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Abstract. Energetic electrons (E30keV) travelling along  different rates. The main conclusion of the present paper is
and perpendicular to the magnetic field lines have been obthat the perpendicular-peaked electron enhancements (elec-
served in the magnetotail at417:00 and 22:00 MLT dur-  trons with pitch angle around 90 degrees, subjected mainly
ing the recovery phase of a storm-time substorm on 7 Oc+o curvature drift) observed by Cluster are produced in a re-
tober 2002. Three-dimensional electron distributions of themote location duskward of the satellite location, due to the
full unit sphere obtained from the IES/RAPID sensor sys-longitudinal and tailward expansion of a current disruption
tem demonstrated a rather complicated and random behavegion, and subsequently transported to the Cluster location
ior of the energetic electrons. Occasionally these electronby means of curvature drift. On the other hand, bi-directional
were appearing to travel parallel, perpendicular, or in bothelectrons (electrons with pitch angle around 0 and 180 de-
directions, relative to the magnetic field direction, forming grees, bouncing mainly along the field lines) are believed to
in this way bi-directional, perpendicular-peaked, and mixedbe generated in the vicinity of the neutral sheet or around an
distributions. The electron enhancements occurred while theX-type region, as suggested by a plethora of previous stud-
Cluster spacecraft were on closed field lines in the centrales. Finally, in the Discussion section, we make an attempt to
plasma sheet approaching the neutral sheet from the northegpresent in a more thorough way the substorm model devel-
tail lobe. Magnetic field and energetic particle measurement®ped by Vogiatzis et al. (2005), which is intimately related
have been used from geosynchronous and Cluster satellites) the importance of X-line formation for the initiation of a
in order to describe the general context of the event and thesubstorm.
give a possible interpretation regarding the occurrence of th . . : .
electron anisotropies observed by the IES/RAPID spectrom%eywon_js' Magnet9§pher|c physics (Energetic particles,
. trapped; Magnetotail; Storms and substorms)
eter on board Cluster. According to geosynchronous mea-
surements an electron dispersionless ejection is very wel
correlated with a dipolar re-configuration of the magnetic
field. The latter fact supports the idea that electrons andy |ntroduction
in general, particle ejections at geosynchronous altitude are

directly related to electric fields arising from field dipolar- one of the basic features associated with substorms is the ap-
ization caused by current disruption. Also, having as a maimearance of supra-thermal particles in the near-Earth magne-
objective the understanding of the way 3-D electron distri-totail (Baker 1984. Plasma heating and particle acceleration
butions are formed, we have analyzed electron energy spegs a longstanding issue in magnetospheric substorm physics.
tra along and perpendicular to the magnetic field direction, | the beginning of the satellite observations, it was reported
demonstrating the fact that the electron population consists ofhat the energetic particles with several 100 keV to 1 MeV are
two distinct components acting independently and in a ran-ften observed in the magnetotail, and it was suggested that
dom manner relative to each other. This leads to the COﬂClUthe observed energetic partic'e bursts may be related to mag_
sion that these two electron populations along and perpendichetic reconnection and the formation of a neutral ligaris

ular to the field are generated at different remote locations agt al, 1976 Sarris and Axford1979 Baker and Stone 976
1977). Previous studies demonstrated that at radial distances
Correspondence td: I. Vogiatzis >10Rg the electrons appear to be mostly isotropic, how-
(ivogiatz@ee.duth.gr) ever, a number of events show field-aligned, bi-directional
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anisotropy. Hada et al(1981) were the first to report sys- gion, expanding both longitudinally and tailward, could ac-
tematic observations of bi-directional distributions. Based oncount for the generation of the perpendicular-peaked elec-
IMP6 data they found such anisotropies between 130 tron distribution which subsequently appeared at the Clus-
in ~10% of plasma sheet observations, preferentially in assoter location by means of curvature drift. In association with
ciation with highB elevation angles, i.e. in the central plasma the aboveWilliams et al.(1990), in a well studied substorm
sheet region. They concluded that the bi-directional electrongvent, have shown that major electron flux increases were
are produced by a Fermi-type acceleration process in the newbserved in the current sheet at energid$ keV. They con-

tral sheet, where magnetic field lines have strong curvatureluded that the increase 45 keV electron fluxes observed
and the electric field is anti-parallel to the direction of the in the current sheet was inconsistent with an acceleration tak-
electron curvature drift. Such field-aligned anisotropy could,ing place locally. Instead, they suggested that these electrons
for example, be provided by the magnetic reconnection, agnay have been accelerated in an earlier local time sector due
shown in the kinetic simulations byoshino et al.(20017), to inductive processes which took place during field dipolar-
where electron acceleration around the X-type region, fol-ization and subsequently drifted to the ISEEL1 satellite.

lowed by compression due to the reconnection outflow, pro- In this paper, we analyze electron pitch angle distribution
duces supra-thermal, high-energy electrons. Bi-directionatlata acquired while the Cluster spacecraft were in the magne-
distributions were also observed Bynets et al(1999 dur- totail at L~17:00 and 22:00 MLT during the recovery phase
ing substorm dipolarization at+11, whereas at closer dis- of a storm-time substorm event on 7 October 2002. Ana-
tances they were replaced by butterfly distributions (@®).  lyzing the electron behavior along and perpendicular to the
or perpendicular-peaked distributions (atT). They mod- field, we were led to the conclusion that these two electron
eled and explained such distributions as the result of largepopulations are acting independently and in a random way
scale magnetic field dipolarization during substorms, havingrelative to each other, suggesting that are generated at differ-
the conclusion that the (parallel) Fermi acceleration domi-ent remote locations at different rates. The latter fact further
nates at larger distances from the Earth compared to (persupports the scenario that a tailward-azimuthally propagat-
pendicular) betatron heating, which prevails at regions closeing current disruption front energizes the particles locally
to the Earth. On the other hanélumpar et al.(1989,  as it passes over them, generating in this way the 90-deg
surveying a region covering all the local time and the geo-energetic electrons which are subsequently transported by
centric distance from 6 to 88, showed that highly colli- means of curvature drift to the Cluster location. The above
mated counter-streaming electrons at keV energies observestenario provides a completely different acceleration mecha-
at the equatorial region are magnetically mapped to the highnism than the one that is often invoked to explain the genera-
latitude auroral ionosphere, having the greatest occurrenction of the bi-directional electron population. Usually, these

probability at~8 Rg around 23:00 MLT Klumpar, 1993, bi-directional electrons are related to an acceleration process
which was taken to support the idea that these electrons ar@=ermi-type acceleration) which takes place in the vicinity of
of auroral origin. In a recent studghiokawa et al(2003 in- the neutral sheet.

vestigated the occurrence characteristics of the bi-directional

electrons in the plasma sheet &zsm|=9-19R ¢ using data

obtained by the AMPTE/IRM satellite. From the observed 2 Observations and data analysis

characteristics, they concluded that the major source of bi-

directional electrons in the central plasma sheet lies in theThe present study is based on data acquired from the IES

vicinity of the neutral sheet, including Fermi-type accelera- (Imaging Electron Spectrometer) sensor system, which con-

tion, and the contribution from ionospheric electrons is minor sists of 3 heads, each one with & &pening angle which is

in this tail region. part of the RAPID (Research with Adaptive Particle Imag-
From above, it is clear that bi-directional electron ing Detectors) experiment on board Clustéilken et al,

anisotropies at radial distances beyondrRik0are mainly  1997. The IES measures energetic electrons within the en-

attributed to acceleration processes which are active in thergy range 20-400keV and during the event was operating

vicinity of the neutral sheet. Although much work has beenin burst mode. A description of how the data of this mode

carried out regarding bi-directional electron distributions, al- are displayed can be found Wfogiatzis et al.(2005. Also,

most nothing has been presented regarding the occurrence tdgether with the electrons, proton data of a 4-s time reso-

perpendicular-peaked electron distributions in the mid-tail,lution are used, provided by the IIMS (Imaging lon Mass

which is something that has been addressed in a recent worBpectrometer) sensor system, which measures energetic ions

by Vogiatzis et al(2005. Their study was focused on ener- within the energy range 10-1500 keV . The Cluster magnetic

getic electrons peaked at 90-deg which were observed in théeld measurements are provided from the FGM (Flux/Gate

magnetotail at~19 R near local midnight during the recov- Magnetometer) instrumenB&logh et al. 1997, with a time

ery phase of a substorm event. Based on their observationsgsolution of 4s. In addition, concurrent measurements of

they provided evidences that a field dipolarization caused byenergetic particle and magnetic field data were used from

current disruption and the associated particle acceleration re sOES8, GOES10, and LANL spacecraft, in order to have
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an overall view of the particle and magnetic field dynamical Sun
behavior during the substorm evolution. A

On 7 October 2002 signatures of a storm-time magneto-
spheric substorm event were observed by a number of Earth-
orbiting spacecraft, with thé®,, index reaching values be-
low —100nT between 07:00 and 08:00 UT. The peak ampli-
tude of the substorm in question was abedts00 nT, based
on the Kyoto AL index. The average spatial positions of «
all spacecraft used in this study for the time interval 07:00—Dusk
09:30 UT are shown in FidL. The Cluster constellation was
located in the duskward magnetospheric sector, with the av-
erage spatial coordinates having valuesX4Rg, Y~8 Rg
and Z~1 Rg in GSM coordinates, taking as a reference SC1.
The satellites were approaching the equatorial plane from the
north, with SC3 leading the rest of the satellites on their tra-
verse from the northern to southern lobe.

Figure 2 gives an overview of proton and electron flux
measurements obtained from geosynchronous and Cluster
spacecraft, together with magnetic field data from the FGM Tail
experiment and plasma beta parameter from SC1, for the
time interval 06:00-10:00 UT on 7 October 2002. Panels (a)Fig. 1. The average spatial positions of all spacecraft used in this
and (b) show energy-integrated fluxes from the RAPID ex-Study for the time interval 07:00-09:30 UT.
periment. Panel (c) shows differential fluxes of energetic
electrons from the 1991-080/LANL91 Los Alamos satel-
lite, where there is a clear dispersionless electron ejection sgarthward. H, is perpendicular to bottH, and H,, and
~07:41 UT associated with the substorm onset. In panels (dpoints eastward. The most obvious changes in GOES10 data
and (e) the Cluster magnetic field componeBtsand B, are are the field dipolarizations at07:15 and~07:39 UT. Prior
shown in GSM coordinates. In order to distinguish different to 07:15 UT, the magnetic field had a relatively stretched con-
tail regions, such as lobe and plasma sheet, we have plottefiguration, as indicated by botH, and H, magnetic field
plasma beta in panel (f). Based on the RAPID/proton andcomponents, with the elevation angle of the magnetic field
FGM/magnetic field data, the Cluster spacecraft were ini-vector¢=arctar{H,/H,) being around 26 degrees. Just at
tially inside the plasma sheet, with the field having a highly 07:15 UT the field started to become more dipole-like, as
stretched configuration. Eventually, the plasma sheet aprevealed by the increasing magnitude of tHg but only
peared to thin, letting the satellites enter into a nearly lobefor a limited time of ~19min, returning immediately af-
like environment at-07:44 UT, where plasma beta showed ter to a stretched configuration, again for a limited time of
a clear dropout. After 08:00 UT all four Cluster spacecraft ~5min. Certainly, the most prominent field dipolarization
were observing proton/electron bursts lasting fg@25 min occurred at~07:39 UT, closely associated with the disper-
and then at~08:28 UT, they finally re-entered the plasma sionless electron ejection at 1991-080 geosynchronous satel-
sheet. During the whole time interval after 07:30 WBT,was lite at ~07:41 UT. In a similar fashion GOES8 observed a
decreasing and at09:00 UT it obtained relatively low val- ~field dipolarization at~08:04 UT, having a more step-like
ues whileB, was increasing, reaching values around 20 nT,time evolution. Note the time lag 6¥25 min between the
aspects that are characteristic for the central plasma she&OES10 and GOESS field dipolarizations. This can be at-
region. Moreover, proton fluxes after the plasma sheet exiributed to the time that current disruption effects need to
pansion returned to about the same level they had befor@ropagate azimuthally, in order to cover the four hours dis-
the dropout, unlike the electron fluxes which showed a cleatance in local time that separates the two satellites.
gradual enhancement during the recovery, obtaining their The variable electron pitch angle distributions observed by
maximum value at-09:15 UT. Cluster during its neutral sheet approach are demonstrated

Figure3 gives 2-h intervals of GOES8 and GOES10 mag- in Fig. 4. Here we show representative 3-D intensity distri-
netic field measurements surrounding the event of interestbutions from SC1 averaged over the first 4 energy channels
The data shown are of 1-min time resolution and are pre{30-120keV) and over 30s. Black contours in each panel in-
sented in the local PEN coordinate system, in whichAfie  dicate the loci of 10, 30, 60, 90, 120, 150, and 170 pitch angle
component is parallel to the satellite spin axis, which is per-electrons. The most important aspects that we would like to
pendicular to the satellite’s orbital plane or parallel to the mention here are the two time intervals, 08:44—08:49 UT in
Earth’s spin axis in the case of a zero degree inclination orbitthe red frame and 09:15-09:20 UT in the green frame, during
H, lies parallel to the satellite-Earth center line and pointswhich we have the dominance of a bi-directional and peaked
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Fig. 2. An overview of proton and electron flux measurements (pamedsobtained from geosynchronous and Cluster spacecraft between
06:00-10:00 UT on 7 October 2002. The magnetic field comporgnénd B, are plotted in panel&) and(e)in GSM coordinates. Plasma

beta is plotted in pandf), in order to distinguish between different tail regions, such as lobe and plasma sheet. Also, the horizontal bars
denote 5-min time intervals for which proton and electron energy spectra have been calculated §ee Fig.
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Fig. 3. GOES8 and GOES10 magnetic field measurements showing dipolarization signatures with the most prominer@ 36 &iT.

90-deg distribution, respectively, and for which we have cal-inance of the perpendicular-peaked electron population. A
culated the energy spectra (see FHp. As we have already conclusion that can be made is that the relative flux increase
pointed out, during these time intervals the Cluster spaceduring the second interval can be attributed to the appearance
craft were in the central plasma sheet approaching the neutraf the bi-directional electrons, while the flux increase during
sheet from the north. Another noteworthy feature is the factthe third interval can be attributed to the population drifting
that during the second interval where we have the prevalencacross the magnetotail perpendicular to the field lines.

of the peaked at 90-deg distribution, the electron flux obtains

its maximum value in all the Cluster spacecraft (Fgthird pendicular to the field direction for the first four energy chan-

hﬁ'rizonltal baLinfpa:Sel! a). As i; is cIear,dpi—(jlirectionkald(travb nels (panels a—c). Panels (d), (e), (f) and (g) show the mag-
elling along t ene ines) an _perpendicular-peaxe (su netic field components3, andB,, in GSM coordinates, the
jected to gradient-curvature drift) electrons are part of the

ol h The | ¢ X h . “magnetic field elevation angle arctd@/B,) and the mag-
central plasma sheet. The latter fact raises the question gg.yic fig|q magnitudeBiotal, respectively. What is shown in

to whether thgse two populatipns are related somehow or arﬁanel (h) is the dawn-to-dusk electric fielh in GSE coor-
they just two independent entities of the plasma sheet. dinates. Note that there is no energy dispersion between the
In Fig. 5 we show representative proton and electron en-gifferent energy channels, which is indicative that the event
ergy spectra from SC1 for the three time intervals of 5minhas already reached a steady state by the time we enter the
in duration, each denoted by the horizontal bars in Big. plasma sheet, as we discuss later on. While the time profiles
Note that in Fig.5a we do not have any particular proton for the two pitch angle ranges along the field show similar
flux change during these intervals. This means that the propehavior and seem to be well correlated, the electron popula-
ton population inside the plasma sheet remains almost untion which is peaked at 90-deg shows significantly different
changed during the magnetotail re-configuration. On thepehavior. This fact provides us with a hint that the two ener-
other hand, electrons (Figb) show clear flux enhancements getic electron populations have different origins/sources and
in all energies during the magnetotail re-configuration. as a result, act independently relative to each other. An in-
The second time interval (red line) is characterized by theteresting feature that is revealed by examining panels (c), (d)
dominance of the bi-directional electron population, while and (g) is the enhancement of the perpendicular flux starting
during the third time interval (green line) we have the dom- at ~09:15 UT, which coincides with a decreaseBR and

In Fig. 6 we present electron time profiles along and per-

www.ann-geophys.net/24/1931/2006/ Ann. Geophys., 24, 19®18-2006
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Fig. 4. Representative 3-D electron intensity distributions from SC1 for the energy range 30-120 keV. Superimposed are the different pitch
angle contours. Note the transition from a clear bi-directional distribution to a mixed pitch angle distribution and then to a distribution
showing the formation of field-aligned minima and so forth. Note, also, the red frames (in 1st and 2nd row) and the green frame (in the
6th row) which correspond to the 2nd and 3rd horizontal bars in Fig. 2 and denote 5-min time intervals where we have the dominance of a
bi-directional and a perpendicular-peaked electron distribution, respectively. The abscissa of each 3-D plane projection corresponds to the
16 azimuthal sectors in which every spin is divided, with the 13th sector looking towards the Sun while the 9 polar look directions comprise
the ordinate.
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Fig. 5. Representative proton and electron energy spectra from SC1 for the intervals 07:12-07:17 UT (black color-coded), 08:44-08:49 UT
(red color-coded) and 09:15-09:20 UT (green color-coded), during which the Cluster spacecraft were inside the plasma sheet (see panels (z
and (b) in Fig.2). Also shown are the calculated best fits for the flux versus energy points. Unlike protons, electrons show successive,
clear flux enhancements in all energies which are attributed firstly to the bi-directional and secondly to the perpendicular energetic electron

population (red and green frames in F.

Biotal (vertical dashed line). Also, as panel (f) indicates, theferent attitude, suggesting the lack of any connection be-
field is further dipolarized after this timing, which coincides tween the two. Following the same procedure for the case
with a nearly zero dawn-to-dusk electric field (panel h). Cor- now where the perpendicular spectra do not exhibit any es-
respondingly, the enhancement of parallel flux88:58 UT  sential changes, we are led to similar results (not shown).
also coincides with a moderate dipolarization and a zero The global magnetic field configuration just before the sec-
duskward electric field. ond dipolarization at GOES10 is presented in FigWhat
Evidences are presented in F@Ihat the bi-directional is shown is a schematic 3-D view of the magnetic field lines

electron population has no relation with the perpendicularPassing through the different satellites, depicting the mag-
one, but rather these two populations originate from differ-netic field topology. Just before the field dipolarization,
ent locations of the magnetosphere. In our analysis we havat ~07:39 UT, the magnetic field is highly stretched, with
taken 2-min energy spectra Samp|e3, both para||e| and pelrﬁlatively small elevation angles, while after the dip0|ariza'
pendicular to the magnetic field direction. In panels (a), (c)tion phase onset and the propagation of the dipolarization
and (e) we have chosen the bi-directional spectra samplefont tailward, we start to have the substorm recovery phase.
in such a way so that they would not exhibit any essentialAt ~09:15 UT, when the electron flux is maximized and
changes, and compared them with the corresponding perpefibe field-aligned minima have already formed, the magnetic
dicular ones, to examine if there exist any similarities in thefield is already relaxed in a more dipolar configuration (see
spectral behavior of the two electron populations. As it is Tablel for representative values of the elevation angle).
evident by comparing the panel pairs (a—b), (c—d), and (e—f),

the two electron populations demonstrate a completely dif-
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Fig. 6. Representative, 1-min time resolution measurements of energetic electron count rates, magnetic field parameters and the dawn-to-dus
electric field from SC1. In pane(gs—c)the first four energy channels are shown in three different pitch angle ranges along and perpendicular

to the field direction. Panel@), (e), (f) and(g) show the magnetic field'8,, B;, elevation angle and magnitude, respectively. Also, in
panel(h) the duskward electric field in GSE coordinates is shown.
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Fig. 7. Two-min energy spectra samples along and perpendicular to the field direction, demonstrating the independent behavior between the
two energetic electron populations.
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AZ Table 1. Representative magnetic field elevation angles from
GOES8, GOES10, and Cluster, where the relaxation of the mag-
%\}% netotail into a more dipolar configuration is clear as the time pro-
2 gresses.
/ %
uT ~07:15 ~07:39 ~09:15
_ GOES 8 (L~6.8, 3 MLT)
Elevation 28° GOES8 ~30 deg ~28 deg ~71deg
GOES10 ~26 deg ~58 deg ~72 deg
Cluster ~19 deg ~10 deg ~65 deg
2
\ custor (L-17, 220 H, component; thusHitg is positively correlated with the

“* Elevation 10° cross-tail current/. Therefore, a disruption/diversion df

will produce a decrease iHota, Which seems to be the case

_ _ o _ o (Fig. 3, last panel in GOESS8 observations) (see, for example,
Fig. 8. Schematic magnetic field configuration just before the SeC'Fig. 5 in Vogiatzis et al, 2005 and Fig. 1 inwilliams et al

ond dipolarization at GOES10 at07:39 UT, which is closely re- . ; . :
lated to the dispersionless electron ejection observed by the 1991};226:&2@22;3605?? JO ZfsgvzttlgllsggeégIlsoa:gg;[?oior
080 geosynchronous satellite &07:41 UT. Also shown are the total )

spacecraft positions and their magnetic field elevation angles. until the time of the minor field dipolarization at07:15 UT.

By comparing the behavior oHisy in GOES8 and

GOES10 we can easily see that they behave in the opposite
3 Interpretation sense. While in GOES&yta, after the dipolarization, is re-

duced following the same pattern witf),, Hiota in GOES10
As has been shown in Fig.the substorm event under con- is increased after both dipolarizations, being well correlated
sideration was accompanied by intense particle ejectionsvith the northward componet,,. The latter fact can be un-
at geosynchronous altitude. By combining the observa-derstood, if someone takes into account the four hour sepa-
tions from the geosynchronous satellites it appears that atation that the two satellites have in local time with GOES10
~07:39 UT GOES10, which was located at 23:00 MLT, located at~23:00 MLT, which is regarded to be the aver-
made an in-situ observation of the disruption of the cross-tailage onset region from where local disruption of the cross-
current associated with a dipolarization of the magnetic fieldtail current expands longitudinally with time, both eastward
(Takahashi et al.1987), which, in turn, was intimately re- and westward, and the expansion results in the longitudinal
lated to the ejection of electrons at LANL91. The two hours propagation of substorm effectsldgaj 1982 Lopez et al.
of local time separation that GOES10 and LANL91 have can1988 Lopez and Lui 1990. Furthermore, GOES10 is lo-
account for the two minute time lag between the GOES10cated very close to local midnight, a region whose magnetic
field dipolarization and the dispersionless energetic electrorfield topology is expected to be influenced to a large extent
ejection at the LANL91 location. These particle observa- by the transportation of mass, energy and northward directed
tions suggest that the magnetic field reconfiguration/variatiormagnetic flux Angelopoulos et a].1994 1996, due to ac-
was associated with a strong inductive electric fi@lH,(/9¢) celeration at a reconnection regid@@aumjohann et a1199Q
(Shepherd et a1198Q Aggson et al. 1983 that energized 1999 Nagai et al. 1998. Often this magnetic flux being
the particles, an idea that is further supportedLiy et al. carried by fast plasma flows towards the Earth is considered
(1988. to be the cause of flux pileup and field dipolarization near

As noted in the prior section, the first (minor) field dipo- the geosynchronous orbit regioHgsse and Birnl991). In

larization at GOES10 provides an indication that a pseudo-other words, the continuous accumulation of northward mag-
breakup probably commenced a07:15 UT, related to a netic flux H, in the neutral sheet region plays the role of
partial cross-tail current disruption without developing into enhancing the northward magnetic flux of the background
a full expansion phase, while the second field dipolariza-dipole magnetic field governing in this way the total mag-
tion marks the time of the substorm expansion effects passnetic field and producing the very good correlation between
ing from geosynchronous orbit, where the field is completely H, and Hotal that we see in Fig3. On the other hand, at
and irrevocably dipolarized. That a sustained disruption of GOES8 position, which is displaced significantly from local
the local cross-tail current and its diversion into the currentmidnight, we would not expect any significant transporta-
wedge has taken place, is indicated by GOESS8 observationson of northward magnetic flux and as a result, the mag-
in Fig. 3. As we can see, the primary contribution Mt netic field configuration is intimately related to the behav-
before the dipolarization at08:04 UT is the addition of the ior of the cross-tail current; thus, the radial compon&pt
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governs the total magnetic fieldiota, SOmething that is in-  their sources. As a result, energetic electrons appear simul-
deed observed based on F&y.Summarizing the interpreta- taneously at all energies for all the pitch angle ranges with
tion above it appears that both GOES8 and GOES10 madthe different energy channels exhibiting the same time pro-
in-situ observations of the disruption of the cross-tail cur-files. d) The fact that the perpendicular flux enhancement
rent associated with a dipolarization of the magnetic field.at ~09:15 UT coincides with a decrease in magnetic field
This cross-tail current disruption and field dipolarization is intensity provides strong evidence that the perpendicular ac-
expected to progress tailward and to lead to plasma sheeteleration of electrons is not related to a betatron acceleration
expansion (Fig2, 08:28 UT and thereafter) and eventually through conservation of the first adiabatic invariant. Also, the
signal the late stage of substorm recovery phase, where thewessociated field dipolarization, together with the lack of any
will be a balance between magnetic tension and magnetielectric field activity implies that the perpendicular flux en-
pressureVogiatzis et al.2005. hancement is not related to any inductive effects taking place
By combining Figs.2 and 5 it appears that the bi- locally. Consequently, both conclusions support the idea that
directional electrons are part of the outer plasma sheetthe eventis not a temporal effect but rather has a spatial char-
whereas the 90-deg electrons make their appearance whilgcter.
approaching the current sheet region. The latter fact can be Based on the above inferences and Figwhich clearly
explained in terms of the different bouncing lengths that thedemonstrates the independence and the randomness of the
two populations have, with the perpendicular electrons havtwo electron distributions, one can be led to the reason-
ing the shorter lengths. Thus, as the plasma sheet expandsable conclusion that these two populations along and per-
carrying with it the two anisotropic electron populations, the pendicular to the field are generated at different remote loca-
Cluster spacecraft eventually first intersect the bi-directionaltions at different rates with the complete lack of any connec-
paths and then the 90-deg electron paths, suggesting that thien between the two. This conclusion is further supported
event is spatial in nature. The fact that the proton spectrunby Vogiatzis et al.(2005, who presents the scenario that
remains almost unchanged, even after the plasma sheet eg-tailward-azimuthally propagating current disruption front
pansion at~08:28 UT, means that we do not have the addi- can account for the generation of the 90-deg energetic elec-
tion of an extra proton population in the plasma sheet. This isrons, which arrived at the location of Cluster by means of
in antithesis with the electrons, where there is obviously thecurvature drift. The latter fact comes in antithesis with the
clear enhancement of the electron spectrum during the segeneration of the bi-directional electrons which are related
ond and the third time intervals, implying that the fluxes in to a neutral sheet acceleration mechanism.
all energies owe their existence first to the bi-directional and
then to the 90-deg energetic electron population. The above
means that the two energetic electron populations, along and Discussion
perpendicular to the magnetic field direction, are essentially
two fresh energetic electron components of the plasma sheefhere are two possible mechanisms for producing
which significantly enhance the pre-existing electron popu-perpendicular-peaked electrons.  The first one is the
lation. betatron acceleration mechanism, where electrons gain en-
The conclusion that the two electron populations are inde-ergy in the perpendicular direction through the conservation
pendently originating from different magnetospheric regionsof the first adiabatic invariant. This is achieved when the
and that they are not the result of an acceleration mechanisrmagnetic field strength increases slowly in time. Although
taking place locally, is supported if we examine Fég.By remains constant the particle kinetic energy is changed due
close inspection the following inferences can be made: a}o the presence of electric fields and hence the perpendicular
the enhanced electron fluxes in both parallel and anti-paralleénergy is increased due to the constancy.of The other
directions make up the highly-collimated bi-directional dis- possible mechanism is the direct electron energization due
tribution. Since both flux levels are well balanced (nearly to inductive electric fields, arising from magnetic field
equal), it is suggested that the electron beams are bouncingipolarization. The second process likely produces energetic
between two mirror points on closed field lines throughout electrons in a wide range of pitch angles. The observations
the whole period of observation. b) The comparison of thein the present study (Fig. 6) do not seem to be consistent
time profiles of the two electron distributions indicates that with the production of the perpendicular-peaked electrons
the bi-directional population does not owe its existence to thedy betatron acceleration or by inductive electric fields taking
migration of electrons from the 90-deg pitch angle range andplace locally. On the contrary, the 90-deg electron profiles
vice-versa. c) The good correlation between the different enseem to behave independently relative to the magnetic or
ergy channels in both distributions suggests that the electroelectric field changes.
fluxes along and perpendicular to the field are not produced On the other hand, as suggestedHbgda et al.(1981);
due to a shift from different energy channels, but rather orig-Smets et al(1999; Shiokawa et al(2003, a Fermi-type ac-
inate from different regions of the magnetosphere following celeration near the neutral sheet seems to be the major can-
the dynamical behavior and the energization efficiency ofdidate for the production of the bi-directional electrons. As
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discussed byshiokawa et al(2003, to create the accelera- and it can be written as
tion energy, it is necessary to consider a dawn-to-dusk elec-
tric field, which is equivalent to earthward plasma flow per—d//
pendicular to the northward magnetic field. However, base
on panel (h) in Fig. 6, the duskward electric field during oE 1 OB
the time period examined exhibits relatively low values, with - /(60E Y + %B "ot
most of the time being around zero. The latter fact puts into 1%
question a Fermi-type acceleration process being active lo-
cally and producing the parallel flux enhancements. Rather,d_W __ iyg(E x B) - da

o

s

(E~J)dr=—i¢(ExB)'da
Ho.)

)d‘r 1)

the event seems to be generated by a Fermi-type acceleratiod/t

mechanism taking place in a remote location or being the re- 1 1

sult of an energization mechanism present around a remote I <60E2 + _32> dr [Joule'] 2)
X-type region, as suggested bipshino et al(2001). dt ; 2 Mo

Having as a motive the fact that the observations presente%here we integrate over the voluméwhich is bounded by
here support 'FO a large e?(tent the work Wygiatzis et.al. . the closed surfacg (for the above formulation, seeriffiths,
(2003, we try in the following paragraphs to substantiate in 1qqq ~ The first integral on the right-hand side reflects the

a more thorough way the substorm model developed in thaIanergy rate transferred by the electromagnetic fields through

study. the volumeV bounded by the surface The second integral
During the growth phase the magnetic flux contained in theis the total energy stored in the electromagnetic fields. The
magnetotail increases substantially. The plasma convectioenergy rate on the left-hand side represents the electromag-
associated with the solar wind electric field mapped downnetic energy dissipation within the volune In other words,
into the open magnetosphere moves magnetic flux into thehis term includes all the mechanic (kinetic) energy gained
tail lobes. In a steady-state scenario magnetic reconnectioby charged particles (being within the volun¥® from the
in the neutral sheet prevents buildup of magnetic flux, but ifelectromagnetic fields.
for some reason this reconnection does not take place over With values typical for the magnetotail the ratio of mag-
some time period, or is not efficient enough, then the magetic to electric energy densitiesd&B?/ E%>>1; hence, the
netic flux in the magnetotail eventually increases. The rate oinagnetic energy prevails to a large extent against the electric
increase of this tail flux is greatest during time periods whenenergy. It is therefore legitimate to neglect the first term in-
the solar wind dynamic pressure is high and when the IMFside the volume integral on the right-hand side. As a result,
is southward, because in the latter case the dayside recothe term
nection process is more efficien€ravens 1997). During 2
. g~ : . . 0B Jd (B
this phase the magnetic field lines in the tail become more—B. — = — | — 3
stretched and tail-like. po 0t 01 (2“0)

In the steady-state approach, where the time derivatives aré the one describing the conversion of the internal energy
set equal to zero, energization of particles is possible only if(magnetic energy) stored in the system enclosed inside the
the flux of the Poynting vectolr}—of(ExB) .da (see Eq. 2), VvolumeV. The factord B/dt represents the inductive electric

S ] field introduced by Faraday’s law. Thus, it is clear that time
through a closed surfacg bounding our system, is nega- gependence plays a vital role during the substorm expansion
tive, corresponding to electromagnetic energy infldw (S phase, where magnetic energy previously stored within the
always directed outwards). Adopting such an approach leadg,agnetotail constitutes an internal magnetospheric source

to an oversimplified treatment of the dynamical behavior of o narticle acceleration through the induction of electric
the phenomena taking place during substorms. This is eSgg|ds.

pecially true during the substorm expansion phase, which is

characterized by large and rapid changes in the electric and.1  Poynting’s theorem and GOES observations

magnetic fields and where the assumption of time indepen-

dence is clearly inadequat€ravens1997). Having in mind the above considerations, it is interesting to
Based on the above considerations and due to observa=2N€ again GOES8 and GOES10 magnetic field obser-

tional reasons derived from a previous section (dispersionlesgat'ons' tl;: f(gg)éasn;plei Vlﬁ take a c!{pse:ihsijr(;@nc?hm-f_ Id
particle ejection along with a prominent field dipolarization), passing the satetiite, we notice that during the fie

there is an imperative theoretical need for inclusion of the in_dlpolanzatlon ar~08:04 UT the magnetic field magnitude

ductive electric fields in any theory regarding the conversiondecnza‘sis2 with time. Co.nsc-equently, f.rom Eq. (3) we have
of magnetic energy to particle kinetic energy. The best waythat 3; (m)<0- Thus, this field reduction corresponds ex-
to do that is by directly using Poynting’s theorem, which re- actly to an internal magnetic energy dissipation process tak-

lies on the fundamental principles of electromagnetic theorying place within the volumé/, which, in turn, is associated
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with a magnetic energy transformation into particle kinetic
energy [ (E-J)dt>0 (see Eq. 1) through the generation of

v

inductive electric fields. In contrary to GOES8, GOES10

demonstrates a magnetic field magnitude increase. In order

to understand the process leading to such a behavior, we have

to take into consideration the fact that GOES10 is located

very close to local midnight. The magnetic field topology

of this region is expected to be influenced to a large extent

by the transportation of mass, energy and northward directed

magnetic flux Angelopoulos et al.1994 1996, due to ac-

celeration at a reconnection regidaumjohann et a1199Q o

1999 Nagai et al. 1999, as we have already noted in the In-

terpretation section. Consequently, apart from the conversion

of the magnetic energy stored locally, which is an internal

process, we have additionally the transportation of magnetic

energy from the space outside the volumeT his constitutes

an external process where the Poynting vector flux through

the closed surfacs is negative,%f(ExB) -da<0. Hence,  Fig. 9. A perspective drawing illustrating the electric fields in-
s

duri hi ) | d with dd_duced during the progression of the cross-tail current disruption and
uring this process our system is supplemented with a the associated field dipolarization front tailward. Also shown are

tional magnetic energy which counterbalances or even surge magnetic field variations associated with these inductive elec-

mounts the local energy dissipation, leading to the observegic fields. E,, denotes the steady-state magnetospheric (cross-tail)
field magnitude increase at GOES10 location. On the otheglectric field associated with the plasma polarization.

hand, at GOESS8 position, which is displaced significantly

from local midnight, we would not expect any significant

transportation of electromagnetic energy and as a result, th@/ogiatzis et al,2005. The associated wave-particle interac-
magnetic field magnitude to be governed by the internal entions cause an intense electron pitch angle scatteikegriel

ergy dissipation, leading to its reduction. Although in the and Petschekl966, distorting and subsequently diverting
Interpretation section we followed a plasma dynamics ap-the electron cross-tail current that has been established dur-
proach to explain GOES observations, here we provide arnng the late growth phase to the ionosphere, and this diversion
alternative approach based on the principles of classical eleds sufficient to initiate tail collapse, as suggestedkauf-

trodynamics. mann(1987. The latter process has two consequences. The
first is the field dipolarization associated with the induction
4.2 Field dipolarization and inductive electric fields of an electric field which energizes the particles (GOES10

observations in conjunction with the dispersionless electron
Now, if we take, for example, the cross section of the mag-ejection at Los Alamos satellite), while the second is the fill-
netotail north lobe, then due to plasma convection, a time4ing of the particle loss cones which couples the magneto-
varying magnetic field will start to occur. This field change spheric plasma to the ionosphere. Moreover, the inductive
introduces, based on Faraday’s law, an inductive electric fielcelectric field is the primary agent for transforming previously
which tries to oppose the cause, thereby producing this fieldstored magnetic energy into particle kinetic energy.
increase. Consequently, this electric field is prOdUCing work. Choosing appropriate contours to enclose the regions
The energy that is consumed to overcome this work origi-where magnetic field dipolarization takes place, the variation

nates from the solar wind and is exactly the magnetic energyf the magnetic flux going through these closed contours will
which is stored in the lobe, thereby producing the stretchedintroduce electromotive forces

like configuration. As a consequence, a cross-tail current

. . . . o . dd

is built, carried by plasma sheet particles, primarily due to i . gl = ¢ = ———

curvature drift and partly due to gradient drift, on closed dt

field lines. This process constitutes a current generator, in

which the current is the direct result of the kinetic energy associated with inductive electric fields. The work produced
of the plasma sheet particles. If the particle orbits are adi-by these electric fields originates from the magnetic energy
abatic, the loss cones will be nearly empty. An empty losspreviously stored in the magnetotail during the growth phase
cone essentially decouples the magnetosphere from the ionavhich is now released and converted into particle energy.
sphere. As soon as the appropriate conditions are set ifthe direction of the inductive electric fields is such as to pro-
the current sheet, the kinetic cross-field streaming/currentuce currents which will oppose the magnetic field variations
(KCSI/CFCI) instability Cui et al, 199Q 199]) is initiated and hence will try to reduc8; (H,) and strengthen thB,

4
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(H.) magnetic field components. Hence, taking, for exam- Keeping in mind that above, it will be interesting at this
ple, the G closed contour which follows the current wedge point to discuss the possible mechanism responsible for the
and is closing through the cross-tail direction (not shown ingeneration of the 90-deg energetic electrons associated with
Fig. 9), we see that the direction of the induced electric fieldthe expansion of field dipolarization front azimuthally and
is such as to produce AB, which will oppose aB, in- tailward (Vogiatzis et al. 2005. lons execute an oscilla-
crease. The same applies to contougsa@d G, as well.  tory motion about the plane of the current sheet, owing to
The directions of the induced electric fields are shown inthe highly stretched magnetic field configuratiddpgiser

Fig. 9. The induced cross-tail electric field i @ directed  1965. Similarly, electrons due to the excitation of the ki-
duskward amplifying the electric field induced by the reduc- netic instability will also behave non-adiabatically, executing
tion in the B, component in both the north and the south an oscillatory motion about the plane of the current sheet.
lobe. At this time we have local current disruption and the As we have already said in the previous subsection, this
appearance of the transient electric fieljselectrons obtain  electron pitch angle scattering will have the effect of reduc-
very large parallel velocities because of their large mobility. ing the cross-tail current, thereby forcing the magnetic field
These energetic electrons constitute the connective link beto dipolarize. During dipolarization, which is on the time
tween the motion of the anti-sunward propagating disruptionscale of a ion gyroperiodDelcourt 2002, the ion’s non-
front and the ionosphere; a process which is directly relatedadiabatic behavior will be further enhanced. lons which be-
to the poleward expansion of the auroral electrojet and aurohave non-adiabatically, owing to both spatial and temporal
ral luminosity @Akasofu et al. 1974 Rostoker et a).1975 field variations, move towards dusk and electrons behaving
Shepherd et 311980 Jacquey et al1991). Consequently, non-adiabatically only due to temporal field variations move
the electron field-aligned current far exceeds the correspondiowards dawn, so that both ions and electrons in these oscilla-
ing ion current. This charge delivery will have the result of tory trajectories are continuously accelerated predominantly
reducing the impulsivdf’l" and thus reinforcing‘f"l because by the dawn-to-dusk inductive electric field across the geo-

the total integral magnetic tail. Moreover, due to the presence of a nonzero,
J northward magnetic field across the current sheet, particles
% (Et” T El) dl—e_2® (5)  are deflected towards the Earpieiser1965. Thus, during
2 dt magnetic field dipolarization, particles can impulsively be
3

energized in the current sheet by the application of a locally,

around the closed circuit is not affected. lons are not af-short-lived inductive electric field, primarily in the perpen-
fected by the short-live(El"l because of their large inertia. dicular direction and then be ejected from the current sheet
After the current disruption and the elimination of the paral- towards the Earth into the already dipolarized magnetic field
lel componemE’l'l, the particles gyrate, bounce and gradient- (Delcourt et al. 1990 Delcourt and Moorg1992 Delcourt
curvature drift occurs in the already dipolarized magneticand Sauvaud1994 Delcourt 2003. At this point, how-
field. It would be interesting here to emphasize that the rapidever, it will be worthwhile to make a parenthesis and clar-
electron response and the subsequent elimination of the paify that although in the present study we utilize an accel-
allel inductive electric field can be viewed in terms of a mag- eration mechanism (magnetic field dipolarization associated
netosphere considered to be filled with a highly conductingwith induced electric fields and violation of the first adia-
plasma, which yields the conditiafi- B=0. batic invariant), which is similar to that presented in the pre-
So, in summary, the inductive electric field during field Vious cited studies, the physical view of magnetospheric sub-
dipolarization can be divided into two components; one par-Storm evolution that these authors adopt is completely dif-
allel and one perpendicular to the magnetic field direction.ferent from ours. In the dipolarized field electrons conserve
The first is generated from B, increase and is responsible their magnetic moment, and hence they will return to a guid-
for the intensification of FACs while the second is gener-ing center motion\(est et al. 1978. On the contrary, ions
ated from both aB, increase and ®, decrease and its re- in the supra-thermal energy regime are expected to behave in

sultant has a dawn-to-dusk direction which is by far greatera non-adiabatic manner and hence their pitch angle distribu-
than the Corresponding cross-tail electrostatic field Compolion looses its anisotropic features. This follows from the fact

nentE,, (Heikkila and Pellinen1977 Aggson et al.1983. that ions are subjected to a continuous isotropization because
of random changes in the magnetic moment each time they
4.3 Particle energization and non-adiabaticity cross the middle of the plasma sheet, experiencing a spatial

variation of the magnetic field on the order of their gyro-
Particles may become untrapped due to a violation of the firstadius (collisionless pitch angle scatterin@réy and Lege
adiabatic invariant (particle’'s magnetic moment). The condi-1982. The above mechanism further forces energetic ions to
tion for violation of the first adiabatic invariant is that the execute Speiser orbits and as a result, the ions return to the
particle sees either temporal field variations on the time scaleurrent sheet in a location much closer to the Earth than the
of the gyroperiod, or spatial field variations on the order of one from which they were ejected.
the gyroradius.
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Magnetic field dipolarization can be considered as a self-ductive effects, can be viewed in terms of an internal pro-
preserved process, acting in a feedback manner. With the inieess driven from the conversion of previously stored mag-
tiation of the KCSI/CFCI instability discussed Wogiatzis  netic energy into particle-plasma kinetic energy, which is in-
et al. (2005 the magnetic field starts to dipolarize, owing dependent from any external system energy contribution (for
to cross-tail current reduction. Consequently, a dawn-to-instance, contribution from BBFs), and (c) to cause further
dusk inductive electric field arises which accelerates unmagviolation of the first adiabatic invariant and reinforce in this
netized ions in adjacent regions and leads to further spamanner the ion’s pitch angle diffusion and equivalently non-
tial spreading of the unstable region in the neutral sheetdiabatic behavior. The latter process can be understood if
(Lui et al, 1990. In the unstable region both ions and we consider a particle in a rest frame fixed to the Earth, hav-
electrons again behave non-adiabatically, leading to conseng an initial speed and pitch angle. It is possible to study
quences which we have already discussed. the effects of the cross-tail inductive electric field by using

The completely different particle attitude can explain Galilean transformation (for transformation velocities small
the fact why electrons after the plasma sheet expansiomompared to the speed of light). The moving frame, during
are highly anisotropically peaked at 90 degrees, executinghe application of thé€’ , can then be considered to be mov-
gradient-curvature drift in antithesis with protons which do ing earthward with speeEi/BZ_ In the moving frame the
not show any particular anisotropic behavior, with their flux same particle has an initial speedand pitch angler’. It
levels showing almost no change during the re-enveloping ofs easy to see that the reference frames are related through
the Cluster spacecraft by the plasma sheet (see, for examhe equations,=v,—E', / B;, v},=v, andv,=v,. By apply-
ple, panel (b) in Fig. 2 and also Fig. 3, panels (g) and (h)ing the transformation the speed and the pitch angle in the
in Vogiatzis et al. 2009. Inversely, the fact that we do not moving frame are given by
have any directional proton anisotropies inside the plasma

Nl

sheet that would enhance the proton plasma sheet populatioq l 2 ,
similar to the electron case is indicative that energetic pro-v' = || Vx — B + vy g (6)
tons do indeed behave non-adiabatically when they cross the ¢
midplane of the plasma sheet, with the direct consequence ofnd
being isotropized via pitch angle diffusion. , ; A
. . . . . . —(E' /B, -B
In summary and in conjunction with Cluster observations, cos(a’) = v-B [v ( i/ ~) x] , @)

we could say that the absence of any directional proton Il Bl I Bl
anisotropy at the Cluster location can be thought of as thevherev=v,x+v,y+v.z andv’'=||v’|. The latter process is
combination of two processes. The first process is relatedxpected to affect mostly heavier ions, like"@nd He',
to the fact that protons are progressively isotropized duringowing to local gyroperiods of the order of the field varia-
their traverse through the plasma sheet midplane while the&ion/dipolarization time scaleDelcourt et al. 1990. The
second can be viewed as the consequence of the first one, thalbove treatment is an equivalent way of looking to the same
is, protons while executing Speiser orbits are displaced furprocess which is not other than magnetic field dipolarization
ther earthward each time they come across the non-adiabatiwhose time scale is comparable to the ion’s gyroperiod.
region of the central plasma sheet. Yet the latter process is The cross-tail current during the late stage of substorm
expected to persist in time until protons find themselves in argrowth phase is much more intense as we more closer to
appropriate field topology wittB, large enough so that the the Earth and maximizes at the transition region between the
protons behave in an adiabatic manner. dipole and tail magnetic field configuratiori&iih and Hessge

It is noteworthy at this point to emphasize the triple role of 1996 Birn et al, 1997h 1998 2000. We believe that this
the inductive cross-tail electric fielﬂi during field dipolar-  transition region most of the time is located inside a geosyn-
ization, which is (a) to accelerate dramatically (from hun- chronous orbit at-4-5R ¢ geocentric distance, while during
dreds of eV up to hundreds of keV) both ions and elec-extreme geomagnetic activity conditions, as those reported
trons Qelcourt et al. 1990 before they are ejected out by Baker et al.(2004), the region moves even closer to the
of the current sheet towards the Earth. The above serveEgarth. The fact that the cross-tail current directly reflects the
to enhance energetic particle populations earthward of thenagnetic field intensity in the lobes of the magnetotail sup-
tailward-azimuthally expanding field dipolarization front; (b) ports the contention that during the late stage of substorm
to produce impulsive (up to a few hundreds of kmisx B growth phase magnetic field energy storage maximizes at the
bulk plasma earthward flows which are comparable to the vetransition region between the two field configurations and de-
locity of supra-thermal iondJelcourt et al, 1990. Thisrole  creases as we proceed tailward. At the explosive onset of the
is analogous to that of the dawn-to-dusk convection electricexpansion phase intense particle acceleration is taking place
field, which, on the one hand, accelerates the particles as thegnd the previously stored magnetic energy is converted to
cross the current sheet while, on the other hand, produceparticle kinetic energy through the generation of inductive
earthward bulk plasma flows. Particle acceleration/impulsiveelectric fields. The whole phenomenon is expected to di-
bulk plasma convection, due to dipolarization associated inminish as field dipolarization caused by current disruption
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progresses tailward because of the continuously decreasaént sheet. In this manner the particles are energized and
magnetic energy stored in the system (evolution of substornsubsequently ejected earthward, migrating to already dipo-
recovery phase). larized magnetic field lines where they behave adiabatically.
The presence oB, plays an important role in the accelera-
4.4 Ring current enhancement and geosynchronous parttion process by controlling the time the particles spend in the
cle ejections current sheet before being ejected from it. As far as the ap-
pearance of geosynchronous particle ejections is concerned,
In the study byVogiatzis et al.(2009 it has been shown the acceleration efficiency depends upon the transience of
that field dipolarization and associated particle accelerationthe field dipolarization, which produces the inductive elec-
not only expands longitudinally and propagates anti-sunwardric field, which, in turn, is expected to depend on local time.
down the tail but also begins relatively close to the Earth,Whether we observe only dispersionless electron ejection or
well inside geosynchronous orbit at.3Rg. Asimilarre-  only dispersionless proton ejection, or both of these ejections
sult has also been presented before-bigdel et al.(1996, during substorm onset initiation, depends on several factors:
who, based on CRRES satellite data, showed that dispera) the transience of field dipolarization producing the induc-
sionless onsets can occur far into the inner magnetosphergve electric field and how this relates to the violation of the
down to L~4.3 and are distributed up t&5h around lo-  proton and electron first adiabatic invariants; b) the position
cal magnetic midnight. Having magnetic field dipolarization in local time of the satellite that makes the observation and
associated with cross-tail current disruption initiated insidethe dependence on local time of the dipolarization process; c)
geosynchronous altitude is something that has very importhe azimuthal extent of the current wedge at geosynchronous
tant implications to the storm-time ring current. The ejec- altitude. Two satellites only a few Earth radii apart would see
tion of energized equatorial plasma earthward into closed Lvery different effects if one is inside the wedge and the other
shells while experiencing intense perpendicular energizations not; and d) the energy range of the pre-existing particle
and consequent trapping in the equatorial vicindglcourt  population. If this energy range is not appropriate, then it is

et al, 1990 Delcourt and Sauvayd 994 Delcourt 2002, likely that we will not observe particles in the energy range
implies that the storm-time dipolarization of the magnetic we measure.

field lines appears as an effective mechanism to populate the

ring current, as suggested by in-situ measuremedig)l(s )

and Axford 1996 Daglis et al, 1999. Moreover, particle 5 Synopsis

energies up to 1 MeV or more, which are typical of the storm- ) ) )

time particles in the trapped radiation belts, can be produceJ here were two main purposes of this paper. First, to report
with electric fields of the magnitude found in the magnetotail on the existence of two distinct energetic electron popula-

and also populate regions that are normally quiesdaitér tions of different origin in the Earth’s magnetotail and sec-
etal, 2004 ond, to substantiate, in a more compact manner, the substorm

The fact that in geosynchronous orbit we occasionallymOdel developed byogiatzis et al(2003.

observe dispersionless proton ejections preceding electro I;‘e rc;omgatrilsc;in Ic()jf gilfatriorr]] (ljat?/ alo:g gndbﬁ;]p?r\llt\jlculrar
ejections and vice-versa, or simultaneous ejections of bottiC (€ Magnetic fie ection leaves no dou at we are

speciesKorth et al, 1991, Bim et al, 1997a Vogiatzis et al, indeed dealing with two independent energetic electron pop-

2005, is a rather complex phenomenon. One factor that Con_ulations being imbedded inside the plasma sheet. Moreover,

trols the process is how far earthward are the ions ejectetﬁ] g\s/!?(g)nntct)nw 2 drzggggnr:glettf];::zf;ng?gde(laé’c\t'\;gnasrzrlg tr;?]
when crossing the current sheet plane in a non-adiabati®°S"! u w get 9

manner. Energetic ions will behave adiabatically or not de_erated and subsequently transport.eq to the Cluster Iocatipn.
pends, to a large extent, on how much energy they gain befor et the model appears capable of giving us answers regarding

ejected from the current sheet and how much the magneti(é Is z_r;%t(_:grr]rerét e_?]haggtgrr;enésrr:](;thneegceosgrnggronglﬁi F;::t"
field left after the cross-tail current disruption dipolarized is. jections during active g gnetic perioas.

Consequently, the proton’s magnetic moment as a functior%hat the magnetic field in the magnetotail does change signif-

of time depends on the energy after ejection and the degregamly in the course of a substorm points to the crucial role

of field curvature evolution after current disruption, assum—Of the locally induced electric field in the particle’s energiza-
ing that electrons behave non-adiabatically only in the region” . . . i \ )
g y onty 9 nIarlzat|on process. This latter fact puts into question studies

where we have the kinetic instability excitation. ; .- : ;
. . . . which adopt a guiding center treatment, since at the times of

To obtain a sense of the substorm associated particle ejec- S . )
. ) : o Substorms the magnetic field varies on the time scale of the
tions it would be worthwhile to note the following: due to o

, . R . particle’s cyclotron turn.

local field dipolarization we have the generation of a locally
inductive electric field. This transient electric field is capa-
ble of accelerating the local plasma population up to supra-
thermal energies through the serpentine motion in the cur-

tion; this electric field is an inseparable ingredient of dipo-
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