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Abstract. For the first time we identify a bi-layer struc- ions are ejected tailward of akis. This way, in front of akis
ture of energetic electron fluxes in the Earth’s magnetotailan “ion capsule region” is formed with net positive charge.
and establish (using datasets mainly obtained by the Geotalh between them a distinct region with an electric fidd
Energetic Particles and lon Composition (EPIC/ICS) instru-orthogonal to the magnetic field is emergell; in front
ment) that it actually provides strong evidence for a purelyof akis is directed earthward. The field-aligned and highly
spatial structure. Each bi-layer event is composed of two dis-anisotropic energetic electron populations have probably re-
tinct layers with counterstreaming energetic electron fluxessulted via spatially separated antiparallel and field-aligned
parallel and antiparallel to the local ambient magnetic fieldelectric fields being the very heart of the acceleration source.
lines; in particular, the tailward directed fluxes always oc- We assume that the ultimate cause for the field-aligned elec-
cur in a region adjacent to the lobes. Adopting the X-line tric fields are the net positive capsule charge and the net neg-
as a standard reconnection model, we determine the occugtive charge trapped at the tip of akis; both charges will be
rence of bi-layer events relatively to the neutral point, in the eventually neutralized through field aligned currents, but they
substorm frame; four (out of the shown seven) events are obremain unshielded for sufficient time to produce the observed
served earthward and three tailward, a result implying thatevents.

four events probably occurred with the substorm’s local re-kevwords. Maanetosoheric bhysics (Electric fields: Plasma
covery phase. We discuss the bi-layer events in terms of the yw | 9 P phy '

X-line model; they add more constraints for any candidateSheet) — Space plasma physics (Charged particle motion and

. . cceleration
electron acceleration mechanism. It should be stressed thaat )

until this time, none proposed electron acceleration mecha-
nism has discussed or predicted these layered structures with

all their properties. Then we discuss the bi-layer events i |ntroduction
terms of the much promising “akis model”, as introduced by

Sarafopoulos (2008). The akis magnetic field topology iSThe substorm phenomenon is extensively studied for a few
embedded in a thinned plasma sheet and is potentially caugtecades; however, there are unresolved questions of great
ing charge separation. We assume that asRheurvature  jmportance. Among the foremost of them are the energetic
radius of the magnetic field line tends to become equal toparticle acceleration mechanisms in the Earth’s magnetotail;
the ion gyroradiusy, then the ions become non-adiabatic. mechanisms which are tightly associated in the past with
At the limit Rc=rq the demagnetization process is also undermagnetic reconnection and/or the cross-tail current disrup-
way and the frozen-in magnetic field condition is violated tjgn (Baker et al., 1979; Lopez and Baker, 1994; Lopez
by strong wave turbulence; hence, the ion particles in thiset a1., 1989; Lui, 1996). In this work, first and foremost,
geometry are stochastically scattered. In addition, ion dif-we jdentify for the first time a bi-layer energetic electron
fusion probably takes place across the magnetic field, sinc@vent and establish its spatial character. We believe that it
an intense pressure gradient is directed earthward; henceyight cast light into the particle’s acceleration mechanisms
and the substorm’s mystery at large; it is a hew window to
look at, that is, a new diagnostic tool to gain deeper under-

Correspondence td. V. Sarafopoulos  standing, as far as the magnetospheric dynamics is consid-
BY (sarafo@ee.duth.gr) ered. We are convinced that the identified bi-layer structure
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of counterstreaming energetic electron fluxes carries the finfering an opportunity for deeper understanding. Our sugges-
gerprint of the acceleration source. In particular, it is worth- tion will be extensively scrutinized-tested in the future; this
noticing that the layer of tailward fluxes always occurs ad- author continues to look at this very promising bi-layer struc-
jacent to the lobes. Certainly, it is always required that theture, too.
satellite smoothly traverses the plasma sheet to capture the In the past, the energetic particles in general, and the
spatial effect. energetic electron fluxes in particular, are used as the best
It is commonly accepted that the spatial and temporal ef-available diagnostic tools to gain an insight into the various
fects are always hard separated; nevertheless, our selectgdoblems related with the large scale magnetic field topol-
events suffice to establish the spatial character of them. Therogy, or the particle acceleration mechanisms and the sub-
we are particularly interested in determining the satellite po-storm phenomenon (see the review by Krimigis and Sarris,
sition relatively to the active source site. We begin adopt-1980). For instance, the arrival of low energy energetic pro-
ing the near Earth neutral line (NENL) model (e.g., Baker tons (~300 keV) before the higher energy onesl(MeV),
et al., 1996) as the typical reconnection scheme associateithe so-called Inverse Velocity Dispersion effect concerning
with plasma flows and particle accelerations in magnetotail.short-lived energetic proton bursts inside the plasma sheet,
Our result is that the bi-layer events are sited tailward as wellprobably reveals the growth time for the acceleration source
as earthward relatively to the supposed X-line of the under(Sarafopoulos and Sarris, 1988). Transient and field-aligned
study substorm. electric fields are indirectly diagnosed on the basis of proton-
The interpretation scheme of electron bi-layer events is theelectron angular distributions being appropriately modulated
second major issue on which we are focused. In terms oby them (Sarris et al., 1976; Sarafopoulos et al., 1984,
X-line reconnection two major questions are raised. First,Sarafopoulos and Sarris, 1987; Sarafopoulos, 2008). Most
that we simultaneously observe outcoming and incoming enimportantly, measurements concerning streaming energetic
ergetic electrons with respect to the active source. Seconctlectron fluxes are to a great degree valuable; their angu-
since we observed four bi-layer events earthward and thre&r distributions are not affected by any bulk plasma flow
events tailward of the supposed X-line, any X-line relatedand/or any drift toward the current sheet during their time of
electron energization mechanism should be able to produc#ight from the source to satellite. In contrast, the ion fluxes
the observed layered structures. The latter is an open sulfrequently form energy depended layered structures in the
ject for additional research efforts. Until this time nobody plasma sheet; for instance, impressive case studies extended
has identified observationally or predicted theoretically thein the whole plasma sheet were studied by Sarafopoulos et
studied here layered structure of counterstreaming energetial., (1997).
electrons. Energetic electron fluxes associated with substorms can
We would like to stress that our primary intention of this be found incorporated in many papers (see for instance the
work was not to contradict or to advocate the NENL model. works of Mitchell et al., 1990; Nagai et al., 2001; Fujimoto et
Our basic motivation was to further scrutinize the propertiesal., 2001; Sarafopoulos et al., 2001; Hoshino et al., 2001; Sh-
of the “akis” structure, as it is introduced by Sarafopoulosiokawa et al., 2003; Hoshino, 2005; Fujimoto and Machida,
(2008), and it is further elaborated here. The dynamics 0f2006), however, the bi-layer energetic electron event as a
akis may be the prime trigger that accelerates all the othestructure worthy of our attention is just introduced in this
processes in magnetotail. In this case, we will offer some-work.
thing related with the correct identification of processes in The field-aligned and highly anisotropic electron fluxes es-
the cause-and-effect relationship, hence the physics. In angentially stay on field lines that directly map to their produc-
case, we consider that it is legitimate to try an explanationtion source. The observed layered structure, therefore, prob-
scenario which is not based on the X-line topology, but onably provides an evidence for a spatial domain of antiparallel
the akis geometry with its own charge decoupling mecha-field-aligned electric fields in the very heart of the acceler-
nism. The identification of alternate mechanisms does nottion source. Hence, this structure seems to set constraints
diminish the X-line models as viable possibilities. In addi- on the acceleration mechanism itself, and it has led us to as-
tion, basic assumptions adopted in the standard X-type thesume the formation of spatially (radially) separated charges
ory are also used in the akis model. in the plasma sheet. The latter might be achieved by the akis
The akis model is called after the ancient Greek wordstructure embedded in a locally thinned plasma sheet: Hot
axis that better expresses the geometry and functionality ofions suffer stochastic scattering in the akis region and diffuse
the magnetic field configuration during the substorm growthtailward of it across the magnetic field. This way the “ion
phase in a thin current sheet (TCS): The stretched (tail-like)capsule” region is formed. Finally, the negatively charged
magnetic field lines locally terminate into a sharp tip (akis) akis and the positively charged capsule region may produce
around the tail midplane. Certainly, it should be underlinedthe observed antiparallel electron fluxes. Certainly this topol-
in advance, that our approach although potentially answersgy with its own dynamics will be further elaborated and dis-
remarkable questions, however, at the same time probablgussed later on, in the appropriate place; among other issues,
throw up more fundamental questions; a process finally of-a critical one may concern the neutralization process which
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in effect are prevented or delayed for a while. Finally, beforea key role in the magnetotail's dynamics. In particular, we
we deal with our observations, it is meaningful to provide stress the fact that the electron layer adjacent to the lobes is
our fundamental quantitative approach concerning the akislways associated with tailward directed anisotropic fluxes;
structure itself. on the contrary, the electron layer deeper in plasma sheet is
The development of the magnetic field geometry towardalways characterized by earthward streaming electrons. At
a more taillike configuration changes the nature of particlethe brief transition a few “double-peaked” angular distribu-
motion in the system. The intense cross-tail current concentions made up of mixed populations are usually observed.
trated in a thin sheet results in strongly curved field linesIn each selected case the satellite must smoothly penetrates
where the field component normal to the current sheet befrom the lobe-like domain deeper into the plasma sheet, or
comes very small. When the radius of curvature of the field atit may follow an anadromous route: The slow motion allows
the current sheet becomes comparable to the particle Larmars to observe persistent flows in each flow direction. The
radii, then the particles are pitch angle scattered. The transisatellite motion is traced via thBx component of the mag-
tion between adiabatic and non-adiabatic or chaotic motiometic field being maximum at lobes and zero at neutral sheet;
is dependent on both the magnetic field geometry and paran effect dictated by the plasma diamagnetism in the plasma
ticle energy. When the curvature radi®s becomes less sheet.
than~9rg (i.e., Rc < 9rg, Wherery is the particle Larmor We use the highest time-resolution energetic electron data
radius), then the particles are effectively scattered and chaotieollected by the Geotail Energetic Particles and lon Com-
zation of the particle orbits begins (Sergeev and Tsyganenkagposition EPIC/ICS instrument (Williams et al., 1994). Es-
1982; Imhof, 1988; Bchner and Zelenyi, 1989; Sergeev et pecially we use the ED1 channel providing electron inte-
al., 1996). The critical valu®.=rg is considered the limit of  gral fluxes with energies greater than 38keV. The instru-
the adiabatic region beyond which the ion motion becomeament’s view angle is 6Q that is4+30° around the ecliptic
chaotic (Bichner and Zelenyi, 1987, and references therein)plane. The satellite is spinning with 3-s period and, there-
As a matter of fact Bchner and Zelenyi (1987) used this crit- fore, a complete angular distribution for the electron flux is
ical value for electrons; they suggested that the chaotizatiombtained every 3-s. An angular distribution is composed of 8
of the thermal electron population removes their stabilizingpoints being the fluxes sampled in°4fectors over the eclip-
effect on the tearing mode growth. We use the same crititic plane XY. In parallel to the electron data, tiBg com-
cal valueRc=rg determining the limit between the adiabatic ponent of the magnetic field (in nanoteslas) provided by the
and chaotic ion regimes; and the same value is assumed &seotail/MGF instrument (Kokubun et al., 1994), with 3-s or
the tailward boundary of akis. Certainly there are additionalbetter resolution, is used. In cases the Geotail plasma data are
mechanisms that eventually force ions to be ejected tailwardyenerated by taking the moments over 12-s intervals of ion
of akis; we look at all these issues later on in the discussiordistribution functions measured by the low energy particle
section. (LEP) instrument (Mukai et al., 1994). The layered struc-
The possibility that the akis structure may lead to crosstures have occurred during substorms, something which eas-
tail current disruption or even reconnection is qualitatively ily can be checked by the substorm associated distinct injec-
discussed in the proposed akis model; a model which undetions atL=6.6. The latter data are obtained by the energetic
this perspective has to be considered as another approach particle differential fluxes collected by the Los Alamos Na-
the mechanisms triggering substorms (Lui et al., 2008). tional Laboratory (LANL) satellites; the instrument designed
In Sect. 2, we exhibit the Geotail observations made up ofto provide these data is the Synchronous Orbit Particle Ana-
distinct case studies. In Sect. 3, the very promising characlyzer (SOPA; see Belian et al., 1992).
ter of the under study bi-layer structure is stressed; its oc- Provided that our observational evidence concerning the
currence site in substorm terms is discussed, and an electrdsi-layer electron structure may offer us a powerful diagnos-
acceleration scheme being at the same time a possible crogs tool for the electron acceleration mechanism itself and the
tail current disruption mechanism is finally suggested. substorm phenomenon at large, we consider that it is logical
to establish it presenting seven case studies belonging to four
substorms. We believe that these examples suffice to remove
2 Observational evidence any suspicion of random origin, and regardless to any inter-
pretation scheme, this structure may inaugurate a new dis-
We present a few case studies demonstrating the existence gfission. The Geotail positions for the studied events are as
two distinct, in parallel layers, of counterstreaming energeticfollows:
electron fluxes observed during “substorm episodes” in the
Earth’s magnetotail. Our priority is to establish that the iden- 1. The first and second events occurred at (X, Y,
tified bi-layer events actually provide evidence for a spatial Z)esm=(—12,-9.2, 1.1)Rg on 4 September 1996;
(not temporal) domain. Our claim is that these events are not
arandom outcome; conversely, they carry information for the 2. the third and the fourth event occurred at30.5, 0.6,
acceleration source and future work may attribute to them —2.4)Re on 29 January 1998;
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3. the fifth event occurred at (12;5.7, —1.6)Rg on 9 Furthermore, the next 11 peak fluxes marked with blue-
March 1995, and dashed vertical lines show electrons streaming tailward. The
) latter is indicatively shown via the (blue shaded) insert angu-
4. the sixth and seventh events occurred-a28.6,~7.3, |5 gistribution, at the lower part of Fig. 1 being the overall
—4) Re on 25 January 1998. response for 6 satellite revolutions (corresponding to the blue
Certainly, it is worth noticing that all the seven events were horizontal bar). The very brief transition from earthward to
occurred during four well-isolated substorms. The latter maytailward fluxes is characterized by a rather double-peaked an-
be easily checked inspecting the LANL Geosynchronousdular distribution (i.e., bi-directional flows).
satellite energetic electron and proton data. For instance
plasma injection onsets, for the above mentioned substorms;
were clearly observed (not shown here) by the

.2 Event2

This event is presented with the very same format used for
1991-080 satellite on 4 September 1996yat:40 UT,  the preceded case; Fig. 2 is a plot for an interval of just 83-s.
Each of the 11 peak electron fluxes marked with red-dashed
LANL-97A satellite on 29 January 1998, a22:30UT,  vertical line is characterized by an earthward streaming pop-
1990-095 satellite on 9 March 1995.-665:00 UT. and ulation. The insert angular distribution, at the upper part of
’ ' Fig. 2, is the overall response for the first 6 satellite revolu-
LANL-97A satellite on 25 January 1998, a03:50 UT. tions (i.e., the 18-s interval defined by the red horizontal bar).

These fluxes are related with a mean valuBf- 17 nT. Af-

Before each substorm onset, we discern a period of few hourg,, the just mentioned 11 peak fluxes, we do not detect any
with extremely low geomagnetic activity; the substorm's geaming population until the satellite exits into lobes. Actu-

growth phase is also recognized by the decreases associatgfly, around 21:45:55 UT Geotail exits into the lobe domain,
with the energetic particle fluxes. All the seven events are,<’it is evident by the very low level of energetic electron
presented with almost the same format which is described ifj,ves while theBy is increased to~20 nT. Most impor-

the first case study.

tantly, just before the exit three very intense peak electron
fluxes are recorded by the instrument. Thus, for the period
of ~9-s (as the blue horizontal bar demarcates) the electrons

For this case study we have plotted just two traces in Fig. 1 clearly stream tai_lwa_rd. The latter is visualizgd with the in-
the integral electron fluxes with energies greater than 38 ke\Fe't angular distribution at the lower part of Fig. 2. The pro-
and theBy component of the magnetic field (in nTs). The Jéctéd vector magnetic field on the XY plane is almost sun-
shown period covers an interval of 63-s, that is 21 satel-Ward directed.

lite revolutions. Each revolution corresponds to an angu- 2 Event 3

lar distribution over the ecliptic plane; data are intention- —"

ally not spin-averaged. Hence, we recognize a persistenf, this case study we scrutinize an interval of just 50-s

highly anisotropic population as successive peak fluxes withgiq 3y and pay special attention to the fact that the satellite
3-s periodicity. The repetitive and successive maximum antherforms a short excursion departing from lobes to the cen-
minimum values in Fig. 1 define the forward to backward ¢ hjasma sheet. Initially the satellite was placed in a plasma

electron flux ratio. The electrons actually demonstrate degime characterized b, = 17 nT and decreased electron
very anisotropic flow, and the most remarkable observation ig) ,ves then the satellite smoothly penetratedBat= 9nT

that we discern a two-layer domain. The satellite smoothlyand, finally, it returned back close to the departure point.

moves from the interior plasma sheet wilty = 13nT10- Gjyen that the blue (red) dashed-vertical lines mark the peaks
ward the plasma sheet boundary layer wiif = 19nT, ¢ taivard (earthward) streaming energetic electrons, then
while somewhere in between them the electron flow direc-j; js eyident that a bi-layer spatial structure is observed. In

tion is switched from earthward to tailward. The first SiX 5qreement with all the other studied events, the layer with
peak fluxes, which are marked with red-dashed vertical lines i vard streaming electrons is found adjacent to the lobe-

are characterized by earthward flows. The (red shaded) infe gomain of plasma sheet. The very low level of electron

sert angular distribution, in the upper part of Fig. 1, showsg,yes around 22:54 UT is an authentic result due to the satel-
sector-averaged data for 6 satellite revolutions (corresponde proximity to the lobes. Three indicative angular distribu-

ing to the red horizontal bar). The angular distribution val- s for the earthward and tailward directed electron fluxes
ues are ranged from minimum to maximum in the pertaininda e shown in the upper insert: Each angular distribution cor-

interval. In the insert, the directions pointing Sunward andresponds to the interval marked by the horizontal bar.
duskward are defined, while the average magnetic field di-

rection projected over the ecliptic plane is shown, too. There-
fore, we witness the field aligned and earthward directed
electron fluxes that are associated wth= 14 nT.

2.1 Eventl
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Fig. 1. Electron integral fluxesK > 38 keV, top panel) for an interval of 63-s (corresponding to 21 Geotail revolutions) along wiithe
component (in nTs) of the magnetic field. Fluxes are intentionally not spin-averaged: Successive peak fluxes with 3-s periodicity witness
about highly anisotropic populations. The satellite smoothly moves from the interior plasma sheR &itt8 nT toward the plasma sheet
boundary layer withByx = 19 nT, while somewhere in between them the electron flow direction is switched from earthward (top insert)
to tailward (bottom insert). The flow direction phi (in degrees) points Sunward (duskward) ¢#@8n(90°). Each angular distribution
corresponds to the interval marked with a horizontal bar.
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Fig. 2. Another electron bi-layer event corresponding to an interval of 83-s; same format as in Fig. 1. The very low electron fluxes at
~21:50 UT are associated with an exit into lobes.

2.4 Event4 tions), at the upper insert, underline the earthward charac-
ter of flow, whereas sector-averaged data over 4 cycles at

Again the presentation format for this event (Fig. 4) is very the lower insert demonstrate the tailward character of flow.

similar with the preceded one. We deal with an interval of Aglaln, the swltr::h-ovelrl_ln flow is r|]r|1terpreted as due t(()jahsp_a-
33s (i.e., 10 satellite revolutions) showing a very smooth @l structure; the satellite smoothly penetrates toward the in-

transition from tailward to earthward electron fluxes. Sector-te”Or plasma sheet and thB| decreases.
averaged data over 5 variation cycles (i.e., satellite revolu-
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Fig. 3. An electron bi-layer event observed within an interval of 50-s; almost the same format as in Fig. 1. The satellite performs a short
excursion departing from lobes to the deeper-central plasma sheet, while the electron fluxes change from tailward to earthward and from
earthward to tailward in close succession.

2.5 Event5 earthward streaming electrons are detected(#t:34:35 UT.

A long-lasting interval of~42s (i.e., 14 spacecraft revo-
This event (F|g 5) resembles the a|ready shown, except thdtjtionS) with uninterrupted earthward electron fluxes is ob-
the under study interval is much |0nger (i_e_, 11.66 mm) served around 05:36 UT. An indicative angular distribution
From 05:27:15 to 05:29:50 UT (i.e., between the blue-dashednade up of data collected from 5 sequential spacecraft revo-
vertical demarcation lines), we observe an uninterrupted taillutions, from 05:36:08 to 05:36:24 UT, is shown at the upper
ward flow of energetic electrons. At times, an earthward di-insert; the electrons actually stream earthward and along the
rected population also coexists; however, the tailward fluxegnagnetic field lines. It is worth noticing that the layer with
dominate. That is, for2.5min (i.e.,~50 satellite revolu- tailward streaming electrons is essentially confined in a re-
tions), we observe persistent and highly anisotropic tailwardgion adjacent to the lobes; it is associated with Hikl val-
electron fluxes. An indicative angular distribution being the ues. The layer with earthward streaming electrons is found
overall response for the interval 05:28:14—05:28:27 UT (i.e.,in the central plasma sheet region.
for 4 spacecraft revolutions) is shown at the lower insert;
the average magnetic field direction is also displayed. Ap-2.6 Event6
parently the electrons stream tailward, and the tailward to
earthward flux ratio, at times, exceeds the value of 30. Af-This event (Fig. 6) resembles better to the third one show-
ter this interval, a few more cycles with tailward streaming ing a brief inward satellite excursion into the plasma sheet;
electrons are detected around 05:32:45 UT, whereas the first is observed on 25 January 1998. Initially Geotail moves
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Fig. 4. A 33-s interval (i.e., 10 satellite revolutions) showing a very smooth transition from tailward to earthward electron fluxes; same
format as in Fig. 1.

slightly inward and later switchbacks to its departure pointsociation with theBy variations: The earthward fluxes occur
in the plasma sheet. The briBf; excursion corresponds to a deeper in the plasma sheet; in contrast, the tailward fluxes oc-
fluctuationA By &~ 2 nT; its duration is less than 2 min. The cur at highett By| values. The three indicatively shown angu-
energetic electron fluxes change successively and in close atar distributions (together with the projected vector magnetic
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Fig. 5. Highly anisotropic tailward electron fluxes observed close to the plasma sheet boundary layer are switched to earthward in the central

plasma sheet. Two indicative angular distributions are also shown.

field over the XY plane) emphasize the alternate electronis characterized by earthward fluxes and the outer layer by

flows. Therefore, we identify a bi-layer spatial structure with tailward fluxes.
anti-parallel streaming energetic electrons. The inner layer
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Fig. 6. Initially Geotail moves slightly inward and later switchbacks to its departure point in the plasma sheet. ThRybeletursion
corresponds to a fluctuation @ Bx ~ 2nT and the energetic electron fluxes change successively and in close association \Bith the
variations: The earthward fluxes occur deeper in the plasma sheet; the tailward fluxes occur gtBiighelues. The three indicatively
shown angular distributions (and the projected vector magnetic field over the XY plane) emphasize the changes in electron flows.

It is worth noticing that the earthward fluxes persist for three indicative angular distributions with the methodology
~20 satellite revolutions (i.e;~1min); each peaked flux used in the preceded examples. The duration for each an-
(corresponding to one Geotail revolution) is marked by a red-gular distribution is marked with a horizontal bar; the reader
dashed vertical line. At times the tailward fluxes are high can count the satellite revolutions (successive dashed-vertical
and extremely collimated along the ambient magnetic fieldlines) used in each case.
lines; these beams probably constitute an electron population
which is more effectively accelerated.

3 Discussion
2.7 Event7

The discussion is divided into three subsections: First, we
This event occurs-5 min later than the preceded one; both interested in for the timing of the electron bi-layer events
of them belong to the same substorm episode. It althoughwithin their own substorm framework in terms of local
covers a period of just 110s (Fig. 7), however, the short-plasma sheet thinning and local plasma sheet recovery. Sec-
lived satellite penetration deeper into the plasma sheet i®nd, we stress the fact that these events are identified for
very clear. The inward motion (frolBy ~ —8to—5nT) is  the first time and, therefore, it naturally follows that none
associated with a distinct transition from tailward to earth- single paper or researcher is focused on them in the past.
ward fluxes, whereas the outward motion (frag ~ —5 Any electron acceleration mechanism proposed in the passed
to —8nT) is associated with a flow transition in the reverse does not automatically can claim to produce the bi-layer fea-
order. The bi-layer structure is further visualized showingture. Third, we make our own suggestion for an electron
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Fig. 7. This event occurs-5 min later than the preceded one and although covers a period of just 110 s, however, the short-lived satellite
penetration deeper in plasma sheet is very clear. The inward motion fsom—8 to —5nT) is associated with a distinct transition from
tailward to earthward fluxes, whereas the outward motion (fByw —5 to —8 nT) is associated with a flow transition in the reverse order.

acceleration mechanism potentially producing all the ob-veloped) will initially receive intense tailward particle fluxes

served characteristics. and later intense earthward fluxes. This simplified picture is
sketched in Fig. 8, although here the satellite is set to move
3.1 Occurrence site of bi-layer events earthward in a stationary magnetic field configuration. Bel-

low, we scrutinize all the cases although in the first place,
we discuss the more compelling ones. Since in this work
four substorms are involved, it is logical that in each case
only those parameters that suffice to fulfill our purpose are
presented. A more detailed multi-satellite, multi-instrument
analysis will be out of the scope of this work.

We are particularly interested in determining the satellite
position relatively to the active source site; a knowledge
determining the basic magnetic field topology. Our result
is that the bi-layer events are sited tailward as well as earth
ward relatively to a supposed X-line activation source. We
use the near Earth neutral line (NENL) model (e.g., Baker et

al., 1996) as the typical reconnection scheme associated witB-1.1  Bi-layer events “6” and “7” of day 25, 1998

plasma flows and particle accelerations in magnetotail. In

this way we put forward the fundamental scheme on whichThe sixth and seventh bi-layer electron events are observed
is based every result concerning the relative satellite/sourceuring a substorm on 25 January (DOY=25), 1998. Their
positions. According to this scenario the reconnection siteprecise timing, as the substorm proceeds, will potentially
is initially developed close to the Earth and later retreats tail-help us to understand the involved acceleration mechanism.
ward. A satellite tailward of the source (i.e., roughly tailward Geotail was located at (X, Y, 2)=(28.6, —7.3, —4) Rg at

of the locally thinned plasma sheet in which the X-line is de- 04:30 UT.
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Energetic Electron
Bi-layer Events
1and 2

jected to theEy x By drift toward the central plasma sheet.
However an extended discussion is undertaken later on.

Z . L
0 AN Recogecton QQ 3.1.2 Bi-layer events “3” and “4” of day 29, 1998
X - 3
<-iofawa D i e In this paragraph we deal with the so-called “3” and “4” bi-
-~ = layer events, which are associated with a substorm on 29 Jan-
S/C €emmeeee . _Satellite trajectory ™ uary 1998. Figure 10 is essentially synthesized with the same

- format as the Fig. 9; itis focused on the under study substorm
B ereilc Electon , episode, too. The intense tailward (earthward) fluxes for the
Bilayer Events Bi-layer Event 3 58-77 keV protons, in the top panel, along with the very high
4,5,6and7 tailward (earthward) plasma flows, in the bottom panel, and
the mostly negative (positive) theta angles of the magnetic
Fig. 8. A sketch for a typical X-type reconnection line with the sub- field are manifestations of the fact that the satellite passes by
storm associated earthward and tailward plasma flows; the satellitg , x-line as it is illustrated in Fig. 8. Thus, we infer that
(SIC) is considered propagating earthward in a stationary structurey, o bi-layer event “3” occurs close to the sig (tailward

The bi-layer events “4”, “5”, “6” and “7” occurred at the sifeq, I . wpn
ma flows) and the bi-layer event “4” occurs close to the
whereas the events “1”, “2", and “3” occurred@p and23 at the plasma io s) and the bi-layer event °
site 1 (earthward plasma flows).

right-hand side of the neutral line.

Occurrence Site for  Energetic Electron

3.1.3 Bi-layer events “1” and “2” of day 248, 1996

We look at Fig. 9 synthesized by only the necessary Geo-pege events are also substorm associated and observed on
tail data-sets that suffice to prove our just articulated con-, September 1996. From the large amount of datasets ac-
clusion. From top to bottom, we plot (a) the 58-77KeV ;o nnanving these events, we have indicatively selected the
proton differential fluxes; (b) the greater than 38keV inte- 5o tely necessary parameters plotted in Fig. 11. Around
gral electron fluxes; (c) the theta (polar) angle of the mag->, .35 T the negative theta angle of the magnetic field along
netic field; (d) thevx component of the plasma velocity, and iy the (weak) tailward plasma flows close to neutral sheet
() the Bx component of the magnetic field. Additionally, g —qnT) assure us that the satellite was located within or
the most interesting interval a8y is shown in detail at the o1 cjose to the acceleration source (reconnection site). 10
bottom panel trace: The satellite moves from the plasmaand 15min later the bi-layer electron events “1” and “2”
sheet boundary region toward the neutral sheet and record&re observed, while (weak) tailward plasma flow continues
the two bi-layer electron events marked with arrows. 1tisy, o, Thus, we infer that both events occurred in north
apparent that the just mentioned satellite motion is accom-masma sheet and tailward of an X-line: at the §te which

panied by weak earthward plasma fluxes, while a few min-ig 1o symmetric of2, with respect to the X-axis (Fig. 8).
utes later the earthward plasma velocity exceeds the value

of 1000kms?t. Conversely, before this time the plasma 31 4 Bi-layer event “5” of day 68, 1995
flows were essentially tailward with a major measured ve-
locity value Vx ~ —500kms®. The tailward plasma flows The fifth bi-layer electron event is briefly commented as fol-
are associated with exceptionally intense tailward energetidows: First, the geostationary satellite 1990-095 shows at
proton fluxes, which are shown using the blue line at the top~05:05UT an electron injection at E902:30 (not shown
panel. These 58—77 keV proton fluxes are switched to earthhere), and the under study electron event ocet88 min af-
ward when the plasma flows do the same. In addition, theter the injection time. In Fig. 5 persistent tailward electron
theta angle trace of the magnetic field (third panel) in factfluxes are mainly observed witBy ~ —25 nT; the earthward
shows the local magnetotail depolarization process that is inielectron fluxes are observed later wiBy| <5nT. One can
tiated at~04:37 UT; 6 finally becomes~80°, a well estab- infer that the satellite gradually approaches the neutral sheet;
lished signature of the substorm’s recovery phase. Thereforegt the same time the plasma velocity is slightly earthward
we infer that the bi-layer electron events “6” and “7” are both (~100km s, not shown here) and the magnetic field re-
detected just before the observed intense earthward fluxegovers to its dipole-like configuration. Therefore, we deduce
around the point of letteR; in Fig. 8. This is an exceptional that bi-layer event “5” was located close to the tg in
result; energetic electrons are observed to stream inward anig. 8.
outward of the “reconnection site” simultaneously.

It is worth noticing that the tailward electron fluxes are
probably not reflected populations on Earth. In the opposite
case we should observe the reverse order of flows in bi-layer
events: Earthward fluxes at largBy and tailward fluxes at
slightly decrease®y values, given that the electrons are sub-
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Fig. 9. Data-sets concerning an isolated substorm occurred on 4 September 1996. Geotail datasets from top {a)dettion differential
fluxes (58—77 keV) andb) electron integral fluxesH > 38 keV) from the EPIC/ICS instrumen(g) theta angle of the magnetic field (in
degrees)(d) Vx component of the plasma velocity (in km%), (e) Bx component of the magnetic field, a(fjia close up ofBx concerning
the interval 04:25-04:45 UT wherein the bi-layer events “6” and “7” are observed.

www.ann-geophys.net/28/455/2010/ Ann. Geophys., 28, 4552010

467



468 D. V. Sarafopoulos: Bi-layer structure of counterstreaming energetic electron fluxes

1E+005

[ TTTT

1E+004

Tailward Earthward
Fluxes Fluxes

10000IIIIIIIIIIIIIIIII!|I!III:

| -

o83 i ]
E i X ]
&R '
== & 1000 !
8- |
8 S !
O oo |
= |
|
100 | | l:
]
|
|
|
|
|
|

ED1: E>38 keV

Geotail / EPIC
Electron Integral Fluxes
m
&

8
[ TTITI AL
E .

; 1E+003
u_ggo"""""""""""""
W) ! ! » 1 E
2 45wt w I ! ;;‘\.L A
@ s gl gl ! A, el
=8 ot R e A L A S
BE | il ! Bi-layer ' /
N LA R —
é(% oo L1 L 1 | 1"Il :I L1 BI Iayer' Evgnt "4" I I |
= -10 T T T 1 I T Ve Itlnjll I
G —~ & L 2 bl * PIasma Sheet
Z‘E 0 “\’\..rgﬁ"—»—mﬁ-—.f-»_‘_.,_i___l B —
s IR TR e -'-_ "..
= % 0| Plasma = WA ;
gm Sheet P VWi R
O
&
i T~
4927
-~
== £
© N
88= Earthward
0 a>
Oz Flow

g e
22:40 22:45 2250 22:55  23:00 2305 2310 UT

Fig. 10. Data-sets concerning the bi-layer events “3” and “4” occurred during the substorm on 29 January 1998. The tailward plasma flows
are observed in parallel with the tailward energetic proton fluxes (red shaded area at the top panel), while the earthward plasma flows are
observed in parallel with earthward energetic proton fluxes (blue shaded area at the top panel). The format is similar with that of Fig. 9.

3.2 Three significant issues associated with the bi-layer accelerated. Actually, the earthward fast moving electrons
events can be mirrored near Earth by the converging magnetic field
lines and be reflected tailward. Williams (1981), in his early
3.2.1 Tailward streaming electrons, not reflected beams ~ ISEE-1 work, demonstrated that energetic ions streaming
tailward along theB are simply the result of mirror point
reflection of an earthward moving ion population. In the

First and foremost we must discriminate between the tail- case of much more faster moving electrons, we anticipate
ward reflected electrons and those which are locally tailward
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Bi-layer  Bi-layer 3.2.2 Electron acceleration mechanisms proposed in the
Event "2" Event"1" past

100_|1||||\I\IIII\I\:II[I:\I]_

l ------- F Nefotviru g Apparently we do not reject the electron acceleration mech-
anisms proposed in the past; it is significant to remove
any misconception associated with this issue. For instance,
Hoshino et al. (2001) studied the origin of the hot and
suprathermal electrons in terms of the kinetic magnetic
reconnection process by using simulations. Additionally,
Hoshino (2005) suggested the “electron surfing acceleration
mechanism in magnetic reconnection” based on the polariza-
tion electric fields pointing toward the neutral sheet in a thin
plasma sheet. In the akis geometry the Hoshino’s electron
surfing acceleration mechanism may work in a similar way
as in the X-type magnetic reconnection configuration. Their
V-shaped magnetic field geometry and the (cross-magnetic
field) polarization electric fields are similar with the akis ge-
Fig. 11. Datasets for théx component of plasma velocity along ometry and its as;ociated orthogonal electric fields. .The ob-
with the theta angle and thBx component of the magnetic field Served electron bi-layer structure may add something very
associated with the bi-layer events “1” and “2”. We observe thatimportant to their mechanism.
both events occurred with slightly tailward plasma flow. Moreover, Fujimoto and Machida (2006) simulated a gen-

eration mechanism of high-energy electrons in the plasma

sheet/lobe boundary region associated with magnetic recon-
that almost immediately with the earthward electron fluxes,nection. All these efforts (plus more of them not cited here)
tailward ones must occur; hence, bi-directional fluxes like are not questioned here; however, it is clear that these mech-
those studied by Shiokawa et al. (2003) should be finally ob-anisms do not automatically reproduce the observed electron
served. In contrast, we have observed, at least in Fig. 5, aBi-layer feature; nobody has predicted or discussed such a

~160-s uninterrupted tailward electron flow. The round trip Jayered spatial structure of counterstreaming energetic elec-
of reflected electrons for the under study events is 2R£60 trons.

and the travel time does not exceed the 1-3s. Thus, if the Hoshino (2005) in his simulation results produced an
tailward electrons are reflected on Earth, then we ought toelectron plasma sheet boundary layer (PSBL) beam of hot
observe rather bi-directional electron angular distributions,electrons” flowing away the X-type region and, in the outer
or (in scarce cases) the tailward electrons should be observesbundary region, a beam of cold electron flowing toward the
at lower By values given that the electrons are affected byX-type region. His results are consistent with the observa-
the Ey x By drift toward the neutral sheet. However, in all tions of Nagai et al. (2001), who “commonly observed in-
our cases (together with those observed just at the plasmgiowing less than 5keV electrons in the outermost layer of
sheet/lobe interface) the tailward streaming electrons havghe plasma sheet in magnetic reconnection events, where ac-
occurred on magnetic field lines characterized by higher  celerated ions and electrons flow away from the magnetic
values; a result of great importance. For instance, in Fig. Ireconnection region. Finally, the latter mentioned works are
the tailward electron flow from 21:49:20 to 21:49:50 UT has differentiated from our study in two elements: First, our dis-
occurred withBy greater than 18 nT; in Figs. 2 and 3 the tail- tinct antiparallel beams are both composed of energetic elec-
ward fluxes around 21:45:50 and 22:54:00 UT, respectivelytrons; they did not detect any energetic electron beam moving
occurred adjacent to the lobes where, as it is anticipated, thesward the X-line. Second, we use integral electron measure-
flux intensities sharply decrease. Similarly, in Fig. 5 aroundments greater than 38 keV, while they used 5keV electrons;
05:29:00, and in Fig. 6 around 04:29:10 UT, tailward elec- hence, we can not discuss any result related to 5keV elec-
tron fluxes have apparently occurred in a lobe-like domain.trons, it does not add something to our study; its out of the
Therefore, systematically the tailward streaming electronsield defined in the title of this work.
are detected at the external plasma sheet layer (in cases ad-Fyjimoto et al. (2001) reported on electrons, in the 0.1 keV
jacent to the IObeS). Addltlona”y, in all cases the pairs Ofto a few keV energy range, that were seen to flow tail-
parallel and anti-parallel layers are well-separated; a featuryard at the lobe/plasma sheet interface in the near Earth
that is later interpreted adopting the notion of two distinct (x < —15Rg) magnetotail with their pitch angles highly col-
and spatially separated antiparallel electric fields. limated along the field lines. They proposed that the tailward
electrons sustain the downward field aligned current (FAC)
originating from the near Earth X-line magnetotail recon-
nection. Certainly we also observe tailward electron flows,

Geotail / LEP
Vx (Km s?)

GSM Theta (deg)

Geotail / MGF  Geotail / MGF
Bx (nT)

T
21:30:00 21:40:00 21:50:00 UT
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Fig. 12. Under the X-type reconnection model, as a satellite is crossing inward the separatrix, regardless of plasma flow direction, the
electron bi-layer structure may be encountered. That is, we should always observe tailward (Tw) streaming electron fluxes in the layer closer
to the lobes and earthward (Ew) electron fluxes in the layer closer to the central plasma sheet.

although with much more energetic electrons; most impor-currence positions between the bi-layer events and the sup-
tantly, our selected events concern bi-layer structures wittposed reconnection site, the X-line. Figure 8 visualizes our
earthward electron fluxes, too. We, as well as Fujimoto etresult: Four bi-layer events observed earthward of the X-line
al. (2001), study streaming electrons, but beyond this comand three events are observed tailward of it. Therefore, the

mon ground, we discuss essentially different issues. big challenge for any candidate mechanism is its potentiality
o _ . _ to produce all these observed features. It should be, again,
3.2.3 Brief discussion pertinent to the X-line model stressed that to our Knowledge there is no a theory or a sim-

) ) ulation effort predicting or discussing the bi-layer energetic
The observed (Sarris et al., 1976) acceleration of plasm%lectron structure

sheet particles to energies above the electrostatic potential o ) ]
across the magnetosphere is interpreted in terms of the tail re- A9&in, if we attempt to address the issue on the basis of
connection that involves large inductive electric fields. Many € X-line model, then we should have a geometry like that
authors (Coppi et al., 1966; Schindler, 1974; Galeev and zeSketched in Fig. 12. We consider that the typical X-line
lenyi, 1975: Galeev et al., 1978) have recognized that if the0del is associated with an excess amount of demagnetized
collisionless tearing mode is unstable in the tail and grows td©nS in the ion diffusion region and an excess amount of elec-
large amplitudes, it could provide rapid dissipation of the tail trons in th? electroq dlfoSIf)n region, so that between.thejm
magnetic energy and the inductive acceleration of energeti@ Polarization electric field is directed to the neutral point in
particles. Later Baker et al. (1979) presented an accelerat-he inflow region. The_ candidate acceleration mechanism has
tion scheme based on the above cited works and the workP @lways produce tailward (Tw) electron fluxes closer to the
of Sarris and Axford (1979); energetic particles stream out-lobes, and earthward (Ew) electron ﬂl_Jxes in_thellayer closer
ward from the X-line site and along the newly reconnected!© the central plasma sheet. At the time being it should be
magnetic field lines. From these early works onward the x-Clearly stated: We did not resolve the raised question; it was

line reconnection model, in general, is supposed to producdMPossible to find a mechanism producing the electron bi-
suprathermal ions and electrons. However, the studied bi[ayer_structures_on the basis of an X-type reconnection line.
layer electron events seem to dictate additional features or} NS iS @n open issue for future research efforts.
the acceleration source; they impose several constraints on Nevertheless, we consider that it is legitimate to try an ex-
the activated center. The micro-mechanism governing the Xplanation scenario which is based on the “akis dynamics”, as
line reconnection must generate and the bi-layer domain a# is introduced by Sarafopoulos (2008). The akis structure
well. seems to be much promising, with its own magnetic field
The studied layered structures pose a fundamental quegepology and charge decoupling mechanism. In our consid-
tion. So far it is considered as a commonplace that energetieration, there are significant similarities and differentiations,
electrons stream always outward from an activated center, thas far as akis is compared to the standard X-type theory. The
X-line; however, we observe outcoming and incoming ener-identification of alternate mechanisms does not diminish the
getic electrons simultaneously. Most importantly, the prob-X-line models as viable possibilities. Moreover, our pur-
lem has an additional dimension resulted by the relative ocpose is not to contradict the X-line reconnection model; our
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Fig. 14. The akis is formed when the chaotization process reaches
____________ its full-scale atRc=rg. Moreover, the akis ions will be stochasti-
- cally scattered by strong wave turbulence and under the influence of
V1 P, will be diffused tailward transversely to the magnetic field
lines; this way the ion capsule region with net positive charge is

formed.

3.3 An approach based on the akis dynamics
Fig. 13. Schematic illustrating the structure of plasma sheet close
to the ion chaotization boundaries. During the substorm’s growth3.3.1 Magnetic field topology related to akis
phase the magnetotail magnetic field lines are stretched out from
the Earth. At a Near Earth point A, when the magnetic field line It is of particular interest to briefly introduce-identify the
satisfies the criterion oRc=rg (thick-dashed line), then the ions  three well-separated regions in the near Earth magnetotail re-
are en_tirely pitch angle scattered and the cross-tail current will begted to the akis structure. These regions are as follows:
exclusively depended o¥i P, . Region 1: This region termed “akis” by Sarafopoulos
(2008) loses a portion of its hot ion content; the tailward
ejected population is composed of demagnetized ions. The
prime pre-requisite leading to the development of akis is
H1e plasma sheet thinning process near the Earth during the
growth phase of a substorm. The magnetic field steadily ob-
tains a more stretched geometry, like that shown in Fig. 13; a

motivation remains to scrutinize the properties of the akis
geometry. The dynamics of akis may be the prime trigger
that accelerates all the other processes in magnetotail. |
this case, we will offer something related with the correct

identification of processes in the cause-and-effect relation .
result well understood from early works (e.g., look at Fig. 3

ship, hence the physics. é'n the work of Schindler, 1974). Furthermore, we assume

As a result, this author undertakes an effort to suggest i, . . i .
that the critical configuration of akis is set by the limRig=rg

mechanism that potentially produces the exhibited observa- oo
{whereR¢ andrg are the local magnetic field curvature and

tions. Moreover, the latter leads to a micro-mechanism tha . ) ; )
ion gyroradius, respectively; see the Introduction section). In

potentially causes cross-tail current disruption; in this view, Earth ol heet while th bst ated
our proposed scheme would be considered as a compleme{"je near karth plasma sheet, while the substorm associate
ocal thinning process is underway, the pitch-angle scatter-

tary theory to the current disruption or magnetic reconnec-,

tion ones (Lui et al., 2008). In essence, we suggest that thi!9 Process of ions becomes significant wiiy 9rg. The

electric field formed in front of akis may be catalytically im- lons are Ie(_JI to an _|sotrop|za_t|o_n Whm:r_g' Additionally,
portant to fire the tail magneto-plasma and trigger off the the non-adiabatic ions of akis interact with strong wave tur-
substorm episode. Eventually, we propose that the akis dypulence and therefore they undergo a transition to stochastic

namics indeed may lead to current disruption and/or mag_scattenng. These demagnetized ions of akis diffuse tailward

netic reconnection. Obviously, this work opens new conver-2¢r0ss the magnetif: field. Thi; way the akis region behind
sation; unanswered questions remain and future work is nect—_he boundaryRc_:_rg IS char_actgrlzed by an excess of nega-
essary. This moment our main concern is that the proposeHVe chargg, asitis shown in F'g.' 14. Certainly an outflow of
mechanism does not violate any basic magneto-plasma Iavx'/(.)nOSpherIC lons .Sh.OUId be motivated to neutralize the nega-
Our suggestion will be largely a qualitative approach: fur- _t|ve charge of akis in the plasma sheet. However, the Iattgr
ther thorough theoretical analysis and simulation efforts ard> @ Very slow process that needs one to two hours (Cladis,
needed. 1886; Delcourt et al., 1999; Chappell et al. 2000).
Region 2: The akis is encapsulated by an electric field
E |, which is directed inward (earthward) and perpendicular
to the local magnetic field lines on the flanks of akis. This
orthogonal electric field in many ways resembles with the
polarization electric field in the inflow region of an X-type

reconnection configuration.
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Fig. 15.In a near Earth thinned plasma sheet three distinct regions may be embedded: The akis region, the region of dithadectaic
field and the ion capsule region. Tailward of akis (ion donor) is formed the capsule region (ion receptor). Akis is negatively charged and an
electric fieldE | perpendicular to the magnetic field lines is developed in the space between akis and capsule. The akis topology supports
charge separation and magnetic-field aligi#gdelectric fields which potentially drive field-aligned currents and accelerate electrons.

Region 3: Tailward of the region of electric fiel& ; an- cused on the substorm growth phase. Magnetic field models
other region is formed by the ion diffusion process: The solike that of Wanliss et al. (2000) potentially are valuable tools
called “ion capsule region” characterized by a net positiveapproaching the “akis” dynamics.
charge. The configuration of the proposed ensemble of three
regions is illustrated in Fig. 15. Certainly, somewhere in the3.3.2 Fundamental assumptions
ion capsule region wittR; < rg/2 the ions will presumably ) ) ) )
perform the Speiser-type motion (Speiser, 1965). It is apparFundamental qssumptlons concerning the akis structure, its
ent that, in general, the. monotonically decreases at greater Properties and its key role are as follows:
distances from the Earth, something which is impressively First assumption: In a stationary plasma with anisotropic
shown by the Pulkkinen et al. (1992) simulations. Below our Pressures”, and Py (where, the subscripts. and II refer

fundamental assumptions are more clearly cited. to perpendicular and parallel to the magnetic field, respec-

The ensemble of regions of akig, and capsule develops tively), the perpendicular total curregii (Baumjohann and
Treumann, 1996) is given by

phenomena very similar to those taking place at the junction

of a p-n diode. Akis is the ion donor and capsule istheion v, P, P —P,
acceptor; the diffusion is at the core of processes. If the reJL= B BRe
gion in between akis and capsule becomes depleted of charge
carriers, then it will behave as an insulatd#; is the elec-  Inside the ion chaotization boundargd=rg) the ions are
tric field that is developed through the depletion zone-regionconsidered pitch angle scattered and the pressure is isotropic
having a depletion width. (P;; = P1), which eliminates the current contributio_n from
It is meaningful to mention two more works that essen-‘(‘::h.e cll;r)vgture term”. Therefore, the total magnetic force
ig. is

tially are based in a stretched topology (like that of akis) for
the near Earth magnetotail. Liu (2001) developed a formula-f _ v, P,

tion generating bursty bulk flows (BBFs) of plasma without

introducing any NENL model; instead he based on “a highly Second assumption:We already considered that as tRg
curved current sheet”. Additionally, Wanliss et al. (2002) us- curvature tends to become equakgfthe ions become non-
ing a test particle model were able to produce fast tailwardadiabatic. At the limitR.=rg, we assume that the demagne-
plasma flows in the near Earth central plasma sheet regiortjzation process is also under way and the ions do not move
as a consequence of plasma sheet boundary layer ion beawith the magnetic field lines. Moreover, the frozen-in mag-
dynamics. Both of the just cited works are exclusively fo- netic field condition is violated (by strong wave turbulence)
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and consequently, “plasma elements which are at one tim¢e.g., Takahashi et al., 1987; Sarafopoulos, 2008). Their peri-
in a common magnetic field line may be on different field odicities ofT ~ 20-s are dictated, as we suppose, by the neu-
lines at another time” @thammar, 2004). In this way, an tralizing electrons (FACs) of the ion capsule charge. Further
ion diffusion region is formed in the akis region much like treatment and elaboration of this mechanism, in association
that formed around an X-type line in a thin plasma sheet. Wewith in situ observations, will be our future research issue.
can argue that the motion of particles in the strongly inhomo-  Sixth assumption: The magnetic field line curvature radii
geneous magnetic field (of akis), as well as the interaction okteadily decrease further away from the Earth. The akis
particles with waves, lead to stochastic scattering of the parstructure is apparently not characterized by the mininigm
ticles (e.g., Bichner and Zelenyi, 1989; Chen, 1992). in the magnetotail; certainly the minimu®. may even al-
Third assumption: Since the ion particles of akis are low the electron chaotization. We again stress that the akis
stochastically scattered and an intense pressure gradient is just associated with the full chaotization of ion orbits.
present at the same time, then we can describe our situationhus throughout all the three regions shown in Fig. 15, the
in terms of anomalous diffusion: lon diffusion takes place electrons are assumed moving adiabatically. Pulkkimen et
across the magnetic field; that is, ions are ejected tailward ofl. (1992) have modeled the Earth's magnetotail magnetic
akis. The concept of ion diffusion is also discussed by a fewfield during the substorm growth phase and clearly discrim-
researchers (e.g., Swift, 1992; especially by Lyatsky, 1999jnated and computed the two distinct earthward boundaries
and references therein). This way an “ion capsule” or an ionof chaotization: The first for the thermal (5keV) ions tail-
pocket region is formed. Field-aligned currents will be initi- ward of~8 Rg, and the second for thermal (1 keV) electrons
ated to neutralize the newly formed net positive charge. tailward of~12 Rg; for strong substorms the electron chaoti-
Fourth assumption. During the substorm’s growth phase zation boundary is shown to be displaced closer to the Earth.
the magnetotail magnetic field lines are stretched out fromThe critical condition for the tearing mode instability derived
the Earth (Sergeev et al., 1996; Rostoker, 1996; Baker et alby Biichner and Zelenyi (1987) may be reached in a small
1996; Lui, 1996). As the substorm’s growth phase is un-region inside the electron chaotic region (Pulkkimen et al.,
derway new magnetic field lines will satisfy the criterion of 1992).
Rc=rg and a tailward ejected demagnetized ion population Seventh assumption: The akis is not a homogeneously
will always exist. The ensemble of akis-capsule can be acharged region with net negative charge; charge redistribu-
long-lived structure. The situation is similar to that of the tion takes place along the magnetic field lines and leads
inflow region in the X-type reconnection geometry. In our to increased electron densities just at the tip region of akis
scenario the electrons in the akis neighbourhood remain adi¢Sarafopoulos, 2008). Electrostatic forces push the electrons
abatic. toward the tip where the charge density increases; the tip is
Fifth assumption. If we presume an impulsive (almostin- working much like as in charged metallic conductors.
stantaneous) ion diffusion process, then the life-time for the Eighth assumption: The plasma sheet thinning during
positive capsule charge would be no more th&80s. The  the growth phase of a substorm proceeds gradually earth-
cold ionosphere electrons moving to neutralize the net posiward (Sauvaud and Winckler, 1980; Pulkkinen et al., 1992).
tive charge would arrive in the ion pocket region in 10-30 S, Therefore, at a given distance from the Earth fecontin-
an arbitrary value deduced from its supposed role, as we shallously decreases; wheRy=rg, the ejected ions tailward of

see bellow. However, this time is very small if the akis dy- akis supply with ions the capsule region. The latter condition
namics is to be connected with the duration of local currentmay be satisfied close to the Earth, for instance, from 7 to

disruption in near earth magnetotail, which is typically short 15 R away from Earth.

and ranges from-1 to 5 min according to Lui et al. (1992).

In addition, it is worth noticing that, for instance, the de- 3.3.3 Magnetic-field aligned electric fields and layered
tected time-life of burst-like tailware60 keV proton fluxes, electron events

for the day 29, 1998, substorm event (look at our Fig. 10), is

~4 min. Under these circumstances we make a speculativAccording to our scenario, inside the akis and ion cap-
suggestion arguing that an additional mechanism is at worksule regions, the ideal MHD approximation breaks down;
as cold ionosphere electrons are travelling along the magthe frozen-in condition for the magnetic field lines is vi-
netic field lines to neutralize the ion charge, they are actuallyolated. Within the akis region the supposed strong wave
accelerated. Consequently, the electrons achieve their maxurbulence leads to ion demagnetization and tailward dif-
imum kinetic energy and velocity when they cross the ionfusion; the frozen-in field condition is violated, and hence
pocket region; an oscillatory motion would be established.field-aligned electric fields are allowed to exist under such
If the electron bounce motion is repeated, for instance forconditions (Rlthammar, 2004, and references therein). In
10 cycles, then the time-life for the pocket charge will be contrast, in collisionless plasmas the magnetic-field aligned
100-300 s, that is comparable with the current disruption du-electric fields cannot exist, because the unimpeded motion of
ration. As a matter of fact quasi-periodic variations along electrons and ions along magnetic field lines would “short-
the north-south component &f are observed and discussed circuit” them.
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B =0 — Southward turnings of magnetic field 3.3.4 s bi-layer event “3” characterized by the akis
||||||||Illllll|lllllllllll geometry’)

H ©
o O

o

The bi-layer event “3” occurred with tailward plasma flow
(Vx ~ —300kms), and it was located at the si®@, in
Fig. 8; this is the reason we further scrutinize if actually
the akis structure was really developed. Figure 16 emphat-
ically demonstrates the magnetic field topology, when the
event “3” occurred. We deliberately plot the magnetic field
L L B e e e e e for two selected intervals: The upper two traces (being the
224830 224835 224840 224845  UT first interval) show that, at times, the neutral sheet crossings
B,=0 — Northward turnings of magnetic field (Bx=0) are associated with intense southward turnings of the
L [ LY R ‘B‘i-llaylerll m magnetic field. One may argue that about four “very small
Event "3" N plasmoid-like” structures could be counted in the shown data.
It seems that exactly at this time, when we observe ex-
, N treme tailward plasma flows and the highest energetic pro-
: t ton fluxes, the satellite is at the very core of the accelera-
tion source. In contrast, a few minutes later this scenery is
radically changed for the second interval: The bottom two
traces show that in this situation each satellite approach to
the neutral sheet is essentially accompanied by positive theta
angles. The latter provides strong evidence that this time the
local magnetotail is recovered to its “background geometry”
Fig. 16. Two intervals (almost in succession) showing two radi- in which the bi-layer event “3” occurred; as a matter of fact
cally different plasma regimes in magnetotail. The upper two tracesve detect a magnetic field geometry which may be as that
(being the first interval) show that, at times, the neutral sheet crosssketched in Fig. 15. Therefore, we infer that the plasma flow
ings are associated with intense southward turnings of the magnetidirection is not the dominant and absolute criterion; we argue
field. The bottom two traces show that each satellite approach to thenat rather the geometry of the magnetic field configuration
neutral sheet i§ essentially acgompanied by positive _theta anglesg of prime importance. Although it is not directly related
Therefore, during the second interval (wherein the bi-layer eventy, this work, we think that it is worth noticing that around
Oingt(;;ff”ed) the local magnetotail recovers to its *background ge- 55. 1.3 yT in Fig. 10, tailward plasma flows indeed occur
' with positive magnetic field polar angles in the very central
» o o plasma sheet. Finally, we underline that for the events “1”
_The net positive charge distributed within the capsule re-3q «o» yith tailward plasma flows there is not detectable
gion produces an electric fiel#; parallel to the magnetic any neutral sheet crossing.
field lines. This electric field accelerates the nearby electrons
which move tailward neutralizing the net positive charge. ] ) ) ] ]
Cold ionospheric electrons are also forced to be accelerated-3-5 Akis and cross-tail current disruption mechanism
all the way from the ionosphere to neutral sheet, since an
E, always exists along the magnetic field line given that The isotropic angular distribution of ions inside the region
V- E| = protaleo, Whereprotal is the electron density. There- of akis (whenR¢ ~ rg) will lead to enhanced ionospheric
fore, tailward streaming electrons along the magnetic fieldloss cone precipitation at the auroral latitudes (Lyons and
lines could be produced; and they are indeed observed in biSpeiser, 1982). Thus, ions close to being field-aligned will
layer events. escape outside the akis region. Another fraction of hot de-
Similarly, the akis is already considered as a region wherenagnetized and stochastically scattered ions will be ejected
negative charge is trapped (Sarafopoulos, 2008). Hencento the ion capsule region establishing the orthogonal elec-
the akis may support a magnetic-field alignEq electric tric field E | in the space in front of akis. Therefore, a possi-
field which is directed almost tailward; electrons could be ble mechanisms triggering cross-tail current disruption may
accelerated earthward, and actually they are detected in bbe as follows: Once the orthogon&l, is established, then
layer events. Consequently, the different polarity net chargemewly diffused ions from akis would be rather subjected to a
(and the associated magnetic-field aligriggelectric fields ~ dawnwardEx x B drift. In addition, diamagnetic electrons
shown in Fig. 15 with blue and purple colours) result in the continue to drift dawnward, too. The latter may be the key
bi-layer electron structure. The antiparall&lg are well sep-  mechanism capable of producing cross tail current disrup-
arated in space; the tailward streaming electrons must alwayson. Instead, the cross-tail current increases in the capsule
be observed closer to the lobes. region.
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3.3.6 Balance equation across a stretched magnetic field fields which finally produce the bi-layer electron events. Ad-
geometry ditionally, it is assumed that the akis is encapsulated by an
electric field which is directed earthward and perpendicular
We can obtain a more quantitative statement from the basi¢g | ) to the local magnetic field lines on the flanks of akis.
MHD equations perpendicular to the curved magnetic fieldwe argue that thé; can even cause cross tail current dis-
lines in a stretched tail-like geometry. Hence, we write theryption in front of akis. The region of ; is very similar to

equation of motion, for the late growth phase and just priorthe depleted zone of charge carriers in a p-n diode junction.
to the substorm onset, in the stationary case
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