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Abstract The relativistic electrons in the inner radiation belt have received little attention in the past
due to sparse measurements and unforgiving contamination from the inner belt protons. The high-quality
measurements of the Magnetic Electron lon Spectrometer instrument onboard Van Allen Probes provide a
great opportunity to investigate the dynamics of relativistic electrons in the low L region. In this letter, we
report the newly unveiled pitch angle distribution (PAD) of the energetic electrons with minima at 90° near
the magnetic equator in the inner belt and slot region. Such a PAD is persistently present throughout the
inner belt and appears in the slot region during storms. One hypothesis for 90° minimum PADs is that off 90°
electrons are preferentially heated by chorus waves just outside the plasmapause (which can be at very low
L during storms) and/or fast magnetosonic waves which exist both inside and outside the plasmasphere.

1. Introduction

Relativistic electrons in the inner magnetosphere are distributed into two regions, the inner radiation belt
and outer radiation belt, while the region separating the two belts is called the slot region (2 < L < 3). The
inner radiation belt is thought to be quite stable and exhibits limited variations only during geomagnetic
active time [e.g., Baker and Blake, 2013]. It has been reported that while MeV electron injections into the
slot region are rare and mostly occur during strong storms and intense solar wind conditions [e.g., Baker
et al., 2007; Li et al., 2009; Zhao and Li, 2013a], hundreds of keV electron injections and precipitation in the
slot region and inner belt occur much more often [e.g., Sauvaud et al., 2008; Selesnick et al., 2013; Zhao and
Li, 2013b].

However, the energetic electron pitch angle distribution (PAD) inside the slot region and inner radiation
belt received little attention in the past. Lyons et al. [1972] studied whistler mode waves that caused pitch
angle diffusion of energetic electrons within the plasmasphere and showed that the equatorial PAD for
hundreds of keV electrons are expected to be like a normal distribution with a bump around 90°, which is
similar to observations at L = 3-4 during the decay phase following an injection event. Lyons and Williams
[1975a, 1975b] reported detailed PADs of 35-560 keV energetic electrons from Explorer 45 observations at
L =2-4.They found that during geomagnetic quiet time, the PADs in the slot region and outer regions of
the plasmasphere near the magnetic equator observed by Explorer 45 can be primarily explained by reso-
nance interactions with plasmaspheric hiss, while during active time, the PADs are greatly distorted because
of injections, and during poststorm decay periods, 90° minima in the PADs at L = 2-4 were occasionally
observed. Most other research efforts on the relativistic electron PADs focus on the outer belt region [e.g.,
Gannon et al., 2007].

One reason for the lack of attention to the inner belt electrons during the past decades is the limited qual-
ity data available, mainly due to the contamination from the coexisting very energetic protons that can
penetrate through most shielding. Now the newly available Radiation Belt Storm Probes (RBSP) - Energetic
Particle, Composition, and Thermal Plasma (ECT) [Spence et al., 2013] data from Magnetic Electron lon Spec-
trometer (MagEIS) [Blake et al., 2013] onboard the Van Allen Probes spacecraft [Kessel et al., 2013] provide
an unprecedented opportunity to study the detailed PADs for hundreds of keV electrons in the slot region
and inner belt. In this letter, we focus on hundreds of keV electron measurements from MagEIS and report
the newly unveiled electron PADs with minima at 90° in the inner radiation belt and slot region. Such kind
of PADs, different from analytical results of wave-particle interaction [e.g., Lyons et al., 1972], is present
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Figure 1. The pitch angle distributions of 464 keV electrons from Van Allen Probe-A during 29-30 June 2013, at (top)
L = 3.0, (middle) 2.5, and (bottom) 2.0, respectively. Two parameters shown in the top right corner of each panel are
magnetic latitude (MLAT) and the corresponding equatorial pitch angle of locally mirroring electrons (a_eq). The data
are from outbound passes only.

throughout the inner belt and slot region and exhibits great variations during storm time in the slot region
while remaining almost continuously present in the inner belt.

2. Observations

2.1. Storm Time

The PADs of 464 keV electrons at different L during 29-30 June 2013 are shown in Figure 1, in which all data
are from the outbound passes only from Van Allen Probe-A in order to avoid any local time dependence.
Three rows correspond to the PADs observed at L = 3.0, 2.5, and 2.0, respectively. Here we use Mcllwain L
with TS04 magnetic field model [Tsyganenko and Sitnov, 2005]. Two parameters are calculated and shown
in the top right corner of each panel: magnetic latitude (MLAT) and the corresponding equatorial pitch
angle of locally mirroring electrons («_eq). This is a geomagnetic active time period, with a strong storm
(minimum Dst~—100 nT and maximum AE~ 1200 nT) occurring on June 28. There is a significant electron
flux enhancement at L = 2.5 and above, while the flux level at L = 2.0 almost does not change. One sig-
nificant signature here is that during this time period, the minima at 90° in PADs developed. At L = 3.0 and
2.5, we can see this 90° minima appeared along with the flux enhancement on June 29 and persist at least
several orbits. At L = 2.0, the 90° minima was there earlier but became more significant as the flux enhance-
ment occurred. It is worth mentioning that in the third column, no minimum at 90° is observed because
the magnetic latitude is too high (almost no minimum at 90° is observed in the inner belt and slot region
when |[MLAT| >~10°). The structure of minima at 90° is also present in lower energy channels (as low as
30 keV) but is less obvious. For the energy channels higher than 464 keV, the fluxes are too low and too close
to the background to get clear PADs. Lyons and Williams [1975b] have reported this kind of structure that
appeared around L =2-4 during some poststorm time periods. However, they described this kind of struc-
tures as short lived (8-24 h) and only present during active period. The short-lived feature they described
probably is because they did not take into consideration the magnetic latitude. As shown in Figure 1, when
the corresponding equatorial pitch angle of locally mirroring particles is high enough, we can always see
this kind of PAD. Though not shown here, PADs with minima at 90° can last for days at the outer edge of
the slot region and for over a year in the heart of inner radiation belt according to Van Allen Probes obser-
vations. Another aspect in contrast to what Lyons and Williams [1975b] mentioned is that minima at 90° in
PADs do exist during the quiet time as well, as shown in Figure 2.
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Figure 2. The PADs of (top) 237 keV, (middle) 349 keV, and (bottom) 456 keV electrons, respectively, at L = 1.5 during 4-5
January 2013. The data are from inbound passes of Van Allen Probe-A only.

2.2, Quiet Time

Figure 2 shows the PADs at L = 1.5 during 4-5 January 2013, a geomagnetic quiet time period (Dst~ 0 nT
and AE < 200 nT), for three different energy channels (237 keV, 349 keV, and 456 keV from the top to
bottom, respectively). The format of Figure 2 is similar to that of Figure 1, but only the inbound passes from
Van Allen Probe-A are plotted. It is clear that during this quiet time period, with passes close enough to the
magnetic equator, PADs with minima at 90° are always observed, and the situation is similar for all three
energy channels. Figure 2 suggests that PADs with 90° minima are generally present in the inner radiation
belt, even during very quiet time period. In the slot region, however, this kind of PADs is not clearly observed
at L = 2.0-2.5 during this time period; at larger L the fluxes are low and close to background levels, and thus,
no clear PAD patterns are measured.

2.3. Statistics

In order to show the general features of PADs with minima at 90° over time and L, we developed a program
to automatically identify this kind of PAD inside the inner belt and slot region and then calculated the fre-
quency of occurrence. The criteria we used include (1) £,,4(85° @ 95°) < 0.95 X £,,4(90° — & : 90° + a),
where f, ,(a : b) is the averaged flux of electrons with pitch angle between a and b and « is selected from
5° to 45° to maximize the value of f,,;(90° — @ : 90° + ) and (2) total square root of counts (summed
over all pitch angles) is greater than 50. We only included those points when the satellite is close enough

to the magnetic equator (the corresponding equatorial pitch angle of locally mirroring electrons is greater
than 85°) in the statistics. Using these criteria, we plotted the frequency of occurrence of PADs with 90° min-
ima of ~460 keV electrons over a year as a function of L and time in Figure 3 using data from both probes.
Figure 3 also includes the daily averaged Dst and AE indices measured (real time) in black and predicted in
red [Temerin and Li, 2002, 2006; Li et al., 2007, Luo et al., 2013]. The color bar in Figure 3 (top) indicates the
frequency of occurrence of PADs with minima at 90°, where red means this kind of PADs is always observed
and black means no such kind of PADs. The white regions are where the second criterion cannot be met, or
both satellites are away from the magnetic equator. It is clear that for ~460 keV electrons, at L = 1.5, this
kind of PAD is always observed and has almost no correlation with geomagnetic activity; but at L =~1.8-3.0,
the occurrence of PADs with 90° minima is strongly correlated with both the AE and Dst indices. During the
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Figure 3. (top) The frequency of occurrence of PADs with minima at 90° of ~460 keV electrons as a function of L and
time from September 2012 to October 2013. (middle) The daily averaged real-time Dst index (black) and predicted Dst
index (red). (bottom) The daily averaged real-time AE index (black) and predicted AE index (red).

quiet time, e.g., December 2012 to February 2013, PADs with minima at 90° are rarely observed at and above
L = 1.8, while during the active time, e.g., in July 2013, the frequency of occurrence of PADs with minima at
90° between L = 1.8-2.5 is very high. Also, after such PAD pattern is initially created, it lasts longer at lower L,
and disappears faster at higher L.

2.4. Averaged PAD
It is also important to show the averaged PADs during quiet and active time and at different L, respectively.
As an example, we calculate the averaged PADs of ~460 keV electrons during a geomagnetic quiet month
(December 2012, Figure 4 (top)) and active month (July 2013, Figure 4 (bottom)), respectively, atL = 1.5,
1.8, 2.0, and 2.3 (with AL = 0.05) for comparison. The number of PADs being averaged is shown in the top
right corner of each panel. Similarly, here we also use the PADs measured by both probes but only when the
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Figure 4. The averaged PADs of ~460 keV electrons during geomagnetic (top) quiet (December 2012) and (bottom)
active times (July 2013), respectively, at L = 1.5, 1.8, 2.0, and 2.3, using data from both probes. The L is shown in the top
left corner for each panel, while the number of PADs being averaged is shown in the top right corner.
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Figure 5. The monthly averaged PADs of ~460 keV electrons at L = 1.5, from October 2012 to September 2013, using
data from both probes. The number of PADs being averaged is shown in the top right corner of each panel. The two
dashed lines in each panel are just for reference.

probe is close enough to the magnetic equator with a_eq > 85°. The results are clear and significant: during
active time, the PADs with minima at 90° are present throughout the slot region and inner belt; during quiet
time, such kind of PAD:s is still present in the inner belt but much less obvious in the slot region. Also, by
comparing the averaged PADs at different L, we see that, at L = 1.5, the structure almost does not change,
while at L > 1.8, the structure is less significant during quiet time and more notable during active time. As
L increases, the minimum at 90° disappears during quiet time. One thing notable is that we can clearly see
from Figure 4 that the flux level inside the loss cone is high at L = 1.5 and gradually decreases as L increases,
which is likely due to the contamination of the inner belt protons. However, since the peak flux values are at
least 1 order of magnitude higher than the background fluxes, such background should not affect the PADs
near 90° for ~460 keV electrons.

It should be interesting to look at the long-term behavior of PADs in the inner belt. Figure 5 shows the
monthly averaged PADs of ~460 keV electrons at L = 1.5, from October 2012 to September 2013 using
the same criterion as in Figure 4. The situation is similar but confirming: the 90° minima in the averaged
PADs persist all the time, and the shapes of PADs did not change much over the whole yearatL = 1.5. 1t

is also worth mentioning that during the first 6 months of the mission, there are several gain changes and
energy channels changes, which makes the backgrounds and the peak values of the measurements in the
PADs change but not the PAD shape itself. During the next 6 months, it is clear that the flux level and PADs
atL = 1.5 almost did not change, even during active time. This suggests that in the heart of inner belt, the
flux of hundreds of keV electrons does not change much as expected from the low scattering rates by plas-
maspheric hiss waves at low L region [e.g., Abel and Thorne, 1998] (unless there are much stronger magnetic
storms, e.g., 24-25 March 1991 and 30-31 October 2003), and PADs with minima at 90° are always expected.

To summarize, we found that the PADs inside the inner radiation belt and slot region are different from pre-
dictions of previous theories [e.g., Lyons et al., 1972]; actually, near the magnetic equator, the pitch angle
distributions with minima at 90° are always observed in the inner belt and are expected in the slot region
during storm times. The PADs with minima at 90° have several features: (1) during the geomagnetic active
times, such kind of PADs is almost always present inside the inner belt and slot region; (2) during the geo-
magnetic quiet times, such kind of PADs also exists in the inner belt but is much less significant in the slot
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region; and (3) the minima at 90° in PADs can last for several days to months in the inner belt and slot region,
depending on L, and this structure disappears faster with increasing L, possibly due to stronger pitch angle
scattering by whistler mode hiss waves at higher L [e.g., Abel and Thorne, 1998; Artemyev et al., 2013].

We did not find any significant longitude dependence or local time dependence at this time (though this
may be because we do not have enough data coverage yet).

3. Discussion

The electron PAD is determined by both the source and loss processes. The most important source pro-
cesses for the inner belt particles were recognized to be cosmic ray albedo neutron decay (CRAND) and
inward radial diffusion. Radial diffusion energizes electrons by bringing them inward while conserving the
first and second adiabatic invariants [e.g., Schulz and Lanzerotti, 1974], which causes the enhancement of
perpendicular energy and likely leads to a 90° peaked PAD. As for CRAND, many studies suggest that it is an
important source for energetic protons in the inner belt but not for the electrons [e.g., Kellogg, 1960; Pizzella
et al., 1962]. The loss processes for the inner belt and slot region electrons include Coulomb collisions with
atmospheric constituents and pitch angle scattering. Atmospheric collisions dominate energetic electron
loss only for L < 1.3 [Walt, 1964; Selesnick, 2012]; above L = 1.3 wave-particle interaction, caused by plas-
maspheric hiss, lightning-induced whistlers, and whistlers due to VLF transmitters, plays an important role
in the loss of energetic electrons [e.g., Abel and Thorne, 1998; Blake et al., 2001]. Because of the nature that in
the inner belt and slot region wave-particle interaction is not efficient for near equatorially mirroring elec-
trons, one would expect a highly 90° peaked PAD inside the inner belt and slot region [e.g., Lyons et al., 1972;
Lyons and Williams, 1975a, 1975b].

However, the newly unveiled observations from MagEIS onboard Van Allen Probes show the opposite.
One possible explanation for the PADs with 90° minima is that the chorus wave heating, right outside the
plasmapause, is more efficient for off-equator electrons [e.g., Horne et al., 2005]. During active time, the
plasmasphere shrinks and the plasmapause can reach very low L, sometimes as low as L = 2 [e.g., Baker et
al., 2004] or even lower [e.g., O'Brien and Moldwin, 2003]. Right outside the plasmapause, off-equator elec-
trons are preferentially accelerated by chorus waves and the 90° minimum PAD is created. After the storm,
the plasmasphere expands and whistler mode waves take effect inside plasmasphere, scattering electrons
into the loss cone. However, whistler mode waves are not efficient scattering hundreds of keV electrons
with e, ~60°-80° in the low L region [e.g., Abel and Thorne, 1998; Shprits, 2009]. Thus, the PAD pattern
persists in the inner belt and gradually disappears in the slot region. It is worth pointing out that the plasma-
pause location can be much more dynamic and reach much lower L during storms than one would think.
For example, during 29 June 2013 (minimum Dst is about —100 nT), a plasmapause crossing was seen at
L~2.56. In this case, the plasmapause crossing was evident in the Electric Field and Wave instrument data
[Wygant et al., 2013] as a sharp change in the spacecraft potential of Van Allen Probe-A simultaneously
observed with abrupt onset of plasmaspheric hiss. Because each Van Allen Probes’ orbit only crosses the
plasmapause twice every 9 h (nominally, assuming a plasmasphere eroded to L < 6), plasmapause dynam-
ics are undersampled in time, and the lowest plasmapause location may have been even closer to Earth
than L ~ 2.56 for this event. This hypothesis is consistent with the fact that such kind of PADs occurs dur-
ing strong storms and gradually disappears after several days or months, with higher disappearance rate
at larger L. Besides chorus waves, fast magnetosonic waves could also be a potential mechanism causing
90° minimum PAD in the low L region. Fast magnetosonic waves, which exist both outside and inside the
plasmasphere and are much stronger under disturbed conditions [e.g., Ma et al., 2013], have been shown
as an effective local acceleration mechanism and can accelerate tens of keV to a few MeV electrons with
the energy diffusion rates maximizing between a,, = 60°-80° [e.g., Horne et al., 2007; Mourenas et al.,
2013]. Thus, they could possibly create 90° minimum PAD by preferentially heating off-equator electrons
too. Another hypothesis is that inward radial diffusion can bring some electrons to lower L while preserv-
ing the PAD pattern created by chorus/fast magnetosonic wave heating, since in the inner belt and slot
region, the positive radial gradient of the phase space density in the inner belt and slot region for given
first and second adiabatic invariants is often observed during storms. To fully understand the cause of PADs
with minima at 90° in the low L region, some detailed modeling is needed, but this is beyond the scope of
this letter.
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4, Conclusion

A detailed analysis of the PADs of relativistic electrons in the inner belt and slot region has been performed
based on the newly available MagEIS measurements. A peculiar pattern of 90° minimum PAD, which is
very different from previous theoretical predictions, has been identified. This pattern of PADs is a persis-
tent feature in the inner belt and appears in the slot region during geomagnetic active time. A hypothesis
is proposed to interpret the observations: off 90° electrons are preferentially heated by chorus waves right
outside the plasmapause (which can be at very low L during storm times) and/or fast magnetosonic waves
which exist both inside and outside the plasmasphere. After being created, the pattern of PADs is preserved
as the plasmasphere expands and gradually disappears in the slot region due to pitch angle scattering by
whistler mode waves. Detailed modeling is required to fully understand the physical cause. Regardless, the
newly unveiled feature, made possible by the high-quality measurements of MaggElS, is compelling.
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