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Abstract. Anisotropy and intensity variations of high-ener-
gy particles and magnetic variations detected by IMP-J at
37 R, in the central part of the magnetotail within 2 R,
of the neutral sheet were studied during a few consecutive
substorms on March 3, 1976, and related to a large body
of ground observations. A close correlation is usually found
between bursts observed in Pi pulsations on the ground
(having a duration of ~1 min and usually being repeated
in 1-3 min) and high-energy particle bursts observed in the
far tail. The magnetic field response is examined relative
to the onsets of high-energy particle bursts. A three-dimen-
sional current system RIPD (Reconnection Induced Propa-
gating Disturbance) is constructed which can, in principle,
produce the magnetic field variations observed in the
boundary part of the plasma sheet (PS). Previously reported
properties of high-energy particle bursts (inverse energy dis-
persion, preferential acceleration of alpha particles, dawn-
dusk asymmetry in the acceleration of electrons and protons
and transient PS expansions) are found to be typical of
these impulsive processes. Together with earlier results,
these observations show that the expansion process (identi-
fied here as a transient reconnection or explosive tearing
mode) clearly operates in an impulsive fashion. The super-
position of impulse-induced propagating disturbances nec-
essarily results in complex, variable patterns of magnetic
field and thermal plasma behaviour, such as are frequently
found in the PS during substorms.
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Introduction

The substorm expansion process includes a change in the
gross structure of the magnetotail magnetic field and plas-
ma configuration accompanied by strongly enhanced ener-
gy dissipation in the magnetosphere-ionosphere system. De-
tailed synthesis of plasma sheet (PS) phenomena observed
to date (such as plasma flow and energization, magnetic
and electric field variations, etc.) is still a subject giving
rise to many controversies, and consequently there are not
yet any well-developed theoretical models available.
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The authors of numerous papers on substorm morphol-
ogy in the PS nevertheless seem to agree on certain major
findings. These include:

a) A source at 10-15 R, distance in the night-time mag-
netotail is turned on and later displaced tailward in some
way (stepwise and/or continuously) during the substorm
expansion phase (Pytte et al., 1976; Nishida and Fujii,
1976; Hones et al., 1973).

b) Earthward of this source strong plasma flows tend
to exist, mainly in an earthward direction, and the magnetic
field relaxes somewhat towards a more dipole-like configu-
ration in conjunction with the PS expansion (Pytte et al.,
1976; Lui et al., 1976; Hones, 1979 and others).

¢) Tailward of the source the direction of strong plasma
flows and the polarity of the B, component of the magnetic
field are variable and complex, but tailward plasma flows
and southward turnings of B, are quite common (Lui et al.,
1977; Hones and Schindler, 1979; Nishida et al. 1981 ; Caan
et al., 1979 and others).

d) A strongly enhanced, newly accelerted, high-energy
(HE) particle population up to MeV energies is found,
which propagates from the source both tailwards and earth-
wards (Krimigis and Sarris, 1979; Baker et al., 1982).

The characteristics mentioned above depict only a type
of average behaviour, and the numerous discrepancies in
the details of PS observations indicate a complex space-time
evolution of the substorm process in the tail (Coroniti et al.,
1980). This seems to operate in a sporadic manner (time
scales from 10 s to several minutes have been distinguished)
in localized parts of the PS (Pytte et al., 1976, 1978 ; Segeev,
1977, 1981; Krimigis and Sarris, 1979; Belian et al. 1984),
and there are even indications of the simultaneous presence
of several sources (Sarris et al., 1976D).

The interpretation of PS observations is particularly
problematical because temporal and spatial variations are
dificult to separate on the basis of single-satellite measure-
ments. The situation is further complicated because of the
different propagation speeds involved (e.g. MHD, plasma
drift and HE particle speeds). Williams (1981) has demon-
strated that, due to dispersion, a wealth of energy and pitch-
angle distributions of energetic ions exists (after the step-
like process of ion acceleration) even in the relatively simple
case of non-interacting particles. Possibly the most serious
difficulty in the interpretation of PS observations arises
when large-scale effects of the source are masked by distur-
bances of local origin (e.g. strong turbulence, as apparently
identified by Coroniti et al., 1980). These difficulties are
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well known, but to our knowledge they have not yet been
explicitly taken into account.

It seems possible, however, to isolate large-scale effects
from small-scale ones, namely when the source acts in an
impulsive fashion, provided we are looking at the phenom-
ena on a time-scale which is small in comparison with the
duration of the impulse. There are indeed facts which speak
in favour of an impulsively operating source. First there
are the observations of large impulsive electric fields (Agg-
son et al., 1977; Pedersen et al.; 1978; Cattell et al.. 1982),
and then there are reports on multiple short HE particle
bursts and injections (Krimigis and Sarris, 1979; Lui and
Meng, 1979; Kirsch et al., 1981; Baker et al. 1982; Belian
et al., 1984). Impulsive or step-like behaviour in the sub-
storm expansion process has been inferred from ground-
based observations (here the temporal and spatial effects
can be clearly separated). In this way Sergeev et al. (1978)
were able to elucidate the fine structure of auroral expan-
sion. Practically all studies based on high time resolution
ground observations, including auroras, currents, HE elec-
tron precipitations and ULF-waves, have confirmed that
the expansion process operates in an impulsive manner
characterized by a time-constant typically of 1-3 min (e.g.
Sergeev and Yahnin, 1979; Bosinger et al., 1981; Yahnin
et al., 1983). This holds for expansions of different strength
and different spatial extent (Yahnin et al., 1983). Impulsive
HE particle injections with similar temporal characteristics
were found to be common at geosynchronous distance (Be-
lian et al. 1984).

As will be seen below, HE particle bursts often show
a remarkable correspondence with impulsive modulation
of the expansion process as observed on the ground. This
is true even in cases of very weak, small-scale expansions
(Yahnin et al., 1984).

The aim of this paper is two-fold: firstly, to provide
a detailed ground — satellite comparison to show once again
the impulsive behaviour of the expansion process and, se-
condly, to monitor changes in the PS magnetic field and
HE particles after the switching on of the source in order
to construct a phenomenonological scheme of manifesta-
tions of the expansion process in the far PS.

Since the behaviour of HE particles in the 0.3-2.0 MeV
energy range (i.e. energies 2-3 orders of magnitude larger
than the thermal energy of PS particles) is considered here
to be of crucial importance, we recall below some of their
properties as given in the literature (Buck et al., 1973; Kri-
migis and Sarris, 1979; Williams, 1981; Andrews et al.,
1981; Belian et al. 1981 and others):

1. At IMP-J distance (37 R, in the magnetotail, in our
case) the gyroradius of the HE protons (1 R.) is comparable
to both the PS thickness and — in our case — the distance
of the satellite from the PS centre. This allows the HE
protons to be seen almost all the time during expansion,
and also allows the spatial and temporal effects to be distin-
guished and the configurational changes of the PS to be
investigated to some extent (N-S displacements of its
boundary).

2. Since the protons in the bursts are highly anisotropic
and are collimated mainly along the magnetic field lines,
we have information on the source location (tailward or
earthward with respect to the satellite). Due to the high
speeds of the HE particles (tens of R./s for electrons), their
arrival time forms a reference time for the study of the
concurrent thermal plasma and magnetic field behaviour.

Instruments, data and observations

General correspondence between HE particle bursts
and ground activity, characteristics of the period studied

The most important PS parameters studied here were ob-
tained from the GSFC magnetometer and two energetic-
particle detectors on board the IMP-J satellite. We use the
15.36-s averages of the magnetic field vector expressed ei-
ther in the GSE or GSM coordinate system, and the stan-
dard deviation (o) of individual 1.28-s measurements. This
quantity characterizes the field variability or magnetic fluc-
tuations below 1 Hz. The particle detectors (the APL/JHU
experiment CPME, for details see Sarris et al., 1976a) pro-
vide information on the HE proton and electron fluxes in
a few energy channels above 0.3 MeV. Alpha-particle fluxes
are measured above 2 MeV. A complete cycle comprises
measurements made during a 5.12-s interval repeated every
10.24 s and provides information on the particle fluxes in
eight angular sectors o the ecliptic plane. We also use data
on 50-200-keV protons from the EPD experiment (for de-
tails, see Roelof et al., 1976), which yields better angular
resolution (data from 16 sectors of the ecliptic plane) but
only every 20.48 s.

During the period of interest the IMP-J satellite made
measurements in the central part of the magnetotail, mov-
ing from dusk towards midnight. Its GSM coordinates in
R, early and late on March 3, 1976 read —34.8, 16.3, 0.1
and —36.7, 0.5, 3.1, respectively. Because of fortunate de-
tails of both the satellite orbital motion and the diurnal
movement of the neutral sheet, the satellite stayed within
2-3 R, of the PS centre throughout the day (see the bottom
curve in Fig. 1). This extremely rare and fortunate circum-
stance permits us to consider the association between HE
particle bursts and different ground-based observations
during various kinds of magnetospheric activity. The sec-
ond fortunate circumstance is the large number of available
ground-based observations obtained from the world-wide
networks of magnetometers, all-sky cameras, photometers,
riometers, induction magnetometers, etc.. The data were
collected and analysed in an informal workshop devoted
to the global and local relationship between different
ground phenomena during substorms. Much of the data
collected has been published (Sergeev et al., 1981; Mishin
et al,, 1982), and the results of the analysis are collected
in a special issue (Pudovkin and Sergeev, 1984). We will
refer extensively to these publications below. Information
on the ground-based instrumentation can be found in Ser-
geev (1981).

As can be seen from the upper panel of Fig. 1, the day
concerned is characterized by various types of magnetic
activity. It contains an 8-h period of intense and prolonged
activity, well-pronounced substorms — both isolated and
superimposed — and also a 3-h long quiet period between
13 and 16 UT. It also shows significant HE particle activity,
the intensity of which generally reflects the behaviour of
the AE index. These time intervals, based on 5.5-min aver-
ages, are marked by black spaces in Fig. 1, sequences which
contain strong fluxes of 0.5-MeV electrons (HEE) and
3-MeV protons (HEP). Threshold fluxes of 1-(cm?-s-ster)
for HEE and 3-10%(cm?-s-ster- MeV/nucl) ! for HEP are
chosen, which are a factor of three higher than the maxi-
mum values during the quiet interval of 15-16 UT, when
the satellite stayed within the PS. HE particles were pre-
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Fig. 1. Magnetic and particle activity on March 3, 1976. From
top to bottem: AE(T) index; 5.5-min averages of differential proton
(/) and integral electron (/,) flux intensities measured by the EPD
and CPME experiment on board the IMP-J satellite; intervals (in-
dicated by black space) of most intense electron (HEE) and proton
(HEP) particle bursts (for details, see text); intervals (black space)
of Pi-2 activity (Pi2) and magnetic bays (MLB) as observed at
nightside mid-latitude observatories; the distance (4 Z,) of IMP-J
from the calculated position of the neutral sheet (the vertical bars
indicate times of neutral sheet crossings, i.e. changing polarity of
the B, component), is from IMS/SSC report N 5, 1975

ferred as tracers, since these particles exit faster from the
acceleration region (due to their higher drift speeds). Conse-
quently, the time intervals of peak HE particle flux indicate
the time intervals of particle acceleration more accurately
and reliably. Note also that the gyroradius of a 3-MeV
proton in the lobe field (2-3 R,) is larger than the distance
of the satellite from the neutral sheet during the whole peri-
od of observation. The dotted lines indicate gaps in the
IMP-J data. One can see that the time intervals of the strong
fluxes in the highest energy channels are, in general, the
same for particles of both types.

Let us first compare the appearance of these HE particle
bursts with the ground signatures of substorm expansion.
The two lower panels of Fig. 1 (marked Pi2 and MLB)
indicate the time intervals during which expansion-related
Pi2 pulsations and magnetic bays are seen at mid-latitudes
(standard, rapid-run and induction magnetometer data
from the world-wide networks are used). As already known
for HE particle bursts (Murayama, 1970) and for other
expansion-related signatures of the magnetotail (Pytte
et al., 1976, 1978), the bursts tend to appear in close associa-
tion with Pi2s and mid-latitude bays whenever the activity
is continuously high (as before 08 UT) or low. One remark-
able example of this association is the very strong HE parti-
cle burst detected around 14:15 UT during conditions of
magnetic calm (AE ~ 100 nT). The few exceptions from this
close temporal correlation may be consequences of the
known screening effect (Pi2 intensity is strongly damped
at mid-latitudes when the expansion proceeds beyond 70°
corrected geomagnetic latitude (CG Lat); see examples in
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Wolcott et al.,
1981).

The typical pattern of the proton flux and its anisotropy
during substorm expansion is best depicted by an isointen-
sity-contourline presentation, as used earlier by Roelof
et al. (1976). Figure 2 contains such presentations for the
two clearest and most intense substorms observed on March
3, 1976, (onsets at 11.51 and at 17.16 UT, cf. Sergeev, 1981).
The gross features of these substorm expansions are similar
in terms of the HE particle characteristics, although IMP-J
spent most of the time within the PS during the first event
and outside it during the second, as evidenced by the mag-
netic field and thermal plasma data (E.W. Hones, personal
communication). These common features include strong
tailward anisotropy during the first stage (the first 20 min
in these cases), and strong earthward anisotropy during
the second stage up to the final PS expansion. The spot-like
appearance (intense, collimated particle bursts) during the
first 40 min in each case in Fig. 2 deserves special attention,
since it reflects a burst-like particle behaviour (more pro-
nounced in the higher energy proton channels). The HE
particle bursts during the interval 17:32-17:34 UT were
examined in detail by Lui and Krimigis (1983) and were
found to be hot beams with low densities and high drift
speeds. With reference to Fig. 2 and similar presentations
by Roelof et al. (1976), Carbary and Krimigis (1979) and
similar findings by Lui and Meng (1979), we can say that
series of repetitive HE particle bursts with repetitation peri-
ods of 1-3 min form a typical feature of the expansion
phase.

In Fig. 2 another interesting feature can be noted. There
are sporadically occurring signatures of counterstreaming
HE proton flows (flux contours are centred at both 180°
and 360°). These signatures are particularly clear from 17.29
to 17.32 UT and 17.42 to 17.49 UT. The observation of
counterstreaming HE protons is not unusual (see e.g. Wil-
liams, 1981). It should be noted, however, that the parent
beam (tailward between 17.10 and 17.35 and earthward be-
tween 17.42 and 17.50 UT) exceeds the oppositely directed
flux by more than one order of magnitude. This kind of
counterstreaming may be understood in terms of return
fluxes caused by magnetic mirroring or magnetic loops.

In all the substorm cases of March 3, 1976 the series
of particle bursts appear synchronously with enhanced Pi
activity (Pi2 at mid and auroral latitudes, Pi1B in the night-
side auroral zone). Often, however, it is hard to recognize
unambiguously the overlapping effects of individual bursts
and to identify the intensifications observed on the ground
with these individual HE particle bursts. For the purpose
of ground-satellite comparison we will therefore present a
case below in which the HE particle bursts are well sepa-
rated in time.

1976; Pytte et al.,, 1978 and also Sergeev,

An example of detailed PS — ground correlation

As evidenced by ground-based observations, the substorm
which initiated at 19:59:00 UT developed mostly within
the Scandinavian sector. Because of this the temporal varia-
tion and the relationships between phenomena such as aur-
oral structures, brightness and heights, cosmic noise absorp-
tion, equivalent currents and Pi2/Pi1B type magnetic pulsa-
tions could be studied in great detail and with high temporal
and spatial resolution. Readers are referred to the compan-
ion paper by Sergeev et al. (1986, referred to as paper [I
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Fig. 3. Sonagram showing successive Pil bursts as recorded at So-
dankyld (¢ =63.8°, MLT =22.5 h) during the expansion phase of
the substorm commencing at 19:59 UT on March 3, 1976 (top).
Summary of IMP-J magnetic field and particle data (E=0.3-
0.5 MeV) as measured in the boundary part of the plasma sheet
up to the data gap of 20:25 UT (bottom). The magnetic field com-
ponents are displayed in the GSM coordinate system. The IMP-]J
projection into the ionosphere lies at 23.1 MLT meridian. Dorred
lines indicate times of onset of Pil burst. To convert count rates
into fTuxes, use a geometry factor of 1,51 cm?ster

Fig. 2. Azimuthal proton fluxes (E,=50-
200 keV) in isocontourline presentation
as measured by the EPD detector of
IMP-J in the ecliptic plane during the
two most intense substorms of March 3,
1976 (wse=0°, 90°, 180° correspond to
earthward, dawn-to-dusk and tailward
directions, respectively)

A0 Z0UT

in the following). We reproduce here, in the upper part
of Fig. 3, a sonagram of the induction magnetometer record
from Sodankyli, which gives the onsets and relative intensi-
ties of a dozen well-defined impulsive activations which oc-
curred during the first half-hour of the substorm expansion.

This time the IMP-J was gradually leaving the thinning
PS, as evidenced by a gradually increasing B, component
(Fig. 3) and a decreasing energy density in the thermal plas-
ma (E.W. Hones, personal communication). Shortly after
the first ground signatures of the expansion onset
(19:59-20:00 UT, see paper II) the substorm manifests it-
self at a distance of 37 R, in the central magnetotail by
a significant increase in HE particle fluxes and by the onset
of magnetic field fluctuations ¢ and variations in all three
components (Fig. 3). The onsets of all the impulsive activa-
tions, as detected on the ground, are given in Fig. 3 by
dotted lines labelled A, B, D, E, F, G, H and I. The activa-
tion C (between B and D) is very weak but nevertheless
included (dotted line, but not labelled) here because it is
dealt with in paper II. Almost simultaneous impulsive
changes in the magnetic field and the HE particle fluxes
at IMP-J can be recognized. There is not only a temporal
correspondence between the ground and IMP-] observa-
tions, but there is also a similar intensity response of the
Pi1Bs to spikes in the particle fluxes. The most prominent
HE particle bursts are associated with the activations A,
E, F and H, which appear to be the strongest ones in terms
of their other ground signatures as well (see paper II).

In order to obtain information on the time delays be-
tween phenomena observed on the ground and at the
boundary of the PS, we restrict our analysis to the most
intensive particle bursts (in which the concurrent magnetic
field variations can be expected to be well above the back-
ground noise). The broken lines in Fig. 4 denote onsets
of HE bursts, which are distinct in the protons and the
electrons. Both the superimposed (F, G) and isolated im-
pulses (A, I), are followed by a distinct rise in ¢ and an
impulsive negative excursion of B. (dotted lines). The time
delay ranges from 0 s (I) to 50 s (A). Similarly, the appear-
ance of the HE bursts seems to be delayed relative to the
onsets of Pi bursts observed on the ground. Both the delays
and their tendency to decrease in the course of the expan-
sion can be explained by the relative position of the satellite
with respect to the source region. As in the first stage of
the cases shown in Fig. 2, the proton flow in the ecliptic
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plane was found to be highly anisotropic and oriented in
a tailward direction (almost) along the magnetic field lines.
From this we can conclude that the source during this peri-
od is located somewhere between the Earth (behind 10 R,
to be exact) and the satellite (37 R,). From the auroral-zone
data we know that the auroral expansion started at 66°
CG Lat and expanded polewards in a stepwise fashion,
reaching 71° CG Lat at 20:23 UT (paper 1I). Correspond-
ingly, we can assume that in the course of the successive
activations the source region is displaced tailward (towards
the satellite), which gives a natural explanation for the de-
creasing time delay. If so, we can further argue that the
observed negative excursion of B., which is largest in the
first activation, is caused by some current system which
propagates in the PS with a speed lower than that of the
HE particles.

Returning to the magnetic variations in the PS shown
in Fig. 3, we can note the following. First of all, there is
no simple correlation between the magnetic field variation
amplitude and the intensities of the HE and/or Pil bursts.
The event G, for example, shows a very intense magnetic

field variation (possibly of local origin) with no significant
HE particle response. Then, by comparing the variations
in B, and B, relative to their levels both before the onset
of the substorm and a few minutes prior to the isolated
activation I, we can conclude that their response to the
impulsive activations constitutes mainly a negative excur-
sion for B, and a positive one for B,. Exceptions, however,
are evident, particularly the positive B. variation after acti-
vation E. Variations in the largest component, namely B,,
are less distinct, probably because of the continuous growth
of the tail current at IMP-] position. For the most intense
HE particle bursts seen in Fig. 4, a rise in B, in the first
30 s (after the onset of the burst) and then a drop below
the previous level seems to be typical.

Intense HE proton bursts in both channels (>0.3 and
=0.5 MeV) are observed only during three activations (A,
G, I). Indications of inverse energy dispersion (0.3-MeV
protons arrive and/or reach the maximum flux first) show
impulse G and impulse I in Fig. 4. A brief appearance of
HE alpha particles above 2 MeV is detected at the maxi-
mum phase of activation A (20:00:53 UT).
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HE particle and magnetic field response tailward
and earthward of the source region

The expansion of the most intense substorm on March 3,
1976, started at 17:16 UT. Figure 5 contains the strongest
HE proton bursts (for almost all periods of IMP-7 and
IMP-8 observations). The ground data published by Ser-
geev (1981) for this interval show a very rapid and extensive
auroral expansion towards 75° CG Lat with clear impulsive
substructures. Due to the tailward motion (or jump) of
the source region passing over the satellite at 17:36-17:40
UT, the source in this period is first earthward and then
tailward of the satellite (see Fig. 2). This may indicate that
the source is not so far from the observation site during
the 10-min period considered as during other activations
of this substorm. Consequently, differences in timing due
to different propagation speeds are expected to be smaller.
The onsets of the HE particle bursts, therefore, serve well
as reference times for the concurrent magnetic variations.

As in Fig. 4, the onsets of the HE particle bursts are
indicated in Fig. 5 by broken lines. Once again one can
notice the excellent time correlation between these HE par-
ticle bursts and those in ¢. Again, however, there is no
exact intensity correlation between them. The striking dif-
ference in the impulse response of B, before and after 17:38
UT calls for special attention. Before 17:38 UT (tailward
proton flow, source earthward of satellite) the onsets of
bursts A—E are followed by a mainly negative B, excursion,
whereas the B, response to the onsets of bursts F-I (source
tailward of satellite) is primarily positive. One remarkable
additional detail should be noted. The main B, excursion
is advanced by a short (~15s) pulse of reverse polarity,
and the B, component (not shown here, cf. Fig. 5 in Ser-
geev, 1981) also displays coherent impulsive variations of
similar magnitude, being negative before 17:38 and positive
after 17:42 UT. It also becomes evident from Fig. 5 that
the o and B, responses from both sides of the source region
do not differ significantly.

It is of great importance here to ensure the temporal
nature of the observed variations (responses). First there
is the simultaneity of the onsets of the impulsive rises in
both the HE electron and proton fluxes (this is clear for
bursts A, D, E, F, G and H). Taking into account the
large differences in the gyroradii of both species, this gives
the first evidence of the temporal nature of the observed
variations. Secondly, we show in the upper part of Fig. 6
the fluxes of 0.3-0.5 MeV and 0.5-1.0 MeV protons (nor-
malized to the maximum flux of each impulse) for the three
most intense (superimposed) bursts, C, D and E. The in-
verse energy dispersion effect is clearly visible. The same
effect can also be verified for the bursts F, G and H in
Fig. 5. This is further evidence of the temporal nature of
the observed variations. Additional evidence comes from
the ground-satelite correlation, as will be shown later.

Normalized azimuthal flux distributions of 0.3-0.5 MeV
protons are shown in successive frames for each burst in
the lower part of Fig. 6. The fluxes are strongly collimated,
so that only a portion of the full azimuthal range is dis-
played. A persistent feature of all three cases of an intense
particle burst is that the initial rise in proton counts starts
at an ~45° pitch angle. The distribution then shifts towards
the field-aligned direction at the time of the burst intensity
maximum and turns back to an ~45° pitch angle at the
end of the burst. Dawn-to-dusk-directed anisotropy is a
common feature of HE protons, and finds its explanation
in the N-S gradient of the HE proton number density (Sar-
ris et al., 1976a). This being so, the shift in flux distribution
demonstrated here is consistent with the spatial movement
of the flux tube containing the highly collimated proton
beam, which approaches the satellite and then moves back
again. This is also supported by the observations of phases
C-4, C-5, E-3 and E-4, when the distributions are obviously
shifted towards dawn relative to the local magnetic field
direction (broken vertical line). Only at these moments is
the satellite embedded in the PS, as evidenced by the lowest
values for the magnetic field magnitude (B, component),



also presented in Fig. 6, and by the brief spikes in the ther-
mal electron energy density (data kindly provided by E.-W.
Hones). This “N-S gradient interpretation” thus enables
us to see HE field-aligned proton beams whose gyrocentres
are contained in the narrow outer boundary part of the
PS and which experience local N-S displacements (possible
expansion — contraction or flapping motions of the PS)
in association with each impulsive activation.

In contrast to the substorm commencing at ~20 UT,
the HE electrons are found in this case to be highly an-
isotropic. First, before 17:36 UT, they exhibit a persistent
strong tailward anisotropy and then, during the bursts F-H,
they occasionally show significant earthward anisotropy
(with front-to-back ratio >2). In summary, we can say
that the proton and electron data, and also the change
in the sign of B, at 17:36 UT (Fig. 5), are consistent with
a tailward movement of the source region beyond the satel-
lite (for T>17:40 UT the source is certainly tailward of
the satellite).

One of the strongest alpha-particle events in the IMP-J
observations is detected in coincidence with the strong pro-
ton bursts C-D (cf. Fig. 5), showing that the acceleration
mechanism was effective in accelerating charged particles
up to a few MeV energy in the same, short (impulsive)
process. It is important to note that the proton fluxes in
the corresponding energy channel (>2 MeV) are at least
one order of magnitude smaller.

The small time difference (~ 1 min) between the particle
bursts themselves within the first (B-E) and second se-
quence (F-H) makes it difficult to establish a one-to-one
correspondence between them and the individual impulsive
activations seen on the ground. In this event, the main infor-
mation from the ground observations is obtained from an
analysis of the Pi-2 signals recorded at auroral and mid-
latitudes. The Pi-2 pulsations serve the same purpose here
as the earlier Pi1B pulsations shown in Fig. 3. As shown
by Sergeev (1981) and supported by an additional data sur-
vey, an intense Pi-2 wavetrain starts coherently at widely
displaced stations at 17:30:45 UT (£S5 s) in coincidence
with Pi1Bs, after which an extended, rapid auroral expan-
sion takes place until 17:36 UT. The trains observed at
all sites at mid-latitudes display coherent, abrupt phase or
amplitude changes, two of which occur at 17:32:30 and
17:34:00 UT, respectively (see Fig. 6 in Sergeev, 1981). A
repeated survey including additional data revealed one
more coherent change at 17:31:40 UT. These times (trian-
gles at the top of Fig. 5) give an almost exact coincidence
of impulsive changes in Pi-2 trains with the onsets of the
HE particle bursts B, C, D and E seen at 37 R..

The situation after 17:40 UT is not so well suited for
a ground-tail comparison, because the various ground ob-
servations do not correlate with each other. In particular,
the signature of an auroral expansion at very high latitudes
(CG Lat >74°) after 17:43—44 UT (see Fig. 2 in Sergeev,
1981) does not correlate with the Pi-2 activity at mid-lati-
tudes, where it is weak and irregular, with the exception
of a 2-min pulsation train starting at 17:45:05 UT. Since
very high latitude auroral activations are not usually ac-
companied by clear mid-latitude pulsations in the Pi-2 range
(Pytte et al., 1978), and since auroral-zone data alone do
not provide sufficient accuracy over the period studied, we
cannot support or reject the presence of ground counter-
parts for bursts F-I in Fig. 5. All that can be said is that
the auroral expansion onset and the onset of the mid-lati-
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tude Pi-2s seem to be delayed by 1-3 min with respect to
the onset of a series of strong HE proton particle bursts.
Note that in this case the source region is very much further
down the tail than 37 R..

Discussion and conclusions

The observations presented in this paper support the find-
ing of an impulsive energy dissipation process in the sub-
storm expansion phase (Sergeev, 1981; Yahnin et al., 1983).
Among the wealth of different variations (temporal and
spatial, small- and large-scale), we can apparently distin-
guish the properties of an ““elementary” impulsive process,
seen at some distance from the source region. The essential
PS features inherent to such an elementary process are sum-
marized below and its physical relevance is discussed.

HE particle bursts

Many impulsive HE particle bursts of short duration were
seen at IMP-I or J satellite distances, according to Sarris
etal. (1976a, b), Carbary and Krimigis (1979), Lui and
Meng (1979), Kirsch et al. (1981); see also the review by
Krimigis and Sarris (1979). Bursts of HE electron precipita-
tion (clearly temporal in origin) were often found within
the expanding auroral bulge in close association with impul-
sive Pi activity (Sergeev et al., 1978; Yahnin et al., 1983).
Recently, Belian et al. (1984) have reported impulsive struc-
tures frequently observed (in more than 75% of all studied
cases) in the 0.5-MeV proton injections at geosynchronous
orbit. This stresses the generality of the impulsive phenom-
ena with which we are dealing here, and lends further sup-
port to the temporal origin of the impulses. In our observa-
tions (cf. Figs. 3-5), no significant modulation was found
in the individual bursts (at least within the available time
resolution of 10 s). The duration of the flux rise is 20-50 s
and that of the whole burst ~1 min, figures which are in
agreement with earlier results (Lui and Meng, 1979). Typi-
cally there are intervals of 1-3 min between consecutive
bursts. These temporal characteristics agree well with the
properties of impulsive structures observed on the ground
and at a geosynchronous distance.

Some intense HE proton bursts clearly exhibit the in-
verse energy dispersion characteristics pointed out earlier
for many similar cases by Sarris et al. (1976a) and Kirsch
et al. (1981). Strong flux enhancements (up to three orders
of magnitude) are seen during some HE particle bursts (e.g.
C-E in Figs. 5 and 6), these being practically coherent for
electrons and protons having gyroradii of a few hundredths
to several R., respectively. Simultaneous impulsive phe-
nomena were recorded on the ground. Taking all these facts
together, we may argue that the inverse dispersion effect
is due to temporal changes in the efficiency of the accelera-
tion mechanism. Any explanation of the inverse dispersion
by spatial effects (velocity filtering), as described by Sarris
and Axford (1979) for example, cannot be satisfactory in
our case. Firstly it has to be noted that inverse dispersion
was observed during a PS boundary which was approaching
the satellite, for which Sarris and Axford’s model predicts
direct (as opposed to inverse) dispersion (assuming a dusk-
ward electric field, as is normal) and, secondly, in the case
of Figs. 5 and 6, the source is not very far from the space-
craft (clearly less than 20 R,). In this situation an explana-
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tion in terms of velocity filtering would require unrealisti-
cally large electric fields.

The impulsive acceleration of alpha particles up to
2 MeV in the absence of a similar acceleration of 2-MeV
protons was first reported by Kirsch et al. (1981). Similar
intense alpha-particle bursts without bursts of protons of
corresponding energies were observed on March 3, 1976
in three cases (12:07, 17:18, 22:02 UT) in addition to those
presented in Fig. 5, each taking place simultaneously with
a strong substorm intensification observed on the ground.
The charge dependency of the acceleration process is, there-
fore, to be regarded as a characteristic of impulsive pro-
cesses in substorm expansions, which provide particle accel-
erations up to MeV in tens of seconds.

Dawn-dusk asymmetries in the intensity of HE proton
(maximum at dusk) and HE electron fluxes (maximum in
the dawn sector of the PS) is known to be a characteristic
of HE particle bursts (Krimigis and Sarris, 1979). As shown
in paper II, such asymmetries may be a consequence of
different longitudinal positions of the satellite (duskwards
or dawnwards) relative to the localized active region (aur-
oral bulge). This asymmetry can be very pronounced over
a distance less than 10 R, across the tail (tail width some
45 R,) during the initial phase of strong, isolated substorms.
Let us compare the ratio of electron to proton fluxes for
the studied bursts in relation to the positions of the active
region with respect to the satellite as defined from the
ground-based data.

In the case of the first substorm presented here (Figs. 3
and 4), the auroral expansion developed mainly to the west
of the satellite’s meridian before 20:20 UT (paper II). Dur-
ing this period, IMP-J detected the HE electron fluxes well
above the level prior to the expansion, which is quite in
contrast to the HE proton flux behaviour. Also, the en-
hancements of the HE fluxes of the bursts are somewhat
higher for electrons than for protons during this period.
In the case of the second substorm, the expansion region
is further west during 17:42—45 UT (bursts F-I) than during
17:30-35 UT (bursts B-E); cf. Fig. 2 of Sergeev (1981).
Correspondingly, a pronounced difference is found in the
electron/proton content of the bursts between the series C—
E and the series F-I in Fig. 5. Thus the acceleration regions
seem rather to be localized across the tail and their momen-
tary position apparently defines a demarcation line between
the areas of high HE proton and high HE electron flux
intensities in the bursts. All these findings are compatible
with an acceleration of particles in a localized region in
the tail by strong impulsive electric fields.

Due to the limited angular resolution of the CPME ex-
periment and the very large proton gyroradii (in compari-
son to the thickness of the PS), the ability of this instrument
to track movements of HE proton structures within the
PS is limited. Nevertheless, we found that in the case where
the fluxes are collimated in the direction of the magnetic
field lines (e.g. in the cases of Fig. 6) the gyrocentres of
protons in HE bursts are contained in a relatively narrow
flux tube at the outer boundary of the PS. A similar conclu-
sion was drawn on the basis of the IMP-J measurements
for initial phase of substorm expansion (Sergeev, 1983).
The presence of a thin layer of energetic protons and alpha
particles during both transient and final (recovery) PS ex-
pansion was also found by ISEE-1,2 observations made
at shorter distances from the earth (Spjeldvik and Fritz,
1981; Moébius et al., 1980; Andrews et al., 1981). This find-

ing can therefore be considered a characteristic feature of
the expansion-associated acceleration process, since it is
found both earthward and tailward of the source region
and since it holds for multiple impulsive bursts (Spjeldvik
and Fritz, 1981; Parks et al., 1979 and our results) as well
as for the first burst at the expansion onset (Sergeev, 1983).

Propagating magnetic field disturbances
and configurational changes of the PS

The impulsive, discrete, short-lived nature of the expansion
process was demonstrated in great detail above. This nature
was already suggested by earlier findings (Sergeev and Yah-
nin, 1979; Sergeev, 1981; Bosinger et al., 1981; Yahnin
et al., 1983; Belian et al., 1984). In many previous studies,
however, one was looking only for long-lived, large-scale
patterns of magnetic field disturbances in the PS presum-
ably caused by reconnection. This pattern is nevertheless
strongly contaminated by dynamic small-scale processes,
in agreement with the findings of Lui et al. (1977), Coroniti
et al. (1980), Kirsch et al. (1981) and Sergeev (1981). Here,
therefore, we are looking for an elementary process of ex-
plosive dissipation which occurs somewhere in a localized
region within the PS.

Around the onset of substorm expansion, the onset of
the southward excursion of B, in the outer part of the PS
at 37 R, was delayed by about 1 min relative to the arrival
of the HE particles. This gives an apparent propagation
speed for the magnetic field disturbance relative to the HE
particles (see Sergeev, 1983 for other examples) of about
18 R./min, given that the source is at a distance of 20 R,
from the satellite (i.e. at 15 R, in the nightside PS). This
speed is comparable to the speed of sound, 1,000 km/s (for
Ti~6 keV), or with the Alfvén speed V;=0.21 B(nT)/
V/n(cm ™ 3) R /min (for B=20 nT with n=0.05 cm™~3) in the
PS. We have noted a shortening of this delay for successive
activations occurring at progressively higher latitudes in the
auroral zone. Finally, there was no delay when the expan-
sion developed at ¢ =73°-75° (the source was apparently
situated close to the satellite).

The typical patterns of magnetic field variation observed
in the outermost part of the PS after an impulsive activation
can be produced by a propagating current system of the
type shown in the upper part of Fig. 7 (here called the
Reconnection Induced Propagating Disturbance — RIPD).
The propagation of some kind of current system producing
these variations could explain such findings. At least two
spacecraft would be needed to verify this, however. This
current system must always cause a pronounced southward
excursion of the magnetic field within the propagating loop
tailward of the source and a short, weak northward excur-
sion ahead of it. A rise in field strength as its front passes
by may be expected at the satellite outside or at the outer
boundary of the PS. This magnetic field behaviour can be
found in the data of Fig. 4 and during the intense bursts
A-E displayed in Fig. 5. Earthward of the source the sign
of the B, variation is reversed, as is in fact observed during
bursts F-I shown in Fig. 5. The tail-aligned closure of this
current system must exist because of the localization of
the source region across the tail.

Such patterns of magnetic field variations are compati-
ble with the recent results of Hones et al. (1982), who stud-
ied B, variation during substorm onsets. It can be said,
however, that the B, variations must be more distinct, since



the B, and B, variations depend in a more complicated
way on the position (z-coordinate) of the satellite with re-
spect to the RIPD. In addition, it can be emphasized that
the earthward-propagating part of the RIPD (as discussed
by Hill and Reiff, 1980) corresponds well with the three-
dimensional system of the substorm current wedge (Aka-
sofu, 1977), which is a well-known phenomenon in the sub-
storm expansion phase. Such a propagating current system
(Alfven wave) must be launched in each act of a localized
current disruption which initiates the reconnection process.
Similar characteristics of current distribution in the bound-
ary part of the PS were indeed obtained in computer simula-
tion of a three-dimensionally driven reconnection by Sato
et al. (1984). It is worthwile mentioning that the RIPD is
qualitively similar to the meander system introduced by
Pellinen and Heikkila (1984).

As a result of our study, in the lower part of Fig. 7
a schematic and — in view of the complex reality — certainly
oversimplified picture is given of what may happen in the
tail during successive elementary substorm expansion pro-
cesses and how this may be embedded into the large-scale
“neutral-line-plasmoid ™ configuration. Several important
additions to this scenario should be considered: firstly, the
simultaneous presence of several sources, as suggested by
the results of Sarris et al. (1976b) and Sergeev and Yahnin
(1979), and secondly, an unsystematic change in the source
location during successive impulses. The study of auroral
arc expansion by Sergeev and Yahnin (1979) and model
computations by Forbes and Priest (1983) indeed suggests
that new neutral lines may appear at different places in
the PS. Note, in Fig. 2, the changes in the directions of
arriving HE protons from tailward to earthward and then
again to tailward, so that the source may apparently move
back and forth.

Mechanism of explosive (impulsive) dissipation

The short-lasting impulsive phenomenon of substorm ex-
pansion studied here represents the essential (and presum-
ably elementary) part of the whole substorm expansion pro-
cess, since it provides the significant inputs for auroral ex-
pansion, formation of the three-dimensional current system
and particle energization and injection. Many of the essen-
tial observational signatures of the impulsive process are
already known. Most of them have been described in earlier
studies (Krimigis and Sarris, 1979; Sergeev, 1981 Kirsch
et al., 1981) and are summarized and expanded on in this
paper (the first objective). These signatures include:

a) the time scale — a few tens of seconds

b) acceleration of HE particles in a localized part of
the PS up to MeV energies

¢) indications of acceleration by a strong impulsive elec-
tric field (inverse energy dispersion, preferential accelera-
tion of particles with a higher charge, dawn-dusk asym-
metry in the acceleration of HE protons and electrons)

d) the launching of a three-dimensional current system
(like the RIPD) propagating from the source within the
Y-sector of the source location.

Note that the strong impulsive electric field reaching
a few tens of mV/m has certainly been detected (Aggson
and Heppner, 1977; Pedersen et al., 1978 Cattell et al.,
1982). At the present time most of these signatures can
be explained by only one mechanism: the non-linear (explo-
sive), collisionless tearing mode (Galeev, 1979). This pro-
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Fig. 7. a Current system (Reconnection Induced Propagating Dis-
turbance — RIPD} launched by each impulse in the explosive expan-
sion process. b Simplified scheme showing the small-scale configur-
ational change in the plasma sheet caused by the inferred impulsive
expansion process

vides a consistent explanation for signatures a) — ¢) and
a good description of the spectrum of accelerated ions in
the thermal and nonthermal part (Zeleny et al., 1984). This
theory has not been completely developed to model the
propagation of the magnetic disturbance induced in the
PS, but a MHD model describing the latter aspect has re-
cently been developed by Semenov et al. (1983) including,
as a particular case, the well-known stationary model of
H. Petschek. In spite of inherent simplifications, the model
simulates some of the experimental findings of our paper
such as a current system of the RIPD type and the swelling
of the PS following the propagating RIPD. The model also
demonstrates that a transient reconnection is an effective
mechanism of energy dissipation.

Both theoretical models are, nevertheless, not yet capa-
ble of modelling a real space-time development of the pro-
cess in a three-dimensional configuration and, in particular,
they are not able to produce the repetitive impulsive pro-
cess. In this respect, the results of a recent numerical MHD
modelling within the framework of the line-tied reconnec-
tion by Forbes and Priest (1983) deserves special attention.
These authors have found very complex behaviour in the
system, namely the sporadic growth of a few magnetic
islands, corresponding impulsive behaviour of the electric
field associated with the growth of each island and a com-
plex movement of active regions back and forth along the
tail. Although a collision-dominated process of the tearing
mode is not completely realistic in the PS, we find here
a time history of the process qualitatively similar to that
of the observed expansion process. We conclude that the
theoretical attempts yield results basically in agreement with
experimental findings, but we must admit that we are still
far from achieving a complete insight into the problem.

Our results show how important it is to consider the
impulsive, small-scale structures in the PS. At the same
time, the large-scale *“ neutral-line-plasmoid™ concept is not
excluded by this. On the contrary, many features of our
observations are well in tune with the * neutral-line-plas-
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moid” concept. Among these features are: the formation
of a neutral line in the near-earth region at the substorm
onset with preferential tailward anisotropy of HE protons
and southward-directed magnetic field deflections at the
initial state of substorm expansion (cf. Figs. 2, 4 and 95),
the tailward retreat of the main neutral line at the second
stage of the expansion with preferential earthward an-
isotropy of the HE proton and mainly northward-directed
magnetic field deflections and, after this, the final PS expan-
sion. One has to be aware that any mode of the reconnec-
tion process (impulsive or steady, driven or spontaneous)
ends up with the same large-scale configuration and time-
averaged properties. In this paper we have looked for, and
found, details which can give some insight into the elemen-
tary process by which the whole substorm expansion (pre-
sumably reconnection) operates in the earth’s magnetotail.
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