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Abstract. The APEX project (Active Plasma Experiment)
has been launched into a polar orbit in December 1991 and
consists of two satellites (IK-25 and MAGION-3), with a dis-
tance between them from 200 km to 10 000 km. The mis-
sion used intensive electron beam emission, complemented
by a low-energy Xenon plasma generator during the electron
beam injection, for the study of dynamic processes in the
magnetosphere and upper ionosphere.

The paper deals with short, intensive bursts of field-
aligned electrons observed during the APEX mission on
board the MAGION-3 satellite. These events are located pre-
dominantly at the middle geomagnetic latitudes in the day-
side magnetosphere. The time-energy structure of these elec-
tron bursts is similar to the inverted-V one, but the pitch-
angle width is less than 10◦. Electrons with an energy up to
700 keV are often observed during the events. We analyze
the observed events, discuss the possible mechanisms of the
particle spreading, and the role of the main satellite’s activity
as a possible source of these events.

Key words. Ionosphere (particle acceleration; particle pre-
cipitation) – Space plasma physics (active perturbation ex-
periments)

1 Introduction

1.1 Observations of electron beams in the magnetosphere

The energy-time signatures of particle fluxes measured in the
magnetosphere can often be used to identify and character-
ize distant sources. The isolated field-aligned electron bursts
are observed, for example, in the boundary plasma sheet re-
gion of the auroral oval (Johnstone and Winningham, 1982).
The characteristic properties of these fluxes are a maximum
energy of about 1 keV, a duration of∼ 10 s, a broad energy
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spectrum, and pitch angles less than 30◦. Torbert and Carl-
son (1980) reported similar events for the dayside auroral
oval, again in the discrete aurora region. In the nightside part
of the diffuse aurora region, Clemmons et al. (1994) found
high-energy electron bursts, which lasted∼ 2 s and extended
to energies of a few keV, presumably of plasma sheet or ring
current origin. The authors calculated a source location only
about 850 km above the spacecraft for one of two examples,
and for the second event, the source was inferred to lie near
the equatorial region in the early morning sector at a distance
of about 6.5 RE from the spacecraft.

The data set obtained from the FREJA mission includes
many examples of such events. One of them, inverted-V
electrons, have been reported in Haerendel et al. (1994) dur-
ing some passes over broad auroral arc systems. A combina-
tion of these observations of inverted-V events and ground-
based optical measurements leads the authors to the conclu-
sion that the fine structure of the observed events seems to
originate from modulations of the accelerating field-aligned
potential probably at the interface between the topside iono-
sphere and hot magnetospheric plasma. Boehm et al. (1994)
have reported a high-resolution measurement of very narrow
(0.5÷5 km) inverted-V structures observed on the edge of
the inverted-V region (McFadden et al., 1986; McFadden et
al., 1990). These precipitations have been analyzed and two
possible mechanisms for the particle acceleration were pro-
posed: the Alfv́en ion-cyclotron waves or the field-aligned
potential drop (McFadden et al., 1986; Temerin et al., 1986).
These two mechanisms are supposed to cause the acceler-
ation of the cold ionospheric electrons to the observed ener-
gies (up to 25 keV). Nevertheless, neither mechanism can ex-
plain all the features of these events; the Alfvén wave accel-
eration theories cannot easily explain why the field-aligned
electron energy extends up to, but not beyond, the energy
of the isotropic inverted-V populations, and the theories in-
volving the V-shape potential have trouble explaining how
the cold ionospheric electrons enter the acceleration region
(McFadden et al., 1986; Lotko, 1986).

On the other hand, electrons with higher energies were
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observed in different regions in low and middle altitudes.
Microbursts of precipitating electrons, which were first de-
scribed by Anderson and Milton (1964), were detected from
balloons and their energies were mostly in the range of tens
to hundreds of keV. The microbursts were characterized by
durations of∼ 0.2 s and interburst spacings of∼ 0.6 s. Most
observations of microbursts have involved measurements of
the bremsstrahlung X-rays produced by the electrons as they
encounter the atmosphere (e.g. Bering et al., 1988).

One set of early observations of microbursts was made
from the INJUN 3 satellite and involved direct measurements
of precipitating electrons with energies of> 40 keV (Oliven
et al., 1968). These microbursts were found to occur pre-
dominantly atL = 6 ÷ 8.5 and MLT from 04:30 to 12:30
hours. Short bursts of electrons with the same energetic range
(above 45 keV) were studied with data from the S81-1 low-
altitude polar-orbiting satellite (Imhof et al., 1989). The ob-
served bursts met all of the criteria for microbursts and had
soft spectra with negligible flux above 1 MeV.

Later papers present the observations of relativistic elec-
tron microbursts with durations of> 1 s (Imhof et al., 1991)
and< 1 s (Imhof et al., 1992). However, these relativistic
electron microbursts occurred much more often near local
midnight than near local noon. This local time preference of
relativistic microbursts is opposite to the published local time
occurrence of lower-energy electron microbursts (Oliven et
al., 1968; Imhof et al., 1989).

Some relativistic electron precipitation bursts, many of
which were observed in the drift loss cone, were previously
found to occur in the vicinity of the plasmapause position
estimated from theKP index (Imhof et al., 1986). These
bursts were predominantly in theL shell range of∼ 4 to∼ 7
and, therefore, probably near the trapping boundary. Many
of these events were found very close to the outer bound-
ary of the radiation belt measured on the same satellite pass.
Enhanced precipitation is known to occur often near the last
closed field line. From a low-altitude polar-orbiting satellite,
the precipitation at this location displaysL-dependent energy
selectivity on the time scale of a few seconds or a distance of
a few kilometers (e.g. Imhof et al., 1988; Imhof et al., 1991).
The precipitating mechanism may be due to the loss of adi-
abatic motion when the radius of field line curvature is not
significantly greater than the gyroradius of the electrons (e.g.
Popielawska et al., 1985; Büchner and Zelenyi, 1989; Imhof
et al., 1997).

All described events have been observed by numerous
space missions including the APEX (Active Plasma EXperi-
ment) project (e.g. Ňeměcek et al., 1997) at high latitudes.
However, the discussed bursts of energetic electrons have
been recorded at middle and low geomagnetic latitudes dur-
ing the APEX mission. The energy of these electrons extends
up to several hundreds of keV. One of the interesting features
of these bursts is that, in spite of the small distance (from 10
to 1000 km) between the main satellite, IK-25, and its sub-
satellite, MAGION-3, the bursts have been observed always
by the subsatellite only. This fact suggests that the origin
of these bursts is connected with the proximity of the main

satellite and with the emission of the high-energy electrons
and/or ions from the guns aboard of the main satellite. For
this reason, we are giving a brief summary of results of active
experiments in the next section.

1.2 Active experiments

Numerous experiments involving the injection of electron
beams into space plasma have been carried out with the moti-
vation to study the response of the space environment to con-
trolled disturbances. The common feature of this simulation
is an intense flux of suprathermal electrons created around
such a rocket or satellite. For example, the Polar 5 mother-
daughter payload configuration determined the dimension of
the hot electron cloud transverse toB to be several beam
Larmor radii and the dimension of the cloud alongB to be
about 100 m (Jacobsen, 1982). These dimensions are similar
to those reported from a joint US/Canadian electron accel-
erator experiment (Duprat et al., 1983). The Echo 6 flight
(Winckler et al., 1984) with a higher beam power showed a
disturbed plasma region greater than 140 m of radius. Large
disturbed regions of radius up to 800 m were reported by
Sagdeev et al. (1981) in a lower altitude region. A very sig-
nificant result from the Polar 5 and Echo 3 observations of
suprathermal electrons is that the intensity of this population
increases with altitude (Maehlum et al., 1980; Arnoldy and
Winckler, 1981).

New results have been summarized by Hastings (1995)
who reviewed plasma interactions with spacecraft in low-
Earth orbit. His paper includes charging on polar orbits,
ram and wake flows, use of high-voltage power systems in
space, noise generation in self-induced plasma clouds around
a large, active spacecraft, especially the Shuttle, anomalous
ionization of emitted neutral gases, use of electrodynamic
tethers and plasma contactors, and phenomena associated
with the use of electrically propelled rockets.

Interesting and important results related to our topic show-
ing the particle acceleration were obtained through Tethered
Satellite Missions. During the operation of the Fast Pulsed
Electron Gun (FPEG) (TSS-1 mission), the SPREE elec-
trostatic analyzers measured intense fluxes of electrons at
energies up to the energy of the emitted beam (100 mA,
1 keV). At energies above the charging peak, the shape of
the electron distribution function was consistent with a sim-
ple acceleration by the electric field produced by the posi-
tively charged Orbiter (Oberhardt et al., 1993). Particle mea-
surements up to 27 keV were performed on the TSS-1R to
track the spacecraft potential and collected current. In ad-
dition to the accelerated ionospheric electrons (∼ 70 eV), a
suprathermal population of electrons was observed to be cen-
tered around 200 eV (Winningham et al., 1998). The authors
assumed an AC acceleration of the suprathermal electrons
whose free energy is gained from the differential (E × B

driven) drift between electrons and ions.
Hardy et al. (1995) reported the measurements by the

Shuttle Potential and Return Electron Experiment (SPREE),
acquired during a period of the Electrodynamic Tethered
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Satellite mission when the fast pulsed electron generator in-
jected a 1 keV electron beam nearly perpendicular to the
Earth’s magnetic field. They detected part of the beam re-
turning after the electrons executed almost a full gyrocycle.
The electron spectrum was strongly peaked at 1 keV, but elec-
trons with energies several hundred eV above (up to 1850 V)
and below the emitted beam energy were observed. It means
that the beam energy was nearly doubled during one gyro-
revolution.

The response of the ambient ionospheric plasma to the
emission of the intensive (8 keV, 100 mA) electron beam was
studied by Ňeměcek et al. (1997). The authors showed that
the electron gun firing creates a disturbance that produces a
broad spectrum of energetic electrons which extends up to
1500 eV. The acceleration process can be explained when an
electric field with intensity of about 100 V/m is expected.
This intensity was in agreement with the observedE × B

drift velocity.
The disadvantage of most of these experiments is that the

response was studied in the close surrounding of emitting
rockets (or satellites). Therefore, the APEX project, with two
satellites separated by a relatively long distance, can bring
qualitative new information on the propagation of the artifi-
cial disturbances in the magnetosphere.

As it was noted above, the observations of the field-aligned
electron bursts on board the MAGION-3 satellite in low lati-
tudes have been discussed first time by Něměcek et al. (1996)
based on the measurements of a low-energy electron spec-
trometer. The present paper brings new observational facts
on this phenomenon and continues the discussion on its pos-
sible source from the point of view of the role of the active
experiments carried out on board the main satellite.

2 Instrumentation

The APEX mother-daughter project was launched on 18 De-
cember 1991 and its two satellites moved along the same
orbit with apogee 3080 km, perigee 450 km, and inclination
82.5◦. The main satellite (IK-25) had a stabilized three-axis
orientation with the axis of nearly axisymmetrical shape of
the satellite oriented along the gradient of the gravitational
field. The main axis of the small subsatellite (MAGION-3)
was oriented parallel to the magnetic field.

The IK-25 satellite carried the electron gun that provided
controlled injection of the electron beam. In all cases re-
ported in the present study, the electron beam was injected in
the direction opposite to the vector of the satellite’s velocity.
This resulted in a smooth change of the beam’s pitch angle in
time (or along the orbit) with a slope of 4◦ per minute in the
middle latitudes. The basic cycle of electron injection lasted
about 23 s and was formed by current pulses of duration ei-
ther 2 or 32 ms. The pulses were repeated with a frequency
swept in the range either 30 Hz÷250 kHz or 30 Hz÷16 kHz.
During this cycle, the gun energy was approximately 10 keV
and its mean current varied from 0.01 to 0.125 A (Dokukin,
1992).

The electron beam emission was complemented by a low-
energy Xe plasma releaser. This plasma injector was work-
ing in several different modes: the neutral Xe cloud release,
the release of ionized Xe plasma with/without modulation,
etc. The amount of released Xe was about 3 mg/s. The re-
lease of neutral Xe started usually∼ 35 s before the electron
emission and the ionizer began to work 5 s before the elec-
tron emission. The ionizer produced about 1019 ions/s into
the cone with top angle∼ 90◦. The axis of the cone was
declined by 22.5◦ from the orbital plane and directed 45◦ up-
ward from the Earth. The initial ion velocity corresponded to
a bulk kinetic energy of∼ 200 eV and the total ion current
could reach 2 A.

The data presented in this paper have been obtained by the
MPS/PPS low-energy and the DOK high-energy spectrom-
eters on the MAGION-3 satellite. The MPS/PPS subsatel-
lite spectrometer consists of two devices with independent
sensor electronics and a common data processing unit. The
electrons in both directions along the subsatellite main axis
are registered by the cylindrical electrostatic analyzers of the
small plasma spectrometer (MPS). The six toroidal analyzers
of the PPS device (wide-angle plasma spectrometer) create a
fan in the plane parallel to the main satellite’s axis. This
axis is oriented along the magnetic field by a system of mag-
netic orientation. Due to insufficient damping, the axis is
swinging around the magnetic field line and in some cases
the angle between the satellite’s axis and the magnetic field
vector can reach 70◦. The energy range of both spectrome-
ters is 0.1÷5 keV or 0.2÷20 keV, divided into 16 steps in the
logarithmic scale. The maximum time resolution is 0.8 s per
spectrum. A detailed description can be found in Něměcek
et al. (1994).

The DOK spectrometer (Kudela et al., 1992) is designed
for the registration of small charged particle flows in the en-
ergy range of 20 keV to 1300 keV, which is divided into 8
energy channels separately for ions and electrons. Two pairs
of silicon detectors parallel and perpendicular to the subsatel-
lite’s main axis are used. One detector is complemented by
a magnetic filter for electron separation (proton detector). A
foil is placed in front of the electron part to suppress the in-
fluence of the heavier particles and its metal coating protects
this electron detector from the registration of the UV radia-
tion.

A more complex set for plasma and charged particle in-
vestigations was placed on board the main satellite. The ion
and electron distributions were measured in 24 directions si-
multaneously in the energy range from 0.05 to 30 keV and
the parameters of the cold plasma component were measured
with Langmuir probes. A more detailed description of these
facilities can be found in Ňeměcek et al. (1997).

3 Experimental results

Field-aligned electron flows are a common feature of the
magnetospheric auroral region and they are often observed
by low orbiting satellites. However, the MAGION-3 satel-
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MAGION-3 & APEX 23-Jan-1992 (orbit 0431)
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Fig. 1. Parameters of the electron burst observed during orbit No.
431. (From top to bottom: Ee0(MPS), dynamic spectrogram up to
5 keV measured in direction parallel to the satellite axis by the MPS
device; Ee0(DOKS), dynamic spectrogram up to 1 MeV measured in
the same direction by the DOK device; p.angle, the pitch angle of
both aforementioned channels (MPS e0) and pitch angle of the elec-
tron gun on board the IK-25 satellite (AP EG); Iupm, Iuem, monitors
of electron (EG) and ion (Xe) guns on board IK-25 satellite.

lite has observed about 20 strong field-aligned electron bursts
well equatorward of the auroral oval (25◦

÷ 50◦ of geomag-
netic latitude). The dynamic energy spectrogram of one of
these bursts is shown in Fig. 1. The data in the top panel have
been collected by the channel of the MPS device oriented
along the satellite axis during orbit No. 431. The burst is
strongly limited in time and the energy of the observed elec-
trons exceeds the upper limit of the measuring range (5 keV
in this particular case). Using the data of the parallel channel
of the DOK device looking in the same direction, the energy
range can be extended to above 1 MeV, as it is shown in the
second panel of Fig. 1. The duration of the event is longer
and the energy of electrons reaches a few hundreds of keV
in the DOK observations. A striking feature of the observed
burst is a rectangular shape of the dynamic spectrogram. The
counts appear simultaneously on all energies and remain con-
stant throughout the event.

The MPS and DOK devices differ in angular apertures,
which are±3◦ and±15◦, respectively. Providing that the
real duration of the event is that observed by the DOK, the

Fig. 2. Energy spectrum of the electron burst as a result from the
data of two spectrometers, MPS and DOK.

MPS observation can be explained by the narrow (less than
10◦) pitch-angular distribution of the burst electrons. This
explanation is consistent with the changes in the channel
pitch angle, which is plotted in the third panel of the figure
(MPS e0 line).

Observed bursts are always registered by one channel of
the MPS or PPS devices only. Due to the spacecraft swing-
ing, the pitch angle of the particular channel changes quickly
in time and the counts sometimes switch to another channel
with the appropriate direction during one event. Under the
presumption that the temporal duration of observed fluxes is
significantly longer than that seen by the MPS device (this
fact will be discussed later), it can be concluded that the an-
gular width of the observed flow is less than 10◦ but is cen-
tered at different angles with respect to the magnetic field di-
rection. The indirect confirmation of this presumption can be
done by the construction of the energy spectrum of the elec-
tron flow in the whole energy range covered by the measuring
range of both devices. The resulting energy spectrum is de-
picted in Fig. 2. The slope of the spectrum is the same in both
subranges and it can be supposed that both devices registered
electrons of the same origin. It should be noted that the con-
struction of the spectrum in Fig. 2 is rather artificial. The
geometric factor of the MPS spectrometer is 7×10−5 cm2.sr
10−2 cm2.sr for the DOK device; the pitch angle distribu-
tion of the observed flow is unknown. Nevertheless, we can
suppose that the angular width of the flow is wider than the
aperture of the MPS spectrometer but narrower than that of
the DOK sensor. For these reasons, it is difficult to determine
the relative calibration coefficient. It should be less than the
ratio of the geometrical factors but greater than the ratio of
the entrance areas. We have chosen a value of 450 which
fullfills the requirements mentioned above and which gives a
smooth energy spectrum for the event depicted in Fig. 2. Us-
ing this value, the plotted energy spectra of other observed
events do not exhibit substantial discontinuities.

It should be noted that during the MAGION-3 registration
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of the electron burst, the active experiment that consisted of
the simultaneous emissions of 8 keV electrons and Xe ions
was carried out on board main satellite. The satellites were
separated by∼ 450 km and the separation vector was nearly
perpendicular to the magnetic field direction. The monitors
of the ion plasma releaser and the electron gun currents are
shown in the bottom panel of Fig. 1. The electrons were emit-
ted continuously during the whole depicted interval and the
ion current switching does not correspond to the appearance
of the electron burst at the MAGION-3 position. The pitch
angle of an electron gun is shown in third panel of Fig. 1 by
the AP EG line.

The events similar to that depicted in Fig. 1 were observed
by MAGION-3 during the period from the beginning of Jan-
uary to the end of February 1992, but only those fulfilling the
following two criteria have been chosen for further consider-
ation:

– The energy flux measured by the MPS device exceeds
3 × 105 [cm2.sr.s.keV]−1;

– The event is located equatorward of the region of the
auroral precipitation (INL< 55◦ in general);

– The event was recorded by the MPS device because the
acceptance angle of DOK was too broad to determine
the pitch angle of the burst observed by DOK only;

The coordinates and other important parameters of the
events chosen are listed in Table 1 (whereα is the pitch an-
gle of the measured bursts,Td and1 INL are the distance (in
seconds and along the orbit) and angular separation between
both spacecraft,KP andDST are geomagnetic indexes, MLT
is the magnetic local time, INL is the invariant latitude, ALT
is the satellite’s altitude,activity timeis the period of active
operations on board the main satellite, and D in the last col-
umn stands for the events observed by both MPS and DOK
spectrometers). It should be noted that the DOK device was
switched off during all events observed by MPS only.

The data in Table 1 exhibit some features that should be
pointed out:

– All events have been registered near the local noon;

– The distance between two spacecraft of the APEX
project does not exceed 80 s (or∼ 550 km in space) for
all events listed in Table 1, although the maximum sepa-
ration of the satellites was∼ 2000 km and active exper-
iments were performed in the whole range of distances;

– The magnetic local time (MLT) of the observed events
decreases with time (or with the number of orbit);

– The satellite orbit lies in the plane defined by the mag-
netic field line. In other words, the satellite moves with
MLT = constant. It means that both APEX satellites are
separated only latitudinally, not longitudinally;

– The pitch angle of burst particles increases with the in-
creasing geomagnetic latitude as can be seen in Fig. 3,

Fig. 3. The latitudinal dependence of the burst pitch angle.

where the pitch angle is shown as a function of INL. The
heavy line shows the least square fit of measurements.

The localization of the burst observation to the altitudes from
800 to 1500 km is probably a consequence of the local time
favourable for the observation, the satellite orbit, and other
parameters. The pitch angles are lying below 90◦. Since all
observations were carried out in the Northern Hemisphere,
the electrons are precipitating toward the atmosphere.

Other correlations, which can be deduced from Table 1,
are probably caused by limitations of the experiment itself.
Our data have been directly transmitted to the receiving sta-
tion located near Prague, and thus, the measurements were
carried out only if the satellites were in the direct visibility
from this station. Due to this arrangement, although the UT
and MLT are independent quantities in principle, they cannot
differ substantially in our experiment. Nevertheless, the orbit
geometry allows us to receive the data from three consecutive
orbits that differ by∼ 4 hours of MLT.

The short duration of the electron burst, as shown in Fig. 1
is not typical. The bursts can last for a few minutes or they
can be observed repeatedly. An example of multiple obser-
vations is plotted in Fig. 4. The MPS energy spectra in the
top panel show three short electron bursts. Three longer in-
tervals of high-energy electrons presence can be identified in
the DOK measurements (middle panel) as well. The pitch
angle of the MPS detector is plotted in the last panel with
a dashed line and the range of pitch angles covered by the
DOK sensor is indicated by two thin lines. We suppose that
a narrow pitch-angle distribution of registered electrons is
centered around the MPS observations and that it evolves in
time. The temporal evolution of the pitch angle is fitted by
the straight line in the last panel of Fig. 4; it is qualitatively
consistent with the latitudinal dependence of the bursts pitch
angle plotted in Fig. 3.

The assumed temporal (or latitudinal) dependence can
explain the relation between the MPS and DOK observa-
tions because the DOK observes high-energy electrons from
12:35:40 to 12:36:35 UT, from 12:38:10 to 12:39:10 UT,
and again from 12:40:00 to 12:40:50 UT, when the burst
pitch angle lies inside its acceptance angle. On the other
hand, the MPS registers the electrons only if their pitch
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Table 1. Conditions for the electron bursts

orbit date UT MLT INL ALT α Td 1 INL KP DST activity P
[◦] [km] [ ◦] [s] [◦] [nT] time

325 14/01/92 13:26:00 15:01 28 810 15◦ -80 +5.6 3 -2 13:21:14–13:30:53

349 16/01/92 14:02:40 14:50 40 1402 38◦ -71 +5 3 -27 14:03:06–14:08:32
14:06:00 14:45 26 1406 32◦ -71

360 17/01/92 12:20:40 14:47 43 700 42◦ -64 +4.1 2 -16 12:16:10–12:25:52

431 23/01/92 12:19:20 14:12 47 830 43◦ -33 +2 1 2 12:19:06–12:24:32 D

442 24/01/92 10:36:00 14:02 53 800 50◦ -27 + 1.6 1 10 D

455 25/01/92 13:00:20 13:56 46 930 55◦ -20 +1.2 1 1 D
13:00:30 13:56 45 930 45◦ -20
13:04:30 13:50 30 1200 20◦ -20

466 26/01/92 11:16:40 13:53 51 850 55◦ -13 +0.8 1 15 11:11:06–11:14:24 D

479 27/01/92 13:43:20 13:37 37 1130 25◦ -15 +0.8 2 -30
13:47:30 13:30 23 1400 25◦ -15

514 30/01/92 12:38:28 13:27 51 1010 52◦ +8 -0.4 3 -24 12:39:54–12:45:20
12:38:40 13:27 51 1010 60◦ +8
12:40:38 13:23 43 1150 30◦ +8

538 01/02/92 13:25:20 13:01 29 1500 24◦ +10 -0.6 3+ -30 13:20:58–13:26:24 D

561 03/02/92 11:56:32 13:07 56 1070 70◦ +50 -2.6 5 -110 11:59:54–12:03:12 D

584 05/02/92 10:38:00 12:46 46 1315 35◦ +37 -2 2+ -60 10:38:02–10:43:28
10:38:20 12:46 46 1315 32◦ +37
10:38:50 12:46 46 1315 32◦ +37

angle is equal to the detector pitch angle, at 12:38:30 UT
and at 12:40:35 UT. In this interpretation, the gradual de-
creasing/increasing of the counts around 12:39–12:40 UT is
caused by the scanning of the energy-pitch angle distribu-
tion of the observed electrons. It means that the range of
pitch angles of the particles inside the burst increases with
the decrease of their total energy. This behaviour suggests
that the bursts were created from the low-temperature plasma
by some acceleration process which is effective only in one
direction with respect to the magnetic field (e.g. field-aligned
potential drop) and the spread of the pitch angles is caused
by the original thermal velocity distribution.

The abrupt changes in the DOK spectra at 12:38:10,
12:40:47, and (probably) at 12:36:40 UT can be caused by
the exit/enter of the satellite from/to the region occupied by
the high-energy electrons.

The electron bursts reported in the previous section were
observed equatorward of the auroral region and below the
zone of trapped radiation. In this particular case, the electron
burst was observed from 12:35:00 to 12:41:20 UT, i.e. 380 s.
This duration correspond to a distance of about 3800 km, but
a perpendicular dimension of the burst could be different.
The bursts were observed exceptionally by the MAGION-
3 satellite. This satellite was followed by the IK-25 satellite
which was equipped by much more sophisticated and com-

plex electron spectrometers and separated by tens or hun-
dreds of kilometers. However, this satellite did not register
any of these bursts.

An example of such simultaneous observations of both
satellites is depicted in Fig. 5. The top two panels show
MAGION-3 measurements of the electron distribution. The
IK-25 electron energy distribution is shown in the last panel
for the pitch angle identical with the pitch angle of the elec-
trons observed by MAGION-3. It can be noted that the
counts in the last panel are comparable to the noise level.
The spacecraft separation was∼ 470 km in this particular
case but we have carefully analyzed January and February
1992 data and we have not found any observations similar to
that of MAGION-3 in the IK-25 measurements. The mini-
mum separation of MAGION-3 and IK-25 spacecraft during
burst observation was 64 km. It means that the real cross sec-
tion of the burst would be even smaller and the long duration
of the burst observation in Fig. 4 is caused by the simultane-
ous motion of the burst and spacecraft. On the other hand,
the largest separation of the spacecraft during burst observa-
tions was about 550 km (first row of Table 1). We think that
the principal finding following from Table 1 is that the bursts
were observed on the orbits with MLT = constant. Such or-
bits were in direct visibility from the receiving station only
during the period covered by Table 1 and the spacecraft sep-
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Fig. 4. Multiple observations of the electron burst (orbit No. 514).
From top to bottom: Ee0(MPS), dynamic spectrogram registered
by MPS; Ee0(DOKS), dynamic spectrogram registered by DOK;
p.angle, pitch angle of MPS (MPS e0 and dashed line), the range of
pitch angles covered by DOK lies between two thin curves (DOKS
e0 min, DOKS e0 max), dotted-dashed line shows approximate
change of burst pitch angle with the time.

aration did not exceed the aforementioned distance during
this period. For this reason, we cannot say if this distance
represents an upper limit for observations.

4 Discussion

The features which can be derived from our observations can
be summarized as follows:

1. The bursts were recorded on the orbits with MLT = con-
stant;

2. The burst cross section is spatially limited to several
tens of kilometers in the direction of the s/c orbit;

3. The bursts move together with the spacecraft;

4. The energy of burst particles extends to several hun-
dreds of keV;

5. The burst pitch angle increases with latitude.

MAGION-3 & APEX 16-Jan-1992 (orbit 349)
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Fig. 5. Simultaneous observations of the electron energy spectra
in two shortly separated points. Two top panels show energy spec-
tra measured by MAGION-3 (Ee0(MPS) and Ee0(DOKS)), the bot-
tom panel shows the spectrum measured by the PEAS spectrometer
(E1e6(PEAS)) onboard the IK-25 satellite. The separation between
both satellites was∼ 450 km.

These facts, together with the absence of similar observa-
tions by other spacecraft orbiting in this region, lead us to a
conclusion that the reported electron bursts are a product of
active experiments on board the IK-25 satellite. There are
two possible sources of the observed electrons: (1) the elec-
trons emitted from the main satellite or the electrons from
ambient plasma, both accelerated to the observed energies,
and (2) the ring current electrons released by some mecha-
nism induced by the particles emitted from the IK-25 satel-
lite.

If we follow the idea of the main satellite being the source
of the observed particles, we should discuss the following
questions:

1. Is the beam-plasma interaction able to accelerate the
electrons to the observed energies?

2. Which way do the observed electrons move across the
magnetic field lines?

3. Why are the electrons observed only in part of the active
experiments?

The answer to the first question is probably the most dif-
ficult and for this reason we will discuss it as the last point.
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For the discussion of the other questions, we will suppose
that the answers are positive. We can divide the motion of
the guiding centers of observed electrons into two parts: the
latitudinal and the longitudinal component (in the geomag-
netic coordinate system). For the sake of simplicity, we will
consider only the dipole magnetic field of the Earth.

In this field,grad B has no longitudinal component and
thus, the velocity of thegrad B drift has longitudinal direc-
tion; its value can be estimated roughly from the following
formula:

vgrad B ∼ ± v⊥ rL
1

R
(1)

wherev⊥ is the velocity of the particle perpendicular to the
magnetic field,rL is the Larmor radius, andR is the dis-
tance from the Earth’s centre. Thegrad B drift is a quadratic
function of the particle velocity and can lead to longitudinal
dispersion of the observed beam. However, the velocity and
pitch angle of the particles taken from our experiment lead
to values of the order of units or tens of m.s−1 and thus, the
process of the gradual dispersion is very slow.

On the other hand, thegrad B drift velocity depends on
the sign of the particle charge and leads to charge separation
and creation of electric field. This field should be perpendic-
ular to the magnetic field because the parallel component is
immediately compensated due to highly anisotropic conduc-
tivity. If we suppose a parallel beam, the spectrum in Fig. 2
corresponds to the densityne ∼ 30 m−3. In one-dimensional
approximation, which can be used for the estimation of the
electric field inside the beam, the electric field,E is a linear
function of the distance from the beam centre,x:

E =
x ne e

εo

. (2)

If the dimension of the beam in the electric field direction
is of the order of kilometers, the intensity of the electric field
can reach tens of mV/m. Then the real value would be prob-
ably lower, since the shielding effect was neglected in this
consideration. On the other hand, the dimensions of bursts
would be significantly lower and the densities significantly
higher in the vicinity of the emitting satellite and thus, the
electric field would be larger there. The emitting satellite
moves roughly in the latitudinal direction and, in simple ap-
proximation, the product of the beam-plasma interaction fills
a part of the meridional plane. The electric field has only
the longitudinal component in this geometry and causes the
E × B drift with the velocityvE×B :

vE×B =
E

B
(3)

which is directed latitudinally.
Under the conditions mentioned above, the drift velocity

can reach 102 ÷ 103 m.s−1. This velocity is less than the
spacecraft velocity, but according to Něměcek et al. (1997),
the intensity of the electric field in the vicinity of the emit-
ting spacecraft can reach a value of 100 V/m. TheE × B

drift velocity corresponding to this value is of the order of

107 m.s−1. The mean electric field needed for the particles
emitted from one spacecraft to be seen by the other is about
300 mV/m. We think that the mean field of such value can be
expected.

The effects described above are stronger when the satel-
lite moves in the plane defined by the magnetic field line be-
cause the active agents emitted from the main spacecraft and
the products of the beam-plasma interactions remain in this
plane. If the orbital plane is not identical with the meridional
plane, the emitted particles are spread into a huge volume
and their density would be too small to cause a detectable ef-
fect. This is consistent with our observations, since all elec-
tron bursts were observed only when the orbital plane of the
satellites coincided with the plane defined by the magnetic
meridian (under conditions schematically shown in Fig. 6).
A depicted geometry refers to the APEX No. 442 orbit and
to the time of the burst observation. This figure represents a
cut along the geomagnetic meridian which contains a part of
the APEX orbit. The positions of both satellites are marked,
the subsatellite is located ahead (equatorward) of the main
satellite, the direction of the satellite’s motion is indicated
by arrow. One can clearly see that the products of the beam-
particle interaction from the disturbed area can reach the sub-
satellite due to theE × B drift velocity, which is perpendic-
ular to the magnetic field. This mechanism is able to ex-
plain the periodicity of the electron burst observations if the
temporal evolution of the satellite orbit in geomagnetic co-
ordinates is taken into account. If we suppose that part of
the satellite’s orbit defined by a range of latitudes lies in the
plane of the magnetic meridian, the next orbit will be out of
such a plane due to the Earth’s rotation. This situation will
repeat itself the next day at the same time and MLT, provid-
ing that 24 h can be divided by the orbital period with zero
reminder. It is not exactly true for the APEX orbit and thus,
there is a shift of∼ 6 minutes per day. This shift corresponds
roughly with the change in the longitudinal position of elec-
tron bursts in the observed data, as follows from Table 1. The
deviation from the predicted position of the observation can
be caused either by the non-zero width of the electron beam
or by the changes of the magnetic field during the disturbed
geomagnetic periods (seeKP andDST indices in Table 1).
Moreover, thegrad B drift, which we neglected in our sim-
plified considerations, causes a systematic declination of the
emitted particles from the meridional plane.

The last problem is whether or not the disturbances in-
duced by the electron and/or ion gun are able to acceler-
ate particles to the observed energies. The guns supply the
space around satellite by∼ 800 J

.
= 1022 eV of free energy

each second. If we assume a density of accelerated particles
∼ 30 m−3 and a mean energy of∼ 1 keV, the energy density
carried by these particles is∼ 3 × 104 eV.m−3. The volume
of the region that contains accelerated particles is probably
less than 1015 m3 and thus, these particles carry less than one
percent of the electron gun energy.

A number of theories for the electron acceleration in the
magnetosphere have been proposed (see Lundin, 1991 for a
review) – magnetic mirroring, double layers, Alfvén or lower
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hybrid waves, field-aligned potential drop, etc. It is a ques-
tion if some of these mechanisms or a combination of two or
more of them are able to accelerate particles to the observed
energies under conditions of the active experiment.

The particles inside the zone disturbed by the electron gun
move in a highly inhomogeneous nonstationary electric field
which leads to their acceleration (Něměcek et al., 1997). The
acceleration is a function of the particle pitch angle but this
function is not too sharp, as follows from our observations.
On the other hand, observations in Něměcek et al. (1997)
have been made by the particle energy spectrometer placed
on the emitting satellite and thus, they cannot show fully de-
veloped disturbances. The Larmor radius of particles emit-
ted from the gun is∼ 10 m and the satellite moves across the
magnetic field lines with a velocity of∼ 5 × 103 m.s−1, so
that it leaves the disturbed region in a few ms.

Computer simulations show that part of the electrons emit-
ted from the gun can be accelerated to energies which highly
exceed the gun energy (Pritchett, 1990). Unfortunately, the
conditions of these simulations are too simplified (uniform
magnetic field, non-moving source, unrealistic ratio between
the electron and ion masses, etc.) to describe the real situa-
tion.

An alternative source of the observed high-energy elec-
trons can be the zone of the trapped radiation. This zone pro-
duces spontaneously microbursts of high-energy electrons in
the dayside sector, but in higher geomagnetic latitudes than
the bursts reported in this study. The mechanism of this
anomalous precipitation is generally unknown but if we sup-
pose that it can be amplified by the process of the beam-
plasma interaction, we can probably expect the bursts of a
longer duration and in lower latitudes.

5 Conclusion

The paper presents a study of the electron bursts observed by
the MAGION-3 satellite in low geomagnetic latitudes during
the first months of the APEX experiment. The main results
of the study are:

1. The basic parameters of the observed electron bursts
are:

– burst energies up to several keV;

– narrow pitch-angle distributions (less than 10◦);

– none or negligible temporal dispersion in whole en-
ergy range.

2. Two possible sources have been suggested:

– an energization of the electrons emitted from
the IK-25 satellite or electrons from the ambient
plasma due to the beam-plasma interaction;

– an anomalous precipitation of the ring current par-
ticles induced by the beam-plasma interaction.

3. The sources are effective only if the emitting satellite
moves in the meridional plane.

The temporal and spatial dependencies present in the
MAGION-3 observations have been explained but the study
leaves as an open question the problem of the acceleration of
electrons to observed energies. This problem is rather com-
plex and cannot be solved without an appropriate computer
model of the beam-plasma interaction that involves all pe-
culiarities of the particular experiment. Such model would
explain the narrow pitch angle distribution of the observed
electrons, the slope of the energy distribution, and the depen-
dence of the burst pitch angle on the latitude of the observa-
tion.
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