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Abstract. Recent observationsof fieldsand plasmasin the magnetotail by the Geotail spacecraft have enabled usto explorethe processes of
magneti ¢ reconnection in associ ation with substorm onsets. Magnetic reconnection consists of highly localized phenomena, so that the space-
craft seldom encountersthe reconnection site. Good orbit design isthereforeimportant for future missions. The magnetic field and plasma
flowsare highly variableinthe magnetic reconnection site. Multipoint measurements of complete three-dimensional distribution functionswith
ahightime resol ution are needed to obtain agreater understanding of the magnetic reconnection.

1. Introduction

The physical processes of magnetic reconnection are amajor re-
search topic in space plasmaphysics. Magnetic reconnection is an
important processin the conversion of magnetic field energy to par-
ticlekinetic and thermal energy. Recently, the Geotail spacecraft has
added significantly to our understanding of magnetic reconnectionin
associ ation with substorm onsets. It has now become well-established
that magnetic reconnection associated with substorm onsets usually
takes placein the pre-midnight sector of the magnetotail at radial dis-
tances of 20-30 R, and that magnetic reconnection startsafew min-
utesprior to ground substorm onsets[e.g., Nagai et al., 1998; Nagai
and Machida, 1998]. These factsimply that various substorm phe-
nomenaoriginate from magnetic reconnection. Three-dimensional ion
and el ectron distribution function data have provided important find-
ingsonion and el ectron dynamics during magnetic reconnection; and
thesefindings have been compared with the results of simulations of
magneti ¢ reconnection performed using ahybrid code and afull par-
ticlecode[e.g., Hoshino et al., 1998; Nakamura and Fujimoto, 1998;
Nakamuraet al., 1998].

It has been recognized, however, that the physical processes occur-
ringinthevicinity of magnetic reconnection havefine structure and
hightemporal variability. Inthispaper, weclarify thefield and particle
characteristics of magnetic reconnection processes using data from
Geotail. We usethesefindingsto make recommendationson the de-
sign of futuremissions.

2. Geotail Mission

Geotail waslaunched in July 1992 [Nishida, 1994]. Until October
1994, Geotail surveyed mostly in the distant tail. Inthe 1994-1995
winter season, it surveyed in the magnetotail upto SOR_. Theapogee
of Geotail was changed to approximately 30 R_in February 1995, and
itwasinal0by 30R_ orbit until June 1997. In June 1997, the peri-
gee of Geotail was changed to approximately 9 R, . Geotail hasmade
anextensivesurvey of the plasmasheet at radial distancesof 20-30R.
in the winter season after 1995. Magnetic field measurements have
been carried out with the magnetic field (M GF) experiment [ Kokubun
etal., 1994]. Thebasictimeresolution of themagnetic field datais 1/
16 s. Weuse Bx, By, Bz, and Bt (the magnetic field intensity) in the
GSM coordinate system. 1on and el ectron measurements have been
carried out with the low-energy particle (LEP) experiment [Mukai et
al., 1994]. The upper energy limit of thisinstrument is 40 keV for
ions and electrons, and the time resolution of the LEP datais 12 s.
Number density, ion temperature, and plasmavelocity (Vx, Vy, Vz)
have been obtained for all observationintervals. Thesevaluesarecal-
culated assuming that all ionsare protons. Two-dimensional distribu-

tion functions (in the equatorial plane) have been obtained for all ob-
servation intervals, whereasthree-dimensional distribution functions
areavailableonly for thetimeintervalswhen the dataarereceived at
the Japanese station Usuda.

3. Probability of Encounter swith Magnetic
Reconnection

Itisdifficult to determine whether the Geotail observationswere
madein the magnetic reconnection site. Thetotal magneticfield never
becomes zero in observations, although thismight be dueto the space-
craft magneticfield. Thedectricfield along the neutral linecannot be
measured. Themost practical parametersto measure are particlesand
fields. At the tailward side of magnetic reconnection, outflowsarefast
tailward convection plasmaflowswith southward Bz. Indeed, Geotall
observes fast tailward flows with southward Bz in association with
substorm onsets. The speed of thesetailward flows exceeds 2000 km/
s, which correspondsto theAlfvén vel ocity inthetail lobe. Occasion-
ally, highly accelerated electronsappear. The highest-energy (10-keV)
component of these el ectrons showstailward anisotropy. Thesimulta-
neous appearance of high-speed tailward escaping electrons and
tailward flowing ions means that the observations are carried out in
theimmediate vicinity of the magnetic reconnection site; otherwise,
wewould first observe tailward flowing electrons and then tailward
flowing ions, because of the large difference in velocities. We fre-
quently observetailward flowswith southward Bz and then earthward
flowswith northward Bz (flow reversal) inthese events. Thesesigna-
tures are thought to be caused by an encounter of the spacecraft with
the magnetic reconnection site.

In the 1995-1996 winter season, three-dimensional distribution
function dataweretaken for 485.3 hoursin the magnetotail of X, <
-15R_(theregion of -20R_<Y_,,<+20R). Geotail stayed inthe
plasma sheet (ion plasmab > 0.1) for 412.7 hours. There weretwo
substorm eventsin which Geotail observed highly accel erated elec-
trons [Nagai et al., 1998]. In the 1996-1997 winter season, three-
dimensional distribution function datawere taken for 495.8 hoursin
themagnetotail of X_., <-15 R_. Geotail stayed in the plasmasheet
for 450.1 hours. During thistime, therewere 10 substorm eventsthat
had accelerated electrons. Figure 1 presentsthe orbit segments and
positions of these 12 events. It isfound that magnetic reconnection
takes place only inthelimited region of 0 <Y, <+10R_. Although
the orbit of Geotail was designed to stay near the equatoria plane at
radial distances of 20-30 R_, and Geotail could stay insidethe plasma
sheet for morethan 85% of its hours of operation, the probability of an
encounter with the magnetic reconnection siteisfairly small.
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Figurel. Geotail positionsfor 12 electron accel eration events
and Geotail orbit coverage in the magnetotail beyond 15 R,
from October 1995 to March 1996 and from October 1996 to
March 19

4. Reconnection Event

We now examinethefield and plasmacharacteristics of the mag-
netic reconnection site. Substorm activity started near 1650 UT on
December 10, 1996. There were three substorm intensifications in
this activity. The third intensification started near 1740 UT, when
Geotail was located at (-25.4, 1.1, -2.5 R)) in the GSM coordinate
system. For the period 1742-1803 UT, highly accelerated electrons
were observed, and ion energies exceeded the upper energy limit (40
keV) of the LEPinstrument. The high-energy ionsshowed fast earth-
ward flows (aspeed higher than 2000 km/s), fast tailward flows, and
thenfast earthward flows. For thetailward flow interval, the magnetic
field became southward. Hence, Geotail wasintheimmediatevicinity
of the magnetic reconnection sitefor thisevent.

Figure 2 presents magnetic field datawith 1/16 stime resolution
and energy-time diagramsfor ionsand e ectronswith 12 stime resolu-
tion, for theperiod 1740-1810 UT. Geotail waslocated near theplasma
sheet/tail lobe boundary and observed earthward flowing ions until
1746:50 UT, at which timethe magnetic field intensity suddenly de-
creased, and tailward flowing ionswere then observed after 1746:50
UT. For thisfirst flow reversd, Geotail wasinthe plasmasheet. Geotail
then approached the plasma sheet/tail lobe boundary again and ob-
served the second flow reversal near 1752 UT.

Figure 3 presentsthe magnetic field datawith 1/16 stimeresolu-
tion. Two timeintervals are shown for plasma data sampling in the
first flow-reversal period. High-energy ionsflowing earthward and
duskward were observed inthe plasmasampling at 1746:38 - 1746:50
UT (seeFigure2). Low-energy ionsconvecting dawnward were also
observed; they were presumably inflowsfor magnetic reconnection.
High-energy (>10keV) dectrons had the earthward escaping compo-
nent. Themagnetic field wasfairly stable, and itsintensity was near
18 nT for thisplasmasampling interval. Itislikely that Geotail was
near the separatrix region earthward of the magnetic reconnection site.
Intheplasmasampling interval 1746:50-1747:02 UT, ailmost all ions
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Figure 2. Magnetic field variations and ion and electron en-
ergy-time diagramsfor the period 1740-1805 UT on Decem-
ber10, 1996.
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Figure3. Magneticfield datafor the period 1746:20-1747:20
UT on December 10, 1996. Two timeintervalsare shown for

plasmadatasampling.

showed tailward flows, and high-energy e ectronshad thetailward flow-
ing component. Themagnetic field intensity changed from 19 nT to 2
nT, and the direction of the magnetic field was variable. Near the
equatoria plane, variationsin Bz had time scalesof 1s. Themagnetic
field intensity was small, and the field was amost southward. Itis
important to resolve particlesignaturesin thissampling.

Figure 4 presents magnetic field datawith 1/16 stime resolution.
Threetimeintervalsare shown for plasmadatasampling in the second
flow-reversal period. Themagneticfieldwasfairly stableand near 15
nT. Figure5 presentselectron distribution functionsinthe BC plane,
which containsthe magnetic field and the plasmaflow vector. TheB
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Figure4. Magneticfield datafor the period 1751:30 - 1752:30
UT on December 10, 1996. Threetimeintervalsare shownfor
plasmadatasampling.

axisisalong theloca magneticfield, and the C axisisthe direction of
the plasmaflow component perpendicular to thelocal magneticfield.
At 1751:40 UT (the start time of the sampling interval), electronshad
abi-directional field-aigned cold component and an accel erated tailward
flowing component. At 1751:52 UT, electrons had only a bi-direc-
tional field-aligned cold component. At 1752:04 UT, although elec-
trons had abi-directional field-aligned component, both field-aligned
components were accelerated. Since the magnetic field was stable,
thesevariationsinthe electronswerelikely tempora phenomena. As
seen in Figure 2, high-energy (>10 keV) ions were observed as
duskward flowing ions, whereaslow-energy (< 1 keV) ionswere ob-
served asdawnward flowingions. Thedawnward flowingionsshowed
convection, so that thesewereinflowsfor magnetic reconnection. The
duskward flowing ionswere not really flowing but were part of cyclo-
tron motion. The Larmor radius of 1-keV ionsin 15nT is 1000 km.
Geotail waslocated just above the magnetic reconnection site. After
1752:16 UT, the magnetic field intensity becamelessthan 5nT. lons
showed earthward flows, and el ectrons showed almost i sotropic distri-
butions.

8. Discussion and Conclusions

Geotail has observed signatures of ongoing magnetic reconnection
for substorm onsetsin the magnetotail at radial distancesof 20-30R..
The probability of an encounter with the magnetic reconnection siteis
fairly small, even though the orbit of Geotail wasdesigned to makethe
spacecraft stay in the equatorial planeat radial distancesof 20-30R..
It is likely that the plasma sheet becomes very thin in magnetic
reconnection and that the longitudinal extent of the magnetic
reconnection siteislimited. Theduration of magnetic reconnection at
any given site seemsto be short. Therefore, good orbit designisex-
tremely important for observing magnetic reconnection processes. At
the magnetic reconnection site, fieldsand particlesare highly variable,
and their scalelengthsarevery small. Near the equatoria plane, the
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Figureb. Electron distribution functionsinthe BC plane. The
B axisisthedirection of themagneticfield, approximately earth-
ward. The C axisisthedirection of the plasmaflow compo-
nent perpendicular to the magnetic field, approximately
duskward.

time scales of magneticfield variationsaretypically 1s. Evenwitha
stablemagnetic field, electronshave variationswith time scales of less
than 12 s. In these cases, multipoint measurements of three-dimen-
sional distribution functionswith atimeresolution of 1 swould enable
usto understand the structure of magnetic reconnection. Itisdesirable
to put at least four spacecraft at four verticesof atetrahedron, in order
to get information on thethree-dimensiona structure. Insummary, in
order to understand the microphysics of magnetic reconnection, we
need:

1) good orbit design,

2) multipoint measurements,

3) complete three-dimensional distribution functionswith atime
resolutionof 1s,

4) good energy coveragefor ionsand electrons, and

5) reduction of the spacecraft magnetic field.
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