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Spatial distributions of ion pitch angle anisotropy in the near-Earth

magnetosphere and tail plasma sheet

Chih-Ping Wang,' Sorin G. Zaharia,? Larry R. Lyons,' and Vassilis Angelopoulos®

Received 7 September 2012; accepted 16 November 2012.

[1] We have quantified anisotropy of ion pitch angle distributions observed by the Time
History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft and
determined statistically how anisotropy varies with particle energy, as well as spatial
distributions and dependences on geomagnetic activity. In the tail plasma sheet, ions from a
few keV to a few tens of keV are mostly isotropic. The locations and energy ranges for
these isotropic ions and their changes with Dst are consistent with ions being isotropized
by current sheet scattering predicted using empirical magnetic field models. Ions of a few
hundreds of keV in the tail have cigar-shaped or unidirectional pitch angle distribution
(PAD) and are likely a result of Speiser motion. The majority of ions in the near-Earth
magnetosphere are expected to conserve their first and second adiabatic invariants as they
move with pitch angle dependent drift. This gives drift shell splitting, which plays an
important role in generating pancake-shaped PAD observed from ~1 keV up to hundreds
of keV. The magnetic local time of the pancake PAD rotates with increasing energy.
Loss of near 90° ions due to magnetopause shadowing can further explain the
butterfly-shaped PAD observed at the postmidnight sector at energies above 30 keV.

For ions below a few hundreds of eV in the tail plasma sheet and the near-Earth
magnetosphere, their PAD is dominantly bidirectional, which is likely due to ionosphere
outflow. High-energy ions on the dayside become less anisotropic during higher AE, when
pitch angle scattering by electromagnetic ion cyclotron waves may play an important role.

Citation: Wang, C.-P., S. G. Zaharia, L. R. Lyons, and V. Angelopoulos (2012), Spatial distributions of ion pitch
angle anisotropy in the near-Earth magnetosphere and tail plasma sheet, J. Geophys. Res., 118, 1-12,
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1. Introduction

[2] There are many processes that can alter ion pitch
angle distributions (PADs), including particle motion, mag-
netic field configuration, pitch angle dependent sources and
losses, and wave-particle interactions. Change of pitch
angle can lead to particle precipitation to the ionosphere
and formation of aurora. Some particular pitch angle distri-
bution can allow for growth of waves, such as the electro-
magnetic ion cyclotron (EMIC) waves. Changes in PADs
also affect pressure anisotropy, which is important to plasma
and magnetic field structures and instabilities. In this study
we quantify the anisotropy of ion PADs observed by the
Time History of Events and Macroscale Interactions during
Substorms (THEMIS) spacecraft to statistically determine
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how anisotropy varies with particle energy, equatorial loca-
tion, and geomagnetic activity. We then evaluate whether
the observed anisotropy can be accounted for by any of the
above processes.

[3] Ion motion can vary from being adiabatic (conserving
the first or second adiabatic invariants) to being chaotic or
being Speiser-type [e.g., Speiser, 1965] depending on the
particle gyroradius relative to the curvature radius of back-
ground magnetic field [e.g., Sergeev et al., 1983]. The chaotic
motion can cause pitch angle diffusion, leading to isotropic
PADs. A Speiser-type trajectory includes meandering motion
at the center of magnetic field reversal and escaping and
returning to the reversal along a more field-aligned direction.
Under adiabatic motion, particles of the same energy but with
different pitch angles drift differently in magnetic local time
(MLT)-dependent electric and magnetic field, resulting in
more particles within one pitch angle range than the others
[e.g., Roederer et al., 1973]. The difference in drift paths
can also lead to more loss of near 90° particles to the magne-
topause compared to more field-aligned particles. In the inner
magnetosphere near the geocorona, particle loss due to
charge exchange is quicker for field-aligned particles than
those of other pitch angles because of their lower mirror
altitudes [e.g., Fok et al., 1991]. Ion outflows are mainly
field-aligned, thus enhancing the number of particles at
pitch angles around 0° and 180°. Waves can also break
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conservation of particle first and second adiabatic invariants,
causing pitch angle diffusion [e.g., Jordanova et al., 2001].

[4] Previous observational studies have shown that ion
anisotropy varies significantly with particle energy, location,
and geomagnetic activity. For example in the near-Earth
region, Nagai et al. [1983] using ISEE-1 and Chappell
et al. [2008] using Polar found that magnetospheric ions
below several hundreds of eV at L <10 are often bidirec-
tional on the dayside and unidirectional on the nightside,
likely resulting from contribution of ions from the iono-
sphere. Fritz et al. [2003] showed butterfly PADs for ions
> 20keV on the nightside from »=6 to 12 Rg observed
by ISEE-1, which can be explained by drift shell splitting
combined with magnetopause shadowing. Using AMPTE/
CCE, Sibeck et al. [1987] showed that PADs with larger
fluxes near 90° for 34—50keV ions dominate the entire day-
side magnetosphere at » < ~9 Rg, also due to drift-shell split-
ting. Using AMPTE/CCE, Takahashi et al. [1997] showed
that substorm injection changes the nightside radial profiles
of particle fluxes and, as these particles drift to the dayside
along pitch angle dependent drift shell, results in changes in
the anisotropy of PADs on the dayside. Fennell et al.
[1981] investigated P78-2 satellite data and found that ion
PADs at » =5.3 to 7.8 Rg change from being predominantly
field aligned at lower energy (< a few keV) to being peaked
perpendicular to magnetic field at higher energy. Compared
to the near-Earth magnetosphere, only limited studies have
been conducted for ion anisotropy in the tail plasma sheet.
Walsh et al. [2011] showed that ions observed by Cluster in
the magnetotail central plasma sheet at » ~ 19 Ry, are isotropic
from a few hundreds of eV to 40keV, likely due to current
sheet scattering, but ions below a few hundreds of eV have
higher fluxes in the field-aligned direction, likely due to iono-
spheric outflow. Sergeev et al. [1993] showed high-energy
ions change from being isotropic in the tail plasma sheet
to anisotropic at » ~ 5-9 Rg, where the magnetic field lines
become not stretched enough to cause pitch angle scatter-
ing. Nevertheless, the above studies only cover limited ion
energy ranges and spatial locations. Furthermore, there is
only limited understanding of the dependence of the ion an-
isotropy on geomagnetic activity.

[5] In this study we used THEMIS measurements from
2007 to 2010 to statistically determine the spatial distribu-
tions of ion anisotropy at different energies with much wider
spatial ranges (r =7 to 20 Rg) and energy ranges (0.05 to
600keV) than the previous studies discussed above. As
described in section 2, THEMIS has measured plasma in
the magnetosphere at low latitudes since 2007, providing
sufficient data coverage for establishing spatial distributions
with a good spatial resolution. In section 3, we describe how
the ion anisotropy changes with particle energy, radial dis-
tance and MLT, and Dst. In section 4, we investigate if
any of the previously proposed processes plays a dominant
role in causing the observed anisotropy.

2. Data Selection

[6] In this study, we used measurements from the five
THEMIS spacecraft (TH-A, B, C, D, and E) from 1 Decem-
ber 2007 to 30 April 2010. Aberrated GSM coordinates (with

the aberration angle determined by 1h averaged solar wind
velocity) are used. THEMIS spacecraft move in low latitude
orbits. During our selected period, TH-A, D, and E covered
regions inside 7 ~ 12 Rg while TH-B and C covered regions
inside 7 ~ 30 Rg.

[7] Ions and electrons are measured by an electrostatic an-
alyzer (ESA, 0.006-20 keV/q for ions and 0.007-26 keV for
electrons [McFadden et al., 2008]) and a solid state tele-
scope (SST, 35keV-6MeV for ions and 30keV-6MeV
for electrons). Full distributions are used with time resolu-
tion of a few minutes. For the SST data prior to December
2007, the current calibration factors are unreliable due to
an extended commissioning phase of the SST instruments.
We thus only used data after December 2007. For each
measured energy spectrum, contamination to ESA and
SST is removed. The penetrating radiation contamination is
removed from the ESA data by subtracting the minimum
count value within the ESA energy ranges (see Appendix
of Wang et al. [2011] for details). The sunlight contamination
to the SST is removed (defined by a criteria that considers a
data point being contaminated if its modified z-score calcu-
lated across azimuthal angle is greater than 3.5. The modified
z-score is a normalized outlier detection test [/glewicz and
Hoaglin, 1993]. For a data point with value x;, its modified
z-score is 0.6745 * (x; — Xmedian)/Mmedian(|x; — Xmedian|))- HOW-
ever, there is no reliable method to remove the penetrating ra-
diation contamination to the SST. Therefore, in this study we
restricted the region to » >7 Rg, where there is little radiation
contamination. The 3D particle fluxes in field-aligned coordi-
nates are sorted into eight pitch angle channels (the center of
each channel is at 11.25°, 33.75°, 56.25°, 78.75°, 101.25°,
123.75°, 146.25°, 168.75°), with the flux within each pitch
angle channel being averaged over the azimuthal direction.
For ions, there is an energy gap (from ~20 to 28keV)
between the highest ESA channel and the lowest SST chan-
nel. We interpolate the fluxes for this energy gap using the
fluxes from the two nearby energy channels.

[8] We identified each THEMIS crossing of the bow shock
and magnetopause and sorted each measurement into the
region of the magnetosheath and magnetosphere. Inside the
magnetosphere, we included only data within the plasma
sheet using a f criterion. The plasma sheet is centered at
the equatorial plane. Central plasma sheet crossings are
selected when plasma f (defined as (Pjon T Pelectron)
(B*/(2 py)) satisfies the criteria: f>1, for »>15 Rp and
B>10%"*"21 for r <15 Rg. The B criteria is » dependent
since f in the equatorial plane decreases with decreasing
r. Since a PAD can be changed simply due to large ion
drift speed shifting a distribution in the V, and Vj plane,
we only selected data with ion bulk velocity |V]<50km/s
(the thermal speed of 13eV ions is ~50km/s) in the
plasma sheet.

[o] Historically, PADs of different shapes are given spe-
cific names. A PAD with a peak at 90° is called ‘pancake’,
while a PAD with peaks at 0° and 180° is called ‘cigar’ or
‘bidirectional’ [Baker et al., 1978] and a PAD with peaks
at 0° (or 180°) is ‘unidirectional’. A ‘butterfly’ distribution
is for a PAD that is relatively depleted at 0° and 90° [West
et al., 1973]. In this paper, we did not identify each PAD
with one of the shapes described above. We quantify a
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Figure 1. Energy spectrum of ion energy fluxes (1/s-sr-cm?) at (a) 11° and (b) 78° pitch angles and of
(c) ion anisotropy observed by THEMIS-C on 13 March 2009 (only data that satisfy our plasma sheet
criteria were plotted). The pitch angle distributions of phase space density at different energies (0.5, 5,
30, 80, and 200keV) and their anisotropy observed at (d) » ~ 9 Rg (at ~13:58 UT) and (e)  ~ 14 Rg
(at ~09:01 UT) as indicated by the two vertical dotted lines shown in (a) to (c). The phase space den-
sity profile for each selected energy is normalized to that of 78° and is shifted arbitrarily in the Y-axis
for better viewing. (f) The X-Y projection of THEMIS-C trajectory from 00-17 UT.

PAD for each energy channel with its anisotropy using the
definition given by Chen et al. [1998],
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where oy is equatorial pitch angle (4=0 corresponding to
pitch angles isotropy at that energy). Positive (negative) A
indicates larger (smaller) fluxes near the 90° relative to other
pitch angles. A pancake PAD has positive 4, while a cigar
PAD has negative 4.

[10] Figure 1 shows an example of ion energy fluxes at
11° and 78° pitch angles and anisotropy as a function of par-
ticle energy observed by THEMIS-C on 13 March 2009 as
the spacecraft moved earthward from the plasma sheet to
the inner magnetosphere at near midnight MLTs. The PADs
at selected energies at different radial distance are shown in
Figures 1d and le. It can be seen that the ion anisotropy var-
ies significantly with particle energy and with location. To
determine statistically the variations, we computed spatial
distributions of anisotropy by sorting the selected data into
either 1 Rg X 1 Rg X-Y bins or 2h x 0.25 Rg MLT-r bins.
To determine the dependence of anisotropy on geomagnetic
activity, we have investigated the changes of anisotropy with
Dst and AE. As discussed in section 4.1, we evaluated the
importance of current sheet scattering on isotropizing ions
using the Tsyganenko 96 and 01 magnetic field models
and Dst is one of the input parameters for the models. There-
fore, in this paper we present mainly the activity dependence

on Dst so that we can compare the model evaluations with
the observed results more appropriately. We sorted the data
into three different Dst levels: (1) weak: 10 > Dst > -5 nT,
(2) moderate: —5 > Dst>-20 nT, and (3) strong: —20 >
Dst>—100 nT. Within each bin, the 25%, 50% (median),
and 75% quartiles are computed.

3. Statistical Distributions of Ion Anisotropy

[11] The equatorial distributions of the median 4 for 11 se-
lected ion energies (0.05, 0.1, 0.5, 1, 5, 10, 20, 45, 70, 100,
and 200 keV) for the three different Dst levels are shown in
Figure 2. The distributions of A4 as a function of ion energy
along the noon, dusk, midnight, and dawn MLT are shown
in Figure 3a, and the radial profiles of 4 for 5 selected ener-
gies (0.5, 5, 20, 70, and 200keV) at the four MLTs are
shown in Figure 3b. At the weak Dst level, in the tail plasma
sheet (defined here as the nightside region at »>10 Rg),
A for ions from several hundreds of eV up to ~20keV is
nearly isotropic, but moderately negative 4 is seen for the
majority of ions above ~200keV and below ~0.1keV. For
ions between ~20 and 200 keV, 4 is dominantly isotropic in
the premidnight sector and positive 4 can also be seen some-
times near midnight. In the postmidnight sector, a horn-shape
region of negative 4 is seen near the dawn-flank magneto-
pause tailward of X=0 (as indicated by the black curves in
the 20keV plot of Figure 2a), and for higher energies it
extends westward into the midnight MLT at » < 10 RE.

[12] In the near-Earth magnetosphere (defined here as the
region from 7 < 10 Rg on the nightside and the whole dayside
magnetosphere), A for ions below a few hundreds of eV is
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Figure 2. The equatorial distributions of number of measurements and median ion anisotropy at differ-
ent energies at (a) Dst >—5 nT, (b) -5 > Dst >—-20 nT, and (c) Dst <—20 nT. The black dashed curves in
the 20 keV plot of Figure 2a indicate the horn-shape region.

slightly negative on the dayside but is strongly negative on
the nightside, especially in the postmidnight sector. As ion
energy increases to above 1keV, the overall 4 gradually
becomes positive. As shown in Figure 2, at 1 keV, a region

of strongly positive 4 is seen at » ~ 10 Rg at the prenoon
MLTs. As ion energy increases from 1 to 10 keV, this region
rotates westward as well as moves toward smaller 7, reaching
the midnight MLT and r ~ 7 Ry at 10keV. As the region
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Figure 3. The median ion anisotropy versus ion energy along different MLT medians indicated by the
white lines in Figure 2 at (a) Dst>—5 nT, (b) =5 > Dst >—-20 nT, (c) Dst <-20 nT. The radial profiles
of median ion anisotropy (unless otherwise indicated, the curves in the figures of this paper for statistical
results show median values while the vertical lines indicate the ranges of 25% and 75% percentiles) at selected
ion energies along different MLT medians at (d) Dst > -5 nT, (e) -5 > Dst > —-20 nT, (f) Dst <-20 nT.

rotates, the peak value within it becomes smaller. At ~10keV,
a second region of strongly positive 4 forms at almost all the
dayside MLTs at » > 10 Rg. With increasing energy to several
tens of keV, this second region moves inward and its dayside
MLT extent becomes narrower, while the first region of
strongly positive A continues to weaken and eventually
becomes negative when energy is above ~30keV. This nega-
tive region seen at >~30keV at around midnight appears to
be connected with the postmidnight horn-shape negative A

region in the tail plasma sheet described above. This day-night
asymmetry with positive 4 on the dayside and negative 4 on
the nightside persists as energy increases to several hundreds
of keV, while |4] in the positive (negative) region gradually
becomes smaller (larger).

[13] The change of 4 with the Dst levels varies with ion
energy. As the Dst level changes from weak to strong, the
negative A seen at ions below ~0.1keV changes little in
the near-Earth magnetosphere but becomes less negative in
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the tail plasma sheet. For ions from 0.1 to several keV (see
the 0.5 and 1 keV shown in Figure 2), the region of negative
A extends from being on the nightside <~10 Rg at the weak
Dst level to both the dayside and the tail plasma sheet at
stronger Dst levels. Figure 3a shows that when the Dst level
is weak, in the tail plasma sheet there is clear separation
of anisotropy at ~0.1 to 0.5keV with negative 4 seen at
<0.1 keV and isotropic 4 at >0.5keV. However, this sepa-
ration becomes less definite at stronger Dst levels when iso-
tropic 4 occurs more often at <0.1 keV and negative 4 more
often at 1 to SkeV. For ions above ~10keV, regardless of
having positive 4, such as that seen on the dayside, or hav-
ing negative A, such as that in the horn-shape region and that
in the tail at ions >200keV, the sign of 4 remains with
strengthening Dst level but the overall |4] is found to become
substantially smaller, that is, PAD changes toward being less
anisotropic.

[14] In the next sections, we discuss different processes
that can result in the observed anisotropy at different ener-
gies and regions.

4. Processes Affecting the Ion Anisotropy

[15] As ions gyrate around the magnetic field and bounce
along the magnetic field line, many processes can change a
PAD. The gyro and bounce motions can be adiabatic or be
altered by nonadiabatic processes. Under adiabatic motion,
a PAD can be affected by any process that depends on pitch
angle, such as drift motion, and particle sources or losses.
Nonadiabatic processes, such as current sheet scattering
and wave-particle interaction, can result in pitch angle diffu-
sion that isotropizes ions.

4.1. Particle Motion

[16] If magnetic field changes sharply on a scale smaller
than a particle gyroradius, then the particle first and second
invariants will no longer be conserved, which can result in
stochastic particle motion leading to pitch angle scattering.
This can occur near the current sheet where the magnetic field
curves sharply as B, or B, changes direction or for high-en-
ergy particles that have large gyroradius. There have been
many studies [e.g., Sergeev et al., 1983; Burkhart and Chen,
1991; Biichner and Zelenyi; 1989; Delcourt et al., 1996;
Young et al., 1999] on how the particle motion and the result-
ing PAD change with the ratio of magnetic field line curva-
ture to gyroradius, K=R./p, where R, = B./(0B,,/0z) is the
field line curvature radius at the equator and ny =(B? +By2),
and p =mV/eB, is the gyroradius for a particle of mass m,
charge e, and velocity V. K is smaller when the particle en-
ergy is higher or when the magnetic field is more stretched.
It is found that particles with K > ~8 can conserve their adia-
baticity. (Note that K=8 is an estimate given by Sergeev
et al. [1983]; estimates in the other studies mentioned above
are similar, though slightly different). For particles with
K <~8, their motion becomes more chaotic with decreasing
K and the resulting pitch angle scattering becomes more effi-
cient in isotropizing PAD. When K < 1, some particles may
experience transient Speiser-type motion [e.g., Burkhart and
Chen, 1991; Buchner and Zelenyi, 1989].

[17] To evaluate K for ions of different energies, we used
three magnetic field models: (1) the Tsyganenko 96 (T96)
model [Tsyganenko, 1995, 1996], (2) the Tsyganenko 02

(T02, also known as TOl) model [Tsyganenko, 2002a,
2002b], and (3) Model 3: T96-based magnetic field with
modification. For each THEMIS measurement we computed
B. and 0B,/0z at (x, y, z= 0) assuming no dipole tilt and using
observed Dst, solar wind dynamic pressure, IMF By, and
IMF Bz (additional G1 and G2 inputs for the T02 model for
parameterizing 1 h solar wind history) at the time as inputs
for the models. Comparing the T96 field with the observa-
tions statistically show that T96 B, greatly underestimates
the observed B. in the tail while it overestimates the observed
B_ around the dawn and dusk MLTs [e.g., McCollough et al.,
2008]. The T96 field also has a limitation of being dawn-dusk
symmetric. On the other hand, with newer methods of mod-
eling external currents, the T02 gives better prediction in
the inner magnetosphere than does the T96 and is capable
of reproducing observed dawn-dusk asymmetry [e.g., Huang
et al., 2008, Zhang et al., 2010], but it is limited to only give
reliable magnetic field inside » =15 Rg. Because of these
large uncertainties in the tail magnetic field given by the
two Tsyganenko models, in model 3 we tried to get better
estimates of B, and 0B,,/0z. We computed the equatorial B,
from a force balance formula [Wolf et al., 2006, equation (9)]
using the observed plasma pressure and magnetic field that
were measured in the vicinity of the equatorial plane. The
Wolf formula is established by relaxing the T96 field to
achieve force balance. Note that on the dayside magnetic
field lines are not stretched so that B, does not change much
with distance away from the equatorial plane. Thus, the esti-
mated equatorial B, on the dayside is very close to the
observed B.. We also compare the B, and B, computed from
the T96 (B,,, 19¢) With observed B, and B,, (B,,, observed) and
modified the 0B,,/0z computed from the T96 ((0B.,/0z)r96)
based on the difference so that 0B,,/0z=(0B,/0z)re6
(Byy, observed/Byxy, T06). The estimated K from the three models
is shown in Figure 4.

4.1.1. Current Sheet Scattering

[18] Figure 4 shows statistically the distributions of the es-
timated K as a function of energy at different MLT at the
weak and strong Dst levels. At a same location, K decreases
with increasing ion energy. In the tail plasma sheet, for ions
of the same energy, the T96 gives a K almost an order of
magnitude smaller than does the model 3 mainly due to the
underestimation of B, by the T96. Model 3 predicts at the
weak Dst level that at midnight beyond » =10 Rg, K is <8
for ions above a few hundreds of eV and becomes <1 when
ion energy is above several hundreds of keV. Thus, ions
from a few hundreds of eV to a few hundreds of keV are
expected to have chaotic motion and can be isotropized by
the current sheet. This energy range has no clear dependence
on r in the tail plasma sheet. These are quite consistent with
the observations shown in Figure 3a.

[19] At the strong Dst level, the predicted energy range for
isotropic ions become higher mainly due to higher B, in the
tail plasma sheet, and it can be seen in Figure 3 that the ma-
jority of isotropic ions are at higher energy than at the weak
Dst level. However, Figure 3¢ shows that isotropic PADs at
<0.1keV ions can be more often seen at stronger Ds¢ levels,
which cannot be explained by current sheet scattering pre-
dicted using a steady magnetic field configuration. However,
there is more substorm activity at stronger Dst levels, which
can generate substantial temporal changes in magnetic field
in the tail plasma sheet, including localized current sheet
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Figure 4. The adiabaticity parameter K versus ion energy at the weak (Dst>-5 nT) and strong
(Dst <20 nT) Dst level along the noon-midnight meridian estimated using (a) T96 and (b) model 3,
and along the dawn-dusk meridian estimated using (c) T96 and (d) T02. The black solid curves indicate
K=8 and the white solid curves indicate K=0.2. The black dashed curves indicate ion thermal energies
(defined here as the energy of peak ion energy fluxes).

thinning. This may break the adiabaticity of low-energy ions
(<0.1keV) whose motion would be adiabatic under the
average empirical magnetic field as indicated by their very
large K shown in Figure 4. This could contribute to isotro-
pizing ions at <0.1keV at stronger Dst levels as shown in
Figure 3. Thus, the above results indicate that current sheet
scattering is the main process in producing isotropic PADs
in the tail plasma sheet where the magnetic field lines are
highly stretched.

[20] In the nightside near-Earth magnetosphere, the pre-
dicted minimum energy for particles to be isotropized by
the current sheet (K=8) increases sharply with decreasing
distance from 1keV at r =10 Rg to ~100keV at r =7 Rg
due to increasing B,. However, the observations show a
much slower increase in the energy ranges of isotropic pop-
ulation. Near the dusk and dawn MLTs, the predicted cur-
rent sheet scattering can only isotropize ions of energy as
low as a 100keV at the weak Dst level and several tens of
keV at the strong Dst level, while isotropic ions are observed
at energies much lower than would be expected from current
sheet scattering. On the dayside, no ions below at least
600keV can be isotropized by the current sheet scattering.
Therefore, the current sheet scattering cannot isotropize the
majority of ions in the near-Earth magnetosphere.

4.1.2. Speiser Motion

[21] As shown in Figure 4, ions of a few hundreds of keV
and above in the tail plasma sheet have K < 1, suggesting
they may have Speiser-type motion. The Speiser trajectory

[Speiser, 1965] includes meandering motion within the mag-
netic field reversal, as well as particles escaping and returning
to the reversal along a more field-aligned direction, resulting
a PAD with relatively higher fluxes near 0° or 180° [e.g.,
Lyons and Speiser, 1982; Ashour-Abdalla et al., 1996] in
the region outside the reversal. This can account for the
negative anisotropy seen at the >~200keV ions shown in
Figures 2 and 3. Figure 5a shows an example of observed
two-dimensional distributions of phase space density in the
V. and V) plane when large negative 4 for 200 keV ions is
observed. The enhanced phase space density in the parallel
direction above 100 keV shows an ion population well sepa-
rated from the plasma sheet thermal population. This two-
component structure is consistent with simulated PAD by
Ashour-Abdalla et al. [1996]. As shown in their Plate 11,
the simulation shows a PAD consisting of one thermal com-
ponent and one component at higher energy made up of par-
ticles on Speiser-type motion.

[22] In addition to Speiser-type motion, there are many pro-
cesses accelerating particles preferentially along the field-
aligned direction that result in negative anisotropy, such as
Fermi acceleration, field-aligned potential drops, or Alfvén
waves. Fermi acceleration is effective for particles conserving
their second adiabatic invariant, thus it is likely not important
in affecting high-energy ions in the tail whose motion is
chaotic. It may be effective within bursty bulk flows where
magnetic field quickly dipolarizes. Field-aligned potential
drops are typically of the order of a few keV [e.g., Sakanoi
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observed by THEMIS-C at 06:49:41 UT on 11 March
2009. The white dashed circle indicates 200 keV.

et al., 1995], so they are not expected to accelerate particles
to hundreds of keV. Reconnection within the tail plasma
sheet may cause sporadic enhanced precipitation of ion
from <1keV to >14keV [Sauvaud et al., ] after substorm
expansion onset. The above processes are localized as well
as transient, and occur more frequently during more active
time. Therefore, compared with Speiser-type motion, they
are less likely to be the main cause for the negative anisot-
ropy for ions above hundreds of keV that is seen throughout
the tail plasma sheet during weaker Dst level.
4.1.3. Adiabatic Motion

[23] As indicated by the estimated K shown in Figure 4, in
the near-Earth magnetosphere the majority of ions are
expected to conserve their first and second adiabatic invar-
iants as they drift. It has been shown analytically that parti-
cles of the same energy but with different pitch angle may
follow different drift paths due to MLT-asymmetry of the
magnetospheric electric field [e.g., Roederer and Schulz,
1971] or magnetic field [e.g., Roederer, 1967], which is
so-called drift shell splitting. Additionally, the Alfvén layer,
which indicates the innermost location a particle can reach
along its open drift paths, also depends on pitch angle [e.g.,
Kivelson and Southwood, 1975]. Therefore, in this section,
we evaluate if pitch angle dependent drift can qualitatively
account for the observed anisotropy in the near-Earth magne-
tosphere. Note that there have been many inner magneto-
sphere simulations [e.g., Jordanova et al., 1997; Fok et al.,
1996; Chen et al., 1998] that include ion drift conserving
the first and second adiabatic invariants using empirical elec-
tric and magnetic fields. These simulations can give global
distributions of ion anisotropy at different energies and
some of these simulation results have been compared with
ion anisotropy observed during individual events. However,
incorporating one of the above models with conditions
appropriate for quantitative comparison with the statistical
observations described in section 3 is beyond the scope
of this study.

[24] Kivelson and Southwood [1975] showed analytically
that for low-energy ions dominated by electric drift, the
Alfvén layer of field-aligned particles in the morning sector
is at smaller 7, thus allowing them to penetrate deeper into
the inner magnetosphere, compared with particles in the per-
pendicular direction (the difference is opposite in the evening
sector but is much smaller), resulting in a PAD with higher
fluxes in the field-aligned direction and negative A. There-
fore, this Alfvén layer difference can be one of the processes
responsible for the negative 4 seen in <~1keV ions in the
inner magnetosphere in the postmidnight sector as shown in
Figures 2 and 3. As discussed in section 4.2, ionosphere out-
flow is another important process for producing PADs with
negative A for low-energy ions.

[25] The Alfvén layer changes with energy. As ion energy
increases, westward magnetic drift can become comparable
to eastward electric drift in the morning sector (due to shield-
ing electric field and corotation electric field, the electric drift
is dominantly eastward in the morning sector and westward
in the evening sector). As a result, the weakened azimuthal
drift in the morning sector allows ions to drift more radially
to smaller » than ions of lower or higher energies. In addition,
90° pitch angle ions have stronger magnetic drift than parti-
cles of other pitch angles. Therefore, ions of 90° pitch angle
can go to smaller 7 than ions of other pitch angles, which re-
sult in positive 4 due to the difference of the Alfvén layers.
This could explain the positive 4 seen in 1keV ions at the
prenoon MLTs, and that this positive 4 region in the morning
sector rotates westward in the morning sector from pre-noon
to postmidnight MLTs as energy increases to ~10keV.
Figure 6 shows the radial profiles of the particle fluxes of
SkeV ions at 11° and 78° pitch angle at different MLT at
the weak Dst level. As shown in Figures 2 and 3, 5 keV
ions have strongly positive 4 around the dawn MLTs in-
side 7 ~ 10 Rg. It can be seen from Figure 6 that the fluxes
at 11° drop suddenly within the positive 4 region and become
significantly lower than those of 78°. This suggests ions of
11° have little access to this region, as would be expected
to observe from crossing their Alfvén layer.

[26] For high-energy ions dominated by magnetic drift,
magnetic drift shell splitting is important. For example,
Takahashi et al. [1997] showed that in a realistic magnetic
field configuration (compressed on the dayside and stretched
on the nightside) for particles of the same energy at » =r at
noon, 90° ions come from r < ry at the midnight MLT while
30° ions come from r>ry. Figure 7 shows the fluxes of
30keV ions at 78° and 11° at the noon and midnight MLTs.
The fluxes increase with decreasing » at midnight and the
fluxes at 78° are almost the same as at 11°. Due to magnetic
shell splitting and the radial profiles of increasing fluxes with
decreasing 7 on the nightside, 78° ions at noon come from
smaller 7 at midnight, and thus have higher fluxes, than do
11° ions, resulting in a PAD at noon with positive 4. At the
strong Dst level, the radial inward increase on the nightside
becomes smaller, thus the difference in the fluxes between
11° and 78° ions at noon becomes smaller too, resulting a
PAD with smaller anisotropy.

[27] Due to magnetic drift shell splitting, 90° ions from the
nightside at larger » are more likely to hit the duskside mag-
netopause than are ions of other pitch angles. These particles
are lost to the magnetopause and thus cannot complete the
drift circle and return back to the nightside. As a result, there
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Figure 6. The radial profiles of the energy fluxes of SkeV ions at 11° (blue) and 78° pitch angles (red)

along different MLTs at Ds¢ >—5 nT.

are relatively fewer ions near 90° than ions of other pitch
angles in the postmidnight sector. This process is known as
magnetopause shadowing. Magnetopause shadowing pro-
duces butterfly PADs with negative 4 in the postmidnight sec-
tor [e.g., Sibeck et al., 1987; Fritz et al., 2003]. We examined
the shape of PADs in the horn-shape negative A region
observed at high-energy ions as shown in Figures 2 and 3
and found that the PADs have dominantly a butterfly distribu-
tion. Therefore, magnetopause shadowing can account for the
horn-shape negative 4 region observed at high-energy ions.

4.2.

[28] In the tail plasma sheet, ions below a few hundreds of
eV cannot be isotropized by the current sheet scattering as
indicated by the estimated K shown in Figure 4. At auroral
latitudes, electron precipitation can cause outflow of ions of
characteristic energy of a few hundreds of eV [e.g., Peterson
et al., 2006], thus enhancing ion fluxes in the field-aligned
direction and a PAD with negative A4 as a result. This can
explain the observed negative A for the very low-energy ions
from the tail plasma sheet to the near-Earth magnetosphere.
During disturbed times, enhanced electron precipitation can
cause larger ion outflow fluxes [e.g., Strangeway et al., 2005]
and higher outflow energy due to the field-aligned potential
drop associated with strong upward field-aligned currents
(FACs). The most negative anisotropy of low energy is seen
in the midnight-to-dawn MLTs, coinciding with the region of
upward FACs of the region-2 FACs, supporting outflow to
be one of the processes causing the observed negative 4.

[29] To further evaluate the role of ionosphere outflow,
we used THEMIS electron energy fluxes to estimate the
maximum precipitation energy fluxes assuming strong pitch
angle diffusion everywhere for all electron energies.
Figure 8a shows that as the estimated electron precipitation
energy flux increases in the postmidnight sector, the fluxes
of field-aligned low-energy ions increases more than do
those along the perpendicular direction, resulting in more
strongly negative anisotropy of low-energy ions. Figure 8b

Ionospheric Outflow

shows that 4 becomes more negative with increasing elec-
tron precipitation energy fluxes, consistent with expected
higher energy in the ionospheric outflow. These suggest that
the ionosphere outflow can be an important contributor to
the negative 4 observed for low-energy ions. Figure 9
shows, for the low-energy ions whose anisotropy is nega-
tive, that the difference between the fluxes near 11° and
169° is very small most of the time, which is consistent with
the expectation of flux enhancement in both near 0° and 180°
pitch angles due to outflow coming from both hemispheres.

4.3. Wave-Particle Interaction

[30] Figures 4 indicates that current sheet scattering is
not effective for ions below several hundreds of keV on
the dayside. It has been shown in simulations that interac-
tion between ions and EMIC waves can result in pitch angle
scattering and precipitation of ions >1keV [e.g., Jordanova
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Figure 7. The radial profiles of the energy fluxes of 30 keV
ions at 11° (blue) and 78° pitch angles (red) along noon-
midnight meridians at (a) Dst >—5 nT and (b) Dst <20 nT.
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mum precipitation electron energy flux. (b) Anisotropy of
ions of different energies as a function of estimated maxi-
mum precipitation electron energy flux (from all the data be-
tween the midnight to dawn MLTs at » =7 to 10 Rg).

et al., 2001]. The EMIC waves are generated by enhanced
positive anisotropy of ions of a few tens of keV (driven
by magnetospheric compression or substorm injection);
the waves in turn scatter these source ions as well as ions
of higher energy (up to a few hundreds of keV) and reduce
their anisotropy. A recent study using THEMIS observa-
tions [Usanova et al., 2012] shows that magnetospheric
compression driven EMIC waves are observed more fre-
quently closer to the dayside magnetopause and during
higher solar wind dynamic pressure and lower symmetric
disturbance index (SYM), while high occurrence rate for sub-
storm driven EMIC waves is seen preferentially in the after-
noon MLTs from ~6 to 13 Rg during high AE.

[31] Figures 2 and 3 show that anisotropy of high-energy
ions (>~40keV) drops significantly outside » ~ 10 Rg near
the dayside magnetopause, which may be due to scattering
by the magnetospheric compression driven EMIC waves. To
evaluate if there is anisotropy reduction that may be associated
with scattering by substorm-driven EMIC waves, we sorted
the anisotropy data according to their corresponding AE and
compute the occurrence rate of isotropic ions (|4 < 0.1) for
low (AE < 100 nT) and high AF level (100 < AE < 500 nT).
Figure 10 shows that for the low AE level, ions above
~40keV on the dayside magnetosphere have a relatively
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higher isotropy occurrence rate closer to the dayside magne-
topause where compressional driven EMIC waves frequently
occur. When AF is higher, increase of isotropy occurrence
rate (thus decrease of anisotropy) on the dayside outside
r ~ 8 Rg is larger at higher energy (>60keV) than lower
energy (<20keV), and the increase at high energy is rela-
tively lager near dusk than dawn. The region and AF level
for higher isotropy occurrence rate is similar to the occur-
rence rate of substorm-driven EMIC waves, suggesting a
positive correlation between these two. However, as dis-
cussed in section 4.1.3, decrease of anisotropy on the dayside
can be also due to the midnight radial profiles of particle
sources becoming flatter, which is also associated with sub-
storm activity. It is likely both processes contribute to the
increase of isotropy occurrence rate.

44.

[32] In addition to the loss due to magnetopause shadow-
ing described in section 4.1.3, in the inner magnetosphere
ions can be lost due to change exchange with the geocorona
or Coulomb collisions with the plasmasphere [e.g., Fok
et al., 1991]. Both losses are stronger for field-aligned ions
than for ions along the perpendicular direction, thus produc-
ing a PAD with positive 4. Nevertheless, the plasmasphere
and geocorona are located at small radial distances and we
only investigated the region outside » = 7 R, thus these
two losses are not expected to play an important role in
affecting the PADs shown in this study.

Ion Losses

5. Summary

[33] In this study, we have quantified the pitch angle anisot-
ropy for ions of different energies observed by THEMIS and
determined statistically the spatial distributions of anisotropy
from the tail plasma sheet to the near-Earth magnetosphere at
different Dst levels.

[34] In the tail plasma sheet the majority of ions from a
few keV to a few tens of keV are isotropic, while the anisot-
ropy for ions below hundreds of eV or above a few hundreds
of keV is mainly negative. In the near-Earth magnetosphere,
anisotropy varies significantly with MLT. Anisotropy is neg-
ative for low-energy ions (< a few hundreds of eV) and is
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Midnight to Dawn, 7 < r <10 Re

TTr 1T [ rrrr[rrrrp[rrrr

107 b

probability

102 |

v by by 1y

-1 -0.5 0 0.5

£(11°)-F(169°) / £ (11°)

Figure 9. Probability distributions of the difference
between the fluxes at 11° and 169° pitch angles for 0.5 keV
ions (normalized to the fluxes at 11° pitch angle) from all the
data between the midnight to dawn MLTs at » =7 to 10 Rg.
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Figure 10. Probability of |4|<0.1 at different ion energies at (a) AE < 100 nT and (b) 100 < AE < 500 nT.

strongly negative in the postmidnight sector. Anisotropy larger increase is seen at larger 7, similar to EMIC occurrence
becomes positive for ions between ~1 to 10keV and the rate. This suggests the important role of EMIC waves in iso-
region of strongly positive anisotropy rotates westward from  tropizing high-energy ions on the dayside.
the dayside to nightside with increasing ion energy. For ions [39] In this study, we examined various processes to eval-
of ~10keV and above, positive anisotropy is seen on the uate whether they can explain the observed anisotropy.
dayside centered at noon and negative anisotropy can be In the future, simulations including all these processes
seen on the nightside. As the Dst level becomes stronger, should be conducted and compared with the observations
PADs for ions above 10keV become less anisotropic for presented here to quantitatively determine the dominant pro-
both positive and negative 4. For ions from 0.1 to several cesses responsible for causing the observed anisotropy.
keV, the region of negative 4 extends to larger radial dis-
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