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Abstract. Energetic electrons with 90 deg pitch angle have One can conclude the following: The observations suggest
been observed in the magnetotaibal9 R near local mid-  that the anisotropic electron increases observed by Cluster
night during the recovery phase of a substorm event on 2%re not related to an acceleration mechanism associated with
August 2001 Baker et al. 2002. Based on auroral images the X-line formation in the midtail, but rather these parti-
Baker et al (2002 placed the substorm expansion phase be-cles are generated in the dusk magnetospheric sector due to
tween~04:06:16 and-~04:08:19 UT. The electron enhance- the longitudinal and tailward expansion of a current disrup-
ments perpendicular to the ambient magnetic field occurredion region and subsequently observed at the Cluster location
while the Cluster spacecraft were on closed field lines in thewith no apparent energy dispersion.

ceqtra! plasma sheet qpproaghmg the neutral sheet. Maq{eywords. Magnetospheric physics (Magnetotail, Plasma
netic field and energetic particle _mea_surements have b_ee bnvection; Storms and substorms)

employed from a number of satellites, in order to determine
the source and the subsequent appearance of these electrons

at the Cluster location. It is found that7.5 min after an

X-line formation observed by ClusteBéker et al, 2002 a 1 Introduction

current disruption event took place inside geosynchronous

orbit and subsequently expanded both in local time and tail<One of the basic features associated with substorms in the
ward, giving rise to field-aligned currents and the formation near-Earth magnetotail is the injection of energetic particles
of a current wedge. A synthesis of tail reconnection andand plasmagaker, 1984. Geosynchronous magnetic field
the cross-tail current disruption scenario is proposed for theeconfiguration and particle injection which take place at the
substorm global initiation process: When a fast flow with onset of the substorm expansion phase are phenomena as-
northward magnetic field, produced by magnetic reconnecSOCiatEd with the disruption of the cross-tail current and its
tion in the midtail, abrupﬂy decelerates at the inner edgediverSion into the ionOSphere via Birkeland currents, to form
of the plasma sheet, it compresses the plasma populatiorf§€ substorm current wedg®¢Pherron et a).1973. De-
earthward of the front, altering dynamically the Bagnetic spite the fact that ions carry much of the cross-tail current,
component in the current sheet. This provides the necessameld-aligned current carriers are found to be energetic or
and sufficient conditions for the kinetic cross-field stream-Plasma sheet electronisaufmann(1987) has suggested that
ing/current (KCSI/CFCI) instabilityl(ui et al, 1990 1991 diversion of only the electron cross-tail current to the iono-
to initiate. As soon as the ionospheric conductance increase&Phere would be sufficient to initiate tail collapse. Further-
over a threshold level, the auroral electrojet is greatly inten-more,Jacquey et a(1991) suggested that the poleward ex-
sified (see Fig. 2 irBaker et al. 2002, which leads to the ~Ppansion of the auroral electrojet and of the auroral luminosity
formation of the substorm current wedge and dipolarizationreflects the motion of the antisunward propagating disruption
of the magnetic field. This substorm scenario combines thdront, linked to the ionosphere by energetic electrons.
near-Earth neutral line and the current disruption for the ini- One physical mechanism which is often invoked to ex-
tiation of substorms, at least during steady southward IMF.plain the energization of particles during a substorm is the
near-Earth neutral lineB@ker, 1984. However, observa-
Correspondence td: I. Vogiatzis tions in the plasma sheet indicate that the near-Earth neutral
(ivogiatz@ee.duth.gr) line rarely, if ever, forms within Rg (Lui, 1979. Processes




2266 I. . Vogiatzis et al.: Fine-time energetic electron observations in the magnetotail

Sun 27-08-2001 02:00:00 - 07:00:00 UT
A 20 T T 5| T T
g g
o . o)
*.Lani94 (L~6.8, 11 = N )
B(L-66 M ¢ S 250 Se———o
- Xaesm(RE) Yasm(Re)
Dawn (a) (b)
27-08-2001 04:30 UT
.... -2000| [ 3000
» ~ —_ — ] —_ — A |
Polar (L~11, 2 MLT) G - A é . .
‘5’ 0| = 1000— —
a | S
*
2000 | | -1000!
00 6] -2000 2000 o] -2000
% % Cluster AXasm(Km) AYesm(Km)
/ © (d)
S/C_1im
Tail Sca e
S/C_4 A

Fig. 1. The average spatial positions of all spacecraft used in this

study for the time interval 04:00-04:30 UT.
Fig. 2. Cluster trajectory between 02:00 and 07:00 UT in differ-

ent plane projections, together with the relative position of the four

. . ) spacecraft in the X-=Y and Y-Z planes, in GSM coordinates.
other than X-line formation are responsible for local par-

ticle acceleration in the near-Earth magnetotaili et al.

(1988 andLopez et al(1989 presented observations which geeper in the magnetotail, can account for the generation of
are consistent with a turbulent disruption of the cross-taili,g energetic electron event under study and for the appear-

current sheet. They suggested that the electric fields assQnce, in general, of energetic particles in the midtail.
ciated with the turbulent disruption of the cross-tail current

are responsible for some of the observed acceleration of en-
ergetic particles. Furthermore, current disruption can leath Qpservations
to the release of magnetic stress built up in the near-Earth
region during the substorm growth phase, with the resultthis study is based on data acquired from the IES (Imag-
that the highly stretched magnetic field lines are relaxed tong Electron Spectrometer) sensor system which consists of
become more dipole-like. This magnetic field reconfigura- 3 heads, each one with a®%0pening angle which is part of
tion will undoubtedly energize the particles via Fermi accel- the RAPID (Research with Adaptive Particle Imaging Detec-
eration (shortening of field lines) and betatron accelerationtors) experiment on board Clustawilken et al, 1997). The
(field magnitude increase as a result of the field collapse)jes measures energetic electrons within the energy range
The dipolarization process will also lead to a thickening of 20 ke\-400 keV. The spatial resolution is 16 azimuthal sec-
the plasma sheet, as indicated by observati@ak¢r and  tors by 9 polar look directions, covering the entire unit sphere
McPherron1990. during one spacecraft spin (4s). The data presented here
In our present paper we address the long standing issue aflere obtained when the RAPID spectrometer was operat-
magnetospheric substorms in the view of our multi-satelliteing in a special mode (burst mode) where the resolution is
observations and attempt to construct a coherent descripd.25s (1/16 of a spin). The data returned from this mode are
tion of substorm development, in order to explain our Clus-used to construct intensity distributions on a mercator pro-
ter/RAPID energetic particle measurements. Previous workgection of the unit sphere, with the plane image area com-
have studied the occurrence and possible energization of erprising 144 pixels. Also, together with the electrons, pro-
ergetic particles in the Earth’s magnetotail<—30Rg), in ton data of 4-s time resolution are used which are provided
association with magnetospheric substor®ar(is and Ax- by the IIMS (Imaging lon Mass Spectrometer) sensor sys-
ford, 1979 Zong et al, 1997, 1998 2004. These studies at- tem, which measures energetic ions within the energy range
tributed the production of high energy particles to the energyl10 keV-1500 keV. The plasma data are obtained from the CIS
dissipated resistively in the reconnection process. However(Cluster lon Spectrometer) experiment and are of 4-s time
based on our observations, we conclude that a current diseesolution, as wellReme et al.1997. The Cluster magnetic
ruption/particle acceleration region, expanding both longitu-field measurements are provided from the FGM (Flux/Gate
dinally and tailward, well after the formation of an X-line Magnetometer) instrumenB&logh et al. 1997, with a time



I. . Vogiatzis et al.: Fine-time energetic electron observations in the magnetotail 2267

T ot 1_'|||||||||||||||||||||||||||||||||||| [T
. = 75-105KeV
S ] ]
(0)
o 105-150k8v s 10
—
)
%)
NE 150-225KeV
o
= 103

225-315KeV, T
(o)

1/(cm? s sr keV)

Particle Fluxes

1/(cm’ s sr keV)

—

1/(cm’ s sr)

SIC 2 —
SIC 3 —
SIC 4 —

400 415 430 445 400 415 430 445 500 5115
TIME (UT)

Fig. 3. An overview of proton and electron flux measurements obtained from geosynchronous and Cluster spacecraft between 04:00—
05:00 UT and 04:00-05:15 UT, respectively, on 27 August 2001. Also, the horizontal bars denote the time intervals for which the proton and
electron energy spectra have been calculated (sed Big.

resolution of 4s. In addition, concurrent measurements ofmarked by a rectangle, diamond, circle, and triangle, respec-
energetic particle and magnetic field data were used frontively. The Cluster constellation was located near apogee
GOES 8, Polar, and LANL spacecraft, in order to construct a(19.2Rg) around local midnight (00:25 MLT) approaching
consistent timeline for the particular substorm event. the equatorial plane from the north, with S/C 3 leading the

. . . rest of the satellites on their traverse from the northern to
On 27 August 2001 signatures of a relatively isolated mMag-gouthern lobe

netospheric substorm event were observed by a number of

Earth-orbiting spacecraft. The average spatial positions of Figure 3 gives an overview of proton and electron flux
all spacecraft used in this study, for the time interval 04:00—measurements obtained from geosynchronous and Cluster
04:30 UT, are shown in Figl. Figure2 shows the Clus- spacecraft between 04:00-05:00 UT and 04:00-05:15 UT,
ter trajectory between 02:00 and 07:00 UT in different planerespectively, on 27 August 2001. The main features of the
projections, together with the relative position of the four plots are centered with respect to the time axes, so that
spacecraft in the X-Y and Y-Z planes, in Geocentric Solarwe can have an overall view before and after the principal
Magnetospheric (GSM) coordinates. S/C 1, 2, 3, and 4 arehange in the time profiles. The different panels (a—f) show
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Fig. 4. GOES 8 magnetic field measurements showing a dipolarization onset tin&9 UT.

differential fluxes of energetic protons and electrons fromunlike the electron fluxes which showed a clear enhancement
Los Alamos satellites where there is apparent energy disperuring the recovery. Apparently, this happened due to the
sion between the different energy channels. In panels (gpppearance of a fresh energetic electron population which
and (h) energy-integrated fluxes are shown from the RAPIDincreased the patrticle flux levels, where they obtained their
experiment. Based on the RAPID/proton data, the Clustemaximum value just after 04:30 UT.

spacecraft were initially inside the plasma sheet, which sub-

sequently appeared to thin, thus letting the satellites enter Figure4 gives an 1.5-h interval of GOES 8 magnetic field
into a nearly lobe-like environment where the fluxes showedmeasurements surrounding the event of interest. The data
a clear dropout at-04:10 UT and then at04:25 UT, the  shown are of 0.5-s time resolution and are presented in the
plasma sheet expanded abruptly and re-enveloped all fouocal PEN coordinate system in which tig, component is
satellites. An important feature that we want to point out parallel to the satellite spin axis, which is perpendicular to
here is that after the plasma sheet expansion the proton fluxébe satellite’s orbital planeH, lies parallel to the satellite-

returned to about the same level they had before the dropouarth center line and points earthwaid, is perpendicular
to both H,, and H,, and points eastward. The most obvious
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Fig. 5. Electron count rates in three different look directions relative to the Polar spin axis. Also shown are magnetic field components,
together with the field magnitude in GSM coordinates. Note the prominent field dipolarizatie®4a22 UT which coincides with the
electron injection.

change in the magnetic field occurrec~d@14:09 UT. Prior to Panel ba) shows electron count rates from the CEPPAD
04:09 UT, the magnetic field had a substantially high magni-experiment in the energy range 20 keV-400keV in three dif-
tude compared to the typical geosynchronous field strengtlierent look directions relative to the satellite spin axis. Pan-
(100nT) and arelatively stretched configuration, as indicatecels5(b)-5(e) show magnetic field components, together with
by the H,, magnetic field component with the elevation angle the field magnitude in GSM coordinates. The time resolu-
of the magnetic field vectap=arctanH,/H, being around tion is 96s. The Polar spacecraft at that time was located at
24 deg. Just at 04:09 UT the field started to become moré.~11 and 02:00 MLT, as shown schematically in Figts
dipole-like, as revealed by the increasing magnitude of theGSM coordinates in Earth radii were (—7.65, —4.47, 3.51),
H, component accompanied by an intervaheéf-min dura-  meaning that it was located on the dawn side of the mag-
tion with strong fluctuations in all the magnetic field compo- netosphere, above the current sheet plane. A main feature
nents. After the dipolarization onset time the magnetic fieldthat has to be addressed here is the simultaneous enhance-
magnitude was fluctuating around a mean value and then anent of the electron fluxes in all three different look direc-
~04:28 UT started to decrease gradually. tions, together with a prominent dipolarization of the mag-
netic field at~04:22 UT. The magnetic field just before the
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Fig. 6. Representative 3-D intensity distributions from S/C 1. Superimposed are the different pitch angle contours. Note the formation of
field-aligned minima at-04:30 UT, which last for about 7 min. The dot and the asterisk represent the points where the magnetic field vector
intersects the unit sphere.

electron injection was highly stretched, with an elevation an-sectors in which every spin is divided and the 9 polar look
gle of the order of 7 deg which reached the maximum valuedirections comprise the ordinate. Superimposed are shown
of 24 deg within 7 min, increasing its magnitude by 17 deg. the different pitch angle contours. As is evident we have
] ) ~an abrupt increase in the electron intensity~di4:25 UT

The strong anisotropic (peaked at 90 deg) electron pitchpjasma sheet expansion), and an isotropic distribution seems
angle distribution that Cluster observed during its neutralis pe the dominant feature of this increase, which persists
sheet approach is demonstrated in lig-lere we show rep-  for ~5min. At ~04:30 UT the distribution starts to re-
resentative 3-D intensity distributions from S/C 1, averagedyeg| its anisotropic behaviour by the clear development of

over the first 4 energy channels, over 1 min. The abscissa ofie|d-aligned minima which lasts for about 7 min. After that
each 3-D plane projection corresponds to the 16 azimuthal
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Fig. 7. 4-s time resolution measurements of energetic electron count rates for the first four energy channels and for a 90 deg pitch angle
during the beginning of the event. Also shown are Yhgplasma moment, th8, magnetic field component and tfB,i5 magnetic field
magnitude.

interval, at~04:37 UT, the intensity decreases abruptly but 3 Analysis and interpretation
still preserves its anisotropic features. Thus, electrons which
are subjected to gradient-curvature drift are traveling dawn-ag has been shown in Fig, the substorm event under con-
ward and at-04:30 UT make their prominent appearance at sijeration was accompanied by intense particle injections at
the Cluster location. geosynchronous altitude. Measurements of energetic par-
In Fig. 7 we present in detail the evolution observed by ticles obtained with a set of three geostationary satellites
Cluster of the energetic electron intensity enhancements duflLANL-97A, 1994-084, and 1991-081) were used to cal-
ing the period 04:26-04:32 UT for the first four energy chan- culate the longitudinal extension of the substorm injection
nels along with theV, plasma velocity,B, magnetic field region. These satellites were located at 09:00, 11:00 and
component and magnetic field magnitude. Note that space17:00 MLT, respectively, as shown in Fig. The method
craft 2 was omitted because the velocity moment was not  to determine the onset times was based on the simple but
reliably available at that time. The particle time profiles cor- most reliable, traditional edge detection of selecting onset
respond to electrons traveling perpendicular to the ambientimes by eye, which is also the quickest for a small data set.
magnetic field, which at that time was in the form of closed The method uses the lowest energy channel as a reference to
field lines (substorm recovery phasRaker et al. 2002). determine the time and inverse-velocity differences with re-
While the B, magnetic field component is close to zero, re- spect to the other energy channels. For each particle species
versing its sign during the highlighted time interval, the total we determine nine points (three for each satellite) and then
magnetic field reaches relatively low values, implying that we calculate the best fit for these points. Typical drift analy-
the Cluster fleet was well inside the plasma sheet, very clossis has been performed using expressions which are valid in
to the current sheet. a dipole field (such as constant drift velocity), and a typical
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Fig. 8. Determination of the extension of the injection region. It is found to extent fr@&deg (relative to dusk meridian toward midnight)

to ~13 deg (relative to dawn meridian toward midnight), with proton and electron injection timeéa®9 UT and~04:16 UT, respectively.

The left panel is for protons, while the right one is for electrons. Also, the plus, the asterisk and the dot signs denote LANL94, LANL97 and
LANL91 spacecraft, respectively.

pitch angle of 90 deg was used, which seems to be more ap- In combining the observations from GOES 8 and geosyn-
propriate for electronsReeves et al1990. The results are  chronous satellites it appears that at 04:09 UT, GOES 8,
shown in Fig.8 (left panel for protons and right panel for which was located at 23:00 MLT, made an in-situ observa-
electrons), where ideally the lines would go through the (0,0)tion of the disruption of the cross-tail current associated with
point. The slopes then determine the location of the outera dipolarization of the magnetic fieldigkahashi et 411987,
edges of the combined (proton and electron) injection regiorwhich, in turn, was directly related to the injection of pro-
with respect to the satellite locations, assuming that the partons at geosynchronous orbit. These particle observations
ticles of different energies are injected simultaneously. Thesuggest that the magnetic field reconfiguration/variation was
injection region is then found to extend frorB deg (rela-  associated with a strong induced electric figl#{/dt) that
tive to dusk meridian toward midnight), tel3deg (relative  energized the particlef\ggson et al.1983, an idea that is
to dawn meridian toward midnight) with proton and electron further supported byui et al. (1988.
injection times at~04:09 UT and~04:16 UT, respectively,
having a time lag of~7 min, which has also been noted in  As already mentioned, based on GOES 8 observations the
other casesKorth et al, 1991, Birn et al, 1997). magnetic field magnitude started to decrease gradually at
~04:28 UT, something which can be considered to be a “rar-
At ~04:06 UT, before the particle injections at geosyn- efying” dipolarization front propagating tailward, a view that
chronous altitude, Cluster saw strong earthward plasma flovis further supported by Polar observations shown in big.
with B, being much of the time northward in orientation, as Also, based on the fact that the different detector orientations
shown in Fig.9 (first shaded area) (sdaker et al. 2002. are probing different pitch angle ranges, we may conclude
After that interval the Cluster spacecraft were intermittently that we do not observe any energy dispersion which other-
observing high speed earthward flow bursts lasting more thamvise would mean that the particles would have drifted from
1 min and exceeding velocities of the order of 700 km/ s, with some point located duskward of the Polar satellite. This tran-
the magnetic field polarity being positive (second, third andsient dispersionless electron burst, together with the reconfig-
fourth shaded areas in Fig). Such northward reconnected uration of the magnetic field, indicates that a sustained dis-
magnetic flux being carried by the fast plasma flows towardruption of the local cross-tail current and its diversion into
the Earth is often considered to be the cause of flux pileughe current wedge has taken place, which, in turn, was re-
and field dipolarization near the geosynchronous orbit regiormotely sensed by Polar. As we have argued above, at least
(Hesse and Birn1991). Furthermore, this flux pileup is also one particle detector saw field-aligned electrons, meaning
regarded as a tailward propagation d¢ adipolarization sig-  that loss cones were filled and current flowed to the iono-
nal, often taken as a signal of tailward propagating currentsphere. One mechanism that can start this process is the
disruption Ohtani et al.1992). onset of a strong particle pitch angle scattering, involving
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Fig. 9. Intermittent high speed earthward flow bursts exceeding velocities of the order of 700 km/s with northward magnetic field.

wave-particle interactions associated with magnetic turbu-with the magnetic field observations at GOES 8, the gradual
lence in the neutral sheet, consistent with in-situ observatotal magnetic field decrease after 04:22 UT can be viewed
tions of current disruption (see Fid). Such scattering fills in terms of a rarefaction of the total magnetic flux per unit

the particle loss cones and therefore couples the magnetaolume, due to the propagation of the dipolarization front

spheric plasma to the ionosphere, thus forming field-alignedailward with a variable velocity (collapse acceleration).

currents (FACs). To maintain full loss cones, scattering must ¢ global magnetic field reconfiguration is shown in
be rapid enough, but in this way the electron field-alignedrig 10, A schematic 3-D view of the magnetic field lines
current far exceeds the ion field-aligned current because Ofassing through different satellites is shown, depicting the
the much higher electron velocities. Because the electronyagnetic field evolution during the event. Just before field
current is dive_rted thg field begins to collapse, the ion g}Jid'dipoIarization at~04:09 UT, the magnetic field is highly
ing centers drift less in the more dipolar plasma sheet fieldgtretched, with relatively small elevation angles (upper panel)
and this reduction in cross-tail current acgelerates_ the colyyhile after the dipolarization phase onset and the propagation
lapse Kaufmann 1987. By close inspection of Fig5c  of the dipolarization front tailward, we start to have the sub-
and assuming that the FAC is directed downward, based 0Rtyrm recovery phase. At04:30 UT, when we first start to
the Polar position, we see that the first indication of activ- jpserve the formation of field-aligned minima, the magnetic

ity occurs when the substorm current wedge forms on fieldsig|q is already relaxed in a more dipolar configuration (lower
lines equatorward of the satellite. This produces an eastpanel).

ward perturbation north of the FAQGNGgai 1982. As the Bv closel inina Fia7 i b
plasma sheet expands (which eventually envelops Polar at y closely examining FIg/ We cannot see any observ-

~04:22 UT Baker et al, 2002), the satellite approaches the able energy dispersion between the different energy chan-
FAC region. At the ed,ge of tr’1e FAC. at04:19 UT. it ob- nels in different spacecraft. Assuming that the electrons are

serves the largest —Y magnetic perturbatidly flecreases subjected to energy-dependent gradient/curvature drift, the
monotonously). As it enters the FAC, at04:20:40 UT above could mean either that we observe the event at its ini-

the —Y perturbation diminishes, and as the satellite crosse%at'on’ with the particle source located very close to, and

the center of the FAC region, at04:25:20 UT, the Y per- usrvzﬁrd (I)f’ 'f[he C(‘,jllj_]cstterg]ons;tezllzittrl]on, or tthlf:‘t CfluITter |n|ter;j
turbation changes sigmB(, increases monotonously). The Sects the electron drilt paths after tne event has Tully evolve

above interpretation is consistent with the scenario discusse ndreacheda stea_ldy state. One distinct fea_ture in the PTOf"eS
by Lopez and Lui(1990. Furthermore, the primary contri- shaded area), which favors the second option and facilitates
bution to Biota before the dipolarization is the addition of undefrstanc'il'ng the process, is the gradual Increase in the.e.IeC-
the B, component; thusBal is positively correlated with tron |nt_en5|t|_es that seem to be cprrelated with large, positive

the cross-tail current, J. Therefore, a disruption/diversion ofSXcursions 'an_' Th(_ese excursions do npt show any no-

J will produce a decrease o, Which seems to be the ticeable time dispersion, which is something that would be

. L . : expected because of the satellite separations in the z direc-
case (Fig5e) (Lopez et al. 19883. Again, in conjunction . o
(FigSe) (-op : 3 Ag : tion. This is due to the fact that the Cluster spacecraft were
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Fig. 10. Global magnetic field reconfiguration during the event. Also shown are the spacecraft positions and the magnetic field elevation
angles.

already in the central plasma sheet, so any displacement afn extra proton population in the plasma sheet. This is in an-
the plasma sheet as a whole body resulted in a nearly simukithesis with the electrons, where there is obviously the clear
taneous enhancement of the at all spacecraft. Our inter- softening of the electron spectrum, implying that the fluxes
pretation (which will be connected with the previous obser- at lower energies owe their existence to the drifting electron
vations) is that the event is already in a steady state, with thgpopulation probed by the Cluster constellation, suggesting
drifting electrons generated far duskward of Cluster and bethe spatial nature of the event.
ing embedded in the center of the dynamical plasma she€§ timation of the time and location of the X-line formation
as an independent energetic component. As the latter moves
rapidly northward, carrying with it the anisotropic electron In the following we make an attempt to estimate the time and
population, the Cluster spacecraft eventually intersect the relthe position of the X-line formation. We assume that during
atively enhanced drifting paths a1004:30 UT (appearance of the initial reconnection the plasma is injected both earthward
field-aligned minima). This happens after the positive excur-and tailward, with the same velocity which is taken to be
sion inV, ceases obtaining relatively low values, thus giving of the order of 500 km/s. This is based on Cluster obser-
the opportunity to observe the intense anisotropic fluxes untivations at~04:01 UT (see Fig9), where we have assumed
04:37 UT. The latter idea, that the energetic electrons are inthat the tailward plasma velocity between the X-line and the
deed an independent component of the plasma sheet, is estaBluster location remains almost unchanged. Once the earth-
lished by examining the energy spectra of protons and elecward flow starts to propagate from the initial reconnection
trons shown in Figll. The fact that the proton spectrum re- site is subjected to deceleration. Based on auroral images,
mains almost unchanged, even after the plasma sheet expaBaker et al.(2002 concluded that the substorm expansion
sion at~04:25 UT, means that we do not have the addition of phase started betweer®4:06:16 UT and-04:08:19 UT. We
postulate that the initial earthward flow is fully stopped at
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Fig. 11. Representative proton and electron energy spectra from S/C 1 for the intervals 04:00-04:05 UT (black color-coded) and 04:30-
04:35 UT (red color-coded) during which the Cluster spacecraft were inside the plasma sheet (see panels (g) andZh)Atsbighown

are the calculated best fits for the flux versus energy points. Unlike protons, electrons show a clear softening of their spectrum which is
attributed to an additional electron source at lower energies.

~04:06:16 UT before the time we observe the first dramaticmade during the isolated substorm, with which the ener-
auroral brightening at04:08:19 UT, associated with the be- getic electron event is intimately associated, is shown in
ginning of cross-tail current disruption/field dipolarization. Fig. 12, where a time arrow of the events on 27 August
For the calculation of the net deceleration of the initial 2001, identified by different satellites is shown. Figias
earthward flow we use the fluid momentum equation for ideala schematic illustration depicting our interpretation on how

magnetohydrodynamic (MHD) conditions, the strong anisotropic electron distribution is produced and
subsequently transported toward the Cluster spacecraft. The

nim; dv — VP + i(B .V)B 1 thick arrows represent the direction of propagation of curre_nt
Ho disruption. The colored areas represent the expanded regions

; here particle acceleration has taken place, while the black
For the total earthward pressure gradient we adopt the, part ! P whi

estimation made byShiokawa et al.(1997, which is dashed arrow denotes the path of drifting electrons.
1.2x10° 17 Pa/m for aAx~8 Rg. For the estimation of the
stress term in the right hand-side of Eq. (1) we use magneti¢, piscussion
field intensities ofB,~15nT andB,~2nT (based on Clus-
ter observations between 03:45-04:00 UT) and a thickness dfhe Earth’s magnetotail is maintained by a current system,
the tail current sheet where the flows exist@.5Rg (Sh-  which, in the equatorial plane, is directed from dawn to dusk
iokawa et al. 1997). Solving Eq. (1) we find a net deceler- in a sheet whose north-south dimensions are small compared
ation of ~1.481 knys?, wherem; we used the proton mass to its extent in the X—Y plane. During the growth phase,
andn; a typical ion plasma sheet density-0.4 cnm>. this cross-tail current intensifies and moves earthward as the
Combining the above value with the relative times and magnetotail becomes more stressédi(fmann 1987). Dur-
locations of the (a) initial flow breaking, (b) X-line forma- ing substorm onset in the near-Earth magnetotail, the stress
tion, and (c) tailward plasma flow at the Cluster location, we in the magnetic field is reduced and, Bsdecreases an#,
finally estimate the X-line to have formed atl7.5Rg at increases, the field relaxes to a more dipolar configuration.
~04:00:38 UT (see Appendix and Fig. 14 for more details). The dipolarization of the magnetic field has been interpreted
The observations described in this study can be com-as a reduction in the near-Earth cross-tail current,(1978
bined together to create a consistent event time sequence #faufmann 1987. Injections occur simultaneously with the
the magnetospheric substorm, and of magnetospheric sulzollapse of the tail-like component in the magnetic field, in-
storms in general, and explain in a satisfactory mannemicating that the occurrence of an injection is simultaneous
the generation of the unique electron event and its occurwith the local effects of the diversion of the cross-tail cur-
rence at the Cluster position. A review of the observationsrent into the substorm current wedge. We assume that the



2276 I. . Vogiatzis et al.: Fine-time energetic electron observations in the magnetotail

~04:30 UT

~04:01 UT

Fig. 12. Review of the observations made during the isolated substorm in the form of a time arrow.

Sun Strong Tailward Plasma Flow with Bz<0 at ~04:01 UT

A Strong Earthward Plasma Flows with Bz>0 starting at ~04:06 UT
Current Sheet Disruption/Field

Dipolarization at GOES 8 position

at ~04:09 UT

Geosynchronous Proton Injection at ~04:09 UT
Geosynchronous Electron Injection at ~04:16 UT

5Re
6.6 Re

#Lanl94 (L~6.8, 11
# Lani97 (L~6.8,

Electrons

Current Sheet Disruption observed
remotely by Polar and Field
Dipolarization at Polar position

at ~04:22 UT

Large arrows: Longitudinal and
Tailward Propagation of Current
Disruption Front and Region of
Particle Acceleration

Drifting Electrons observed Expansion Phase Onset at ~04:08:19 UT
by Cluster at ~04:30 UT identified by Auroral Images (Baker et al., 2002)

X-Line Formation at ~04:00:38 UT at ~17.5Re
Tail

Fig. 13. Qualitative illustration of the scenario on how we envisage the whole process to evolve during the substorm event. We assume that the
region affected by the disruption of the cross-tail current expands, both in local time and radius, as the region of instability expands, similar to
the way an interface between elastic, crashing bodies propagates backwards with no constant velocity. At the time of expansion phase onse!
in a spatially limited region of the cross-tail current sheet near the Earth (which we infer to be inside geosynchronous orbit), the dynamical
change inB; alters the relative drift velocity between ions and electrons, thus triggering in this way an instability (KCSI/CFCI). The excited
waves and the associated wave-particle interactions cause particle pitch angle scattering which fills the loss cones diverting the cross-tail
current into the ionosphere, thus forming the current wedge. Within the region affected by the disruption, particles are locally energized as
the disruption front passes over them. This mechanism is responsible for the energization of the electrons, which are subsequently transporte:
by means of gradient/curvature drift to the Cluster location.
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Fig. 14. Schematic diagram illustrating the relative times and distances used in the calculations.

mechanism for the acceleration of energetic particles duringegins relatively close to the Earth, inside geosynchronous
substorms in the near-Earth magnetotail is associated withaltitude, which has also been noted beforeHniedel et al.

the disruption of the local cross-tail current. This hypoth- (1996, who, based on CRRES satellite data, showed that
esis explains the correlation between the energetic particlelispersionless onsets can occur far into the inner magneto-
injection and the local magnetic reconfiguration: they aresphere, down to L=4.3 and are distributed up-foh around
both the result of current sheet disruption. The latter prob-local magnetic midnight.

ably results from a IOC‘_':‘I insta_bility, which would explain However, we must point out, as we shall discuss later, that
why the current disruption region has been observed to bg, . nrevious thoughts and the physical view of our study
azimuthally confinedNlagaj 1982. The most probable on- are in complete disagreement with the content of ithe

setlocation in the tail is where the strongest current flows, i.e al. (2003 model. Based on a model which is consider-

where the magnetic field configuration changes from dipolaring the interaction of an earthward propagating electromag-
to tail-like.

netic pulse with the preexisting particle populationiset al.
Several studies have shown that the local disruption 01‘_(2003 succeeded in reproducing the main features shown

the cross-tail current expands longitudinally with time, both I Panels (a—f) in Fig3. In the simulation, the pulse field,
eastward and westward, from a relatively narrow onset re_Whlch is modeling a dipolarization front propagating toward
gion, which, on average, is at23:00 LT, and that the ex- the Earth, is associated with the recconection which is tak-

pansion results in the longitudinal propagation of substorm'"9 place during the subs_torm evolutu_)n. These S|mulat|on
effects Nagaj 1982 Lopez et al, 19884 Lopez and Lui results also support the idea of particle gccelera’qon well
1990, with a speed of about 10 km/s to 100 kmAsrfodly away from, and earthward of, the actual X-line location.

and Moore 1983. On the other hand, the question of the  The neutral sheet stability has been examineduiyet al.
radial direction of local current disruption propagation has (1990 andLui et al.(1997), with respect to the kinetic cross-
not been definitively answered yet. The prevailing model offield streaming instability (KCSI) and cross-field current in-
earthward propagating injection fronts was first proposed bystability (CFCI), respectively. As he pointed out, there are
Russell and McPherrof1973 and was expanded and elab- three conditions identified observationally which can trigger
orated on byMoore et al.(1981). However, this model has a substorm onset: (1) northward turnings of interplanetary
been questioned based on evidence which indicates that, imagnetic field (IMF) during a southward IMF period, (2)
some cases, local current disruption was observed to haveudden enhancement of solar wind pressure, and (3) steady
had a radial component of propagation which was away fromsouthward IMF. The condition which applies to our case is
the Earth Lopez et al. 1988h 1989 Lopez and Luj199Q the third one, in which a substorm onset is triggered by an in-
Jacquey et al.1991). FurthermoreLui et al. (1988 pre- ternal process during steady southward IMF, which has been
sented observations of particle intensifications and deplereported byBaker et al.(2002. During southward IMF, it
tions in very localized €1 Rg) regions, which argue against is well recognized from observations that both the cross-tail
the idea suggested Woore et al.(1981). In addition, the  electric fieldE, and theB, component in the neutral sheet,
events in that study can be explained by a simple modelvhich are the two quantities that determine the amount of
of current disruption l(opez et al. 19883. Based on our ion acceleration in the current sheet region, often exhibit
study, we further support the latter idea, that local currentlarge variations. Numerical solutions to the linear dispersion
disruption/particle acceleration not only expands longitudi- equations show that the neutral sheet environment is favor-
nally and propagates antisunward down the tail, but alscable for the onset of the kinetic cross-field streaming/current



2278 I. . Vogiatzis et al.: Fine-time energetic electron observations in the magnetotail

instability, which can be a possible trigger for substorm ex-band under tension. With the progression of current disrup-
pansions through the generation of oblique whistler wavesgion/field dipolarization tailward, magnetic pressure prevails
near the lower hybrid frequency. Both the frequency andagainst magnetic tension. However, there will be a particular
the growth rate of this unstable mode become larger by intime where magnetic pressure will start to decrease (decreas-
creasing the relative drift speed between ions and electronsng magnetic flux per unit volume) and an equilibrium will
This process can be understood during periods of relativelyeventually be achieved when there will be a balance between
thin plasma sheet compared to the thermal ion gyro-radiusmagnetic tension and magnetic pressure (late stage of sub-
by invoking the concept of Speiser orbits, where the unmag-storm recovery phase).
netized ions are accelerated by the cross-tail electric field As we have assumed, the initial flow breaking takes
while drifting across the magnetotaibfeiser 1965. The  place just prior to the cross-tail current disruption, which
existence of a magnetic field component perpendicular to thés manifested by the first dramatic auroral brightening at
current sheet determines the time that the drifting ions will ~04:08:19 UT, reported bfaker et al.(2002. From this
spend in the current sheet and thus the amount of energtime on we have a thickening of the plasma sheet progress-
they will gain before they are injected from the current sheet.ing backwards, which is facilitated from the reduction of
Consequently, a dynamic changefip, due to transportation the stress forcéB-V)B/uo due to cross-tail current disrup-
from a reconnection site (Cluster observations) in the cur-tion/field dipolarization. As we know the total cross-tail cur-
rent sheet, changes directly the relative drift speed betweerent density arising from gradient/curvature drifts and from
ions and electrons, thus providing the necessary and suffithe gyration effects of the plasma particles is given by
cient conditions for the unstable mode to initiate. In this way
the excited waves produce magnetic turbulence (GOES 8 ob-, B Py — Py
servations), while the associated wave-particle interactiond = J4 +Je = 57 X (VPL t—5 B V)B) 2)
fill the loss cones due to pitch-angle diffusion, thus diverting
the cross-tail current into the ionosphere through the creatioriouring the reduction of the cross-tail current, we expect that
of field-aligned currents (Polar observations). the second term inside the brackets is reduced due to an in-
As we have pointed out at04:10 UT (see panel (g) in crease inP; and a decrease in the stress factor. The enhance-
Fig. 3), the Cluster spacecraft were embedded in a nearlynent of P, will have the effect of significantly changing
lobe-like environment untik-04:25 UT, where the fluxes the plasma distributions, thus producing trapped (“pancake-
showed a clear recovery. The first time implies that the tail-like”) plasma populations along with a magnetic field dipo-
ward edge of the last reconnected closed field line of thdarization. This is what is indeed observed at geostationary
detached plasma sheet has passed over the Cluster spaegbit around local midnight (see, for example, the second and
craft and this, as pointed out Hyaker et al.(2002, im- third panel in Fig. 1 iBaker and McPherrqri990.
plies the pinching off of a tailward plasmoid structure before At this point we would like to emphasize the dual role of
that time. Even after this time point we still observed high- the B, magnetic field component, which is (a) to enhance
speed earthward flow bursts with, positive (third shaded the northward magnetic flux of the background dipole mag-
area in Fig9), which are attributed to the earthward convec- netic field and thus of the magnetic pressure at the transition
tion of open (lobe) reconnected field lines. The second timeregion between dipolar and tail-like magnetic field configu-
marks the re-entry of the Cluster spacecraft into the plasmaation, thus increasing in this way the tailward pressure force
sheet/region of closed field lines, which is ascribed to thewhich decelerates the earthward flows, and (b) to provide the
progression of dipolarization surfaces/region of KCSI/CFCI appropriate conditions for the initiation of the KCSI/CFCI
instability and cross-tail current disruption tailward. instability, which causes the diversion of the cross-tail cur-
At this point we wish to discuss further the GOES 8 ob- rent and the formation of substorm current wedge. The first
servations. Examining Figl again, we see that the mag- role is regarded as the MHD contribution (plasma dynamics)
netic field magnitude after the dipolarization onset and be-(Shiokawa et a).1997) to the whole process, which seems to
fore ~04:28 UT was fluctuating around a mean value. This prevail on large spatial and long temporal scales, in antithesis
feature can be attributed to the continuous accumulatiorio the second role, which is regarded to be the kinetic contri-
of northward B, in the neutral sheet. On the other hand, bution (single-particle dynamics) to the whole phenomenon,
the progressively decreasing magnetic field magnitude aftewhich takes place in small spatial and short temporal scales.
~04:28 UT implies that GOES 8 started eventually to ob- The one does not refute the other, but rather they seem to
serve dipolarization surfaces of continuously rarefied mag-complement each other.
netic flux per unit volume, propagating tailward. The above As we have argued before, the whole phenomenon is
can be understood, keeping in mind that a northward magevolving in time in the form of an avalanche (collapse ac-
netic field gives rise to a magnetic pressure acting perpeneeleration) which can be considered as a self-preserved pro-
dicular to field lines. Since the plasma is tied to magneticcess that takes place even when there is a lack of high-speed
field lines, it follows that magnetic field lines embedded in an earthward flows with positivés, in the neutral sheet. This
MHD plasma act rather like mutually repulsive elastic bands.could account for the inconsistency between the duration of
Furthermore, the same magnetic field carries a tension alonthe flows and of the substorm current system, as mentioned
the lines of force, with each flux tube being like an elastic by Shiokawa et al(1998. This inconsistency stems exactly
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from the fact that the model b$hiokawa et al(1998 does  Solving Eq. (1), with the help of the above expansion, we
not take into account the previously mentioned kinetic contri- obtain for the deceleration

bution of theB, magnetic field component. Yet, the magne- J

tospheric model proposed here applies to the whole substorm — a o _ 1.481 kny 2 (A2)
expansion phase, unlike the one propose&bipkawa et al. dt

(1998, which is limited to only the initial stage of the sub- whereB, = 15nT, B,=2 nT, Ax = 8 R =5096- 10 m, Az =

storm expansion phase. . 0.5Rr=318510°m, n;=0.4-10°/ m®, m;=1.6726 10 2Kg
In conclusion, we would like to emphasize that some cau- duo=47-10-"N/A2

tion is necessary .for generalizing the results of the presen?nNOW let 11 be the time that passes from the initial X-line
study, b_ecause itis unknown to what extent the features Ob'ormation until the moment Cluster sees the tailward flow at
served in the present event are common. Nevertheless, we 1004:01 UT. Then. this time satisfies the equation
feel that the evolution of the global system, that is cross-tail ' ' '
current disruption triggered by a favorable condition, set upznn _
by the reconnection process, is a combination of both phe—500 14811 +316 =0 (A3)
nomena mentioned above with each one having its own imngnce
portance during the expansion phase of a substorm.

1n~22s (A4)
5 Synopsis

For the total distance that the initial flow covers until it stops,
We have analyzed a unique electron event observed in thae have
magnetotail at~19 Rg, closely related to a substorm. In or- )
der to end up with a conclusion about the possible mecha; _ 500- (11 + 316 — (1/2) - 1.481- (11 + 316 (A5)
nism responsible for the generation of these energetic elec- 6370
trons, we have utilized energetic particle and magnetic field , . :

i o which gives

observations from a number of spacecraft orbiting around
the Earth. We tried to construct a consistent timeline of the, ~ 132 R, (A6)
events that took place during the substorm ending up with a
qualitative substorm onset and development model based owhile the distance that the initial tailward flow covers until it
our event related features identified observationally. On thgeaches the Cluster location is
basis of this model we have concluded that the energetic elec- 500,
tron measurements made by Cluster are the result of a lonp = ——— ~ 1.7Rg (A7)
gitudinal and tailward expansion of current disruption front 6370

and region of particle acceleration. This could possibly beThys, the location of the X-line formation from the Earth is
the explanatory scenario and for many other similar cases, agstimated to be at 192~17.5R, while the correspond-
well, but it must be noted that is essential events like this on@ng time 7y is ~04:00:38 UT. Furthermore, the breaking
to be explored in a quantitative way in order for the proposedpoint is estimated to be well inside geosynchronous orbit at
idea explaining the occurrence of the electron population t017 54~4.3R.

be substantiated and established.
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