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Abstract. The ISEE-3 magnetic field and plasma electron data
from Jan - March 1983 have been searched to study thin current
sheets in the deep tail region. 33 events were selected where the
spacecraft crossed through the current sheet from lobe to lobe within
15 minutes. The average thickness of the observed current sheets was
245RE, and in 24 cases the current sheet was thinner than 3.0Rg;
6 very thin current sheets (thickness A < 0.5Rg) were found. The
electron data show that the very thin current sheets are associated
with considerable temperature anisotropy. On average, the electron
gradient current was ~ 17% of the total current, whereas the current
arising from the electron temperature anisotropy varied between 8 —
45% of the total current determined from the lobe field magnitude.

Introduction

Very thin current sheets with thickness of the order of the ion Lar-
mor radius or less have frequently been observed in the near-Earth
tail in association with substorm activity [McPherron et al., 1987].
During the growth phase close to the inner edge of the plasma sheet
[Baker and McPherron, 1990] and in the expansive phase through-
out the mid-tail region [Fairfield et al., 1981] these thin sheets are
thought to play a key role in the dynamical sequence of substorms.
However, the strong gradients along the tail axis and the rapid tempo-
ral changes of the magnetospheric configuration during the substorm
evolution make a detailed study of the properties of such thin current
sheets difficult.

At large geocentric distances the magnetic field configuration be-
comes much more one-dimensional [Slavin et al., 1985] and, outside
of periods of strong magnetic activity, may remain time-stationary
for relatively long periods. During early 1983 the International
Sun-Earth Explorer 3 (ISEE 3) satellite was in the distant tail
{X < —200Rg in geocentric solar magnetospheric (GSM) coordi-
nates, in which X is along the Sun-Earth line, Z in the plane defined
by X and the dipole axis, and Y completes the right handed triad)
and probed the electron plasma and magnetic field configuration of
the central parts of the geomagnetic tail. In this paper we show that
i many cases the current sheet in the distant tail is well defined
and very thin, and that the observed configurations often resemble
those inferred to occur in the near-Earth region during periods of
nagnetic activity. We present statistical results of the magnetic field
ud plasma electron properties of 33 current sheet crossings where
magnetic field and electron data were available and for which the
current sheet thickness could be determined. In the final section, we

compare and contrast these results with the substorm-associated thin
current sheets.

Event Selection

In order to examine thin current sheets in the deep tail, we looked
for events where ISEE 3 passed from one lobe to the other within a
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few (< 15) minutes. Magnetic field [Frandsen et al., 1978] and elec-
tron plasma [Bame et al., 1978] summary plots from January 1983
were scanned to identify periods when rapid traversals of the tail cur-
rent sheet occurred with lobe signatures on each side of the crossing.
Cases where the satellite entered the magnetosheath on either side
of the current sheet were not included. The different regions of the
tail (north lobe, south lobe, current sheet) were identified by sun-
ward (anti-sunward) field and low temperature in the north (south)
lobe, and small field magnitude and higher temperature in the cur-
rent sheet [Zwickl et al., 1984]. Some previously studied events from
February and March of 1983 were added to the list [Gosling et al.,
1985], which then totaled 48 events.

Data from the energetic particle anisotropy spectrometer (EPAS)
on ISEE 3 [Balogh et al., 1978] was used to estimate the velocity of the
current sheet for each case, using the method employed by Murphy
et al. [1987]. This method determines the speed at which the edge
of the plasma sheet boundary layer crosses the spacecraft position
either prior to and/or after the current sheet encounter. Assuming
uniform motion of the tail structures, the thickness of the current
sheet is then inferred from the duration of the encounter. We were
able to make an estimate of the boundary velocities for 33 of the 48
current sheet events. For the other events, the spacecraft was either
located within the plasma sheet boundary layer for some time prior
to and/or after the crossing (and hence there was no encounter with
the edge of that layer), or analysis did not yield results consistent
with a planar boundary rapidly crossing the spacecraft position.

Figure 1 shows data from 2115 to 2145 UT on 21 January 1983
which contains a current sheet crossing typical of those in the data
set. The spacecraft was located in the south lobe of the tail at
(—205.1,-6.2, —6.9)Rg. The top four panels show the magnetic field
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Fig. 1. ISEE 3 current sheet crossing on 21 January 1983 at
2131 UT. Panels from top to bottom: Magnetic field components
Bx,By,Bz,and | B | in GSM-coordinates, flow velocity, and tem-
perature anisotropy Tarax/TrmiIN-
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components in GSM-coordinates. A Harris field model for the mag-
netic field X-component Bx = Bgtanh[U - (1 — t5)/A], where the
lobe magnetic field intensity is By = 6.7nT, the boundary velocity
U = 45.5km/s, and current sheet thickness A = 0.34Rg, has been su-
perposed on the measured Bx and field magnitude plots. The bulk
electron velocity was quite typical, below 600km/s, and the electron
temperature anisotropy (ratio of the temperatures in the direction of
the maximum and minimum temperatures) was slightly above 1.2,
somewhat above the average in this set of events. The direction of
the temperature maximum (data not shown) reveals that the temper-
ature parallel to the magnetic field was greater than the temperature
in the perpendicular direction. The current sheet passed over the
spacecraft at a speed of 45.5km/sin about 2 minutes. The event oc-
curred during relatively quiet geomagnetic conditions as determined
from the AE-index, about 30 minutes after the complete recovery of
a 500 nT substorm (onset at ~1840 UT).

The events were selected without reference to magnetic activity.
Dependences of the current sheet characteristics on magnetic activ-
ity were studied using l-hour averaged AE-index. The very thin
current sheet observations were, except for one, all made during very
low magnetic activity (AE < 100nT). Otherwise, there was practi-
cally no correlation between AE and current sheet thickness. Only a
slight tendency for larger current sheet thicknesses during magneti-
cally active periods was observed.

Current Sheet Thickness Estimates

The current sheet thicknesses for the 33 events were estimated
two different ways. Both methods utilized the boundary velocity U
obtained from the energetic ion data. In cases where both entry and
exit speeds were obtained, the average value was used in the current
sheet thickness estimation.

High-resolution (3-second averaged) magnetic field data was used
to determine the time period At of depressed field magnitude during
the current sheet crossings. The current sheet thickness was then
estimated from A = U - At. The average thickness using this estimate
was 2.7Rg. In 22 events out of 33 the current sheet thickness was
less than 3.0REg.

The Harris model magnetic field was used to describe the X-
component of the observed magnetic field. The optimal fit to the
data was determined by a least squares fitting procedure, minimiz-
ing the error with respect to both lobe field strength Bg and current
sheet thickness A. In this case, the average thickness was 2.2Rg, and
there were 26 events with current sheet thickness less than 3.0Rg.

The error involved with the velocity estimates was relatively large,
of the order of +10km/s. We assume that the error in the time
estimate At in the first thickness estimate is less than 30 seconds,
which gives an error in the final current sheet thickness ~ 0.4Rg for
the thin current sheet crossings (A < 3.0Rg), and ~ 0.8Rg for all 33
events. If we assume that the least squares sum of the X-components
of the field is proportional to the error in" By, the resulting error in
the second thickness estimate gives very similar results, 0.3Rg and
0.8Rg for thin crossings and all crossings, respectively.

In the following analysis we have used an average of the current
sheet thicknesses given by these two methods. The average gave a
value of 2.45Rg, and 24 events had a mean current sheet thickness less
than 3.0Rg. We define these as thin crossings (Figure 2). For the 24
events, the two results deviated from the average value by ~ 0.3Rg,
whereas the deviation for all 33 events is much larger, ~ 0.8Rg. Thus
within the accuracy of the thickness determination, the two methods
gave similar results. The thick current sheets were often character-
ized by multiple crossings and complex behavior, which increased the
differences in the thickness estimates. Six very thin current sheets
with thickness less than 0.5Rg were found. In all these cases the
current sheet velocity relative to the spacecraft was rather slow, in
addition to very short crossing time lasting only a few minutes.

Plasma Electron Properties

The plasma electron data were available for all the selected current
sheet crossings. ISEE 3 made 3 s snapshots of the electron velocity
distribution functions (8.5 — 1140 eV), usually at intervals of ~ 84 s,
which for rapid crossings gives only a few measurements in the current
sheet region, thus limiting the possibilities of a more detailed study.
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Fig. 2. Histogram of current sheet thickness distribution for all
events. The crossings are binned in 0.5 Rg bins.

Both two- and three-dimensional measurements were made. Tw.
dimensional sweeps in the ecliptic plane sample most pitch-angls
in the deep-tail one-dimensional current sheet geometry. Thus, the
electron temperature anisotropies were well determined. The electrn
bulk flow measurements were subject to some uncertainties due &
imperfect photoelectron and spacecraft charging compensation e
Bame et al., 1978; Zwickl et al., 1984]. There can also sometimeshe
field-aligned current contributions to the inferred flow velocity, bu
evidence suggests that the plasma direction and speed determinatia
by ISEE 3 was reasonably well determined above ~ 100km/s [Zwicl
et al., 1984).

The electron plasma flow velocity was tailward in all but 3 of the
33 events, suggesting that the spacecraft was tailward of the distant
neutral line during the selected periods [Slavin et al., 1985]. Figue
3a shows the current sheet thickness distributions when the events
have been categorized according to flow velocity. Large flow veloc-
ity (| Vx |> 300km/s) was observed in 19 events. The thin currest
sheets (A < 3.0Rg) were typically associated with smaller flow velo-
ities than were observed in the events where the current shest ws
thicker. This further supports the conclusion that the thin current
sheets are stable structures associated with relatively quiet magnetx
conditions, whereas the thick sheets with fast tailward flows haw
been suggested to be associated with plasmoid events during magne
tospheric substorms [Baker et al., 1987]. The very thin current shes
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Fig. 3. Histogram of current sheet thickness distribution for 3) slv
flow velocity (Vx < 300km/s) events and large flow velocity (Vx>
300km/s) events, b) selected ‘isotropic’ (Tmax /TMIN < 1.2) evest
and selected “anisotropic’ (Tarax /Tarn > 1.2) events. The crossiaf
are binned in 0.5Rg bins.
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events (A < 0.5Rg) were associated with moderate flow velocities
varying from 0 to 400km/s.

The average electron temperatures in the maximum and mini-
mum directions were calculated over the period the satellite was
within the current sheet. In 13 events the temperature anisotropy
(Tuax /Tumin) was larger than 1.2 during the current sheet cross-
ings. As most of the events showed some degree of anisotropy,
Tyax/Tuin = 1.2 has been used to divide events into *isotropic’ and
"anisotropic’ classes. As noted above, the direction of the anisotropy
was such that the temperature parallel to the magnetic field was
larger than the perpendicular component. Generally, the isotropic
events were more frequent in the thin current sheet crossings, whereas
the anisotropic events showed no clear correlation with the current
sheet thickness (Figure 3b). However, 5 out of the 6 very thin current
sheets were associated with relatively large temperature anisotropy.

Superposed Epoch Analysis

In order to study the average characteristics of the magnetic field
behavior, data from all 33 crossings have been combined to form
a superposed epoch time series (Figure 4). The events have been
combined by coinciding the minimum | B | closest to the sign reversal
of Bx. For the X and Y components, —Bx and —By have been used
for south-to-north crossings, whereas the Z components have not
been reversed. The top panel of Figure 4 shows the individual X-
components of all events, with —Bx plotted for the south-to-north
crossings. The next four panels show the GSM-components of the
superposed epoch field as well as the field magnitude. A Harris field
model with average velocity 82.7km/s, average thickness A = 2.45Rg,
and average lobe field strength 7.8nT has been superposed on the X-
component and field magnitude plots.

Both By and Bz show a wavy structure with a sign reversal at
the current sheet crossing. In the case of the Y-component, this
is most likely due to the aberration of the tail field relative to the
GSM-coordinate system (if the tail is ~ 4° aberrated and the average
Y-component in this coordinate system is assumed zero, a negative
By above and positive By below the current sheet is expected in
GSM-coordinates). However, the reason for the variation in Bz is
not so clear. In cases where the motion of the current sheet across
the satellite is caused by external pressure pulses, the decrease in Bz
observed in 24 cases could be due to those effects. If the current sheet
motion is due to internal dynamics, it is more difficult to explain the
correlation between the sign reversals of the X and Z-components.

The average value of Bz was calculated for each of the crossings
by averaging Bz-values 30 min before and after each crossing. The
mean value was 0.24nT, with 9 events for which the 1-hour average
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was negative, the smallest being —2.2nT. 15-min averages before and
after the current sheet crossings gave mean values 0.56nT before and
—0.18nT after the crossing, again showing the tendency for more neg-
ative Bz after the crossing regardless of whether the satellite crossed
the current sheet from the north or from the south. The anisotropic
events had larger variation in the Bz-components, larger positive
Bz before and more negative Bz after the crossing. Magnetic ac-
tivity strongly enhanced the probability of observing negative Bz:
For quiet events (hourly AE < 200nT) the average after the cross-
ing was 0.31nT, whereas during more active events the average was
—0.52nT. The current sheet thickness was not strongly correlated
with the Bz-values.

Discussion

The current carriers in these extremely thin current sheets,
whether in the near-tail or in the distant tail, have not been con-
clusively identified. It is, however, important to understand how
changes in the current sheet thickness and current carrying popu-
lation affect the dynamical evolution of the tail during magnetically
active periods. Mitchell et al. [1990] suggested that the cross-tail cur-
rent in the thin current sheet during the substorm growth phase may
be largely carried by the anisotropic electron population. Pulkkinen
et al. [1992a] studied another event, where the electron current con-
tribution, although present, was relatively small (~ 10% of the total
current).

We have used the modified Harris equilibrium model B =
By tanh[U - (t — t9)/A]x + Bnz, where By, is the magnetic field com-
ponent normal to the current sheet, together with the field and elec-
tron data to estimate the electron current in the time-stationary
limit. The average values of the lobe magnetic field and the elec-
tron plasma parameters were determined from the analyzed 33 cross-
ings. Two values, an upper and a lower limit to the average mag-
netic field normal component (B,) were defined. The upper limit to
B, was obtained by averaging over the absolute values of the mea-
sured Bz-components and describes particle motion away from the
X-point; the average of the actual Bz values representing typical field
values near the crossings was used as the lower limit. Correspond-
ingly, this gives a lower and upper estimate for the current induced
by the anisotropy in the electron distribution. When the modified
Harris equilibrium field is used to calculate the gradient and curva-
ture currents [Parker, 1957], the gradient current can be written in
the form jg = [n (T} + T1)/Bo)]/ cosh’(Z/}) , where n., Tj, and
T, are the electron density, parallel temperature, and perpendicular
temperature, respectively. The curvature current is jo = [n (T —
T1)/Bo)|/ cosh’(Z/))-(Bo/Bn)?/(1+(Bo/Bn)? tanh?(Z/))) . Both
currents are in the Y-direction. Figure 5 shows the total current den-
sity j = V x B/pg, the electron gradient term, and the lower limit
of the curvature term. The corresponding integrals over the current
sheet thickness have been used to estimate how much of the current
is carried by the electron population. On average, the gradient term
gives 17 % of the current, whereas the contribution of the curvature
term varies between 8 and 45 %, depending on how the average of the
magnetic field normal component was chosen. As the normal compo-
nent fluctuates around zero, the contribution of the curvature term
may be strongly time dependent. It thus seems that the current car-
ried by the electrons in many cases is large enough to be important
to the tail dynamics.

Whether the tearing instability can grow in the thin current sheets
is another question important both for the seemningly time-stationary
distant tail configuration and the rapid evolution of the near-Earth
tail during substorms. Pitch-angle scattering of thermal electrons has
been suggested to trigger ion tearing in the near-Earth tail at sub-
storm onset [Biichner and Zelenyi, 1987, leading to the disruption of
the cross-tail current and formation of the substorm current wedge.
The normal field component in the region close to 10Rg during quiet
times is sufficiently small to demagnetize the ions [West et al., 1978],
but is large enough to keep the electrons magnetized. Recent mag-
netic field modeling results suggest that during the substorm growth
phase the normal component is reduced sufficiently that the ~ 1 keV
thermal electron population is scattered [Pulkkinen et al., 1992b).

In the distant tail the field configuration was frequently found to be
close to or within the unstable regime and yet no current disruption
events were found. In the Harris field model the condition for strong
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Fig. 5. Total current, electron gradient current, and curvature cur-
rent for all 33 crossings (top left panel), for the thin current sheets
(A < 3.0Rg) (top right), and for two selected events, 21 January 1983,
categorized as ’anisotropic’ (lower left), and 2 February 1983, catego-
rized as "isotropic’. K, K¢, and Kror are the Z-integrated values
of the electron gradient and curvature currents and the total current.

scattering can be written as k = (Ba /Bo)\/Mpeo = 1, where £ is
the square root of the ratio between field line curvature radius and
electron gyroradius, and p,,o is the electron gyroradius in the lobe
field By. The average conditions in the distant tail described above
give k = 1.1— 8.6 for 100eV electrons (Bn, = 0.15— 1.14nT). The
corresponding value for the 100eV jons is k = 0.17 — 1.3. Thus both
the electrons and ions are close to the chaotic limit, with ions being on
Speiser-type orbits when the normal component is sufficiently small,
and the electrons being in the adiabatic regime when the normal
component is large. This suggests that other effects, such as magnetic
field radial gradients or the presence of heavier ions [Baker et al.,
1982] may contribute to the instability onset in the near-Earth region.

‘We have studied 33 events where the ISEE 3 spacecraft crossed the
current sheet in the deep geomagnetic tail. The current sheet was
frequently found to be quite thin, in many cases only a fraction of an
Rg. During the examined period (January 1983) there were in total
90 events where the spacecraft crossed the distant tail current sheet
from one lobe to the other. Out of these 90 crossings 37 took place
within 15 minutes and were thus selected to the original event list,
and for 23 crossings we succeeded to determine the boundary velocity
necessary for the current sheet thickpess estimate. In 20 events the
current sheet thickness was less than 3Rg, and were characterized
as thin current sheets. Thus, about 41% of the crossings took place
within 15 minutes, and in 22% of all crossings were through a thin
current sheet,

A superposed epoch analysis showed that the electron gradient
term contributes relatively little to the cross-tail current, whereas the
contribution of the curvature term may be quite substantial. The
GEOTAIL mission recently launched to probe the same region of
the tail with both ion and electron measurements available can bring
valuable information on the current carriers and stability of thin one-
dimensional current sheet structures.
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