. [1993). Using those values
of the pressures it is possible to obtain the asymptotic lobe
field strength from the local observations [Lui, 1993], which is
needed to calculate the maximum energy. Each of these events
showed behavior similar to that illustrated in our sample event.
They are marked by a turbulent reconfiguration of the magnetic
field such as seen in Figure 1, and there was a maximum energy
in the injection. In the following section we compare these
observations to results obtained using the particle acceleration
model of Zelenyi et al. ]1990].
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Comparison Between Observations and Model

The calculations of Zelenyi et al. {1990] and Taktakishvili
and Zelenyi [1990] have been successful in providing a
framework for understanding the characteristics of magnetotail
energetic particle bursts observed by the IMP series of
spacecraft. Can these calculations provide some frame of
reference for understanding near-Earth particle acceleration as
well? Although Zelenyi et al. [1990] assumed a neutral line to
be the agent of the acceleration, the calculation requires only a
specified inductive electric field and it is not strictly dependent
upon the physical origin of that electric field. In fact, CCE
observations are more consistent with a turbulent breakup and
disruption of the current sheet than with a near-Earth neutral
line, but even in this case a large inductive electric field should
be present [Lopez et al., 1989]. Another concern is the
applicability of the model geometry to the near-Earth regime.
The model was formulated for the distant tail and it does not
contain the large X-gradients found in the near-Earth region.
However, a sheet-like geometry is not a bad approximation to
the late growth phase at 9 Ry where the magnetic field can
become quite tail-like. Therefore, although we recognized the
need for more realistic calculations, we feel that the model can
provide some insight into the observations.

Zelenyi et al. [1990] considered the inductive electric field
produced by an explosive magnetic perturbation associated
with the development of a tearing mode instability to be the
agent of particle energization. The magnetic configuration is
given by a superposition of an equilibrium Harris field and the
perturbed normal magnetic field, so that B = By, tanh(z/L) +
B.(t) sin(kx) , where By, is the value of the lobe field and k is
the tearing-mode wave number corresponding to the length of a
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Figure 2. Spin-averaged ion counts/s for the October 19, 1986 event.
The time resolution of the data is either 12s or 24s, and there was a clear
maximum energy in the injection.
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Figure 3. Maximum energy of the accelerated ions as a function of the
acceleration region size in the X direction as derived from the model of
Zelenyi et al. [1990].

magnetic island; it is assumed to be one dimensional along the
X-axis and 1/k corresponds to the size of the acceleration
region. The normal perturbation is given as B,(t) = Bo/(1-t/T),
where T is the characteristic time of the explosive growth
[Galeev, 1979]. It is assumed that there is a saturation time, t,
< 1, when B, reaches its final value (after which it is constant in
time), and that the linear stage of the tearing mode
development may be neglected, since it does not produce
significant acceleration. The equations of motion for particles
within the acceleration region (that region near to the neutral
line) are solved analytically [e.g., Zelenyi et al., 1990].
Particles that remain within the acceleration region up to the
saturation time, t,, reach the maximum energy, which is given
by Eol1+®:Bo.(B.(t;)/Bos-1)/Bok Vr]2, where Eo is the initial
energy, o is the cyclotron frequency in the lobe field, and Vr
is the initial thermal velocity of the particles. However,
particles may be thrown out of the acceleration region before
they reach the maximum energy by the non-zero Lorentz force
resulting from the normal component of the field.

The maximum energy depends on the initial temperature,
initial and final B,, the lobe field strength, and the X extent of
the acceleration region (essentially 1/k). For our seven events
we are able to directly observe or derive all of these quantities
with the exception of the size of the acceleration region.
Figure 3 shows the maximum expected energy calculated as a
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function of acceleration region size for the seven events. Most
of the curves are clustered together, with the exception of the
June 12, 1985 and November 16, 1986 events. These events
had relatively low final magnetic field values relative to the
pre-onset lobe magnetic field. Table 1 lists the seven events,
the magnetic parameters used in the calculations, and the
observed maximum energy in the burst (the center point of the
highest-energy channel that showed evidence of the burst).
The final column shows the inferred size in the X direction of
the acceleration region and (in parenthesis) the range of
acceleration region size derived from the bandwidth of the
maximum energy channel. Five of the events have
acceleration region sizes (which we roughly equate to the size
of the current disruption region) of 1 to 1.5 Rg whereas two
events (April 25, 1985 and October 19, 1986) have
acceleration region sizes of 0.7 Rgand 0.6 Rg, respectively.

Does this result have any relationship to reality? In fact
there is reason to suspect that the two events with a small
acceleration region size were limited to a small radial extent in
the magnetotail. One of the two weak events (April 25, 1985)
has been the focus of a previous extensive study [Lopez et al.,
1990]. Notably, although the local time extent of the
substorm activity was great, there was almost no poleward
expansion of activity and the substorm was quite small in terms
of AE, local auroral zone negative bays, and mid latitude
perturbations. Such behavior seems to be a typical feature of
pseudobreakups or weak substorms [Koskinen et al., 1992;
Ohtani et al., 1993]. We have also examined the data from the
EISCAT magnetometer cross (not presented here) for the
October 19, 1986 event. Those data show a similar story: the
electrojet was relatively weak (AHmax » -140nT) and confined to
low latitudes with essentially no poleward expansion around
the period of current disruption displayed in Figure 1. In
contrast, four of the five remaining events show clear evidence
of poleward expansion of activity. In the case of the fifth
event, November 16, 1986, it is difficult to say because the
station nearest to the CCE meridian that recorded substorm
activity was Churchill, 1.3 hours to the east and at a relatively
high magnetic latitude. Given the close connection between
ionospheric and near-Earth magnetotail activity at the onset of
a substorm [e.g., Lopez et al., 1993], latitudinally limited
ionospheric activity would would suggest a radially limited
region of activity in the near-Earth magnetotail.

Table 1. Current disruption events and acceleration region sizes in the X direction

Date ur Rin MLT in hours Magnetic Field (nT) Max. Energy Acceleration

Rg initial By, final B, (channel region size in Rg
lobe (inferred) center) (min, max)
April 25, 1985 0112 8.6 1.4 17.1, 35, 55 560 keV 0.7 (0.6, 0.8}
June 1, 1985 2121 8.6 23.7 8.1, 30, 56.6 1453 keV 1.0 09, 1.1)
June 12, 1985 0950 8.8 23.2 13.3, 23, 51.7 301 keV 1.0 (0.8, 1.2)
August 28, 1986 1200 8.1 23 22.1, 40, 66.1 936 keV 10 (08, 1.D
August 30, 1986 1223 8 23.9 30.3, 48, 642 1792 keV 1.4 (1.2, 1.5)
October 19, 1986 2212 7.7 23.1 26.5, 45, 619 451 keV 0.6 (0.5, 0.7)
November 16, 1986 0447 8.8 20.7 139, 22, 58.1 505 keV 1.5(12,1.7)




Two other events with weak acceleration (June 12, 1985 and
November 16, 1986) had relatively small changes in the local
magnetic field, but larger acceleration region sizes. This
situation suggests that local current disruption that is limited
in magnitude, though not necessarily in size, also produces
weak acceleration. This raises the question of what are the
limiting factors on the disruption of the current and
acceleration of particles. Koskinen et al. [1993] suggested that
both the ionosphere and plasma sheet play a role. Similarly,
Ohtani et al. [1993] pointed out the importance of ionospheric
conductivity regarding the net current flow out of a disruption
region in the magnetotail, and the radially limited current
disruption region observed during a pseudobreakup. They
suggest that the observed pseudobreakup was associated with
weak auroral electron precipitation, and thus ionospheric
conductivity. One speculation that we would like to put forward
is that in situations where the ionospheric conductivity
severely restricts the growth of a current disruption region, one
obtains the phenomena associated with a pseudobreakup, ie.,
limited latitudinal expansion, a radially limited current
disruption region, and weak particle acceleration in the
magnetotail. On the other hand, if plasma sheet parameters
result in a low saturation level of the instability producing the
disruption, but the ionosphere is fully receptive to the current
diverted through it, there may be considerable spatial
expansion of ionospheric and magnetotail activity, but limited
particle acceleration in the magnetotail.

Despite the crudeness of the analytic model, the reasonable
correspondence with the observations is encouraging, and it
supports the contention that particle acceleration by inductive
electric fields in current sheet disruption regions is a valid
perspective for understanding near-Earth particle acceleration
during substorms. It also provides a possible framework for
understanding weak particle acceleration in terms of either
limiting ionospheric or magnetotail conditions. In order to
investigate these issues further, and determine whether the
speculation introduced above has merit, investigations of
Geotail, ISEE and IRM data should be conducted.

Conclusion

We have examined observations made by AMPTE/CCE of
energetic ion bursts during seven substorm periods when CCE
was located near the neutral sheet and observed the disruption
of the cross-tail current in situ. We have compared our
observations to analytic calculations of particle acceleration as
discussed by Zelenyi et al. [1990], using local observations to
provide all parameters for calculating the maximum energy as a
function of the acceleration region size in the X direction. Our
results indicate that this simple analytic formalism provides a
reasonable prediction of the maximum acceleration given
typical acceleration region sizes. Moreover, we find that weak
acceleration may be associated either with a limitation in the
magnitude of the local current disruption, or with a limitation
in the size of the disruption region. This latter phenomena
may be associated with psuedobreakups. These results add
additional evidence to the view that the particle bursts observed
during turbulent current sheet disruptions are due to inductive
acceleration of ions.
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