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Abstract. We have studied the occurrence characteristicspared to (perpendicular) betatron heating at the dipolariza-
of bi-directional electron pitch angle anisotropy (enhancedtion phase of a substorm. Sergeev et al. (2001) have re-
flux in field-aligned directionsF)/F, > 1.5) at energies ported the association of bi-directional electrons with the
of 0.1-30keV using plasma and magnetic field data fromnear-Earth flux transport related to plasma bubbles, on the
the AMPTE/IRM satellite in the near-Earth plasma sheet.basis of observations at several outbound passes by the Ac-
The occurrence rate increases in the tailward direction frontive Magnetospheric Particle Tracer Explorer/lon Release
Xgsm = —9Rg to —19Rg. The occurrence rate is also Module (AMPTE/IRM) satellite. However, detailed statis-
enhanced in the midnight sector, and furthermore, when4ics of the occurrence of bi-directional electrons at radial dis-
ever the elevation angle of the magnetic field is large whiletances outside 1Rr have not been investigated yet, except
the magnetic field intensity is smalB~15nT. From these for a study done by Sugiyama et al. (1997) for magnetically
facts, we conclude that the bi-directional electrons in thequiet intervals.

central plasma sheet are produced mainly in the vicinity of Since the study of bi-directional electrons by Hada et
the neutral sheet and that the contribution from ionospherical. (1981), there have been several important findings regard-
electrons is minor. A high occurrence is also found aftering high-speed ion flows in the near-Earth plasma sheet at
earthward high-speed ion flows, suggesting Fermi-type field-10-30R. One is the existence of the plasma sheet bound-
aligned electron acceleration in the neutral sheet. Occurrencary layer (PSBL) (e.g. Eastman et al., 1984, 1985; Takahashi
characteristics of bi-directional electrons in the plasma sheeand Hones, 1988; Baumjohann et al., 1988). The other is the
boundary layer are also discussed. observation of high-speed ion flow (bursty bulk flow) near
the neutral sheet (Baumjohann et al., 1990; Angelopoulos et
al., 1992, 1994). The statistical relations of the occurrence of
bi-directional electrons to these ion flow structures have not
been investigated yet.

i In this paper, we investigate the occurrence character-
1 Introduction istics of the bi-directional electrons with a parallel and

o . . . perpendicular flux ratio of more than 1.5 in the plasma
Bi-directional electron pitch angle anisotropy is commonly ) .

. . . sheet a Xgsm| = 9 — 19Rg using data obtained by the
observed in the nightside magnetosphere (e.g. KlumparAMPTE/IRM satellite. From the observed characteristics
1993 and references therein). Hada et al. (1981) were the X '

. . . o We conclude that the bi-directional electrons at these dis-
first to analyze the field-aligned bi-directional electrons SYS"iances are produced mainlv by processes in the vicinity of
tematically at radial distances 6f8—30Rg using data from P y by p

the IMP-6 satellite. They concluded that the bi-directional the neutral §hget a_nd that |onospher|c electrons are a minor
source for bi-directional electrons in the plasma sheet. The

electrons are observed near the neutral sheet, suggestin N . .
. . . X currence characteristics in relation to the ion flow struc-
their formation by a Fermi acceleration process. Smets e . —

ures and magnetic activities are also reported.

al. (1999) have compared observation and model calcula-
tion of three types (beam-like, conic-like, and perpendicu-
larly peaked) of electron distributions, and concluded that
the (parallel) Fermi acceleration is the leading process com

Key words. Magnetospheric physics (magnetospheric con-
figuration and dynamics; magnetotail; plasma sheet)

2 Data and examples
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(3-D) plasma analyzer (Paschmann et al., 1985) on board theectors were mostly directed earthward for the plotted in-
AMPTE/IRM satellite. The satellite measures 3-D plasmaterval. It is clearly seen that intense bi-directional electrons
distribution every 4.35 s. Due to a limitation in the data trans-with a flux ratio (j/F,) of more than 1.5 were observed
mission rate, however, not all 3-D distributions are transmit-after the passage of the high-speed flows. The bi-directional
ted to the ground. The time resolution of the 3-D distribu- electrons were also observed during the high-speed flow, but
tion varies between-4—40 s, depending on the transmission the flux ratio was smaller than that after the high-speed flow.
mode. Another clear example of an intense bi-directional electrons

To define the field-aligned bi-directional electrons, we cal- &fter the passage of high-speed flow was shown in Plate 1 by
culate parallel and perpendicular energy fluxes of electrons irphiokawa et al. (1998).
units of cnT2s~1sr! by integrating electron fluxes for en-  Figure 2 shows another example of bi-directional electrons
ergies of 0.1-30 keV and for pitch angles 6FQ5 (F) 1), in the inner CPS observed on 7 April 1985. The satellite was
165180 (Fj 2), and 75-105 (Fy). In order to avoid the  continuously in the inner CPS under fairly quiet conditions
contamination of electron fluxes due to photoelectrons fromwithout any flows. TheAE index was less than 60nT for
the satellite, the fluxes with energies below 0.1 keV are omit-1 h before and during the plotted interval. A©01:10 UT,
ted from the present analysis. We define the field-alignecthe electron energy suddenly decreased to less than 1keV,
bi-directional electrons as the events which satisfy the condiwhile ion energy was a constant. Intense bi-directional elec-
tions (1) Fy/FL > 1.5 where,F| = (Fj 1+ Fj2)/2and (2)  trons with flux ratios of more than 4 were observed in this
Fy.1/F)2 < L5andF)2/F) 1 < 1.5. Itshould be noted that  electron transition region. This event is similar to the quiet-
by integrating over the entire energy range, we omit cases ofime highly-collimated electrons reported by Sugiyama et
multi-component distributions, e.g. those where low energyal. (1997). Although the cause of this type of event is not
electrons show field-aligned bi-directional features, while theclear, it may be a crossing of the magnetospheric source re-
higher energies show trapped features. Our analysis in thigion of quiet-time auroral arc.

paper focuses on bi-directionality in the major component of Figure 3 shows the bi-directional electron example which

electron energy fluxes. was observed in the vicinity of the PSBL on 30 March 1985.
The plasma sheet data set and the definitions used in thghe satellite was mostly in the PSBL for 00:54-01:00 UT
present analysis are the same as those used by Baumjohawmere low-energy photoelectrons below 0.1keV were ob-
etal. (1988, 1989). The AMPTE/IRM data in the near-Earth served. The electrons with energies above 0.1keV show a
tail (Xgsm = —9 to —19Rg and|Ygsm| < 15Rg) are di-  field-aligned bi-directional feature with flux ratios of 1.5—
vided into lobe, plasma sheet boundary layer (PSBL), ant®.5. Then the satellite observed an earthward ion flow along
central plasma sheet (CPS) regions. The lobe is defined age field line for 00:59-01:06 UT. This flow is a typical fea-
the region where no electrons and ions inkeV energy rangeure in the PSBL (Takahashi and Hones, 1988). Just after
are observed, that is, the region where the partial densitieghis flow, the satellite observed intense bi-directional elec-
of 1.8-30keV electrons and 8.5-40keV ions are less than 2trons twice (01:07-01:10 UT and 01:16-01:20 UT).
count levels (Ix 10~4 and 2x 10-3cm™3, respectively). By
checking for photoelectrons in the low-density regions, the
rest of the data is divided into CPS and PSBL. More exactly,
CPS and PSBL are defined as the regions,of 0.94.,98¢
andn, > 0.94-ng-86, wheren, andn, denote measured elec-
tron and ion densities including low-energy photoelectrons,
respectively. This criterion of photoelectrons is rather usefulUsing data from the AMPTE/IRM satellite for February—
to define the difference in plasma regimes in CPS and PSBLMay, 1985 and March—June, 1986, we examine the depen-
as indicated by Fig. 5 of Baumjohann et al. (1988). The CPSdence of the bi-directional electron occurrence on different
data are further divided into inner and outer parts by usingplasma sheet regions, magnetic activity, local magnetic field,
horizontal magnetic field intensity. The inner CPS is definedand high-speed ion flow.

as the region czlolszer to the neutral sheet with weak magnetic Figures 4a and b show the coverage of the AMPTE/IRM
fields (B + B)Y/? < 15nT). orbits used in the analysis in th&ssy — Yesm and Xgsm —
Figure 1 shows an example of the bi-directional electronsZys plane, respectively. The orbit coversdl9 < Xgsm <
which were observed by AMPTE/IRM on 8 April 1985. Dur- —9Rg, —13 < Ygsm < +13Rg, and—-10 < Zys <
ing the plotted interval, a large substorm was in progress+2 Rg. In these orbits 38631 3-D plasma distributions
with a maximumAE index of 10:43nT at 23:23UT. The (4.35s samples) in total were obtained. By the definitions
satellite was mostly in the inner CPS, close to the neutraldescribed in the previous section, 8021 bi-directional elec-
sheet atXgsm ~ 14Rg. Note that the vertical distance tron events were selected from the 3-D plasma distributions.
Zys from the model neutral sheet (Fairfield, 1980) was lessThe occurrence rate of bi-directional electrons was defined
than 0.2Rg for the plotted interval. Several bursts of high- by normalizing the number of bi-directional electron distri-
speed ion flows were observed with velocities higher thanbutions (events) by the total number of distribution samples
400 km/s at 23:07—23:09 UT and 23:18-23:23 UT. The flowin the relevant regions.

3 Statistical analysis
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Fig. 1. Example of field-aligned bi-directional electrons after the passage of earthward high-speed ion flow in the central plasma sheet. From
top to bottom: energy-time spectra of omni-directional ions, pitch angle-time spectra of ions for energies of 0.1-40 keV, energy-time spectra
of omni-directional electrons, pitch angle-time spectra of electrons for energies of 0.1-30 keV, plasma sheet regions where the satellite was
located, ratio of parallel and perpendicular electron energy fluxes, ion flow velocity, density (thick line) and temperature (thin line) of ions,
elevation (thick line) and azimuth (thin line) of the magnetic field in GSM coordinates, and magnetic field intensity, measured on board
the AMPTE/IRM satellite for 22:45-23:45UT on 8 April 1985. The plasma sheet regions are defined by Baumjohann et al. (1988, 1989)
where PSBL, OCPS, and ICPS are plasma sheet boundary layer, outer central plasma sheet, and inner central plasma sheet, respectively. T
parallel electron energy flux is the average total energy flux (for energies of 0.1-40 keV) at pitch angles®fahd 165-18C, while the
perpendicular energy flux is calculated for pitch angles 6195. Satellite locations in units of Earth radii are shown at the bottom of

these panels in GSM-Y coordinates, whil& y s is the vertical distance from the model neutral sheet by Fairfield (1980).
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Fig. 2. Example of field-aligned bi-directional electrons observed during magnetically quiet interval in the central plasma sheet for 00:40—
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Fig. 3. Example of field-aligned bi-directional electrons observed in the vicinity of the plasma sheet boundary layer for 00:50-01:50 UT on
30 March 1985. The format is the same as that of Fig. 1.
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Fig. 4. AMPTE/IRM orbits in(a) GSM-XY and(b) GSM-X—Zx s Fig. 5. (Top) occurrence rate and (bottom) parallel energy (solid
planes used in the present analysis. line) and parallel energy flux (dashed line) of bi-directional elec-

trons at four different plasma sheet regions where CPS and PSBL
are central plasma sheet and plasma sheet boundary layer, respec-
tively. From left to right, the satellite leaves from the neutral sheet
and approaches to the lobe. The numbers of bi-directional electron

] ) o events used for the calculation of the occurrence rate are shown in
As shown in the examples of Figs. 1-3, bi-directional elec-the top panel. Error bars in the bottom panel represnzo .

trons are observed in various plasma sheet regions. Fig-

ure 5 shows the occurrence rate, as well as the energies

and fluxes of the bi-directional electrons at different plasma

sheet regions. According to the definition by Baumjohann et

al. (1988, 1989), we divided the plasma sheet into the regions

of inner CPS, outer CPS, CPS within 3 min before and afterPSBL entry. The numbers of bi-directional electron events
the PSBL entry, and PSBL. The satellite is located closest té€ 4782 and 3239 in the newly-defined CPS and PSBL, re-
the neutral sheet in the inner CPS and most distant from thépectively.

neutral sheet at the PSBL.

As shown in the top panel of Fig. 5, the occurrence rate Figures 6a and b shoWigsy andYgsv dependences of bi-
is highest in the inner CPS. It decreases toward the PSBldirectional electron occurrence, respectively. It is a surpris-
but has a second peak in the outermost layers of the CPSng result that the occurrence rate in the CPS increases tail-
within 3 min to the PSBL entry. Both the parallel energy ward and reaches up to 50% in the region clos&ggy =
and flux decrease from the inner CPS to the PSBL. These-19R. This fact indicates that bi-directional electrons by
energy and flux changes are consistent with the change in theur definition ¢/ F, > 1.5) are quite a common feature in
background plasma from the neutral sheet to the lobe. this tail region. A high occurrence rate in the CPS is also
In the following analysis, we redefine the CPS to include observed around midnigh¥ésy = 0). For the occurrence
both the inner and outer CPS and the PSBL to include bothin the PSBL, a weak midnight preference is seen, while the
the PSBL and the CPS within 3min before and after the Xgsm dependence is not clear.

3.1 Plasma sheet regions



K. Shiokawa et al.: Bi-directional electrons in the near-Earth plasma sheet 1503

600 T | T | T | T | T 30 T T T T TTTT] T T T T T TTT
R i | _ 25k
0 o
s | . gt
3 3 z0. |
© - 1 ©
& & L
9 30. E v 15.
= g L
) | i 9]
& £ o10.
=) =)
0 15. - - o r
13} O
o © 5.
0. N 1 N 1 N 1 N 1 N O 1 1 L1 13l 1 1 L1 1 111
9. 11. 13. 15. 17. 19. 2.0 T T T T T T T
—Xgsu (Rg) L i
40. T T T T T T T T T % 1.6 - .
2 s 1
- >
° o 1.2 | —
8 a0 | )
g L J
% i =
3 = 0.8 | -
8 20. § r b
g S 0.4 [ ]
- ~
b 159 -
5 174 450 X ~ r 1
o 10. |- 141 J i
8 5 0.0 L
L PSBL ] 7 B0 '
¥ ]
0. 1 1 1 1 1 1 1 1 1
~15. -9.  -3. 3. 9. 15, g 1.6 7
Yosu (Rg) 5 - .
—
LR EA -
Fig. 6. Occurrence rate of bi-directional electrons in the cen-
T X - .
tral plasma sheet (solid line) and the plasma sheet boundary layer 5
(dashed line) in(@) Xgspm and (b) Yggm directions. Data from B 0.8 | -
the midnight sector plasma she¢¥dsyl < 5Rg) are used in >y I i
panel (a), while data from the near-Earth regiptfidsy| < 15REg) %ﬂ
are used in panel (b), because of the limitation of orbital coverage g 0.4 .
shown in Fig. 4. The number of bi-directional electron events used = | |
for the calculation of the occurrence rate is given in the top panel. o 1
:: 0.0 1 1 1 Ll L 11 1 1 1 L L L L1
g 10. 100. 1000.
g AE Index (nT)

3.2 Magnetic activity

Figure 7 shows the dependence of occurrence, energy, arfdg. 7. From top to bottom, occurrence rate, parallel energy, and
flux of bi-directional electrons on th& E index. which indi-  Parallel energy flux of bi-directional electrons for different values
cates magnetic activity in the auroral zone. In both the CPSOf the AE index in the central plasma sheet (solid line) and plasma

and the PSBL regions, the occurrence rate and the paralléﬁheet boundary layer (dashed line). _The number of bl-dlrectlone}l
electron events used for the calculation of the occurrence rate is

energy increase as magnetic activity goes up. The OCCUITENCHyen in the top panel. Error bars in the bottom two panels represent
rate seems to saturate faz > 300 nT. The dependence of 1,

energy flux on thed E index is not clear in the CPS region,
while it increases for largd E in the PSBL region.

3.3 Local magnetic field of bi-directional electron occurrence on the intensityand

the elevation angle), of the local magnetic field. Note that
In order to see the relation between the bi-directional elecin the neutral sheetB becomes minimum ané becomes
trons and the neutral sheet, we have checked the dependen@€°. Figure 8 shows the dependence on the elevation angle.
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GSM-Z axis). The number of bi-directional electron events used directional electron events used for the calculation of the occurrence
for the calculation of the occurrence rate is given. rate is given.

40.

3.4 High-speed ion flow in the CPS

30. . . .. .
As shown in the example of Fig. 1, bi-directional electrons

4 are observed after the passage of high-speed ion flow in the
CPS region. Earthward high-speed ion flows are often ob-
. served in the near-Earth central plasma sheet (Baumjohann
et al.,, 1990; Angelopoulos et al., 1992, 1994). We check
the dependence of the bi-directional electron occurrence on
0. L | the ion bulk flow velocity,v, in Fig. 10. Both in the CPS
and PSBL, maximum occurrence is observed for flows of
. v = 100— 200km/s. The occurrence rate decreases as the
o flow velocity becomes high. This result seems to be con-

0 10. 20, 30, 40. 50. sistent with the example of Fig. 1, in which the rafip/ F

Magnetic Field Intensity (nT) tends to be smaller during the high-speed flow compared with
that after the flow, and is often less than 1.5.

Fig. 9. Occurrence rate of bi-directional electrons at different lo- Figure 11 shows the bi-directional electron occurrence rate
cal magnetic field intensity in the central plasma sheet (solid line) 9

and plasma sheet boundary layer (dashed line). The number of bi"-‘mq Fy/FL, bgfore andl after hlgh_-spegd ion flow in the CP,S
directional electron events used for the calculation of the occurrencé€gion. I this analysis, we defined intervals of 0-20 min,
rate is given. 20-40min, and 40-60 min, respectively, after a high-speed
ion flow event with velocities of more than 400 km/s. Note
that most of the observed high-speed flows are earthward.
We also give data for time intervals during which no high-
speed flows { > 400km/s) are observed for more than
60 min. Data from the PSBL are omitted in this analysis.
The dependence on the magnetic field intensity is shown irifime intervals with high-speed flows are not included in this
Fig. 9. The highest occurrence of bi-directional electrons inanalysis. It is clearly seen that the occurrence rate of bi-
the CPS is observed 8~15nT. It decreases to both weaker directional electrons maximizes within 20 min after the high-
and stronger magnetic fields from this value. The occurrencespeed flow passage. The rati§/F, shows a high value
in the PSBL seems to be consistent with that in the CPS abf 2.3 in this interval. Note that a substantial occurrence
the larger magnetic field region. (~25%) is also seen for intervals without high-speed flow.

20.

Occurrence Rate (%)

It is very interesting to note that both in the CPS and in the
PSBL, the occurrence rate increase$ agcomes larger.
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40. T T T (Fig. 9). This fact is not consistent with a source of bi-
directional electrons in the ionosphere.
s i 850 T On the other hand, the present results seem to be con-
X 40 L ] sistent with the production of the bi-directional electrons in
o 3131 the vicinity of the neutral sheet, where the field intensity be-
= L 273 . comes minimum. Other observational facts, i.e. the high oc-
F 8 o currence of bi-directional electrons in the inner CPS region
g RO F g g 82 4 (Fig. 5), in larged regions (Fig. 8), and in large¥gswm| re-
g t/i =4 g= gions (Fig. 6a), also suggest that bi-directional electrons are
= = A g 1 produced near the neutral sheet.
2 0L % & Y - Hada et al. (1981), Smets et al. (1999), and Sergeev et
3 % o V2 al. (2001) have suggested the production of bi-directional
r “:; S electrons by Fermi-type acceleration near the neutral sheet.
=

To create the acceleration energy, it is necessary to consider a
58 . : . dusk-to-dawn electric field, which is equivalent to earthward
plasma flow perpendicular to the northward magnetic field.
It is quite likely that the bi-directional electrons observed af-
2.3 r . ter the earthward high-speed flow passage are produced by
L 4 the Fermi-type electron acceleration.

It should be noted, however, that the occurrence rate of
high-speed flow of{ > 400km/s) is only~1-4% of the
whole observation in this tail region (e.g. Shiokawa et al.,
1.9 L _ 1997; Angelopoulos et al., 1994). As shown by Baumjo-
hann et al. (1989) and Hori et al. (2000), the ion flow veloc-
ity in this region is usually less than 100 km/s, even for the
1.7 - active time ofAE > 100nT. Because the average flow in
this region is mostly earthward, the Fermi-type acceleration
may occur not only associated with the high-speed flow of
1.5 — : ' : v > 400km/s, but also during such prevailing slow earth-

Time From Ion Flow Passage ward flows in the tail.
Fig. 11. (Top) occurrence rate and (bottom) ratio of parallel to per- . The Fermi-type accelieratlon of eIectrons.can be analyt-

L ically expressed by defining the energy anisotropy =

pendicular electron energy fluxes for bi-directional electron events .
observed in the central plasma sheet for 0-20, 20-40, and 201/ W, whereW, andW, are average energies parallel and

60min after the high-speed ion flow passage. The values at th@€rpendicular to the magnetic field, respectively. When elec-
time of no high-speed flow for 60 min are also indicated. The num-trons move inward in the tail from area 1 to area 2 by, for ex-
ber of bi-directional electron events used for the calculation of theample,E x B drift of duskward electric field, the anisotropy
occurrence rate is given in the top panel. Error bars in the bottomchange fromA, 1 to A2 by the Fermi acceleration is given
panel represent0.20. The high-speed ion flow is defined as flow as (Baumjohann and Treumann, 1996),

with velocities in excess of 400 km/s in the central plasma sheet.

2.1 - -

Parallel Flux / Perpendicular Flux

AwZ . ﬂﬁ
Awl BZ lg’

@
4 Discussion

where B and [ are magnetic field intensity and field-line
There are two possible sources which produce bi-directionalength, respectively, and the suffixes 1 and 2 indicate values
electrons. One source is electrons from the ionosphere, whilat area 1 and 2, respectively. Becase< Bz andl1 > Iy,
the other is some acceleration process in the plasma sheet. ttie parallel acceleration occurs only if the square of the field
electrons come up from the ionosphere, they become a highliine length decreases less than the magnetic field increase.
collimated beam in the regions of weak magnetic field to con- Equation (1) seems to support our observational result
serve the first adiabatic invariant. Assuming that the mag-of the tailward increase of bi-directional electrons in CPS
netic field intensity at the ionospheric altitude~80000nT,  (Fig. 6). Namely, in the region close to &g, the field line
the electrons become a beam with pitch angles less than 2.6will be in a tail-like form, where radial change B is much
at the point where the magnetic field intensity is 100 nT. Thissmaller than that d?, and therefore, the parallel acceleration
means that the electrons which come up from the ionospherwiill occur. On the other hand, in the region aroundrlf) the
are already highly collimated in the region 8~100nT. field line will be much more dipolar, where the radial change
However, our observation shows that the occurrence rate 0bf B is larger and that of? is smaller. Also, as shown by
bi-directional electrons drastically decreases in the CPS aslori et al. (2000), the earthward flow velocity increases with
the magnetic field intensity increases from 15nT to 35 nTincreasing the radial distance.
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It should be noted that our results do not exclude otherthe bi-directional electrons in the PSBL are produced near
mechanisms that produce bi-directional electrons in thethe distant neutral line.
vicinity of the neutral sheet, e.g. parallel electron accel- It should be noted that there is a second peak of the oc-
eration by turbulent fields or plasma waves. A substantialcurrence rate of bi-directional electrons in the outermost lay-
amount of bi-directional electrons is observed during time in-ers of the CPS, within 3 min to the PSBL entry (Fig. 5). As
tervals without high-speed ion flow (Fig. 11) and under fairly shown in the example in Fig. 3, these electrons seem to occur
quiet conditions (Fig. 2). inside (plasma sheet side) of the PSBL ion flow. This fact is
It should also be noted that our results do not entirelynot consistent with the view by Takahashi and Hones (1988),
exclude the possibility of ionospheric source to form the since a dawn-to-dusk electric field which pushes particles
bi-directional electrons. There is a continuous occurrencento the plasma sheet acts more effectively on ions than on
of bi-directional electrons of 15-20% for alt regions in  electrons. Nagatsuma et al. (1995) have pointed out that there
Fig. 9 in CPS. The occurrence is not zero btit0% around  are low energy electron bursts just equatorward of the PSBL
| Xesml = 10Rg in CPS, as shown in Fig. 6. It is possible ion signature on the basis of particle observation by the Ake-
to relate part of these 10—20% occurrences to the ionospheribono satellite at the ionospheric altitude. These bursts seem
source. to be caused by Alfén wave resonance of particles between
As discussed above, electrons from the ionosphere fornthe ionosphere and the magnetosphere. The second peak of
sharply field-aligned beams in the magnetosphere due tehe bi-directional electron occurrence discussed here may be
the conservation of the magnetic moment. In our analy-the magnetospheric counterpart of these electron bursts.
sis, we took the flux ratid?/F, > 1.5, which was taken
also by Klumpar (1993), for defining bi-directional electrons.
The flux ratio used recently for the definitions of highly-
coII|m.ateq_ bi-directional electrons 154.0 (Suglyama et al., We have studied the occurrence characteristics of field-
1997; Fujimoto et al., 1997) per each energy channel. Most ,. S .
of the bi-directional electron events selected in this papera“gneOI bi-directional electrons witfy/F, > 1.5 observed
have a relatively weak pitch angle anisotropy, because aboul%y the AMPTE/IRM satellite in the near-Earth plas_m_a sheet
g . —at|Xesml = 9 — 19Rg. The observed characteristics are
80 % of the bi-directional electron events have a flux ratio summarized as follows
between 1.5 and 2. If we use a flux ratio of more than 3, '
the total number of bi-directional electron events in the CPS 1. In the CPS, the occurrence rate of bi-directional elec-
is 274, which is not enough to discuss occurrence character-  trons increases for largefgswm distance and for larger
istics. Although the integration of all energy bins tends to elevation angles of the magnetic field. It peaks for
reduce the flux ratio, we note that our result of occurrence magnetic field intensities of15nT and near midnight
rate does not focus on the highly collimated electron beams, (Yasm~0). Hence, bi-directional electrons are most fre-
due to our limited data set. quently observed in the vicinity of the midnight sector
As shown by Baumjohann et al. (1988, 1989, 1991), the neutral sheet.
particle fluxes and energies in the plasma sheet are highly
variable depending on magnetic activity (more explicitly on 2 In the CPS, bi-directional electrons are intensified after
substorm phase), radial distance, and distance from the neu- ~ the high-speed ion flow passage.

]'Elral Sh_ee;‘. Tr;e 7Iarg(3 itlandard (_Jle]wgnor:s t(r)]f energl_ei and 3. Both inthe CPS and in the PSBL, the occurrence rate of
UXES In FIgs. o, 7, an are mainly due o these variations. bi-directional electrons increases with increasing mag-

In the PSBL, the occurrence characteristics of bi- - L
directional electrons are different from those in the CPS. netic activity.
The occurrence is almost constant, independent from mag- 4. There are some clear bi-directional electron events
netic field intensity, for 15-45nT, and radial distance for in the CPS region, even when magnetic activity and
—19 < Xgsm < —9Rg, as shown in Figs. 8 and 6a, re- plasma sheet activity are fairly low (e.g. Fig. 2).
spectively. The occurrence peak around midnight is much ) )
weaker in the PSBL than in the CPS (Fig. 6b). Takahashi - _In the PSBL region, the occurrence is al'most constant,
and Hones (1988) have suggested that the PSBL is connected ~ iNdependent from magnetic field intensity ai@&sw
to a neutral line which is located tailward of the satellite. distance.

The bi-directional electrons in the PSBL may be generated g rpere is 4 small peak of the bi-directional electron oc-
by _the recpnnectlon process at the neutral I.|ne. and the mir- currence rate in the outermost layers of the CPS within
roring motion due to the converging magnetic field near the 3min to the PSBL entry.

Earth. For most of the time intervals analyzed, the neutral

line is probably located in the distant tal sy > 100Rg) From these observational facts we conclude that the major
(e.g. Nishida et al., 1996), since the near-Earth neutral line isource of bi-directional electrons in the CPS lies in the vicin-
formed only for the short interval of the substorm expansionity of the neutral sheet, including Fermi acceleration, and
phase. The observed characteristics of bi-directional electhe contribution from ionospheric electrons is minor in this
trons in the PSBL seem to be consistent with the idea thatail region. The bi-directional electron features in the PSBL

Conclusions
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are consistent with bi-directional electron generation near the 775-780, 1980.

distant neutral line. The occurrence characteristics of highly-+ujimoto, M., Sugiyama, T., Mukai, T., Saito, Y., Yamamoto, T.,

collimated bi-directional electrons with / F| >~4 are still and Kokubun, S.: Highly collimated electron beams in the dawn-

an open question. flank of the magnetotail, Phys. Chem. Earth, 22, 645-651, 1997.
Hada, T., Nishida, A., Terasawa, T., and Hones, Jr., E. W.: Bi-

AcknowledgementsiVe are grateful to the late N. Sckopke for his  directional electron pitch angle anisotropy in the plasma sheet,

kind support in accessing the AMPTE/IRM particle distribution ~ J. Geophys. Res., 86, 11211-11 224, 1981.

functions. Hermann iihr is the Principal Investigator of the flux- Hori, T., Maezawa, K., Saito, Y., and Mukai, T.: Average profile

gate magnetometer aboard AMPTE/IRM. K. S. is grateful to the of ion flow and convection electric field in the near-Earth plasma

Max-Planck-Institut iir extraterrestrische Physik in Garching, Ger- ~ sheet, Geophys. Res. Lett., 27, 1623-1626, 2000.

many for their hospita"ty and support during his one-year stay from KIumpar, D. M.: Statistical distributions of the auroral electron

July 1996 to June 1997. His stay was supported by the Ministry of ~albedo in the magnetosphere, in: Auroral Plasma Dynamics,

Education, Science, and Culture of Japan with a Grant-in-Aid for Geophys. Monogr. Ser., 80, (Ed) Lysak, R. L., pp. 163-171,

Overseas Research Scholar (8-Wakate-70). _AGU, Washington, D. C., 1993.
Topical Editor G. Chanteur thanks D. Delcourt and two other LUhr, H., Klocker, N., Oelschlagel, B., Hausler, B., and AauM.:
referees for their help in evaluating this paper. The IRM fluxgate magnetometer, IEEE Trans. Geosci. Remote

Sens., 23, 259-261, 1985.
Nagatsuma, T., Fukunishi, H., and Mukai, T.: Spatial relationships

References between field-aligned currents and suprathermal electron beams

observed at the poleward boundary of the nightside auroral oval,

Angelopoulos, V., Baumjohann, W., Kennel, C. F., Coroniti, F.  J. Geophys. Res., 100, 1625-1637, 1995.

V., Kivelson, M. G., Pellat, R., Walker, R. J.,ubr, H., and Nishida, A., Mukai, T., Yamamoto, T., Saito, Y., and Kokubun, S.:
Paschmann, G.: Bursty bulk flows in the inner central plasma Magnetotail convection in geomagnetically active times 1. Dis-
sheet, J. Geophys. Res., 97, 4027-4039, 1992. tance to the neutral lines, J. Geomag. Geoelectr., 48, 489-501,

Angelopoulos, V., Kennel, C. F., Coroniti, F. V., Pellat, R., Kivel- 1996.
son, M. G., Walker, R. J., Russell, C. T., Baumjohann, W., Feld- Paschmann, G., Loidl, H., Obermayer, P., Ertl, M., Laborenz,
man, W. C., and Gosling, J. T.: Statistical characteristics of R., Sckopke, N., Baumjohann, W., Carlson, C. W., and Cur-
bursty bulk flow events, J. Geophys. Res., 99, 21257-21280, tis, D. W.: The plasma instrument for AMPTE/IRM, |IEEE
1994. Trans. Geosci. Remote Sens., 23, 262—-266, 1985.

Baumjohann, W., Paschmann, G., Sckopke, N., Cattell, C. A., andSergeeyv, V. A., Baumjohann, W., and Shiokawa, K.: Bi-directional
Carlson, C. W.: Average ion moments in the plasma sheet bound- electron distributions associated with near-tail flux transport,
ary layer, J. Geophys. Res., 93, 11507-11 520, 1988. Geophys. Res. Lett., 28, 3813-3816, 2001.

Baumjohann, W., Paschmann, G., and Cattell, C. A.: AverageShiokawa, K., Baumjohann, W., and Haerendel, G.: Braking of
plasma properties in the central plasma sheet, J. Geophys. Res., high-speed flows in the near-Earth tail, Geophys. Res. Lett., 24,
94, 6597-6606, 1989. 1179-1182, 1997.

Baumjohann, W., Paschmann, G., aritht, H.: Characteristics of  Shiokawa, K., Baumjohann, W., Haerendel, G., Paschmann, G.,
high-speed ion flows in the plasma sheet, J. Geophys. Res., 95, Fennell, J. F., Friis-Christensen, E.{ilir, H., Reeves, G. D.,

3801-3809, 1990. Russell, C. T., Sutcliffe, P. R., and Takahashi, K.: High-speed
Baumjohann, W., Paschmann, G., Nagai, T., aiithrl. H.: Su- ion flow, substorm current wedge, and multiple Pi2 pulsations, J.

perposed epoch analysis of the substorm plasma sheet, J. Geo- Geophys. Res., 103, 4491-4507, 1998.

phys. Res., 96, 11 605-11 608, 1991. Smets, R., Delcourt, D., Sauvaud, J. A., and Koperski, P.: Elec-
Baumjohann, W. and Treumann, R. A.: Basic space plasma physics, tron pitch angle distributions following the dipolarization phase

Imperial Colledge Press, London, 1996. of a substorm: Interball-Tail observations and modeling, J. Geo-

Eastman, T. E., Frank, L. A., Peterson, W. K., and Lennartsson, W.: phys. Res., 104, 14571-14581, 1999.

The plasma sheet boundary layer, J. Geophys. Res., 89, 1553Sugiyama, T., Fujimoto, M., Nagai, T., Mukai, T., Saito, Y., Tera-
1572, 1984. sawa, T., Yamamoto, T., and Kokubun, S.: Highly collimated
Eastman, T. E., Frank, L. A., and Huang, C. Y.: The boundary layers electron beams observed during quiet times, Geophys. Res. Lett.,

as the primary transport regions of the Earth’s magnetotail, J. 24, 1651-1654, 1997.

Geophys. Res., 90, 9541-9560, 1985. Takahashi, K. and Hones, Jr., E. W.: ISEE 1 and 2 observations of
Fairfield, D. H.: A statistical determination of the shape and po- ion distributions at the plasma sheet-tail lobe boundary, J. Geo-

sition of the geomagnetic neutral sheet, J. Geophys. Res., 85, phys. Res., 93, 8558-8582, 1988.



