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Abstract. The present paper is devoted to the statistical studyKey words. Magnetospheric physics (magnetotail; magne-
of plasma structures observed at the interface between magetail boundary layers; plasma sheet)

netospheric lobes and the plasma sheet at distances of 15—
25Rg. The majority of the registered structures are bursty
earthward ion streams with energies about 10-30 keV knownry
as “beamlets”. The paper describes the results of beam-

let statistical analysis for different interplanetary magnetic Numerous measurements carried out in 1980’s demonstrated
fields (IMF), clock-angles and various magnetospheric con+he existence of the interface between the hot quasi-isotropic
ditions. It is shown that the energy of beamlets increasesentral Plasma Sheet (CPS) and the magnetotail lobe region
monotonously with a distance from the neutral sheet (NS)(Eastman et al., 1984, 1985; Parks et al., 1984; Takahashi and
during slightly southward IMF and quiet magnetospheric Hones, 1988). This temporal variable transition region was
conditions. Under these conditions, beamlets are observeggjled the Plasma Sheet Boundary Layer (PSBL). The key
up to 5-6Ry over the NS. In contrast, the beamlet energy role of the PSBL in the magnetotail dynamic, an important
decreases with ianeaSing distance from the NS if the ”V":region of mass, energy and momentum transport, was real-
is northward, and the region of beamlet observation becomefyed since these early observations. First, it was assumed that
much wider up to 1%, above the NS. The same (inverse) the existence of the PSBL can be related to the substorm pro-
beamlet energy dependence on the distance from the NS igesses (Winningham et al., 1975) and only later it was proved
also registered during active magnetospheric periods. that the PSBL is a permanent feature of the magnetotail pre-
Yet, the plasma structures of various duration with quasi-sented even during the extended quiet periods (Eastman et
isotropic ion velocity distributions resembling the plasma of al., 1984).
the plasma sheet (PS) were observed in the same region. The PSBL has no well-defined boundaries (Grigorenko et
Statistical study performed for various IMF clock-angles al., 2000) and consists of complex plasma structures includ-
demonstrates the clear difference in the spatial distributionsng fast earthward 400 km/s) flows (Lui et al., 1983; East-
of such plasma structures for two extreme IMF directions.man et al., 1984; Baumjohann et al., 1988). Bidirectional
When IMF is primarily northward, PS-like plasma fills the beams are observed with higher densities further inside the
lobe region almost entirely and could be associated with thePSBL (Parks et al., 1998) and then they evolve into the hot
PS expansions. For primarily southward IMF time intervals, isotropic CPS component.
the probability of observing PS-like structures of long dura-  High velocity ion beams are observed in a rather wide re-
tion sharply decreases with the increasing distance from thegjion including magnetotail lobes (Baumjohann et al., 1988;
NS, but PS-like structures of short duratioss 500s) are  Orsini et al., 1987). Their distribution function was first re-
distributed almost uniformly up to 12z above the NS. This  ported in the experiment by De Coster and Frank (1979) and
feature cannot be described in terms of the PS flapping motheoretically explained by Onsager et al. (1990}icBner
tions and requires another explanation. Relevance and limiand Zelenyi (1990); Zelenyi et al. (1996). According to the
tations of the existing models attempting to explain the gen-theory, such high velocity localized ion beams (beamlets) are
eration mechanisms of these transient structures are brieflghe result of nonadiabatic plasma acceleration in the spatially

Introduction

discussed in the concluding part of the paper. limited regions of the distant magnetotail. A first attempt to
make a kinetic modelling of the complicated mantle plasma
Correspondence tde. E. Grigorenko acceleration in the magnetotail (Ashour-Abdalla et al., 1993)

(grig@afed.iki.rssi.ru) also revealed that the PSBL could be filled by spatially lo-
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Fig. 1. An example of the Interball-1 (Tail Probe) orbit passing near 5
the midnight meridional plane in winter season.
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calized earthward and tailward streaming ion beams. Othe
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theoretical models (Chen et al., 1990; Onsager et al., 1991; | 20 —vwm—ommy || oo prm o]
Moses et al., 1993) also gave their explanations for the com- <= ig:
m =

plicated structure of accelerated ion beams in the phase spac
(see Sect. 6).

Independently, the observations of plasma structures, re-
sembling the “scraps” of the plasma sheet (PS) material (i.e.
plasma structures detached from the main body of the PSig 2. an example of an isolated beamlet. The lower 3 panels
and having no pronounced bulk velocities were reported forshow from top to bottom: E-T spectrogram of earthward ions, E-T
the PSBL and the adjacent lobe regions (Himenez et al.spectrogram of tailward ions, the magnitude of the magnetic field.
1984, Belova et al., 1987). Observation of such “scraps”The red arrow marks the beamlet event. The— V;; distribution
could be related to the PS flapping motions. But such plasmdunction of the marked beamlet obtained for 3.8's is shown in the
structures can also be formed as a result of magnetospherfep panel.
convection changes (Ogino et al., 1994) or due to the de-

velopment of a large-scale instability at the edge of the PS o ) o
(Belova et al., 1987: Milovanov et al., 2000). The organization of the paper is as follows: in Sect. 2,

The Interball-1 spacecraft performed observations in thethe Interball-1 orbit and the data used in our analysis are de-

lobes — PS interface during 1995-2000 time interval. TheScribed. In Sect. 3, an overall description and examples of

data discussed in the present paper were obtained in thabserved plasma structures are presented. In Sects. 4 and 5,
1995-1998 years. The aim of this study is to answer theV® demonstrate the statistical characteristics of beamlets and

following questions: PS-like plasmg structures_, respectiyely. Section 6 is devoted
_ to the discussion of possible physical mechanisms of such
1. What types of plasma structures are observed in theplasma regime” formations. The conclusion is presented in
PSBL and magnetotail lobes? Sect. 7.

o o
i

21:00 21:05 21:10 21:15 21:20 21:25 21:30
uT

2. What is the spatial distribution of the various types of
plasma structures under different interplanetary con-o |nstrumentation
ditions and under different levels of magnetospheric
activity? The Interball-1 spacecraft was launched in 3 August 1995
3. How do the main characteristics of the plasma struc-.to StUdY mass, energy anq momentum transport in the cr!t-
: ) ical regions of the solar wind/magnetospheric system. Ini-
tures (i.e. energy, duration and so on) depend on the[. ; ;
. : . ial apogee and perigee of the orbit wereR39and 800 km,
location of the observational point and on the external ; e .
o respectively, and the orbit inclination was°63The satel-
conditions? . : . - )
lite spins around the axis pointing to the Sun with a pe-
Then we will make an attempt to find the specific characterisriod of 118s. An example of one real Interball-1 orbit
tics of the plasma properties of these structures which coulds shown in Fig. 1. At each of the tail orbits the satel-
clarify the physical mechanisms of their formation. lite crossed the magnetotail lobe-PSBL-PS interface region.
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of the tail. We analyzed 42 PSBL crossings that occurred 1O;WWWMWM
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The present study was undertaken for the midnight region ig‘ a3
c = E
o o

inside |Ygsml < 7 Rg interval. We used vector magnetic 5
field data and plasma measurements from the MIF mag- 0= ‘ ' ' ' '

: 02:00 02:05 02:10 02:15 02:20 02:25 02:30
netometer (Klimov et al., 1997) and CORALL (Yermolaev uT

et al., 1997) ion spectrometer, respectively. The ion spec-

trometer CORALL allowed one to obtain 3-D distribution Fig. 4. The same as Fig. 2 showing a bidirectional ion beam obser-
(without mass selection) for about 2 min (spacecraft spin pevation.

riod). The individual energy spectrum in the energy range

0.03-25keV was collected for 3.6s. The azimuthal reso- ] o ]
lution of the instrument was about %,0but polar resolu- over, in some cases, a combination of earthward and tailward

tion (elevation from the solar-spacecraft line) was aboat 40 Streaming (reflected) beamlets is observed. In these cases,

The IMF data monitored by the Wind spacecraft were ob-the distribution function has a ring-like shape, as in Fig. 4.

tained via CDA WEB fittp://cdaweb.gsfc.nasa.gowvind We have analysed 83 cases of beamlet observations for dif-
data were shifted for solar wind propagation time betweenfe€rentinterplanetary and magnetospheric conditions. The re-

Wind and Interball-1. Geomagnetic activity indicést sults of the study are discussed in Sect. 4. At the same time
K,, AE were obtained from the Geomagnetic Data Service@nd almost at th.e' same.dlstances from the tail mld—plane,
(http://swdcdb.kugi.kyoto-u.ac.jp/wdc/Sec3.himl we observe quasi-isotropic plasma structures of various dura-

tions, which are accompanied by the magnetic field depres-
sion due to a diamagnetic effect. The typical experimental
3  Observations of Plasma Structures. example of such a plasma structure is illustrated in Fig. 5. In
contrast to beamlets, the ion velocity distribution function
High velocity ion beams (beamlets) moving earthward (moreof such plasma events reveals nearly a quasi-isotropic but
rarely tailward) are indentified in spectrograms as burstycomplex structure. The complexity of the distribution func-
plasma events along with theé| depression. The typical tion could be due to transient effects or due to low statistics.
event duration is not greater than 2 min. All events were reg-The main properties of such plasma structures, e.g. temper-
istered whenBx/|B| ~ 1), i.e. in the northern lobe. Fig- ature (; >1000eV), and an almost isotropic velocity distri-
ure 2 shows the example of the isolated beamlet observed fdyution makes them resemble the plasma of the PS. So we will
from the PS region. Often, beamlets are observed in the recall them “PS-like plasma structures”. Beamlets and PS-like
gions adjacent to the PS, as it is shown in Fig. 3. This factplasma structures are clearly distinguished by their bulk ve-
conforms the concept that the external part of the PS consistcity vectors. While the beamlet bulk velocity is primarily
of the short intermittent ion beams (Ashour-Abdalla et al., parallel to the magnetic field, plasma clouds may have rather
1993). All beamlets have a characteristic velocity distribu- high velocities across the magnetic field XYimnd/orZ direc-
tion function of a “lima-bean” shape (De Coster and Frank, tion). The statistical analysis of such structures is presented
1979; Onsager et al., 1991; Zelenyi et al., 1996; Ashour-in Sect. 5.
Abdalla et al., 1996) shown in two panels of Fig. 2. More- Now, we cannot say definitely if these structures are de-
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T o : C Fig. 6. Left panel: beamlet occurrence frequency versus the nomi-
g o B g nal distance from the neutral sheet4) for quiet magnetospheric
S g 10005 I R E cpe conditions under the southward IMF. Right panel: scatterplot of
s 1005 R \ ',:_100 ) beamlets energy (i.e. energy associated with the field-aligned ve-
© VE o locity of the beam) versuA Z.
= 3 10000: ; E
go = . . .
% L 10005 -t - . e strength of the auroral electrojets relatively uncontaminated
3 1 ! F .
= 1004 1 : b by the effects of ring current.
5 El - e s We have divided all PSBL crossings into 3 groups accord-
© 20; 2 ing to the corresponding magnetospheric and interplanetary
= 15 = conditions. Namely:
53 5 1. southward interplanetary magnetic field (IMF), quiet

0 " )
16:25 16:30 16:35 16:40 16:45 1650 16:55 conditions &, < 1+, AE < 50nT);

ut 2. southward IMF, disturbed condition& [ > 14, AE >
Fig. 5. An example of PS-like structure (plasma filament) observa- 50nT);
tion. Figure layout is the same as in Fig. 2. 3. northward IMF, quiet conditions (the same as in
group 1).

tached from the main body of PS or their observations are Assuming the mechanism of the beamlet formation is
related to the episodic excursions to the PS due to its flapthe non-adiabatic acceleration in the distant magnetotail
ping motions. In Sect. 6, we will make some speculations(Ashour-Abdalla et al., 1993, 1995; Moses et al., 1993;
about the origin of such PS-like plasma structures. Harold et al., 1998), first of all, we have selected the cases
of beamlet observations when the IMF was southward (the
cross-tail electric field was definitely directed from down
4 Statistical analysis of beamlet observations flank to the dusk, which provides the favourable acceleration
conditions in the neutral sheet) and the magnetosphere was
In this section we perform the statistical analysis of beamletquiet enoughX, < 14, AE < 50nT) to clarify the physics
observations for different magnetospheric and interplanetanpf energization without the disturbing factors. We have found
conditions. To characterise the magnetospheric conditionsl5 cases which satisfied these criteria. All of these beam-
we use theK, and AE geomagnetic indices. Thg, in- lets were observed outside the current shBet/(B| ~ 1.0).
dex is a planetark index, which, in turn, is obtained as the Figure 6 (left panel) shows the statistics of the beamlet oc-
mean value of the disturbance levels in the two horizontalcurrence frequency versus the distarcg to the position
field components at a given station that measures the magnef the NS. To avoid a satellite velocity effect, the “beam-
tude of disturbances caused by the phenomena other than thet occurrence frequency” was calculated as the number of
diurnal variation and the long-term component of the storm-beamlet events encountered inside thReglbin alongAZ
time variations, averaged for 3h. TI&g, index is obtained axis normalized to the time required to cross this bin. The
from the K index by specific calculations and an averaging probability of observing beamlets increases with the distance
over 13 standard subauroral stations distributed over the erfrom the NS and drops down whexZ reaches &g. In the
tire Earth. Since ionospheric currents in the auroral zone conright panel of Fig. 6, beamlet energies (i.e. energy associated
siderably influence the magnetic field near the Earth, we alsavith the field-aligned velocity of the beam) versasZ are
use theAE index for our analysis. ThAE is the auroral- presented. The energy of the beamlet increases with the dis-
electrojet index which was defined to obtain a measure of théance from the NS. Such an energy profile is predicted by
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Fig. 7. Left panel: beamlet occurrence frequency versisfor dis- Fig. 8. The same as Fig. 6 obtained during quiet northward IMF
turbed magnetospheric conditions under southward IMF. Two dis-time intervals.
tributions displayed by blue and green correspond to two branches
of energy profile shown in the right panel. Right panel: Scatterplot
of beamlet energy versusZ. Two different beamlet populations
are marked by blue and green.
1 Rg width to the total time which the satellite spent inside
this AZ bin. Contrary to beamlets, the probability profile
o s L 1993)of PS-like plasma structures has no clear maximum but de-
and we call it “normal beamlet velocity dispersion”. creases gradually with Z. When the IMF is northward, the
During the active magnetospheric periods,( > 1+,  gpatial distribution of PS-like plasma structures observed in
AE > 50nT, IMF is southward, 28 registered events), the yq |9pe region looks like the PS extension filling the lobes
spatial distribution of beamlet occurrence frequency distribu- i, decreasing probabilities. But when the IMF is south-

tion is more spread out and has two maxima (see Fig. 7, leflyarq, the distribution has a long, weak but almost constant
panel). Beamlet energy spatial distribution is now more com-i5i| observed in the 7-1R; AZ interval.

plicated (Fig. 7, right panel). One can see here two beamlet
populations marked by different colours with normal and in-
verse velocity dispersions. Note that the maximum beamletSe
energy under the disturbed magnetospheric conditions is tw
times higher than the maximum energy during quiet periods

theory (Onsager et al., 1991; Ashour-Abdalla et al.,

The general pattern of the distribution of probability to ob-
rve PS-like structures in th®Z — clock-angle plane is
2hown in Fig. 10a. Since the electric potential drop across
; the polar cap is a fundamental measure of the coupling be-
The(:jma![n pagt F)f th_?hse belzamtljets \fNSS oblse':{rvgd ““!let‘_’"as tween the solar wind and the Earth’s magnetosphere, it would
maderate £ 3); neither altitude of beamlet observation nor be useful to display the PS-like structures distribution versus

be%r]nlelt etnergy ari delpertwd(;ant ontthez\:laluk,pf btai spme empirical value, which correlates with the polar cap
: ell\jlsr group othse e(cj: e de;;]en s ( (;asef]) was o a'f‘eggtentim drop. Such an empirical value is the “reconnection

Fourteen cases corresponding to northward IMF and dis—2

; s . 000; Wygant et al., 1983). Her@, is the IMF clock-angle,
turbed magnetospheric conditions were excluded as mtermeénd V., is the solar wind velocity. The 2D distribution of

dE\te ca;est. hl_:%ure dg Eleft panetz)l) sh?r\:v N I:IhSat'lt')r? amler;[f We@e probability of observing plasma filaments veraus and
observed at higher distances above the NS. The right pan « is displayed in Fig. 10b.

of this figure clearly displays the inverse beamlet energy dis-
persion profile. In Sect. 6, we will discuss all beamlet distri-

butions presented here. The region occupied by PS-like plasma structures expands

while the IMF clock-angle is decreasing. When the IMF is
exactly northward (clock-angle- 0), PS-like structures fill
almost the entire lobe region up 8Z = 12. This fea-
ture can be associated with-aurora (Frank et al., 1986).
The spatial distribution of PS-like structures with a duration Figure 10b shows the same properties of the PS and PS-like
of more than 2 min is shown in Fig. 9. The observation prob-structures even more clearly. Here, the dramatic expansion of
ability of such structures versus the distance from N3 the PSis seen digp < 100uV/im. If Ex > 600uV/m, then

for two external IMF clock-angles is presented in panels (a)the probability of observing PS is very low evensZ = 0.

and (b), respectively. The bottom panel shows the scattelt looks like thinning of the PS or a fragmentation of the PS
plot of Bx/|B| versusAZ, to indicate the transition from due to substorm activity. Note that the weak constant tail of
the CPS to the lobe region. The observation probability wasPS-like structures seenin Fig. 9b is under the low colour limit
calculated as a ratio of total duration of PS-like plasma ob-in Fig. 10. We will discuss the nature of PS-like structures in
servations when the satellite was in a particuldt bin of the next section.

5 Statistical distributions of PS-like plasma structures
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totail (Lyons and Speiser, 1982) originates from the revisit-
ing of Speiser model of particle motion at the end of 1980’s
(Chen and Palmadesso, 1986jddner and Zelenyi, 1989).
Later, the resonance nature of the non-adiabatic interaction
has been revealed (Burkhart and Chen, 199Her, 1991;
Ashour-Abdalla et al., 1993). Independence of the so-called
parameter of adiabaticity

B, | L

=1 =, 1
Bo\ po @)

K

(wherep is a particle’s Larmor radiud, is the current sheet
thickness,By is the value of the magnetic field in the lobe,
B, is the normal component of the magnetic field at the site
of particle interaction with the current sheet), particle mo-
tion in a prescribed field (used in all these models) could
experience either strong scattering or follow the almost un-
perturbed classical Speiser orbit. This dependence is very
nonmonotonous and could, therefore, result in a phase space
structuring. Independently from different grounds, Moses
et al. (1993) also considered peculiarities of non-adiabatic
particle motion in a vicinity ofX-line (also in a prescribed
field) and found a partitioning (even fractalization) of the
phase space of accelerated population. Although Moses et
al. (1993) did not explicitly invok& — resonance arguments,
the physics under consideration was essentially the same. A
2-D test particle model by Ashour-Abdalla et al. (1993), as-
suming the weak gradient iBz(X) (i.e. « (X) dependence)
and a uniform cross-tail electric field, predicts the formation
of resonance regions at a number of locations in the distant
magnetotail and produces a spatially fragmented pattern of
the PS plasma.

On the other hand, Harold et al. (1998) recently found that
beamlets disappear if instead of the uniform dawn-dusk elec-
tric field, the electric field taken from the MHD model is used
for the trajectory calculations. However, the formation of
spatial structure of any given beamlet is a local process and
if the profile of E, is nonuniform (and even strongly nonuni-
form), it might influence the energy of beamlets and their
spatial distribution, but not the fact of their existence. An-
other point of Harold et al. (1998) is that beamlets also dis-
appear if in their (nonself-consistent) calculations, the thick-
ness of the current sheet was taken close e- ion Larmor
radius in a lobe fieldBg. From our point of view, the ions

shows the scatterplot aBx /|B| to demarcate the PSt boundary hich form beamlets carry the main portion of the cross-tail
which is shown by dashed vertical line.

6 Discussion

current at the location of their acceleration and, therefore,
their dynamics in the course of acceleration (strong or weak
scattering) determines the overall self-consistent structure of
the magnetotail configuration, as was recently shown by Sit-
nov et al. (2000) and Zelenyi et al. (2000). So the processes

Since an appearance of beamlets and other transient struof beamlet generation could adequately be described only by
tures reflects very deep properties of the nonlinear selfthe self-consistent approach. The first analytical attempt to
consistent plasma configuration of the Earth’s magnetotailformulate the self-consistent theory of forced current sheets,
numerous theoretical efforts have been made to explain théaking into account the jumps of quasi-adiabatic invariant,

plasma structuring in velocity and/or configurational space.was made only recently by Zelenyi et al. (2001).

The idea of explaining such plasma structures in the course Another approach, advocated in papers by Burkhart and
of non-adiabatic particle acceleration in the distant magne-Chen (1991), Chen et al. (1990), Holland et al. (1999) as-
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sumed that the resonances are produced locally at a giveim the site far enough (in point B, for instance) to be regis-
X and due tac(v) dependence. The authors also declaredtered at the same point as the ions with higher parallel ve-
the finding of some experimental manifestations of such resiocities (emitted from the point A). So the resulting beamlet
onances in the velocity space, i.e. isolated multiple velocitydistribution function measured at the given point of observa-
peaks (Chen et al., 1990; Holland et al., 1999). But this ap-ion is the sum of the pieces cut out from the beamlet distri-
proach completely neglects the velocity filter effect whosebutions generated at the different distances from the Earth.
importance has been thoroughly investigated in a series oFigure 11 presents the particular case when Biecom-
papers by Green and Horwitz (1986); Onsager et al. (1990ponent of the magnetic field decreases monotonously with
1991). The point is that the phase space structures with difthe distance from the Earth. Hence, particles with a large
ferent velocities formed locally will be subjected to velocity pitch-angle and lowV) (generated farther in the tail from
dispersion in the course of their propagation from the forma-the point of observation) will have larger energy, creating
tion site to the observation site. As a result, in a given region‘lima-bean” distribution at the observation site. Note that
where our observations are made, we will never see the veany Bz profile in the region of beamlet generation causes arc-
locity peaks formed in the one certain location downstreamshaped ion distribution with varioug/ V. ratio. Although
in the magnetotail, but rather a combination of velocity struc-our sketch in Fig. 11 resembles the one in Fig. 3 of Onsager
tures formed at different locations near the tail mid-plane (seeet al. (1991), the physics involved in the explanation of the
below). lima-bean shape is somewhat different. While Onsager et al.
Although in papers by Onsager et al. (1990, 1991) the(1991) considered the formation of such distributions from
mechanism of beam formation has not been discussed, thethe “bursty-like” local source (“all particles that travel from
clearly demonstrated the importance of the velocity filter point A must do so in the same time”, according to their argu-
mechanism in forming the PSBL plasma distributions even inmentation), we consider that the distributed quasi-permanent
a simple 1-D model wittB,, (X) = const. Results of Ashour- source and particles with different energies registered at the
Abdalla et al. (1993) incorporated both the velocity filter ef- observer location are coming from the different sites in the
fect and another so-called “place of birth” effect, taking into magnetotail.
account that an additional cause of dispersion is related to Our assumption about the importance of both velocity-

the dependence of the energyV acquired in the course of filter and “place of birth” effects is supported by our anal-

gi(:g-amabanc energization on the position of the acceleratlorglsis of statistical spatial beamlet distributions. The results
shown in Fig. 6 already suggest that (at least for southward

CE 2 IMF and relatively quiet conditions) due to the clear depen-
AW(X) = 2M< ) . (2) dence of beamlet energy ahZ, there should exist a well
Bz(X) pronounced statistical decreaseBp(x) with distance from

As it has already been reported, beamlets have a typicatlhe Earth (see Eq. 2).

“lima-bean” shape of the velocity distribution function. The  For further discussion we present our results as a 2D-
sketch of the formation of such a distribution is presentedhistogram showing spatial beamlet energy distribution as a
in Fig. 11. Due to the velocity filter effect produced by the function of IMF clock-angle (Fig. 12). The clock-angle was
global magnetotail convection in th& direction, different  1.5h averaged before the encounter with the beamlet. We
parts of the distribution function measured at the given pointdivided the total interval of IMF clock-angles into 3 groups
should be generated at the different sites of the magnetotainarked by the letters “C”, “D”, and “N” in Fig. 12. The
(points A and B in Fig. 11). cases lying inside each of these sub-intervals (“C”, “D”, or

If the convection is directed downward (as in Fig. 11), then“N") are exactly the same ones as included in our statistics
ions with smaller field-aligned velocities should be generatedshown in Figs. 6-8.
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Fig. 11. The sketch showing the forma-
tion of the beamlet. The horizontal red
bar shows the possible beamlet gener-
ation region. Each point of this region
generates a ring-like distribution. Due
to the convection filter, only specific
V|| can reach the point of observation
(green rectangular). Different color arcs
in the distributions show different),.
Color arrows show the appropriate tra-
jectories of varyingV). The observed
distribution function is the collection of

Point of

Bz profile Region of beamlet particles accelerated at the poftvith
generation the v} in the “V1” band, and particles
- accelerated in the poiwith V|| in the
X “V2” band.

1. The “normal” beamlet energy dispersion is observed Figs. 8 and 12). In this case, beamlets are registered up
within clock-angle interval of 90— 110 that corre- to very high distances from the NS (upAZ ~11Rp)
sponds to the moderate values of the dawn-dusk cross-  and have relatively small energies§ keV).

tail electric field (i.e. low substorm probability). In this

case, By should statistically decrease tailward practi- The reverse convection (Ogino et al., 1994) directed from
cally monotonously, and beamlets with higher energiesthe NS toward the magnetopause is expected when IMF is
are generated farther from the Earth and observed agxactly northward. This process leads to the inverse beamlet
higher AZ (see Fig. 13, top panel) that corresponds to velocity dispersion. Also, although less probable, is that neg-

their acceleration in the vicinity of the distaktline; ative dispersion can be related to the formation of a negative
o dBz/d X gradient under northward IMF.
- When the clock-angle is in the range of 110 130, We see that both the lima-bean shapes of the individual

beamlet energy increases, but at the same time, ongegmiet distribution functions and statistical spatial beamlet
can begin to observe beamlets at the lowef. This  gjstributions could be explained in terms of the model tak-
can be associated with thig, (x) decrease over a wide jnq into account both velocity filter effects and peculiarities
magnetotail region (increase in the cross tail current).of non-adiabatic (Speiser) acceleration (Eq. 2). It is more
Thus, the beamlet generation site becomes wider angjfficult to explain the “bursty” appearance of beamlets. It
approaches the Earth; may indicate that the resonance conditions for beamlet ac-
celeration are fulfilled at the given site only for a short time.

to clock-angles in the 130— 187 interval), beamlets Alternative explanations invokes the flapping motions of the

with the highest energies are registered at the IOWeS?patially structured magnetotail. Time scales estimated by
AZ. The inverse energy dispersion is seen in the 4_Ashour-AbdaIIa et al. (1995) from the latter assumption are

of the order of 1-2 min which conforms with our observa-
Fig. 7). Such distribution may be the result of substorm tions. In r_eality, spatial strgcturing could be accompanied by
activity and may be explained by the nevvline for- thg transient effects conS|d.ered in the self—conS|stent. gener-
mation closer to the Earth. In this case, the negativeal'zat'on _of the above mentioned model_to the d_ynamlc case
(Peroomian et al., 2000). From our single-point observa-

dBz/dZ profile can be formed behind the ne¥¢line : L . L S
(Zelenyi et al., 1990), and the inverse beamlet disper_t|ons, it is very complicated to distinguish in each case the

sion can be generated according to the scenario showﬁpatial or temporal origin of the bursty beamlet manifesta-
in the lower panel of Fig. 13: tions. Hopefully, 4-point Cluster-1I observations will clarify

this very important issue.
. The inverse energy dispersion is observed also when the The mechanism of the formation of the PS-like plasma
IMF is generally northward (clock-angle i§©090° (see  structures is even more poorly understood. When the IMF

. When the IMF is primarily southward (that corresponds

8Rr AZ range. (Compare with the green points in
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Fig. 12. Color-coded beamlet energy histogram displayed in the ___ convection
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IMF clock-angle —A Z plane. Two vertical lines divide the clock- Zz site @
angle range into three zones: D - disturbed conditions in the magne- z
tosphere, C - quiet conditions, and N - the northward IMF direction. / E I
_ \ 1
turns northward, the change in the direction of plasma con- ; ; X
vection (Ogino et al., 1994; Walker et al., 1999) can result in } }
the PS expansion to the magnetotail lobes. The weak wing% \ !
of the distribution seen in Figs. 9 and 10 could be explained ~__ : :
by the flapping motions of the PS or by plasma structures \‘\/
(fillaments) detached from the main body of PS. To clarify 1 _
the problem, it is necessary to study the temporal features of Beamlet generation region ~ ~X

PS-like plasma structures. _ _ _ _
In Fig. 14, the probability of observing a PS-like plasma Fig. 13. Two scenario of beamlet energy dispersion. Top panel

structure is presented as a functionf and the event du- shows the formation of “normal dispersion” due to both a generally
ration. The distributions show that: positived Bz /d X profile and dawn-dusk electric field. The lower

panel shows the formation of “inverse dispersion” due to negative
1. For the northward IMF, the observed spectrum of PS-dBz/dX. Such a configuration can be the consequence of new
like structure durations is distributed almost uniformly near-EarthX-line generation.
over variousAZ. This may be explained as a result of
the PS motion as a whole entity;

2. For the southward IMF, only PS-like structures with the
durations< 500 s are registered with the equal probabil-
ity over the entireA Z range. The events with the longer

durations are observed only withinZ <4 Rg. Hence, ) ) )
we can conclude that the appearance of the short pgonset (i.e. when the IMF is predominantly southward). A

like plasma structures is caused by the physical mech_high!y branched _ne_:t\{vork of the crosg-tgil currents, initi_ally
anism, different from the ones operated for northward confined to the vicinity of magnetotail field reversal, might
IMF. Standard reconnection models, which provide the become structurally unstable in the course of the energy ac-
plasma jetting along the separatrix between open andumulation in the magnetotail (which should be accompa-

closed field lines (i.e. along PSBL edge), could not ex- nied by the growth of the average cross-tail current). In this
plain such observations. case, some elements of the current network become energet-

ically favourable to bypass the region of the strong magnetic
One possible explanation may be the decays of the PS exurbulence in the vicinity of the current sheet. At the nonlin-
tensions to the lobes (formed by the upward convection durear stage of this structural instability, current filaments could
ing intervals of northward IMF) onto plasma fragments when emerge from the mid-plane into the regions well outside the
IMF turns southward and the direction of convection veloc- PS (see Fig. 15). The sporadic appearance of the current
ity changes its sign. The other possible scenario responsitoops in the lobes should be manifested in the observations
ble for such short-time PS-plasma structure occurrences wagf the localized regions of PS-like plasma with bulk veloci-
proposed recently by Milovanov et al. (2000). The model ties predominantly directed out of the mid-tail plane. As was
extends the earlier one developed for the steady state of thargued in Sect. 5, this is just the case for the Interball-1 obser-
distant magnetotail to the active periods prior to substormvations of PS-like plasma structures, reported in this paper.
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Fig. 14. The duration of PS-like events verstg. The color-coded
histogram shows the probability of observing the event of a partic-
ular duration at the particulax Z. Panel(a) shows distribution for
southward IMF and pangb) shows the same for northward IMF.

Probability is normalized to maximum value.
Q - the 3-D current system is above threshold;

7 Summary

ﬁ - theremaining plane structures are at the threshold

We have studied two types of transient plasma structures ob-
served by Interball-1 spacecraft in the interface between thé
magnetotail lobe region and PS: beamlets and quasi-isotropic
PS-like plasma structures. Beamlets, non-adiabatically ac-
celerated in the distant localized parts of the magnetotail, ar@/most entirely and registration of various plasma structures
ejected towards the Earth along the outer region of the closeés mainly related to the motions of the PS as the whole en-
magnetic field lines. Therefore, the occurrence of this strucdity. But when the IMF turns southward, the observations of

ture could serve as an exellent indicator of the boundary beplasma structures with long-duration quickly decays with the
tween closed and opened magnetic field lines, i.e. the PSBIgrowth of the distance from NS, while the short-time struc-

location. Moreover, as it was shown in the previous sectiontures are observed almost uniformly up to the relatively high
the dynamics of the beamlet spatial distribution reflects wellaltitudes over the NS. Registration of such type of structures
the magnetospheric conditions and the changes in the recorgould hardly be explained by the flapping motions of the PS.

nection site location in the magnetotail for the various levelslt is more probable that the appearance of such structures
of magnetospheric activity. could be caused by another physical mechanism. It could

The distribution of the very smalB; component of be the decay of the_ PS egtensions to the lobes (formed by
the magnetic field in the distant magnetotail (where non-the upward convection during Fhe episodes of the northward
adiabatic beamlet acceleration occurs) strongly controls thdMF) onto plasma fragments (filaments) when the IMF turns
ion energy gains.Bz(X)-profile, together withE x B ion southward and the direction of convection changes its sign.
velocity filter effect, produces the beamlet energy dispersior*S @ Possible candidate, one could also consider the spatial
in the Z-direction observed near the Earth. The form of this 'econfiguration of the cross-tail current system when average
dispersion for given magnetospheric and interplanetary con€r0SS-tail current begins to grow before substorm onset. It
ditions allows us to make a suggestion about the character dsults in the formation of current loops which are stretched
the Bz (X)-profile. We have revealed that the normal energy OUt of the CPS into the lobe region and observed as localised
dispersion and correspondi&y monotonously decreasing PS-like plasma structures with bulk velocity directed mainly
tailward are observed primarily during the quiet periods angUPward.
when convection in the lobes is directed towards the tail mid- A further detailed investigation of temporal and spatial
plane. During the active periods, both normal and inversefeatures of such plasma structures is required to answer more
beamlet energy dispersions are registered. This fact can baefinitely what are the physical mechanisms responsible for
explained by the nonmonotonic profiles B (X) in the re-  their formation.
gion of non-adiabatic beamlet generation. Bursty appearance
of beamlets still remains to be explored experimentally (mul-
tipoint observations) and theoretically (self-consistent mOd_Ashour-AbdaIIa for the stimulation discussions of the origin of the

els of non-adiabatic acceleration). beamlets, to L. Avanov, O. Vaisberg and E. Budnik for important
Another indicator of the changes occurring in the mag- comments and help in preparation of the manuscript. This work

netotail when IMF turns from the northward to southward was supported by the INTAS grants 99-0078 and grants of RFBR

direction may be the distribution of the short-time PS-like NN 00-15-96631 and 01-02-16367.

plasma structures over the tail lobes. During the intervals Topical Editor G. Chanteur thanks two referees for their help in

of the northward IMF, PS-like plasma fills the lobe region evaluating this paper.

ig. 15. Scenario of PS filaments formation.
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