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Abstract. We report on a new feature of auroral substorms, namely, the sporadic though
recurrent injections of magnetospheric ions throughout the auroral bulge. These injections
are interpreted as time of flight dispersed ion structures (TDIS). Our analysis builds on a
combination of measurements from Interball-Auroral, from UV imagery onboard Polar,
from ground magnetometers, and also from observations on Geotail and from
geostationary spacecraft. Backward tracing of ion trajectories from Interball-Auroral orbit
using realistic three-dimensional magnetic and electric field models indicates that the
injection region can extend over a wide range of radial distances, from ;7–40 RE in the
nearly equatorial magnetosphere. Both hydrogen and oxygen ions are shown to be injected
toward the Earth’s upper ionosphere. At Interball altitudes we find that ion injections are
associated with two types of low-frequency torsional oscillations of the magnetic field: (1)
shear Alfvén waves with a period of a few minutes with the highest amplitude near the
bulge front and decreasing amplitude at lower latitudes and (2) higher-frequency shear
Alfvén waves of the P1B type, strictly restricted to the poleward boundary of the surge,
with a characteristic period of ;40 s. The systematic observation of sporadic TDIS during
the auroral bulge expansion leads us to conclude that the same physical process is at work
throughout the midtail. We also show that ion injections are detected well inside the
bulge, which suggests that the injection fronts propagate from the outer to the inner
magnetosphere over large distances. This topic is more extensively studied by Sergeev et al.
[1999]. We also show that the poleward boundary of the surge is associated with a
prominent outflow of ionospheric H1 and O1. These ions in the hundred of eV to the
keV range are heated perpendicularly to the local magnetic field and subsequently
transported into the magnetotail. The expanding auroral bulge thus forms a significant
source of ionospheric ions for the midtail magnetosphere.

1. Introduction

Assessing the large-scale dynamics of the magnetospheric
system during substorms has motivated a number of studies in
the recent years, and it is still one of the main areas of mag-
netospheric research. Magnetic field observations in the equa-
torial region of the inner magnetosphere and farther in the
magnetotail lobe have shown that a reconfiguration of the
magnetic field topology (“dipolarization”) linked to a partial
disruption of the near-Earth cross-tail current is associated
with substorm onsets detected as breakups of auroral forms in
the ionosphere [e.g., Sauvaud and Winckler, 1980; Lui, 1988,
1996; Lopez and Lui, 1990; Jacquey et al., 1991, 1993; Ohtani et
al., 1992]. Many plasma processes linked to substorms have
been identified in the tail, such as the formation of a thin

current sheet before substorm onset, and earthward plasma
injections within the inner magnetosphere associated with im-
pulsive plasma sheet thinnings at onset [e.g., Winckler, 1969,
Sauvaud et al., 1984; Pulkkinen et al., 1994]. The location and
shape of the inner boundary of particle injections associated
with substorms have been established from observations of
energetic charged particles at geosynchronous orbit [e.g., McIl-
wain, 1974; Mauk and McIlwain, 1974; Quinn and McIlwain,
1979]. The acceleration mechanism producing the injection
boundary has been investigated in detail by a number of the-
oretical and numerical studies [Quinn and Southwood, 1982;
Mauk, 1986; Delcourt et al., 1990; Lewis et al., 1990; Delcourt
and Sauvaud, 1994; Delcourt et al., 1997]. All are based on the
“convection surge” process, which invokes a strong though
temporary increase of the electric field as suggested by in situ
measurements [Aggson et al., 1983]. Farther in the plasma
sheet, at distances of the order of 18 RE, statistical studies
show that the plasma sheet thins almost simultaneously with
particle injections at 6.6 RE [e.g., Sauvaud et al., 1984]. Ac-
cording to Kan [1998], the time delay between dipolarization
and thinning is equal to or greater than the fast-mode propa-
gation time from the dipolarization region, i.e., ;1 min per RE.

In the distant tail the ejection in the antisolar direction of
energetic electrons and ions closely follows the appearance of
magnetic bays in the auroral zone [e.g., Bieber et al., 1980;
Scholer et al., 1986; Jacquey et al., 1994]. Later during substorm
events, other typical processes have been recorded in situ, such
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as the plasma sheet recovery (thickening) and the release of
plasmoids from the far tail [e.g., Hones et al., 1967, 1984;
Scholer et al., 1984; Sauvaud et al., 1996; Nagai et al., 1997,
1998].

All the processes discussed so far are generally presented as
single entities; i.e., an isolated substorm would be associated
with a single injection, a plasma sheet thinning, and a plasmoid
formation. There are, however, numerous experimental pieces
of evidence showing that even single substorms are made of
recurrent and impulsive processes. The most striking experi-
mental evidences have been presented from ground measure-
ments by Sergeev and Yahnin [1979], Tighe and Rostoker [1981],
Rostoker et al. [1987], and Bösinger and Yahnin [1987], who
showed that the auroral surge phenomenon did not consist of
a single form propagating westward and poleward. Rather, it is
characterized by a progressive reappearance of localized,
short-lived (a few minutes) activations, each new arc system
appearing to the north of the preceding one. This bears a close
resemblance with a recent work by Angelopoulos et al. [1996],
who found from correlated satellite and ground data that dur-
ing the course of a substorm expansion phase the tailward
progression of acceleration center in the tail is really the re-
appearance of new acceleration regions at gradually more tail-
ward sites. Sergeev et al. [1992, 1996] also argued that impulsive
dissipation events observed in energetic particles, electric
fields, and plasma data in the magnetotail exhibit, during for-
tuitous conjunctions with the ground, a good one to one cor-
relation with ionospheric activity intensifications. Such inten-
sifications are often composed of a sequence of appearance of
localized, short-lived (a few minutes) activations at progres-
sively higher latitudes.

The orbit of Interball-Auroral, which slowly (;1 km/s) skims
through the midnight sector at altitudes of the order of 3 RE,
provides a unique opportunity to study remotely the magneto-
tail activations when auroral bulges engulf the satellite. The
spacecraft altitude is such that near apogee Interball-Auroral
sits above the main auroral acceleration region and is able to
detect the signatures of processes acting in the tail during
substorms. In the present paper we report on sporadic, recur-
rent ion injections linked both to the northward boundary of
the auroral bulge and to more southward regions of the bulge.
Our goal is twofold: (1) to study the location, recurrence, and
main characteristics of the ion injections and to give a prelim-
inary description of the associated low-frequency waves and (2)
to deduce from the data some constraints on the source exten-
sion in the equatorial magnetosphere. Our analysis is based on
a combination of Interball plasma and magnetic field data,
Polar UV measurements, and data taken simultaneously on
the ground, at 6.6 RE onboard the LANL spacecraft, and
inside the tail onboard Geotail. A paper by Sergeev et al. [1999]
is devoted to detailed comparisons between successive ion
injections and small-scale auroral activations measured from
all-sky cameras and magnetometers.

In particular, we will show that during substorm expansion
phase two main ion injection types (H1) are observed: (1) as
initially reported by Quinn and McIlwain [1979], bouncing ion
clusters injected from the equatorial inner magnetosphere and,
(2) sporadic injections with no detectable bounces in the pole-
ward part of the auroral bulge. These latter injections are
shown to originate from a time-varying source in the midtail
and to follow from time of flight effects (hence their denomi-
nation as time of flight dispersed ion structures (TDIS)). In
several cases, O1 injections are also observed. These observa-

tions lead us to conclude that during the expansion phase of
substorms, a general physical process is sporadically acting in
the outer magnetosphere from ;8 to 40 RE, progressing
northward (tailward) with the bulge and featuring a character-
istic timescale in the minute range.

2. Data Sources
We investigated discrete ion signatures in the nightside au-

roral oval during substorms using the ION experiment flown
on the Russian Interball-Auroral satellite (Interball-2), simply
referred as Interball hereinafter. This spacecraft was launched
on August 29, 1996, into a 62.88 inclination orbit with an
apogee altitude of ;3 RE. The satellite orbital period is ;6
hours. It is slowly spinning, at a rate of 0.5 rpm. The satellite
was still operating in the winter of 1998–1999. All events pre-
sented in this paper are taken near the satellite apogee, in the
midnight sector.

The ION experiment was developed to measure both au-
roral ions and electrons. This experiment comprises two mass
spectrometers (Wien filters) and two simple electron detectors
[Sauvaud et al., 1998]. The mass spectrometers are looking in
opposite directions, perpendicularly to the satellite spin axis,
which points toward the Sun. They measure H1 and O1 ions
in the energy range ;0–14,000 eV/q . The two electron spec-
trometers are also looking in opposite directions and perform
measurements in the energy range ;10 to 20,000 eV. The time
required to sample a full energy spectrum varies from 1.5 to 6 s
depending of the operation mode. The magnetic field vector is
given by a fluxgate sensor with a time resolution which can be
varied between 1⁄16 and 3 s, this latter resolution being used
throughout this paper.

The measurements made with Interball are correlated with
far UV images from Polar. The instrument is designed to
operate over a wavelength range from 1300 to 1900 Å, i.e., to
measure the Lyman-Birge-Hopfield system of bands, which
results from electron impact ionization of N2. LBH bands are
detected in two segments, one at short wavelength (LBHS)
where strong absorption in the Shuman Runge continuum
occurs, and one at longer wavelengths (LBHL) where the O2

absorption is not significant [Torr et al., 1995].
Both the UV images from Polar and the magnetic field data

from the 210MM and IMAGE magnetometer chains are used
to characterize the magnetospheric conditions and identify
substorm phases. The time resolution of the magnetic field
data from IMAGE and the 210MM chains are respectively 10 s
and 1 min. The geosynchronous satellite LANL 1994-084 also
provided ion and electron fluxes in the energy range from 50 to
1500 keV, with a time resolution of 1 min. Finally, Interball
data were correlated with plasma and magnetic field measure-
ments from the LEP-EA and MGF instruments installed on-
board Geotail. Detailed descriptions of these instruments are
given by Mukai et al. [1994] and Kokubun et al. [1995] respec-
tively. In the present analysis, we use data averaged over every
four spins (;12 s) for LEP-EA and spin-averaged data for
MGF.

3. Observations
3.1. H1 Multiple Bouncing Ion Clusters
Associated With Auroral Bulge

The first example of dispersed ion structures we will examine
pertains to a period of overall very quiet magnetic activity on
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January 17, 1997 (Kp 5 00). An auroral breakup occurs at
;1239 UT as identified by Pi2 pulsations at Kakioka (MLT 5
21.85 H). The substorm takes place during a period of south-
ward directed IMF as deduced from the magnetic field data
from Interball-Tail (Figure 1). This latter spacecraft was lo-
cated at XGSM 5 215.6, YGSM 5 23.3, and ZGSM 5 5.5 RE, in
the solar wind according to in situ plasma measurements. In
Figure 1, the horizontal component of the magnetic field at
Kotel’nyy station (INVLAT 5 69.948) from the 210MM Mag-
netic Meridian chain is also shown. Kotel’nyy displays a weak
negative bay starting around 1239–1240 UT. At that time,
Interball crossed the auroral oval in the 22 hour MLT sector
(i.e., 0.7 hour MLT apart from the Kotel’nyy station) at invari-
ant latitudes higher than 688. Polar UV data for the period just
following the substorm onset are given in Plate 1. The first
auroral intensification lasted only until ;1253 UT, Kotel’nyy

being located under the auroral bulge. Around 1254:30 UT,
Polar UV images display another more intense breakup (not
shown). In Plate 1, Polar UV measurements some 2.5 min later
(1256:38 UT) exhibit a well-developed auroral bulge. Plate 1
also gives the Interball projection at ionospheric heights (blue
crosses). Note that the level of ionospheric UV emissions was
low during the first breakup, ;40 photons (cm2 s)21. The
second auroral activation was related with a further intensifi-
cation of Pi2 pulsations at Kakioka (Figure 1). Plate 2 presents
electron and proton energy-time spectrograms measured by
Interball together with the deviation between the onboard
measured magnetic field and the IGRF model. In this Figure,
crossing of the auroral bulge is first noticeable at ;1240 UT
(i.e., immediately after the substorm onset), when the electron
spectrometer detects enhanced energetic electron fluxes (sev-
eral keV) originating from the plasma sheet. Between 1241:25

Figure 1. Interplanetary and ground measurements on January 17, 1997. (top to bottom) The northward
component of the interplanetary magnetic field measured onboard Interball-Tail in the solar wind. The
horizontal component of the geomagnetic field measured at Kotel’nyy (210MM chain) at an invariant latitude
of 69.948 and a magnetic local time of UT 1 8.4 hours. The filtered components of the geomagnetic field at
the Kakioka midlatitude station (MLT 5 UT 1 9.2 hours). The vertical dashed line marks the substorm onset
at ;1239 UT.
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Plate 1. Selected sequence of Polar UV images, on January 17, 1997, in an invariant latitude, magnetic local
time frame. The images are taken in the LBHL band near 1300 Å. The blue cross gives the projection of
Interball-Auroral to ionospheric altitude (100 km).
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and 1242:00 UT, discrete electron structures are seen with
pitch angles from 708 to 1108. From ;1241:30 UT, discrete
proton structures are observed together with the electron
fluxes enhancements. At 1241:30 UT an upflow of ionospheric
protons at pitch angles of ;1108 is also recorded. After 1242:30
UT, energy dispersed structures of ions appeared with two
distinct slopes: (1) high and nearly identical slopes before
1246:30 UT, and (2) softer and decreasing slopes after 1249:30
UT. Changes in both electron and proton fluxes between
1246:45 and 1249:30 UT are related to an intensification of the
auroral surge near the satellite ionospheric footprint (Plate 1).

Beginning with the first electron flux enhancement, the mag-
netic field measured onboard Interball shows well-developed

oscillations with a period of ;180 s. The DB of the waves is
nearly zero (Plate 2). A wave analysis in a frame with one
component aligned with the mean magnetic field (not shown
here) indicates that the field-aligned component of the wave is
;0 and the hodograph shows a left-handed polarization with a
wave amplitude of ;15 nT. These characteristics indicate that
they are shear Alfvén waves propagating quasi-parallel to the
background magnetic field toward the ionosphere. Superim-
posed on these oscillations higher-frequency waves can be seen
(T ;40 s). These latter oscillations are clearly related to the
electron flux enhancements between 1240:00 and 1242:40 UT.
These waves have the same characteristics (DB 5 0, left-
handed polarization) than the lower-frequency ones. As for the

Figure 2. January 17, 1997, Geotail data from 1200 to 1300 UT. (top to bottom) The GSM X , Y , and Z
components of the magnetic field, the ion thermal pressure, the GSM X component of the plasma velocity,
the GSM X and Z components of the ion velocity perpendicular to the magnetic field. The two vertical dotted
lines indicate the onset and end of a fast tailward plasma flow. The vertical dashed line gives the substorm
onset time deduced from Pi2 pulsations at Kakioka (Figure 1). The black arrows mark successive short-lived
intensifications of a bright spot of UV emissions detected from UV images from Polar in the 22–22.5 hour
MLT sector, before the substorm onset.
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longer-period oscillations, they show significantly weakening
when the satellite reaches low latitudes.

During this event, Geotail was located in the midtail, at
XGSM 5 227.6 RE, YGSM 5 8.4 RE, GSM 5 2.2 RE. The
satellite invariant latitude was ;708, and the magnetic local
time of its ionospheric projection was 21.9 MLT. Geotail was
thus located inside the substorm UV activation seen from
Polar. As displayed in Figure 2, the satellite was in the south
plasma sheet (Bx , 0). During the southward interplanetary
magnetic field (IMF) episode (Figure 1) and before substorm
onset, a decrease of the Bx component of the magnetic field
can first be seen in Figure 2 (from ;1203 UT). The magnitude
of the total magnetic field is nearly that of the Bx component
and clearly follows the variations of the plasma thermal pres-
sure. This is attributed to diamagnetic effects. A series of four
tailward directed plasma flow bursts with velocities between
120 and 240 km/s is subsequently noticeable between 1223 and
1243 UT. Each flow burst lasts for 1–3 min and the apparent
recurrence time is ;5 min. During each flow burst, the mag-
netic field and the plasma velocity components present quite
repetitive changes. For clarity in Figure 2, two vertical dotted
lines mark the beginning and the end of the most intense burst
which occurs before substorm onset. It can be seen that the
main component of the velocity is directed tailward and that
the Z component of the magnetic field has a clear bipolar
variation (positive, then negative). The plasma velocity per-
pendicular to the magnetic field is smaller than the parallel one
and also shows systematic changes. During the flow bursts, the
X (GSM) component of the velocity perpendicular to the mag-
netic field is always directed in the anti-sunward direction
while the perpendicular Z component of the velocity is anti-
correlated with the Z component of the magnetic field (i.e.,
V'Z is negative when Bz is positive and turns positive when Bz
becomes negative). These variations are in good agreement
with the encounter of hot plasma bubbles or plasmoids con-
vecting tailward. A possible interpretation is that these plasma
and field structures are produced by partial disruptions of the
cross-tail current occurring earthward of the satellite or by
reconnection events, as proposed for similar observations by
Nagai et al. [1997]. Note that the last tailward flow burst occurs
from ;1239:40 UT, i.e., very close to the substorm onset time
as identified from Pi2 pulsations at Kakioka (Figure 1). Finally,
from ;1253:40 UT, a major change of the Bx component can
be seen with two positive excursions indicative of neutral sheet
encounters. These encounters possibly linked to expansion/
flapping motions of the plasma sheet are closely related in time
with the second intensification of the substorm recorded by the
Polar UV camera at ;1254 UT.

The successive plasmoids encountered before the substorm
can be directly related with the auroral activity monitored by
the UV camera onboard Polar. Each plasma flow burst corre-
sponds to a slight intensification of the UV emission localized
in a spot located in the 22–22.5 MLT sector. The occurrence
time of these weak electron precipitation enhancements are
indicated by arrows at the top of Figure 2. Note finally that
weak Pi2 pulsations were detected at Kakioka from 1229 UT,
that is before the 1239 UT onset (Figure 1).

The energy dispersion of protons detected by Interball after
1249 UT (Plate 2) are strongly reminiscent of time of flight
effects of bouncing ion clusters as originally reported by Quinn
and McIlwain [1979] from equatorial measurements at 6.6 RE.
In order to test this hypothesis, we performed trajectory cal-
culations backward in time in three-dimensional (3-D) mag-

netic and electric fields. These fields were represented by the
Tsyganenko [1989] model (with appropriate dipole tilt) and the
ionospheric electric potential distribution of Volland [1978]
(for the details of the model, see Delcourt et al. [1989]). We
sampled 24 energy, time, and pitch angle data points corre-
sponding to the energy dispersion structures seen between
1250 and 1257 UT and verified that the particles contributing
to the dispersed structures where launched at the same time
from the same point source in the magnetosphere. The dawn-
dusk potential drop was determined from the semiempirical
model of Weimer [1996]. The input parameters of the model
(the By and Bz components of the IMF and the solar wind
velocity) were taken from Wind. The Tsyganenko [1989] state
was determined as the least disturbed field, in agreement with
the Kp index for the period of interest. We found that the
computations give similar results for a wide range of cross
polar cap potential drops (up to ;100 kV) and weak differ-
ences were obtained using a Tsyganenko model with a higher
level of magnetic activity. The results of these calculations are
displayed in Figure 3. It is apparent from this Figure that the
particles have been ejected at ;1247:30 UT, from the equato-
rial plane, at distances of ;7–8 RE. The ejection time nearly
corresponds to that when a surge intensification was detected
by the Polar UV camera close to Interball footprint (Plate 1).
Particles forming the energy dispersed structures have been

Figure 3. Backward computations of the ion energy dis-
persed structures seen after 1249:30 UT in Plate 2. Twenty-
four energy and pitch angle points are being traced backward
in time, starting from the dots. From top to bottom, the ion
energy, pitch angle, radial distance, and magnetic latitude.
Note the focal point at 1247:45 UT shown by a vertical dashed
line.
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ejected both toward the northern and southern hemispheres.
The first trace, beginning at ;1249:30 UT corresponds to par-
ticles ejected toward the southern hemisphere, whereas the
second trace involves particles ejected at the same time toward
the northern hemisphere and bouncing once before reaching
Interball. The third trace, made of particles ejected toward the
south and bouncing twice is the echo of the first structure.
These results are further supported by the fact that when
displayed in a inverse velocity-time diagram, ion traces appear
as straight lines and converge toward the computed injection
time consistently with simple time of flight dispersion (Plate 3).
Thus, as initially shown by Quinn and McIlwain [1979] at 6.6
RE and by Hirahara et al. [1996] at auroral altitudes, the energy
dispersion results here from different ion times of flight fol-
lowing a single injection from the inner magnetosphere (;8 RE).

Using available LANL geostationary data, we verified that
no injection of electrons or ions (with energies higher than 50
keV) were recorded at 6.6 RE during this sequence of auroral
substorm. Concerning the tailward jets of plasma seen onboard
Geotail, it should be noted that earthward convection surges in
the equatorial magnetosphere have been reported up to 10 RE

even during quiescent periods as in the present case (Kp 5
00) [see Nishida et al., 1997].

If injections were slowly propagating from low latitudes
(close to the Earth), near the first substorm onset, to high
latitudes (farther from the Earth) as the substorm progresses,
we would expect the computed injection time of the ion cluster
event to coincide with the onset time, i.e., ;1239 UT instead of
1247:30 UT. This discrepancy raises questions regarding the
time sequence and recurrence of the ion injections. The
Geotail observation, at ;29 RE, of bursty tailward flows before
and at substorm onset provides evidence that the substorm
process is affecting a wide region of the magnetospheric tail.

Finally, it is apparent from Plate 2 that before encountering
the bouncing ion clusters, Interball records repeated keV pro-
ton structures at high latitudes (;1242:30, 1244:00, 1243:00
UT, etc.). Here the slopes of these structures are nearly iden-
tical, which precludes a bounce effect as described above. This
type of sporadic injections is frequently observed by Interball
near the auroral bulge poleward boundary. However for the
January 17, 1997, event, the time resolution of the measure-
ments does not allow detailed analysis of these structures and
different passes will be considered in the next section.

3.2. Multiple Sporadic Ion Injections
Near the Poleward Boundary of
the Northward Expanding Bulge

Interball data reveal an unexpectedly high rate of occur-
rence of time of flight dispersed ion structures (TDIS) during
substorms. Some of these structures are measured near or at
the substorm onset time. However, the probability for the
satellite to be located at the surge front near the time of onset
is low. In fact, it appeared that throughout the expansion
phase, this type of dispersed ion structures are detected inside
the auroral bulge as well, which explains the high-detection
probability. Some of these ion dispersed structures show
bounce effects as in the preceding example, mostly at low
latitudes. Nonbouncing structures are more characteristic of
the high-latitude parts of the bulge.

3.2.1. October 10, 1997. In order to present typical data
obtained in the midnight sector during disturbed times we
show in Plate 4 electrons, ions (H1 and O1) and magnetic field
observations achieved on October 10, 1997 [Kp 5 52], at

high latitudes during a multiple substorm sequence. The data
corresponding to the time interval 1825–1855 UT are pre-
sented in a format similar to that of Plate 2. However, oxygen
fluxes here exceed the background level so that the oxygen
energy-time spectrogram has also been added (third panel
from the top). The general pattern in Plate 4 is quite similar to
that of Plate 2. Onboard the satellite, the poleward border of
the surge as identified from electron energy flux enhancements
is detected around 1829 UT. About 2 min later the satellite
encounters the first precipitating ions with a clear proton en-
ergy dispersion in the range 4–14 keV. Simultaneously, low
energy (below ;1 keV) H1 and O1 ion conics are detected. As
in the case illustrated in Plate 2, the magnetic field components
displayed oscillations with a period close to 180 s and super-
imposed higher frequencies (T ; 40 s) strong fluctuations
near the poleward edge of the surge (see Plate 5). A clear time
of flight dispersion is also apparent in the oxygen energy-time
spectrogram after 1839 UT. Note that the electron spectro-
gram exhibits temporary intensifications, particularly near the
surge poleward boundary. However, the slow spin rate of the
satellite does not allow to resolve the electron pitch angle
distributions. After the surge encounter, additional ion and
electron flux enhancements are detected around 1849 UT,
while the satellite is traveling toward lower latitudes.

To put these observations into perspective, Figure 4 and
Plate 5 present IMAGE magnetograms and Polar UV images
corresponding to this Interball pass. The IMAGE chain with a
magnetic local time of 2200 at 1830 UT (0100 MLT from
Interball) showed a substorm onset around 1812 UT at Bear
Island (BJN) station located at an invariant latitude of
;71.338. At lower latitude (SOR), the variation of the X com-
ponent of the magnetic field reveals the simultaneous devel-
opment of a substorm recovery (Figure 4). At 1830 UT, Inter-
ball footprint was located in the evening sector, at a magnetic
local time of 23.02 and an invariant latitude of 71.148, i.e., close
to those of Bear Island (BJN) and Hopen Island (HOP). Se-
lected Polar UV images are displayed in Plate 5 for the period
1828:19 to 1835:27 UT. The first picture taken 16 min after
substorm onset shows a well-developed bulge with Interball
located close to its northward boundary. At that time, Interball
records enhanced electron precipitation but no ion flux in the
spectrometer energy range (E # 14 keV). The second image
is given at 1832:23 UT. The bulge northward boundary is here
located poleward of Interball which now detects keV proton
injections. The third image in Plate 5 is for 1835:27 UT. The
bulge has moved to the north and reached a latitude of ;758.
Well-defined ion injections are detected onboard Interball.
The accuracy of the relative latitudinal positions of the Polar
data with respect to those of Interball is estimated to ;18. This
accuracy mainly depends on the orbit determinations, and on
the magnetic field model used to project the Interball position
into the ionosphere. Another source of error also comes from
the wobble of the Polar platform which is dawn-dusk and will
shift in this direction any boundary by the equivalent of ;2.58
MLT.

At geostationary orbit available data (not shown) come from
the LANL 1994-084 satellite, located at MLT 5 UT 1 7 hours.
A series of flux dropouts and injections of energetic particle
(E . 50 keV) were observed from ;1715 UT, in close asso-
ciation with a ;500 nT electrojet intensification seen at SOR
(INVLAT 5 67.27, L 5 6.7). These injections occur until
2000 UT. However, LANL was located in the morning sector

28,573SAUVAUD ET AL.: SPORADIC ION INJECTIONS INTO THE AURORAL BULGE



when Interball crossed the auroral bulge near local midnight so
that direct detailed comparison is not possible.

As in the January 17, 1997, case, we performed trajectory
calculations backward in time to estimate the time when the
ions observed close to the northern border of the bulge were
ejected from the equatorial magnetosphere. However, here
H1 ions do not show bounce effect but nearly parallel energy-
time dispersions between 1835 and 1845 UT. The energy-
dispersed structure of O1 was also used to estimate the injec-
tion time. The results of the computations are shown in Figure
5 together with projection into the noon-midnight meridian
plane of the model field line connected to the satellite. A cross
polar cap potential drop of 80 kV was chosen and proven to
only have a weak effect (the particles keep an almost constant
kinetic energy) on the computations as the magnetic field for
any configuration of the model is very stretched, given the high
latitude of the satellite. The use of a realistic magnetic field
model essentially allows us to account for pitch angle unfolding
(under magnetic moment conservation) due to the Earth mag-
netic field and to disentangle energy/pitch angle variables. It
can be seen in Figure 5 that within each dispersion structure
(including the O1 one) the particles from each single trace
have been ejected nearly simultaneously from regions located
near the magnetic equatorial plane: (1) at ;1833:40 for the
first H1 structure, (2) at ;1835:00 for the second, and (3) also

at ;1835:00 UT for the O1 one. In all cases, the particles are
found to come from the midtail, from 18 (O1) and 27–35 RE

(H1), the magnetic latitude of the source being ;78–108. Note,
however, that for hydrogen some radial dispersion is visible. As
noted above, varying the models does not change the results
strongly. In this October 10, 1997, case, the absence of bounc-
ing clusters likely follows from stretching of the magneto-
spheric field line in the midtail which leads to the violation of
the ion first adiabatic invariant. Chaotization of the motion
and pitch angle scattering as the particles return to near equa-
torial regions after mirroring at low altitudes prevent the for-
mation of a dispersed pattern as in Plate 2. Starting from 1850
UT, when Interball has reached latitudes of the order of 69.28
other hydrogen- and oxygen-dispersed structures are detected
and here one must consider the possibility that these ions
originate from the ionosphere as suggested by Delcourt et al.
[1999].

3.2.2. December 22, 1996. Plate 6 shows Polar UV data
together with Interball projection at 100 km along the field
line, for the period 1640–1714 UT on December 22, 1996
(Kp 5 21). Interball crossed the eastern poleward border of
an auroral surge at ;1639–1640 UT and the combined dis-
placements of the satellite and of the surge subsequently
moved Interball to the central part of the intense auroral
precipitation. At 1714:13, Interball is located deep into the
bulge. Note that the auroral activity is now very enhanced in
the afternoon sector. Electron, hydrogen, and magnetic field
measurements performed during this pass are displayed in
Plate 7 (no precipitating oxygen ions were recorded). Interball
reached the auroral bulge at ;1639 UT, as indicated by elec-
tron energy flux enhancements. A strong outflow of hydrogen
ions is first observed when the instrument is looking at pitch
angles in the upgoing direction (1640 UT). Afterward, a series
of energy-dispersed ion structures is noticeable throughout the
crossing of the auroral zone, up to 1725 UT. Low-frequency
waves with periods ;180 and ;40 s are once again detected,
the largest amplitudes occurring at the northern border of the
surge. Note also the repeated dropouts in the electron and ion
fluxes (E . 2 keV) which could be due to intermittent space-
craft reentry into the polar cap, for example, at ;1657 UT. At
1639 UT, i.e., when crossing the bulge north boundary, the
satellite (INVLAT 5 71.98, MLT 5 23.6) was located close to
the 210MM magnetometer chain, ;18 north of Kotel’nyy
(MLT 5 24.5 at 1638 UT). The horizontal magnetic field
component of this station and that of Tixie are displayed in
Figure 6 together with the high-energy electron fluxes mea-
sured onboard LANL 1994-084, which is located at the same
local time as Interball at 1638 UT (MLT 5 23.5). A negative
bay at Kotel’nyy at ;1630 UT preceded the Interball encoun-
ter with the surge by 9 min. At 1630 UT, LANL 1994-084 also
displays an electron injection extending from 50 to 315 keV.
Later between 1638 and 1730 UT a succession of sporadic
injections in the energy range 50–150 keV was detected at
geostationary orbit. However, there is no clear relationship
between these high-energy electron injections seen at 6.6 RE

and sporadic ion-dispersed structures recorded by Interball,
with the exception of the strong injection viewed from 1712 UT
by LANL, which may be related with the ion flux enhance-
ments seen by Interball immediately after.

As shown in Figure 7, during this event, Geotail was located
in the midtail at ;30 RE in the morning sector (;0200 MLT).
Its computed invariant latitude is 728. Note that the east part of
the auroral bulge near 1640 UT in Plate 6 extends to the

Figure 4. Horizontal X components of the geomagnetic field
at the most poleward stations of the IMAGE magnetometer
network on October 10, 1997. The magnetic local time of the
chain is MLT ; UT 1 3.5 hours. The stations are Ny Ålesund-
NAL (INVLAT 5 76.078), Longyearbyen-LYR (75.128),
Hornsund-HOR (74.028), Hopen Island-HOP (72.938), Bear
Island-BJN (71.338), and Sørøya-SOR (67.248). The dashed
curve indicates the progression toward the north of the west-
ward electrojet.
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morning sector up to local times corresponding to the Geotail
position. Starting at ;1637 UT, i.e., close to the time when
Interball crossed the north and west border of the auroral
surge, Geotail passed from the southern lobe to the plasma
sheet where beams with an earthward velocity reaching 550

km/s were measured. These beams were recurrently detected
between 1637 and 1712 UT in association with significant in-
creases of the plasma temperature. The persistence of the flow
well into to the central plasma sheet can be deduced from the
high-velocity flow event encountered during the time period

Figure 5. (top left) Projection into the noon-midnight meridian plane of the magnetic field line passing by
Interball on October 10, 1997, at 1835 UT. Upper right, trajectories computed backward in time for the H1

dispersed structure starting at ;1835 UT. (bottom left) Same for the H1 structure seen at 1837 UT. (bottom
right) Same for the O1 dispersed structure starting at 1840 UT. Each trajectory plot gives the ion kinetic
energy, radial distance, and magnetic latitude.
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1705 to 1712 UT when the velocity is higher than 400 km/s and
the magnetic field Bx component varies between 11 and 25
nT. The highest flow velocity was measured around 1652–1653
UT, reaching 800 km/s, well inside the plasma sheet as indi-
cated by the small value of the magnetic field Bx component.
Note that during the period 1630 to 1730 UT, the Bz compo-
nent of the magnetic field was mainly positive. For this case,
the sporadic and recurrent high-speed plasma flows directed
earthward strongly suggest that Geotail was located earthward
of an intermittent reconnection site in the more distant plasma
sheet. Although there is no one to one correlation between the
plasma sheet dynamical change as deduced from Geotail data
and the succession of ion injections seen onboard Interball, the
observations suggest that the bursty bulk flows have pseudo-
periods of 1–5 min, very much like the ion injections into the
auroral zone.

As in the preceding examples, we computed ion trajectories

backward in time to estimate the ejection time from the equa-
torial magnetosphere. Figure 8 shows the results of these com-
putations for two ion structures namely those observed at 1642
UT (INVLAT 5 70.78) and ;1700 UT (INVLAT 5 69.418)
respectively. It can be seen in Figure 8 that the ions are in-
jected ;1 min before their first detection by Interball, from
radial distances of the order of 22 RE in the former case and
18 RE in the latter, i.e., from a region closer to the Earth than
Geotail. Later, when Interball is located more deeply into the
surge, i.e., more equatorward, dispersed ion structures are still
measured though with wider extension and a softer slope.

In this December 22, 1996, pass we cannot rule out the
existence at low latitudes of ion clusters experiencing multiple
bounces (INVLAT , 67.28). There is an indication for such a
possibility in Plate 7 after 1721 UT, when the dispersion sig-
natures merge into a unstructured precipitation of plasma
sheet ions. For the clearest high-latitude TDIS we have been

Figure 6. December 22, 1996, ground and geostationary data. Top, the horizontal component of the
geomagnetic field at Kotel’nyy and Tixie (210MM chain). Bottom, the energetic electron flux detected
onboard the LANL 1984-084 geostationary satellite located 0.8 hour MLT eastward of the 210MM magnetic
meridian chain. The gray area delineates the time period corresponding to the Interball data presented in
Plate 7.
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able to estimate the injection times and to compare them with
the Geotail data displayed in Figure 7. This comparison sug-
gests that injections occur for high-flow velocities and reduced
magnetic field periods which could indicate sporadic reconnec-
tion events. However, the local time difference between Inter-
ball and Geotail leads us to consider these correlations with
care. More extensive studies are needed.

3.2.3. September 6, 1997. This north to south pass of
Interball with a surge encounter near 1158 UT (Kp 5 20, 32)
also displays a series of time of flight dispersed ion structures.
These structures exhibit all the characteristic features generally
observed by Interball at altitudes of the order of 20,000 km
during substorms. However, in that case the northern bound-
ary of the surge is crossed at a particularly high invariant
latitude (73.58). Near the surge poleward boundary, intense
proton conics can be seen with energies up to 5 keV. From the
pitch angle variation of these ions we can infer that the heating
process is taking place at least up to altitudes of ;18,000 km,
i.e., not far from the spacecraft. Starting around 1159 UT, clear
high-energy dispersed hydrogen structures are detected. Later
(after 1230 UT), the dispersion structures extend down to E
;1 keV. Note that on this pass the level of magnetic oscilla-
tions is high. Trajectory computations indicate that ions in the
series of structures observed before 1240 UT are dispersed by
time of flight effect and originate from the midtail, at distances
of the order of 30 RE. As already noted, at the highest lati-
tudes, over the ionospheric heating region, the dispersion
structures exhibit a low-energy cutoff around 2–4 keV and

extend up to energies higher than the detector upper limit. In
such cases, accurate backward computations are difficult.
(However, the velocity21-time spectrogram (not shown) re-
veals that the structures have very similar slopes.) Different
mechanisms may be invoked to explain the above low-energy
cutoff. One is the deceleration of particles along the field line
by parallel electric fields. Another mechanism is that the strong
convection electric field does not allow connection between the
low-energy part of the source and the satellite. The nature of
heating processes in the equatorial plane may also be invoked.
These topics clearly require further studies.

Finally, Plate 8 displays another feature of interest, namely
a well-defined change of the TDIS slope after 1240 UT fol-
lowed by their progressive mixing at lower latitudes. This re-
sults into a more uniform precipitation of hydrogen ions ex-
tending from ;200 eV to .14,000 eV when the satellite
reaches invariant latitudes of ;70.58 at MLT 5 1.1 MLT. The
slope change at 1240 UT likely results from a bounce effect as
ratio of the computed travel times for the 1234 and 1240 UT
ion structures is of the order of 3.

4. Discussion
4.1. Two Types of Dispersed Ion Structures
Associated With Auroral Bulges

We presented evidence for a new feature of auroral sub-
storm, namely, the sporadic injection of ions from the plasma
sheet throughout substorm expansion phases. Two types of

Figure 7. December 22, 1996, Geotail data. The presentation is similar to Figure 2. However, only the GSM
X component of the plasma bulk flow is given. The vertical dashed line marks the time when Interball crossed
the poleward border of the auroral bulge. The arrows indicate the computed injection times of clear TDIS
deduced from Interball data (see text).
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injections can be identified from Interball measurements at an
altitude of ;3 RE, above the auroral zone: (1) bouncing ion
clusters similar to those observed by Quinn and McIlwain
[1979] at geostationary orbit. Their source is found to be lo-
cated in the nearly dipolar part of the plasma sheet, (2) non-
bouncing, sporadic structures due to the time of flight disper-
sion of ions intermittently ejected from the midtail. In this
latter case, we interpret the absence of bounces as the result of
nonadiabatic pitch angle scattering when ions return to the
equatorial plane.

These observations are new in the sense that we demon-
strate the nonbouncing and recurrent dispersions are due to
time of flight effect acting upon ions ejected from the plasma
sheet (TDIS). This result is in clear contrast with previous
analysis of velocity-dispersed ion structures (VDIS) made from
low-altitude measurements by polar spacecraft, which con-
clude to either a very distant source and to predominant effect
of the convection electric field [Kovrazhkin et al., 1987; Bosqued
et al., 1993; Elphinstone et al., 1995; Hirahara et al., 1997] or to
a single time of flight ejection followed by bounces in quasi-
dipolar field lines [Hirahara et al., 1996]. By contrast convec-
tion electric field has a quite secondary role in the TDIS sig-
natures related to auroral bulges reported here. The
controlling factor simply is the different time of flight of ions
with different energies. It must be stressed that a major sub-
storm signature in geostationary data is particle acceleration
and injection toward the inner magnetosphere. However, such
satellites rarely coincide with the projection of the auroral
bulge northern boundary, which generally lies tailward of
them. Interball is systematically intersecting this border when
traveling from dayside to nightside auroral zone, and thus it is
well suited to examine the nature of ion injections. The Inter-
ball altitude near apogee allows it to stay for tens of minutes in
this high-latitude region while low-latitude orbiting satellites
quickly travel through it. Interball is accordingly better suited
to resolve spatiotemporal effects. Finally, it must be stressed

that both VDIS and TDIS are detected in the auroral regions.
TDIS are restricted to the auroral bulge while VDIS have been
reported over the entire evening sector, from 1800 to 0600
MLT, with no correlation with substorm phase [Zelenyi et al.,
1990].

4.2. Sporadic Nature and Extent of Ion Injections

An important result concerns the sporadic nature of TDIS,
their quasi period being of the order of 1–3 min near the
poleward boundary of the auroral surge. It must be noted that
such injections are observed during the expansion phase of
substorms irrespective of the time delay from onset. This has
important implications on the nature of the plasma sheet in-
stability at work during a substorm. The instability should have
the same recurrence time. This is also a strong indication that
this process should be approximately invariant in the X direc-
tion, corresponding to its general tailward propagation (i.e., to
northward propagation of the auroral surge). In other words as
substorm progresses, successive regions of the tail should be
affected by the same sporadic physical process.

Another important result is that injections are detected
when the satellite is located inside the auroral surge as well. At
first glance, this seems paradoxical bearing in mind the back-
ward computations which show that each structure originates
from a narrow domain in the equatorial magnetosphere. How-
ever, this localization directly follows from the sporadic nature
of the injections and from the nearly unchanged satellite po-
sition during a single event observation. The fact that repeated
TDIS are still detected when the spacecraft is immersed well
inside the auroral bulge indicates that the process responsible
for ion alignment with the magnetic field and subsequent de-
trapping must affect a wide range of radial distance in the
equatorial magnetosphere or that this process rapidly propa-
gates from the outer to the inner magnetosphere. However,
the measurements presented here do not allow us to estimate
the extent of the acceleration region. This issue is being ad-

Figure 8. H1 trajectories computed backward in time for the dispersed structures starting at (left) ;1642:18
UT and (right) ;1700:00 UT on December 22, 1996.
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dressed by Sergeev et al. [1999], who uses simultaneous space
and ground observations. Further studies using correlated
measurements from Interball-Auroral and Interball-Tail are
also under way.

4.3. Related Low-Frequency Waves

The crossing of the poleward boundary of the auroral bulge
systematically coincides with the detection of low-frequency
waves. In this regard, it should be noted that a number of
possible wave modes and harmonics may be excited during
substorms: the shear Alfvén wave, the slow magnetosonic
wave, and the fast magnetosonic wave, with their higher har-
monics. We have chosen to work on DB values as compared to
the IGRF model, whereas B changes along the satellite orbit
are indicative of field-aligned currents. Because Interball in-
tersects the auroral region very slowly, it is difficult to use the
relation x 5 vsatt to infer space derivatives, the velocity of the
surge being comparable or larger than the satellite velocity.
The applied data treatment has revealed a systematic occur-
rence of waves at the surge poleward boundary. Shear Alfvén
waves (DBtot ;0 and left-handed polarization) in the period
range 180–200 s are likely linked to field line resonance.

Another systematically detected type of waves has a period
range of the order of ;30–60 s. These waves are strictly
restricted to the most poleward part of the surge and have a
zero DB also. Recently, Holter et al. [1995] interpreted wave
observation in a similar frequency range at geosynchronous
orbit as confined (standing) ballooning modes trapped in the
equatorial current sheet. As the current sheet is disrupted and
expands at breakup, the waves could escape and be observed
far from the equatorial plane. It must be stressed that the in
the wake of dipolarization, Holter et al. [1995] observed higher-
period (in the 200–500 s range) waves at geostationary orbit.
These latter waves were second harmonic standing waves along
the entire magnetic field lines, which is strongly reminiscent of
the 180–200 s waves reported above and supports the present
interpretation that ion injection occurs onto closed field lines.

4.4. Relationship With Midtail Dynamics

Correlations between measurements made onboard Inter-
ball and Geotail show that ion injections into the auroral zone
are linked to tailward or earthward plasma flows. Although this
deserves further studies, it is a strong experimental indication
that sporadic ion injections observed at the earthward edge of
the plasma sheet are linked to a large-scale plasma sheet in-
stability associated with fast and bursty plasma flows. During a
weak substorm, on January 17, 1997 (see Plates 1 and 2 and
Figure 2), the plasma sheet instability is found to be located
earthward of 30 RE (Figure 2). During intense substorms the
instability which leads to strong earthward plasma flows ex-
tends beyond 30 RE (see Plate 6 and Figure 7). It must be
noted that both the cross-tail current disruption model of sub-
storms [e.g. Lui, 1996] and the near-Earth neutral line model
[e.g., Shiokawa et al., 1998] lead to field line dipolarization,
directly for the former, and through flow braking for the latter
[Birn et al., 1996]. The December 22, 1996, case exhibits cor-
relations between injections seen onboard Interball and high
flow speed periods seen onboard Geotail. However, these cor-
relations are preliminary and need to be reinforced by dedi-
cated studies.

4.5. Tentative Interpretation of Ion Ejections
From the Midtail

Mauk [1986] put forward the idea that the convection surge
associated with field line dipolarization can lead to significant
parallel ion energization. As a result, bouncing ion clusters and
dispersed ion structures may be generated. These transport
features however were obtained using guiding center based
arguments which are valid only in the innermost magneto-
sphere (typically, earthward of 10 RE). In Plate 2, the ions
involved in the energy dispersed structures seen after 1240 UT
originate from the close tail (;8 RE) where the model of Mauk
[1986] can be applied. However, nonbouncing ion dispersed
structures (Plates 4, 7, and 8) originate from the relatively
distant tail (beyond 15–30 RE), where the guiding center ap-
proximation is violated and where ions behave in a nonadia-
batic manner. In this region of space, dispersion signatures
more likely result from transitions between distinct nonadia-
batic regimes. To illustrate this, consider the particle dynamics
in steady state. A parameter, which is widely used to charac-
terize nonadiabatic behaviors, is the parameter k defined as
the square root of the minimum curvature radius to maximum
Larmor radius (a 5 908) ratio [Büchner and Zelenyi, 1989]. For
k . 3, the motion is adiabatic like in the innermost magneto-
sphere, whereas for k of the order of unity or below distinct
nonadiabatic regimes can be identified [e.g., Chen and Pal-
madesso, 1986]. In particular, it was shown by Delcourt et al.
[1996] that pitch angle diffusion near k 5 1 is organized ac-
cording to a specific three-branch pattern and can lead to
prominent scattering toward small pitch angles (including sig-
nificant loss cone filling; see also Sergeev et al. [1983]. In other
words, plasma sheet ions that are subjected to such a scattering
will travel down to low altitudes and reach Interball orbit. As
k decreases, the three-branch diffusion pattern successively
vanishes and reemerges, thus favoring alternatively trapping or
escape from the current sheet as demonstrated by Delcourt and
Martin [1999]. This can be better appreciated in Figure 9 which
shows the magnetic moment scattering (center) and conse-
quent flux variations (bottom) obtained for two distinct k val-
ues. As mentioned above, a well-developed three-branch pat-
tern can be seen for k 5 1.2 (center right), whereas less clear
variations are noticeable for k 5 0.9 (center left). As a result
of this, if one considers an inbound ion population that is
isotropic above some limiting pitch angle value (shaded area in
the bottom panels), the prominent damping (vertical branch)
of magnetic moment at k 5 1.2 leads to a large outbound flux
at small pitch angles (bottom right), whereas for k 5 0.9,
negligible flux is obtained in the parallel direction (bottom
left). Behavior as in Figure 9 (left) may in first approximation
be expected for k between ;1 and the first resonance at ;0.5
[e.g., Chen and Palmadesso, 1986] whereas that in Figure 9
(right) typically occurs for k between 1 and 2. This seemingly
small (a factor 2) range of k value actually corresponds to a
factor ;16 in energy and the bulk of the ion distribution may
thus be affected by this process. As shown by Chapman [1994],
it is clear from Figure 9 that dynamical reconfigurations of the
magnetic field line will lead to similar transitions in plasma
sheet ion behaviors. The energy-dispersed structures portrayed
in Plates 4, 7, and 8 thus likely follow from modulations of
pitch angle in response to relatively small changes in the equa-
torial magnetic field. The sporadic nature of the injections calls
for intermittent changes of the magnetic field line topology and
associated electric field.
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5. Conclusion
The observational feature of auroral substorm we report in

this paper, that is, the recurrent and sporadic injections of
magnetospheric ions, is a frequent phenomenon. A statistical
analysis of 60 Interball passes at invariant latitudes between
678 and 738 and in the local time sector 21.5–02.5 MLT indi-
cates that time of flight dispersed ion structures (TDIS) are
seen in ;35% of the crossings.

Ion dispersions are generally well defined and exhibit a du-
ration at a given energy of the order of 1 min near the pole-
ward border of the bulge. Note that during such a small time
period, Interball is nearly stationary. The mechanism respon-
sible for ion ejections from the midtail is thus short lived. The
recurrence time of the injections varies from ;1 to 7 mins, and
TDIS are detected from the northern border of the auroral
bulge down to lower latitudes (Dl . 48), indicating they occur
on closed field lines. Many cases show well-defined time of
flight dispersions extending from the detector upper energy
limit (14 keV) down to 1 keV or less. Particle tracing backward
in time in 3-D electric and magnetic field models yields a
source region near the equatorial plane in the midtail, at dis-
tances from ;7 to 40 RE.

The time of flight dispersions of oxygen ions are at times also
observed. Their occurrence is higher during periods of sus-
tained high magnetic activity as is consistent with the enhanced
outflow rate from the ionosphere. O1 trajectory tracing gives
results essentially similar to those for H1. However, it must be
stressed that near the bulge poleward front, in several occa-
sions, TDIS display a hard slope with a high-energy cutoff near

3–5 keV. Here we suspect that acceleration/deceleration mech-
anisms are acting along nonequipotential field lines. Indeed, a
modest decelerating parallel electric field, as expected over
inverted V regions or perpendicular heating, would reflect
particle with low parallel energy before they reach Interball,
thus leading to a steepening of the TDIS in the pitch angle
range scanned by the ION experiment, i.e., close to 908. That
the bulge poleward boundary is a turbulent region is clearly
indicated by the fact that here TDIS are superimposed on a
prominent outflow of ionospheric H1 and O1. These ions in
the hundred of eV to the keV range are mainly heated per-
pendicularly to the local magnetic field at altitudes close but
lower than these of Interball and subsequently transported into
the magnetotail. Altogether, these observations provide a new
facet of substorm-related acceleration processes.
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Figure 9. (top) Model magnetic field lines in the midnight meridian plane, (center) magnetic moment
(normalized to the initial value) at exit from the current sheet as a function of pitch angle and, (bottom)
directional differential particle flux (normalized to unity) as a function of pitch angle. Left and right panels
correspond to specific elongations of the magnetic field line, yielding (left) k 5 0.9 and (right) k 5 1.2 for 1
keV protons. The pitch angle in the bottom panel is measured at the equator and in the adiabatic limit. Note
the loss cone filling for k 5 1.2.
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