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A new particle population near the high-latitude plasma sheet
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Abstract. We present observations of a new, intermediate-energy particle population be-
tween the lobe and the plasma sheet. These were seen during two equatorial magnetosphere
transits by the Wind spacecraft, when it was 15 Rg distant from the Earth, south of the
current sheet and near 0300 local time, and tended to overlap tail-thinning episodes. The
observed plasma bulk parameters exhibited a continuous transition from characteristics
of the plasma sheet to those of the lobe, suggesting either a mixing region for particles
from the two regions, or a transport layer where some processes condition the plasma
as it moves from one region to the other. While temperature and density are typically
shown to be anticorrelated throughout equatorial transits which span the plasma sheet and
the magnetosheath, these two parameters were seen to be positively correlated during the
intervals when the new population was observed. Particle distributions obtained by the
3-D Plasma Experiment (3DP) electrostatic analyzers (0.08-27 keV ions; 0.02-28 keV
electrons) during these periods often include a kidney-shaped low-energy ion component
that appears like the conics commonly seen at low altitudes. These components indicate a
likely transverse acceleration mechanism which can extend nearly out to the orbit of Wind.

1. Introduction

One quarter century after they were originally identified,
the boundary layers of the magnetosphere remain areas of
vigorous study [Song et al., 1995; Scholer and Treumann,
1997; Lundin, 1997] because the physical processes and the
magnetic field topologies associated with them are not well
understood. However, an understanding of the magneto-
pause and its connected boundary layers is critical to any
description of mass, momentum and energy transfer between
the magnetosheath and the magnetosphere, and hence to our
conceptions of the engines powering the dynamic processes
observed within the magnetotail. Furthermore, boundary
layers couple important magnetopause and tail regions to the
ionosphere and are intimately connected to global current
and convection systems [e.g., Lotko and Sonnerup, 1995].

A majority of magnetopause boundary layer studies have
concentrated on the dayside [e.g., Eastman and Hones, 1979;
Hall et al., 1990; Song et al., 1993; Paschmann et al., 1993;
Fuselier et al., 1995; Phan and Paschmann, 1996; Phan
et al., 1996], although recent publications include results
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from the Geotail and Wind spacecraft transits on the dusk-
side [Phan et al., 1997, Fujimoto et al., 1998a] and the
dawnside [Fujimoto et al., 1998a; Li et al., 2000]. An impor-
tant observation is that the plasma temperature and density
parameters can be strongly anticorrelated, and can exhibit
smooth, continuous transitions from the outer low-latitude
boundary layer (LLBL) to the central plasma sheet in the
face of apparent discontinuities in the time series data. Simi-
lar behavior has been seen for electrons in dayside crossings
[Parks et al., 1978; Hapgood and Bryant, 1990]. This has
been interpreted to mean that the boundaries may actually
be smooth, with a mixing of low-energy magnetosheath and
high-energy magnetosphere plasmas, and that the observed
jumps in time series data may result from sudden motions
of the boundary layer that are driven by external solar wind
conditions.

During the first four years following its launch in late
1994, the Wind spacecraft transited the magnetosphere 26
times along equatorial trajectories. These orbits have been
favorable for investigating low-latitude regions of the mag-
netotail and of the LLBL along the dayside and both flanks
up to several Rg tailward of the terminator. To date, we
have examined 18 of these orbits in detail, and in this ar-
ticle we present findings of new plasma characteristics that
were observed between the plasma sheet and the lobe dur-
ing two tail passes, when the spacecraft was 15 R g distant
from the Earth and near 0300 local time. In particular, there
were extended periods exceeding an hour’s duration during
which temperature and density parameters were positively
correlated and spanned the range between values found in
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the lobe and in the plasma sheet. In addition, for one of
these cases, kidney-shaped components were observed in the
ion distributions throughout the duration of the event. These
components have implications about likely acceleration his-
tories for the associated particles, and may imply that they
had a source different from that for other ions seen simulta-
neously.

We begin in section 2 with a brief description of the Wind
instrumentation used in this study, followed in section 3
with observations obtained during three outbound magneto-
tail passes. The first of these is representative of a “typical”
transit, and is provided to establish a baseline for compari-
son. After summarizing results in section 4, we discuss their
likely implications and the questions they raise in section 5.

2. Instrumentation

For this study we have used data obtained from the Wind
spacecraft’s 3-D Plasma Experiment (3DP) and Magnetic
Field Investigation (MFI). The 3DP experiment is a collec-
tion of electrostatic analyzers (ESAs) and solid state tele-
scopes (SSTs) designed for studying a wide variety of plas-
mas that are encountered inside the magnetosphere and the
magnetosheath, and in the solar wind. Three SST arrays
are used to detect energetic particles (60 keV-7 MeV ions
and 26-519 keV electrons), and these obtain 3-D distribu-
tions every 3 or 6 seconds. A group of four ESAs record
particles of low and intermediate energies, with one pair de-
signed especially for measuring the high phase space den-
sity (PSD), cold cores of solar wind ion and electron dis-
tributions. All four analyzers have very similar hemispher-
ical designs and sample either 180° or 360° in a plane at
any instant, resulting in 47 sr integrations either once or
twice per 3-s spacecraft spin period. The high-sensitivity
ion and low-sensitivity electron analyzers, PESA High and
EESA Low, respectively, have total geometry factors of ~1.5
x1072E cm?sr, with E the analyzer acceptance energy.
The high sensitivity electron analyzer, EESA High, is phys-
ically larger than the others, yielding a very high geometry
factor of ~10~' E cm?sr. The low sensitivity ion analyzer,
PESA Low, has an attenuating grid with a resulting geome-
try factor of ~1.5 x10™*E cm?sr.

The EESA Low and EESA High analyzers record elec-
trons in the overlapping energy ranges of 8 eV to 1.1 keV and
80eV to 27 keV, respectively. PESA High records ions in the
energy per charge range of 80 eV q~! to 27 keV q~*. Gen-
erally, a full 3-D distribution is obtained onboard Wind each
3-s spin period, but because of telemetry constraints, only
selected data are returned to Earth. Depending upon the op-
erating mode, ion distributions are typically integrated over
8—16 spin periods before being telemetered; and single-spin
electron distributions are sent once every 8—32 spacecraft ro-
tations. More details about the Wind/3DP investigation can
be found in the work of Lin et al. [1995]. We have found
that for this study, PESA High and EESA Low are the most
useful particle detectors, and we will therefore concentrate
on data from these instruments.

The MFI experiment includes two tri-axial fluxgate mag-
netometers which can provide three-component magnetic
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field vectors. We use averages over 3 s, a time resolution
concordant with the shortest particle integrations and com-
parable to the ion gyroperiod in the plasma sheet. Additional
details about MFI are given by Lepping et al. [1995].

3. Observations

We have examined the 18 Wind perigee passes from the
beginning of Wind’s service in November 1994 until the
end of 1996. These transits all had equatorial orbits with
apogees in the tail, which after the start of 1995 were be-
tween 10 and 20 Ry distant from the Earth. The typical
near-Earth plasma regions, such as the solar wind, magneto-
sheath, low-latitude boundary layer, plasma sheet, and lobe,
are easily identified by the inspection of plasma parame-
ters and the magnetic field. There were two passes in 1996,
March 28 and April 18-19, during which Wind encountered
plasma regions not seen during the other equatorial passes
we reviewed. Observations of these plasmas persisted for
> 1 hour, were associated with tail thinning periods, and oc-
curred while the spacecraft was located a few R g south of
the equatorial plane on the dawnside.

3.1. May 10, 1996

In order to establish a framework within which the new
plasma observations can be examined, we begin with ob-
servations obtained during the last 8 hours of an equatorial
magnetosphere crossing on May 10, 1996. Figure 1 displays
plasma parameters computed from ion counts obtained by
the 3DP/PESA High detector. The top and bottom panels
show density n and temperature 7' respectively, as estimated
from moments of measured distribution functions.

Li et al. [2000] described in detail this outbound magneto-
sphere transit, which we summarize here. Using particle dis-
tributions, they identified five distinct regions: the plasma
sheet (labeled “PS” in Figure 1), the cold dense plasma
sheet (“CDPS”) [cf. Fujimoto et al., 1998b], the low-latitude
boundary layer (“LLBL”), the magnetosheath (“MS”), and a
layer which they referred to as the magnetosheath boundary
layer. [cf. Fuselier et al., 1995, 1997]. We made the classi-
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Figure 1. May 10, 1996 PESA High plasma data. (top) Den-
sity. (bottom) Temperature. Dark shaded regions following
1934 UT denote the magnetosheath (SH), lightly shaded re-
gions following 1840 UT indicate the low-latitude boundary
layer (LLBL), and the medium-dark region prior to 1838 UT
marks the plasma sheet. The plasma sheet (PS) and two cold
dense plasma sheet (CDPS) regions are also indicated. Up-
ward arrows below top panel indicate intervals for distribu-
tions shown in Figures 2 and 3.
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fications denoted in Figure 1 using criteria much like those
used by Li et al. [2000], although we will not distinguish
between the magnetosheath boundary layer and the mag-
netosheath proper in this summary. Regions in this figure
are denoted, using successively darker shades, as the plasma
sheet (white), the cold dense plasma sheet, the LLBL, and
the magnetosheath (darkest). The cross-hatched regions de-
note the magnetosheath boundary layer. Horizontal dashed
lines in the density panel indicate nominal values for the
magnetosheath (top), CDPS, and plasma sheet (bottom) .
Figure 2 shows representative ion distributions from each
of the four main regions, obtained by the Wind/3DP PESA
High ion electrostatic analyzer. The times for these are indi-
cated by the short upward arrows in Figure 1. Distributions
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Figure 2. Ion distribution functions (80 eV to 27 keV) for
May 10, 1996. Isocontours of particle phase space density in
2-D (v)|, v ) and corresponding 1-D cuts, with dashed lines

showing one-count levels. (a) Plasma sheet, (b) CDPS, (c)
LLBL, and (d) magnetosheath.
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Figure 3. Electron distribution functions (17 eV to 1.1 keV)
for May 10, 1996, in the same format as th._at for Figure 2.

shown here are in the convection frame (i.e., with the perp-
endicular bulk velocity u ; subtracted). This has the advan-
tage of showing phase space densities in a frame for which
gyrocentric particles are symmetrically distributed about the
u| axis. At the same time, it also retains field-aligned mo-
tions (uy is not subtracted), so that it is evident which way
along the field and at what speed any beams or flows are
directed.

The left column shows logarithmically spaced isocontours
of ion phase space density in two dimensions (v, vo) from
PESA High (80 eV to 27 keV q~!) integrated over 51 s. The
v values for particles of all gyrophases are rotated onto the
vertical axis. (Negative v points correspond to ions with
velocities having v - u; < 0; where u is the component
of the bulk flow velocity perpendicular to B.) The right col-
umn provides corresponding 1-D cuts along the v | direction,
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with the dotted lines showing one-count levels. Asymme-
tries in the one-count levels result from the varying angular
bin resolutions which are greatest (lowest) in the tailward
(sunward) particle directions.

Figures 2a-2d correspond to plasma sheet, CDPS, LLBL,
and magnetosheath plasmas, respectively. In the plasma
sheet the ions have hot (~2 keV), isotropic distributions,
which level off between ~400 and ~1000 km/s. In the cold
dense plasma sheet, densities are 2—3 times greater, with ion
distributions that are somewhat cooler and which lack the
shelf feature from 400 to 1000 km/s. We see that in the
LLBL (Figure 2c) the ions have isotropic distributions, with
densities and temperatures intermediate between those of the
magnetosheath and the CDPS. In the magnetosheath, Wind
observed cold ion distributions as expected, with a perpen-
dicular temperature anisotropy that is most prominent in the
lower energies, and with a strong asymmetry between field-
aligned and anti-aligned phase space densities.

Figure 3 shows data obtained by EESA Low (17 eV to
1.1 keV electrons) integrated for 3 s, and is in the same for-
mat as Figure 2. We have excluded data from the three en-
ergy bins below 17 eV, since these are contaminated by pho-
toelectrons. The plasma sheet electrons have T' ~ 200 eV,
with distributions that are isotropic above ~1 keV and which
have a strong paralle] temperature anisotropy at lower en-
ergies. Compared to the plasma sheet proper, the CDPS
electron distributions have anisotropic low-energy ( S1 keV)
cores with higher phase space densities; but higher-energy
components with lower PSDs.

While the (time-ordered) moments presented in Figure 1
suggest that Wind encountered boundaries separating each
of the regions described above, inspection of all distributions
reveals that the distinction between the plasma sheet and the
CDPS plasmas is generally a matter of degree; by selecting
distributions out of strict time sequence, it is possible to find
a series which shows a smooth variation between the distri-
bution seen starting at 1824:09 UT in the plasma sheet and
that seen starting at 1910:35 UT in the CDPS. The fairly
abrupt changes observed between plasma sheet and CDPS
regions may represent sudden motions past the spacecraft of
slowly varying magnetotail regions, rather than the passage
of Wind through true discontinuities. Some support for this
is provided by Figure 4.

Immediately apparent from inspection of Figure 1 is the
anticorrelation between the temperature and the density. In
plasmas where perpendicular kinetic pressure, £ ,n,kgT -,
dominates magnetic pressure, B2 /8, such anticorrelations
between n and T' might be expected as pressure balance is
maintained [cf. Baumjohann, 1998], assuming a locally pla-
nar geometry and steady exterior forcing by the solar wind.
(Here, -y indexes particle species, kg is the Boltzmann con-
stant, and B is the magnetic field strength.) In order to
demonstrate this anticorrelation explicitly, and to present
this as a baseline for comparison of the two events which fol-
low, the logarithms of temperature versus density are shown
as a scatterplot in Figure 4. Dark pluses toward the lower
right denote the magnetosheath, light pluses in the upper left
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Figure 4. May 10, 1996 log(T) versus log(n) correla-
tion. Dark pluses denote the magnetosheath, medium-dark
pluses indicate LLBL/CDPS plasma, and light pluses mark
the plasma sheet and cold dense plasma sheet.

indicate the plasma sheet, and medium-dark pluses mark the
LLBL and the CDPS.

The nearly continuous spread of points in Figure 4 lends
support to the assertion made above that the discontinu-
ous transitions observed between the various plasma regions
need not imply sharp physical boundaries, and may in some
cases have been the result of rapid motions of the magneto-
tail due to variations in exterior conditions. [Cf. Hapgood
and Bryant, 1990; Hall et al., 1990; Phan et al., 1997, ]

3.2. March 28, 1996

On March 28, 1996 Wind completed the outbound portion
of the earliest perigee pass discussed in this section. Fig-
ures 5a-5d present Wind plasma moments, n, v, and T, and
magnetic field data, for 01001300 UT. At 0600 UT, Wind
was located at (-7.8, -13.3, -3.6) R g (GSM), and IMP 8 was
in the solar wind at (-4.7, 33.1, 12.5) Rg. IMF data from
IMP 8/MAG were available for the first 5.25 hours of this
interval, and are shown in Figure 5. The IMF turned dawn-
ward around 0235 UT and southward near 0245 UT, with an
estimated propagation time to the magnetosphere of 5 min.

At 0307 UT the spacecraft entered a region where the den-
sities were elevated and the temperatures were often substan-
tially reduced relative to those of the surrounding plasma
sheet, and where 1" and n were roughly correlated. These
conditions persisted until 0524 UT. This ~2.25 hour inter-
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Figure 5. March 28, 1996 bulk parameters. (a) Plasma density, (b) velocity, (c) temperature, (d) GSM
magnetic field components, and (¢) GSM y and z components of the interplanetary magnetic field IMF).
Downward arrows above the density trace denote intervals plotted in Figures 7 and 8, while upward arrows
below the trace correspond to the distributions of Figure 9.

val, shaded in Figure 5, will be the focus of the discus-
sion which follows. During the second half of this inter-
val, the computed velocity moments show values around
100 km/s tailward, following a shorter 15 minute interval
of $£100 km/s earthward flow. After reentering the plasma
sheet, Wind remained there until 0816 UT, at which time it
began to sample the low-latitude boundary layer. The space-
craft encountered the magnetopause for the first of several
times at 0920 UT, and made its final exit from the magneto-
sphere into the magnetosheath at 1154 UT. The « component
of the magnetic field (not shown) remained tailward between
7 and 40 nT until Wind began to sample the LLBL around
0816 UT, after which time it exhibited large 6 B/ B fluctua-
tions.

After Wind reentered the plasma sheet at 0524 UT, the
density and temperature values exhibited a strong anticorr-

elation similar to that observed on May 10, 1996 (Figures 4
and 1). This is shown more clearly in Figure 6, which is a
scatterplot of log(7") versus log(n). Data from Figure 5 are
plotted with black pluses denoting points obtained during the
shaded region, and with grey pluses representing points from
the plasma sheet, LLBL and magnetosheath. As was the case
on May 10, the LLBL forms a continuous link between the
magnetosheath and the plasma sheet, suggesting a smooth
mixing or diffusion of plasma components.

What is new is the positively correlated branch extending
from the lower left of Figure 6 to the center of the LLBL—
plasma sheet transition. Although the densities do not reach
down to the barely measurable low values often seen in the
lobe, the location of the spacecraft and the combination of
low values for both density and temperature make the as-
sociation with the lobe clear. It should be noted that Wind
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Figure 6. Scatterplot of log(T') versus log(n) for March 28,
1996. Here, grey pluses represent observed values from the
LLBL, the plasma sheet, and the magnetosheath, while black
pluses represent points obtained during 0307-0524 UT. Cir-
cled points correspond to the distributions in Figures 7 and 8,
while points with diamonds correspond to the distributions
shown in Figure 9.

observations of the lobe during other magnetosphere passes
(e.g., 0830-0940 UT and 1010-1210 UT, September 17,
1995; 0718-0805 UT, November 29, 1995; 0530—0630 UT,
January 13, 1996; 1553-1630 UT, September 9, 1997) show
that it typically appears as an anticorrelated branch in log(T')
versus log(n) scatterplots. Positively correlated branches
connecting the LLBL—plasma sheet and lobe branches can
sometimes be found, but the cases presented in this paper
are the most clear found to date. It is commonly observed
that Jobe-plasma sheet transitions are nearly discontinuous,
indicating a rapidly moving or a physically restricted bound-
ary [Eastman et al., 1985]. The observations composing the
positively correlated branch of Figure 6 persisted for 2 hours
and 25 min, and therefore are suggestive of a broad region.
For this reason, we refer to this as the lobe-plasma sheet tran-
sition layer (LPSL).

The continuity of points is also important, as it indicates a
smooth transition between plasma in the center of Figure 6
and the lower left edge. In other words, the center of this
figure, which corresponds roughly to plasma from the cold
dense plasma sheet, appears to be the intersection of ma-
terial associated with the central plasma sheet (upper left),
the magnetosheath (lower right), or the lobe (lower left). In
principle, this LPSL could result from particles escaping the
plasma sheet into the lobe, or from lobe material merging
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into the plasma sheet. To decide between these, in the ab-
sence of a measurable convection rate in the north-south di-
rection (i.e., below ~20 km/s), we refer to the distribution
functions for clues.

Figure 7 shows individual ion distributions at five times
sampled during the positively correlated branch of the log(T")
versus log(n) plot. These are ordered from top to bottom by
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Figure 7. (a—) Ion distributions (80 eV to 27 keV) for
March 28, 1996, in the same format as that for Figure 2.
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Figure 8. Electron distributions (17 eV to 1.1 keV) for
March 28, 1996, in the same format as that for Figure 3.

increasing density and also were computed in the u | ref-
erence frame. The format is the same as that for Figure 2,
with isocontours of ion phase space density in 2-D (v}, v1)
space in the left column, and corresponding 1-D cuts in the
right column. Corresponding times are shown as downward
pointing arrows above the density trace in Figure 5a, and as
circled points in Figure 6.
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At first glance, these plots merely reproduce what can be
inferred from the plasma moments: that the distributions
are getting generally wider as the density increases (i.c., as
samples progress away from the lobelike region plotted in
Figure 7a). Excluding the CDPS distribution ( Figure 7e)
these have modest perpendicular temperature excess. Some
of these, most notably the two beginning at 0436:27 and
0356:01 UT, have distinct low-energy components, which
will be discussed in more detail below.

Figure 8 shows EESA Low electron distributions in the
same format as that used for Figures 2, 3, and 7. These cor-
respond to times for the ion distributions presented in Fig-
ure 7. As was the case for all of the LLBL and plasma sheet
electron distributions in Figure 3, the distribution having the
highest density and best representing the usual plasma sheet,
0350:07 UT, has a parallel temperature excess at the lowest
energies. The lower-density distributions, at 0356:01 UT,
e.g., are isotropic for all energies. Processes leading to the
bi-streaming core electrons in the LLBL and plasma sheet do
not appear to occur within this transition layer. The 1-D cuts
for 0356:01 and 0358:32 UT indicate that there is a possible
admixture of the bi-streaming component which is lower by
two orders of magnitude from that seen at 0350:07 UT while
inside the CDPS. The isotropy of the LPSL electrons is also
in contrast to the weakly perpendicular ion distributions ob-
tained at the same times.

The presense of low-energy components within ion dis-
tributions on 28 March 1996 (e.g., starting at 0436:27 and
0356:01 UT) warranted additonal scrutiny. Upon inspec-
tion of other distributions within the LPSL branch seen in
Figure 6, we found that many had these low-energy popula-
tions, of which a large fraction had a distinctive appearance.
Figure 9 shows the low-velocity portions of five PESA High
ion distributions from this region. Corresponding times are
shown as upward-pointing arrows below the density trace
(top panel) of Figure 5, and as points circumscribed by dia-
monds in Figure 6.

The format for the left column is the same as in earlier
figures, except that the velocity range has been reduced to
+800 km/s on both axes, rather than the #2500 km/s range
of previous examples, and the limits for the phase space den-
sities have been restricted accordingly (with corresponding
changes to the contour levels). The u | reference frame is
used here as well. These distributions are again ordered by
increasing density when going down the page, correspond-
ing to a progression from the lobelike region towards the
LLBL—plasma sheet branch. (The chosen thresholds for
the velocities and phase space densities clip the high-energy
part of these distributions, making their relative order within
the layer less evident.)

Apparent in all of the panels in Figure 9 are wedge-shaped
low-energy components traveling along the magnetic field
direction. Such a wedge-shaped component is also present
in the 0436:27 UT distribution of Figure 7. At Wind’s lo-
cation south of the magnetic equator this implies tailward
motion. These low-energy components are sitting on top of
much hotter distributions. Most of these are dimpled on the
field-aligned side, resulting in kidney shapes. In addition,
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Figure 9. (a—) Kidney-shaped ion distributions for

March 28, 1996, in the same format as that for Figure 2,
except that the velocity ranges have been restricted to
4800 km/s and the contouring levels are different. In the
right column, phase space densities are plotted as a function
of pitch angle, a, for each of the electrostatic analyzpr en-
ergy bins. The angle a, and the ratio B/ B' are described in
the text.

1-D cuts (not shown) reveal that several of these distribu-
tions have tailward beams traveling faster than these wedge-
shaped components. In several cases, for example, starting
at 0448:15 and 0518:10 UT, there are also antifield-aligned
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beams, which appear to have undergone pitch angle scatter-
ing.

The right column of Figure 9 shows corresponding traces
of phase space density as a function of pitch angle, a, for
the lowest 13 energy channels of the detector. These are
used to identify phase space density maxima (marked with
dashed vertical lines), which it turns out are neither along
the field direction nor perpendicular to it. The pitch angles
of these maxima tend to decrease as a function of energy, up
to some intermediate energy, and such “asymptotic” values
are shown in the left column as dashed diagonal lines.

In other contexts, such kidney-shaped distributions have
been associated with ion conics. For the simplest cases,
these are explained as originating from beams that have been
perpendicularly accelerated, and which subsequently have
folded in phase space toward the parallel axis as their con-
stituent particles adiabatically move into weaker magnetic
field regions, conserving magnetic moment. It is probable,
however, that in most cases the ion conics commonly ob-
served at low altitudes are accelerated over a broad spatial
range as they travel along field lines, so that magnetic mo-
ments are not conserved [ Whalen et al., 1991; Miyake et al.,
1993], and it is possible that parallel electric fields might fur-
ther alter the evolution of the distributions. Nonetheless, for
our present purposes we will stick to the simplest scenario,
where acceleration occurs in a limited region and particles
thereafter travel adiabatically and unperturbed into weaker
field regions.

If we assume an original shape for these distributions that
was approximately bi-Maxwellian, with T'; /T > 1, where
for all particles the parallel speeds are essentially the same
as the beam speed, it is possible to estimate the magnitude of
the magnetic field at the “source” location (i.e., where these
were last subjected to perpendicular acceleration). Provid-
ing that particle magnetic moments and kinetic energy are
conserved as they travel to the observation point, the ratio of
the original to the observed field strength is

B _vf-{-’vl'lz—vﬁ

e (1)

,UI‘Z
L
Here, primes denote observed values, and no primes in-
dicate source values, with vy and v a particle’s parallel
and perpendicular velocities, respectively. Equation (1) de-
scribes a hyperbola with asymptotes that have slopes of
s = ++/B'/(B — B'), so that B/B' = 1+ 1/s?. These
ratios and the asymptotic pitch angles, «,, are indicated
in the right column of Figure 9. The narrowest of these
cones, starting at 0517:44 and 0518:10 UT, have half-angles
of ~40°, yielding estimated field strengths at the “source”
that are 2.4x the observed magnetic fields of <40 nT. Us-
ing the T96 magnetic field model [Tsyganenko, 1989; Tsyga-
nenko and Stern, 1996], we have traced a field line threading
Wind’s position at the time of these observations to points
where the fields are increased by this factor of 2.4, and this
puts the ‘source’ region at greater than 10 R from the
Earth. The widest of these cones, beginning at 0438:08 UT,
has a half-angle of ~59°, implying a source field strength
of just 1.36 times the observed value, which would place the
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Figure 10. Bulk characteristics of plasma on April 18-19, 1996. (a) Density, (b) tailward velocity, (c)
temperature, and (d) magnetic field measured onboard Wind. Shading deliniates different regions labeled

at the top, and described more fully in the text.

source much closer to Wind’s location 15 R i from the Earth.
Recognizably “conic-like” distributions can be seen to have
asymptotes near 70°, implying a source field strength just
10-15% greater than that at the observation point. It is no-
table that these conic-like distributions are seen throughout
the lobe-plasma sheet transition layer.

3.3. April 18-19, 1996

The data for this case were obtained during the last 8 hours
of April 18 and the first 4 hours of April 19, 1996. Wind was
outbound from the plasma sheet by 1600 UT on April 18 and
encountered the low-latitude boundary layer around 0030 UT
on April 19. At 0240 UT it crossed the magnetopause for
the last time. At 2200 UT on 18 April Wind was located at
(-10.8, -11.0, -5.1) R (GSM), and IMP 8, again located in
the solar wind, was at (32.7,-6.4,21.1) Rg.

Figure 10 shows plasma parameters and magnetic field
values in the same format as that for Figure 5. Dark shading
prior to 2000 UT marks the plasma sheet (“PS”); medium-
dark shading between 2042 and 2217 UT denotes a re-
gion which later will be identified as a lobe-plasma sheet
transition layer (“LPSL”); medium-dark sections following
0036 UT correspond to the low-latitude boundary layer
(“LLBL”); and the darkest shading on the right side of this
figure marks the magnetosheath (“‘sheath”). A lightly shaded
box from 0017 UT to 0032 UT delimits a brief interval that
may also be associated with a lobe-plasma sheet transition
layer.

The y and z components of the IMF changed several
times during this interval. Of interest here is the mainly
northward interval starting at 1749 UT and lasting for 2
hours, followed by a mostly southward interval lasting from
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Figure 11. Scatterplot of log(T") versus log(n) correlation
for April 18-19, 1996. Circled points correspond to inter-
vals showing kidney-shaped components in ion distribution
functions near 0000 UT.

1949 until 2107 UT. This southward period was split by a
6 min northward interval starting at 2007 UT. From 1949-
2107 UT, the y component of the IMF pointed almost ex-
clusively in the dawnward direction. The x component of
the IMF (not shown) was primarily in the sunward direction.
The propagation time from IMP 8 to the magnetosphere was
~10 min. Even accounting for this lag, however, the shaded
region of interest in Figure 10 trailed the southward turning
by ~50 min.

Figure 11 is a scatterplot of log(T") versus log(n), which
shows that the temperature and density in the plasma sheet
and LLBL were anticorrelated as usual and that there was
a region .inside of which these parameters were positively
correlated, as was the case for March 28. Here, the dark
pluses identify the positively correlated T' versus n regions
in Figure 10. In this case there apparently was a second lobe-
plasma sheet transition layer, that in Figure 11 is outlined
by a narrow, dashed parallelogram and which corresponds
to the brief shaded interval between 0017 and 0032 UT in
Figure 5.

During this perigee pass no conic-like distributions were
seen during the positively correlated T' versus n intervals. At
times, counterstreaming and isolated earthward ion beams
typical of the plasma sheet boundary layer [Parks et al.,
1984; Takahashi and Hones, 1988] were present. Conic-like
distributions were seen, however, during a 10-min interval
centered about midnight, which coincided with the passage
of Wind through a relatively dense plasma sheet or CDPS
region. In Figure 11 these intervals are indicated by cir-
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cled points. These observations preceded by 10—15 min the
second, much briefer LPSL-like transition described above,
which was followed by entry into the LLBL.

4. Summary of Observations

We began with a review of a “typical” LLBL—plasma
sheet crossing on May 10, 1996, for which we demonstrated
the strong anticorrelation that can exist between 7' and n
(Figure 4). We presented “representative” ion (80 eV to
27 keV) and electron (80eV to 1.1 keV) distribution func-
tions (Figures 2 and 3) for the plasma sheet, cold dense
plasma sheet (CDPS), low-latitude boundary layer (LLBL)
and the magnetosheath. While time series data showed dis-
continuous jumps and plateaus in the n and T values (Fig-
ure 1), the scatterplots showed continuous, quasi-monotonic
variations. »

Anticorrelations between 1" and n were also observed on
April 18-19 and March 28 for most times (Figures 6 and 11),
but there were also branches in these scatterplots which ex-
tended from the lower left, with temperatures and densities
approaching those seen in the lobe, to the middle of the
LLBL—plasma sheet transition. These branches, which we
call the lobe-plasma sheet transition layer (LPSL), have not
been reported before. The points where the two branches
merge correspond to either the LLBL or the CDPS. Within
the LLBL—plasma sheet transition it is possible to find
particle distributions which conform to those representative
samples presented for the plasma sheet, CDPS, LLBL, and
magnetosheath of May 10, 1996. The distributions from the
LPSL, however, do not resemble those from any of these re-
gions. The lobe observed by Wind typically shows log(T)
to be anticorrelated with log(n).

Ton distributions obtained within the LPSL on March 28,
1996 often showed kidney-shaped low-energy components,
which had phase space density peaks at pitch angles differ-
ent from 0° and 90°. Pitch angles for these maxima were
seen to range from ~40° to near 70°, although for pitch
angles approaching 90° such distributions become indistin-
guishable from those with simple perpendicular temperature
anisotropies. Kidney-shaped components were not apparent
within the LPSL on April 18-19, but instead were seen while
Wind was in the LLBL or possibly in the CDPS. While of-
ten absent entirely, isolated ion beams and counterstreaming
beams typical of the plasma sheet boundary layer were seen
more frequently on this date than on March 28.

5. Discussion

The observations from May 10, 1996 are optimal for il-
lustrating the strong anticorrelation between n and T dur-
ing LLBL—plasma sheet transits through the magnetotail.
The steps and plateaus in the time series data, which are in
no way evident in the scatterplot of Figure 4, show how a
spacecraft could appear to cross relatively sharp boundaries
although the transitions may actually be due in large part to
rapid, large-scale motions of the tail.

A number of arguments regarding the positively corre-
lated branches seen in the log(7T') versus log(n) scatterplots
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for April 18 and March 28, 1996 point to an interpretation
of these as a new plasma layer, rather than as merely due to
temporal changes or as extended observations of the plasma
sheet boundary layer. The continuity of the points span-
ning the new branches in Figures 6 and 11, as well as the
continuity of the distribution functions themselves, suggests
that this is a smoothly varying, thick layer that extends from
the plasma sheet (nearly) to the lobe. The layer cannot by
most definitions be considered an unusually thick plasma
sheet boundary layer, as the distribution functions sampled
within it typically fail to include the quasi-monoenergetic
field-aligned beams that characterize those layers. (Com-
pare the distribution functions of Figures 7 and 9 to those
presented by Eastman et al. [1984, Figure 8] and Parks et al.
[1998, Figure 2].)

Another possible explanation for the positively correlated
branch in Figures 6 and 11 is that Wind was actually sam-
pling the plasma mantle. On March 28, 1996 this inter-
val occurred during a period of southward IMF, when flux
transport to the nightside and/or tail thinning might have
led to mantle field lines which were sufficiently far equator-
ward that they could be seen during this nearly equatorial tail
crossing. For part of this period the plasma had a bulk veloc-
ity near 100 km/s tailward (compare the velocity moments in
Figure 5), which would be consistent with expected mantle
flows. We do not favor this interpretation for three reasons.
First, the flows seen during the early part of the March 28 in-
terval are earthward rather than tailward, and those seen on
April 18-19 are near zero, showing that there is no consis-
tent association with tailward plasma motion. Second, rather
than increasing in density to levels approaching those of the
magnetosheath, the observed plasma densities remained be-
low ~ I cm™3 (March 28, 1996) or decreased significantly
from the values seen in the plasma sheet (April 18-19 1996).
Density decreases from values of the plasma sheet would be
expected for motion into the lobe, rather than for motions
from the lobe or plasma sheet into the mantle. Finally, for
the observed layer to be the mantle, the lobe would necessar-
ily have vanished or have been traversed by the spacecraft in
a time comparable to the 25-50 second integration period of
the 3DP instruments.

The durations of these layers, extending for well beyond
2 hours in the case of March 28, is far longer than is typ-
ical for plasma sheet boundary layer transitions [Eastman
et al., 1984]. It also seems unlikely that what is being ob-
served is the plasma sheet depopulated of its medium and
high-energy particles, since the consequences of losses over
such long periods would likely have globally observable ef-
fects, which have not been reported. The short-term tempo-
ral variations in the moments for March 28, 1996 (Figure 5)
seen at ~0240 and ~0520 UT and the much slower vari-
ations seen during much of the intervening interval, would
seem to require a process or processes which could depopu-
late and repopulate the region on widely varying timescales.
A simpler explanation is that the spacecraft passed through
a layer which varies monotonically, and that abrupt motions
of the magnetotail at the two endpoints led to discontinuous
Jjumps in plasma parameters; reconfigurations of the magne-
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totail on convection time scales, as well as sudden motions,
are known to occur regularly. We have found that there is
a clear correspondence between the observed density fluc-
tuations and the plasma velocities along the z direction (not
shown).

In section 3.1 we suggested that the anticorrelations be-
tween n and T' might be expected as pressure balance is
maintained when perpendicular kinetic pressure dominates
magnetic pressure. This description clearly does not apply
when n and 7" are positively correlated during observations
of the LPSL on April 18 and March 28, 1996. In both of
these cases the LPSL was coincident with monotonic total
pressure rises (not shown) of the order of 40%, followed by
declines to near-original values. While there was a strong
anticorrelation between magnetic and kinetic contributions
to this, the magnetic pressure component usually dominated
and determined the rise and fall of the total. On April 18
the total pressure maximum was coincident with the start of
the LPSL observations, while on March 28 the maximum
was reached midway through the layer. On April 18, the el-
evated magnetic pressure interval corresponded closely with
the strong tail thinning observed between 2000 and 2200 UT,
while on March 28 the tail thinning lagged the pressure max-
imum by ~40 min. These observations suggest that the
LPSL coincided with magnetic flux enhancements in the tail,
but the correspondence between the southward turning of the
IMF observed by IMP 8, the tail thinning, and the magnetic
pressure maximum is not exact.

In some cases the continuity of points seen in plots such as
Figure 4 has been taken as partial evidence for diffusion-like
processes occuring across the equatorial magnetotail, par-
ticularly during northward IMF conditions [Eastman et al.,
1976; Fujimoto et al., 1998a, b; Phan et al., 1997]. How-
ever, it is a challenging task to establish this unequivocably
from single-point measurements of moments alone; diffu-
sion problems are inherently time-dependent, and the inter-
vals over which plasma profiles are measured may be com-
parable with diffusion timescales. In principle, inspection of
distribution functions can be used to discern between popu-
lations arising from diffusive processes and simple mixtures
created when particles from distinct regions have gained ac-
cess to a single field line. In the diffusive case, scattering
processes would relax contributing components to create a
distribution which approached a single Maxwellian with in-
termediate properties, while in the case of simple mixing, the
resulting distributions would appear as linear combinations
of the source populations.

Plasma sheet, LLBL, magnetosheath, and (arguably) CDPS
distributions similar to the representative ion and electron
samples presented for May 10, 1996 (Figures 2 and 3) were
seen on April 18 and May 28, 1996 as well. Perhaps most
relevent in these is the presence of bistreaming, low-energy
(.5 1 keV) electron cores which are most prominent in the
CDPS, but which are also present in the plasma sheet. Li
et al. [2000] used May 10, 1996 Wind observations to ar-
gue that these core populations originated near the LLBL,
with a fraction persisting in central plasma sheet distribu-
tions which was in inverse proportion to the distance from
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that boundary layer. These bistreaming electron cores are
only minimally present in the LPSL, where they are reduced
by 2 orders of magnitude or more, if they can be discerned
at all. Their absence argues against an interpretation of the
LPSL as a simple mixing layer; if lobe and plasma sheet (or
CDPS) particles are mixed within this layer, the low-energy
electron component is necessarily being isotropized in the
process. This could be accomplished, however, by waves
which are commonly observed in the plasma sheet boundary
layer [Parks et al., 1984].

On March 28, 1996 there was a clear association between
the conic-like distributions (Figure 9) and the LPSL; virtu-
ally all of these distributions occurred during that transition
interval. Conversely, most distributions within this interval
appeared to have had at least some indication of a cold com-
ponent which could be interpreted as a conic in some stage
of continued perpendicular heating or free expansion into
weaker field regions. These kidney-shaped distributions may
have been observed by ISEE 1 [Sharp et al., 1981; Horwitz
et al., 1982], but our main point here is that they have been
seen within the LPSL, which has not been identified previ-
ously.

Assuming simple adiabatic propagation to account for the
kidney-shaped components, we determined the locations of
“source regions” using (1) and the T96 magnetic field model.
These ions were presumed to have last experienced perpen-
dicular acceleration at the source, after which time their dis-
tributions transformed during free expansion into lower field
regions. The minimum computed distances from the Earth,
corresponding to the narrowest of the kidney-shaped distri-
butions at ~0518 UT, were in excess of 10 R g, and those
with larger asymptotic pitch angles implied sources much
closer to the spacecraft. When comparing the T96 model
with the observed magnetic fields, we found that the their
magnitudes were within ~10% of the measured values, but
their directions were not as accurate and did not show the
strong tail thinning observed by Wind. However, the magni-
tudes are what is relevent for the application of (1), and the
“source” distances derived therefrom are likely to be pro-
vided more accurately due to less perturbation of the mag-
netic fields closer to the Earth.

On April 18-19, none of the kidney-shaped distribution
components was seen within the transition interval. Those
which were seen occurred during a 10-min period around
midnight (universal time), and were most often on the anti-
correlated branch of the T' versus n scatterplot. These dif-
ferences between the times of observed “conic-like” distri-
butions show that, regardless of their source, they apparently
can have access to both the LPSL and the LLBL/CDPS.

The positively correlated branches in the T' versus n plots
for April 18-19 and March 28 had other important dif-
ferences, which may be related; in the latter case there
was a stronger temperature dependence upon density (i.e., a
steeper slope), and the LPSL intersected the LLBL—plasma
sheet branch at higher densities and lower temperatures,
“closer” to the magnetopause if we use bulk plasma param-
eters as a proxy for this distance. The location of this nexus
between the two branches may be what determined the char-
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acteristics of the LPSL in each case. It seems reasonable,
for example, that closer to the magnetopause the processes
involved in forming the plasma sheet boundary layer would
be less important than they might be closer to local midnight,
which is consistent with fewer instances of counterstreaming
ion beams in the LPSL on March 28. Similarly, the presence
of conic-like components in this layer on this date might be
associated with low-altitude sources that are stronger away
from midnight. In surveys of ion conics during periods of
relatively weaker magnetic activity, Gorney et al. [1981] and
Kondo et al. [1990] have shown that their occurrence rates
are low near local midnight.

Without composition data we cannot be sure of the sources
for the conic-like components observed on March 28; re-
gardless of their origin, if they pass through perpendicular
heating regions and then move quasi-adiabatically down the
tail, they will have similar appearances. The fact that only
the lower-energy components have the kidney shapes sug-
gests that these have histories which are different from those
of the higher-energy components. It may be relevant that for
the March 28 occurrence the LPSL occurred in association
with southward and dawnward IMF directions, when Wind
was below the magnetic equator on the dawn side. This
is consistent with the results of a survey by Gosling et al.
[1985], which showed statistically higher densities for the
“lobe” in this quadrant and in the dusk, northern quadrant for
southward, dawnward IMF orientations. Similarly, higher
densities were seen in the adjacent quadrants when the IMF
was pointed southward and duskward. For the April 18 case,
however, a southward and dawnward IMF orientation was
observed prior the appearance of the LPSL, but most of the
layer was observed after the IMF had rotated northward,
even after accounting for propagation time from IMP 8 to
the magnetosphere, there was a lag of ~50 min from the
time of southward turning before Wind’s first contact with
this layer.

One possible approach to identifying the sources of ob-
served particles is the application of multifluid global sim-
ulations which can separately track ionospheric and solar
wind electron and ion populations [Winglee, 1998]. Li et al.
[2000] employed this approach to demonstrate, among other
things, that the hot ion plasma observed by Wind in the mag-
netotail is mainly of ionospheric origin, and that the heating
of this is strongest near the noon-midnight meridian. We
note also that the presumed low-altitude source and perp-
endicular heating mechanism used to explain the kidney-
shaped distributions is not the only scenario which might
be considered. Near a pinched tail configuration it may be
possible to obtain ion distributions which have maxima at
pitch angles intermediate between 0° and 90° as the result of
nonadiabatic gyrations in the presence of a cross-tail electric
field [Martin, 1986a, b; Martin and Speiser, 1988]. For this
explanation to suit, the tail pinch would have to be located
interior to Wind’s location at 15 R g on March 28, 1996.

In this paper we have not fully addressed the connection
that might exist between the detection of the LPSL and ex-
ternal conditions, such as the orientation of the IMF, solar
wind plasma variations, or the state of the magnetosphere.
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While the March 28 event appears to be very well correlated
with the southward and dawnward turning of the IMF, the
~50 min lag on April 18 between the IMF rotation and the
encounter with the LPSL makes such an association unclear.
Magnetograms (not shown) from Kiruna, which was near lo-
cal midnight when Wind encountered the LPSL on April 18,
show auroral expansion phase and onset signatures during
this interval. On March 28, ground magnetometer data from
Fort Churchill show that similar magnetospheric activity was
present during this LPSL encounter as well. In a follow-up
paper we will examine these and similar questions in more
detail, drawing upon additional LPSL encounters, and using
POLAR/Ultraviolet Imager observations where possible.
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