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Quantifying the radiation belt seed population in the 17
March 2013 electron acceleration event

A.J.Boyd’, H.E. Spence’, S. G. Claudepierre?, J. F. Fennell?, J. B. Blake?, D. N. Baker3,
G. D. Reeves*, and D. L. Turner®

Tnstitute for the Study of Earth, Oceans, and Space, University of New Hampshire, Durham, New Hampshire, USA, 2Space
Sciences Department, The Aerospace Corporation, Los Angeles, California, USA, 3Laboratory for Atmospheric and Space
Physics, University of Colorado Boulder, Boulder, Colorado, USA, 4Space Science and Applications, Los Alamos National
Laboratory, Los Alamos, New Mexico, USA, > Department of Earth and Space Sciences, University of California, Los Angeles,
California, USA

Abstract we present phase space density (PSD) observations using data from the Magnetic Electron lon
Spectrometer instrument on the Van Allen Probes for the 17 March 2013 electron acceleration event. We
confirm previous results and quantify how PSD gradients depend on the first adiabatic invariant. We find a
systematic difference between the lower-energy electrons (<few 100 keV) originating from the plasma sheet
and higher-energy electrons >1 MeV with a source region within the radiation belts. Our observations show
that the source process begins with enhancements to the 10s-100s keV energy seed population, followed
by enhancements to the >1 MeV population and eventually leading to enhancements in the multi-MeV
electron population. These observations provide the clearest evidence to date of the timing and nature of
the radial transport of a 100s keV electron seed population into the heart of the outer belt and subsequent
local acceleration of those electrons to higher radiation belt energies.

1. Introduction

One of the primary goals of the recently launched Van Allen Probes mission is to understand the accelera-
tion process for relativistic electrons in the radiation belts. Based on theory, the two main processes for this
acceleration are radial diffusion and local acceleration via wave-particle interactions [Reeves et al., 2013].
Local acceleration has been shown to be capable of quickly producing enhancements in relativistic elec-
trons. Reeves et al. [2013] recently provided evidence of local acceleration of MeV electrons for an event on
8-9 October 2012, but that paper did not examine, in any detail, the relative effects of local acceleration and
radial diffusion as a function of energy. This leaves open the question of the origin and evolution of the ini-
tial, lower-energy electrons (10s to 100s keV) that serve as a “seed” population for the radiation belts [Baker
et al., 1998; Baker and Kanekal, 2008].

To examine these acceleration processes, phase space density (PSD) in adiabatic coordinates (u, K, L¥)

is needed to clearly separate adiabatic and nonadiabatic effects. For a fixed first invariant 4 and second
invariant K, the radial gradients of PSD as a function of L* and time reveal key aspects of the acceleration,
transport, and loss of electron populations. Examining the radial gradients in phase space density at dif-
ferent energies (or different u) can differentiate the effects of radial transport of seed electrons from the
magnetotail from the effects of local acceleration of those electrons to higher energies. Many studies,
beginning with Selesnick et al. [1997] have shown that there are u-dependent radial gradients for radia-
tion belt electrons. Recently, Chen et al. [2005], Turner and Li [2008], Kim et al. [2010], and Turner et al. [2012]
have examined the PSD gradients beyond geostationary orbit and found that ~ 200 MeV/G is the typical
transition point between positive and negative gradients. Examining these PSD gradients with the instru-
mentation onboard the Van Allen Probes and seeing how they evolve in time enables us to identify the seed
population and explore the role it plays in the local acceleration process.

In the following sections, we introduce the data sets that were used and discuss the method we employed
to calculate PSD and estimate the error in this calculation. Then we show the initial results of this study
looking at both the radial PSD gradients as a function of 1 and how the PSD distribution evolves as a
function of time.
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2. Data

The twin Van Allen Probes spacecraft were launched on 30 August 2012 with a comprehensive instrument
suite to examine the particles, fields, and waves in the radiation belts [Mauk et al., 2012]. The probes were
launched in low inclination, highly elliptical orbits with apogees near 5.8 R;. For this study, we use ener-
getic electron fluxes from the Magnetic Electron lon Spectrometer (MagEIS) [Blake et al., 2013], part of the
Energetic Particle Composition and Thermal Plasma Suite (ECT) [Spence et al., 2013], and magnetic field
measurements from the Energetic and Magnetic Field Instrument Suite and Integrated Science (EMFISIS)
[Kletzing et al., 2013] magnetometer.

The MagEIS instrument provides pitch angle resolved particle fluxes for electrons with energies of
20-4000 keV. The MagEIS units on both probes (A and B) contain identical instrumentation and from here
on will be referred to as MagEIS-A and MagEIS-B, respectively for each spacecraft. The instrument is divided
into four detectors, a low-energy unit (20-240 keV), two medium-energy units to provide additional pitch
angle coverage (M35 and M75; 80-1200 keV), and a high-energy unit (800-4800 keV). For this study, to
avoid complications with merging the two medium-energy data sets, we use data from low-energy, M75,
and high-energy units, which provide identical pitch angle coverage.

For this study, we used MagEIS data to calculate the phase space density for a set of  and K values around
17 March 2013. This period includes a strong acceleration event on 17 and 18 March following a coronal
mass ejection (CME) impact on 17 March. For a detailed look at the multi-MeV electron response to this
event, see the companion paper by Baker et al. [2014]. The solar wind conditions for this event are shown in
Figures 1a-1d. This was a moderately strong storm with a minimum Dst index of —130 nT. Beginning around
8:00 UT on 17 March, there was a period of 18 h of continuous southward interplanetary magnetic field (IMF)
Bz. During this time there was considerable substorm activity, indicated by the elevated Auroral Electrojet
(AE) index. The spacecraft apogees for this event were near midnight magnetic local time, and both space-
craft were in nearly identical orbits, with Probe-A trailing Probe-B by about 1 h. This configuration provided
an opportunity to get observations of key spatial regions with excellent temporal resolution.

3. Methodology

To calculate the phase space density we follow the basic method outlined in Chen et al. [2005] and Turner
and Li[2008]. Given the differential particle flux j(E, «, t), we can convert to PSD f, using the following fully
relativistic formula:

_ L JE <y
f=3325x10 E(E + 2myc?) [(MeV cm> N

where j is the particle flux in #/cm? sr s keV, E is the particle’s kinetic energy in MeV, m,c? is the electron rest
mass in MeV, and the numerical factor converts to the units shown in brackets.

The next step is to express the PSD in adiabatic coordinates (i, K, L*). The second and third invariants K and
L* are provided for 18 different pitch angles by the ECT Science Operations Center. For this study, we use
the magnetic ephemeris calculated using the TS04D magnetic field model [Tsyganenko and Sitnov, 2005].
Choosing a fixed K value, we interpolate K(a) to get the appropriate pitch angle for a given K value for each
time step. Then, for each energy channel, we interpolate f(a) to determine the phase space density for that K
value. We then use a univariate spline interpolation on f(E) and select the correct energy using the following
definition of u:

_ E(E+2myc)sin’(a) [ M]

2
2Bm,c? G @)

where B is the magnetic field from the EMFISIS magnetometer. Finally, we transform from spatial coordinates
(e.g., satellite location) to L* (as a function of K) to obtain PSD in magnetic coordinates, f(u, K, L*).

To estimate the error in PSD, we use phase space density matching [Chen et al., 2005]. This process involves
comparing the PSD between MagEIS-A and MagEIS-B when they are simultaneously measuring electrons
at the same y, K, and L*. This process and the results from the Relativistic Electron Proton Telescope (REPT)
[Baker et al., 2012] instrument are discussed in Morley et al. [2013]. For this study we use the period from 19
to 21 March to estimate the errors in PSD. For this period, conjunctions in L* occurred close to apogee. We
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Figure 1. (a) OMNI solar wind velocity, (b) IMF B; and total B, (c) AE index, and (d) Dst from 18:00 UT on 16 March 2013 to
12:00 UT on 18 March 2013. (e) Pitch angle for K=0.11 R¢ G'/2 and (f) electron energy for first invariant 4 = 200 MeV/G
as a function of L*. The colors of the vertical lines on the Dst plot correspond to the colors of the passes plotted in
Figures 1e and 1f as well as Figure 3.

found that these errors were somewhat x4 dependent but were consistent with the REPT PSD errors found
by Morley et al. [2013], with an average error factor of 1.3 and larger errors at the highest u values.

4, Results

Figure 2 shows the MagEIS-B PSD for a range of u values for a single inbound pass. The u-dependent
error estimates at 10 min intervals are shown as error bars on each curve. This pass covered a period from
23:10 UT on 17 March to 3:02 UT on 18 March, placing it early in the recovery phase of the storm. Plotting
this pass as a function of L* provides a snapshot of the outer radiation belt to observe the PSD gradients as
a function of u. We chose to look at the gradients during this pass to characterize the structure of the belt
immediately after the acceleration event.

From Figure 2 it is clear that the PSD has a positive gradient in L* for 4 <200 MeV/G and flat or negative gra-
dients for u >200 MeV/G. This transition at 200 MeV/G is consistent with previous estimates by Turner and Li
[2008], Kim et al. [2010], and Turner et al. [2012]. While this study does confirm previous results, these results
also represent the first time these gradients have been quantified for a broad range of x in the heart of the
radiation belts during storm time. Previous studies have been limited to measurements that were either
beyond GEO, off-equatorial, or at higher u. This u dependence in the gradients persists through most of the
recovery phase, until outward radial diffusion moves the PSD peaks beyond the Van Allen Probe apogee,
resulting in positive gradients for all 4 values. During quiet times the PSD peaks for relativistic electrons
should typically be at or beyond the Van Allen Probe apogee [Turner et al., 2012], which makes it difficult

BOYD ET AL.

©2014. American Geophysical Union. All Rights Reserved. 2277



@AG U Geophysical Research Letters 10.1002/2014GL059626

. MagEIS-B Inbound 23:10 - 3:02 UT to locate the transition point between
K=0.03G"Ry positive and negative gradients.
However, the same transition at
~200 MeV/G is also seen during the
recovery phase of the 8-9 October
2012 storm.

10° 4 L As discussed in Green and Kivelson
u [MeV/G] [2004], PSD profiles tend to be peaked

e in their source regions. Therefore,

PSD [(c/MeV-cm)?]

N ) 200.00 since the <200 MeV/G population has
— 300.00
— 400,00 a positive PSD gradient, this suggests
600.00 . .
1000.00 that the source region is beyond the
10° 4 L Van Allen Probe apogee and these

particles likely come from the plasma
sheet. Conversely, the PSD profile of
10° 4 L larger u particles is peaked within
(and therefore has a source within)
the radiation belt. As suggested by
10 : : : Turner et al. [2012], the transition of
these gradients around 200 MeV/G

is consistent with the theory of

local acceleration by wave-particle
interaction with chorus waves. The
<200 MeV/G particles that originate
in the plasma sheet can be locally
accelerated by interactions with waves to produce the higher u particles that have a source within the radi-
ation belt. A value of y = 200 MeV/G corresponds to an energy of 400 keV at L* = 4 (see Figure 1f). Horne
et al. [2005] showed that this is a critical energy for acceleration by chorus waves, where energies below

it are scattered into the loss cone faster than they are accelerated. This suggests that this u <200 MeV/G
population could be the “seed” population for the relativistic electrons in the outer radiation belt.

4.0
L*

Figure 2. Radial PSD profiles for various u values during one inbound pass
observed by MagEIS-B. Error bars are shown at 10 min intervals. This pass
corresponds to the orange vertical line in the Dst plot in Figure 1.

Next, we explore the evolution of the PSD over the course of the 17/18 March storm. In Figure 3, we plot the
PSD from each inbound and outbound pass for six values of x4 between 03:05 UT on 17 March, just before
the storm, and 6:17 UT on 18 March, during the recovery phase. This allows us to examine how the PSD
profile evolves in time over the course of the storm. All the given times correspond to the L* =4.2 crossing
time and are marked and color coded on the Dst plot in Figure 1 for context. For this section we looked at a
higher K value (0.11 R; G'/?) in order to have sufficient coverage in L* for the whole time period.

It is clear that, over the course of the storm, the PSD evolves very differently for different u values. For

1 =50MeV/G and u =100 MeV/G, there is a large, sudden increase in PSD near the Van Allen Probes apogee,
i.e, L* > 5.5 for the 3:05 UT orbit (outbound). This feature is likely associated with a substorm injection seen
by GOES around this time (see the supporting information) and identified by the peak in AE at 8:00 UT. In
the two subsequent inbound orbits, the peak emerges and grows inside L* = 5.5 first for Probe A, the trail-
ing spacecraft. By the time the next two outbound passes come 3.5 h later, the PSD has been enhanced at
all L*. For the u =100 MeV/G population, this is followed by enhancement over a wide range of L*, indicative
of acceleration by radial diffusion. Later in the event, beginning at 15:00 UT, there is another enhance-
ment seen at L* < 3.2 for y = 50 MeV/G. This is associated with another substorm injection, coinciding with
the peak in AE and observed by GOES around the same time. This reinforces the notion that injections of
fresh lower-energy electrons from the inner magnetotail are an important initial step that precedes local
acceleration to higher energies.

The direct effects of the injections were not seen for u > 300 MeV/G. Instead, there are clear PSD peaks that
form at low L* and then increase with time. During the 11:29/12:20 UT passes, the 50 MeV/G population has
already been enhanced and the 100 MeV/G begins to show signs of enhancement, and the >500 MeV/G
population shows signs of a strong loss process, which was related to a flux dropout during the main phase
of this storm. On the following orbit 15:23/16:25 UT, the 100 MeV/G population continues to enhance, and
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Figure 3. PSD distributions for each inbound and outbound pass between 3:05 UT on 17 March and 5:07 UT on 18 March. All time labels are the L* =4.2 crossing
time. Inbound passes are denoted by dagger. The color of each of the passes correspond to the vertical lines in the Dst plot in Figure 1.

300-1000 MeV/G population begins to show peaks in PSD at low L*. Finally, on 20:35/21:46 UT orbit, the
1500 MeV/G population begins to show a significant PSD peak. Although not shown here, the REPT PSD at
higher u is qualitatively similar to the PSD at ¢ = 1500 MeV/G.

As shown in Green and Kivelson [2004] and Reeves et al. [2013], an increasing phase space density peak may
be an indication of local acceleration. Another possibility for the increasing PSD peaks is an on-off source at
high L*. However, for this storm such a source is unlikely. While the acceleration process is active, there were
two periods when neither of the spacecraft were beyond the observed PSD peak (L* > 4.4). During the first,
15:53-20:41 UT, substorm injections were observed by GOES (see the supporting information). However, for
the second, 1:42-5:15 UT, there was no evidence of substorm injections in the GOES observations making
an on-off source unlikely. Additionally, none of the injections seen earlier in the storm caused increases in
the >300 MeV/G electrons. It is unlikely that this on-off source for >300 MeV/G electrons would only operate
during the time periods when one of the spacecraft was not in a position to observe it. Another possibility is
that errors in the PSD calculation could account for some of the increases. We refer the reader to Green and
Kivelson [2004] and Reeves et al. [2013, supporting information] for details on how errors in the global mag-
netic field models can lead to errors in PSD. It is unlikely that these errors can account for the nearly 2 orders
of magnitude increase in PSD seen over the course of the storm. While it is not possible to completely elim-
inate these other possibilities, local acceleration is the most likely explanation for the growing PSD peaks
observed during this storm.

This set of observations shows clear evidence of a sequence of acceleration occurring sequentially with the
injection of a lower-energy seed population from the plasma sheet radially inward. That process accelerates
electrons up to a few hundred keV in the heart of the radiation belts [Baker et al., 1998; Baker and Kanekal,
2008]. The higher-energy electrons later show increasing PSD peaks, showing evidence of local accelera-
tion. These two different acceleration processes for the populations below and above y ~ 200 MeV/G are
clearly shown in Figure 3 and are consistent with a <200 MeV/G seed population preceding subsequent
local acceleration to enhance the relativistic populations within the heart of the outer belt.

This timing of this acceleration process is shown more clearly in Figure 4, which shows the ratio of PSD to
the prestorm level (3:05 UT orbit) at L* = 4. This figure clearly shows that at L* =4, the initial acceleration of
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the seed electrons is followed by
— 03:04 a strong loss of the >500 MeV/G
— 08:27 population. This is then followed
12:21 by acceleration at all u values. The
acceleration process for the rela-
tivistic electrons does not seem to
begin until this seed population is in
place at low L* values. After the seed
population is in place, the acceler-
ation up to multi-MeV occurs over
a period of less than 12 h. More
specific timescales for this accelera-
tion process is difficult to determine
10° without greater time resolution.
However, the orbital configuration
and instrumentation from the Van
Allen Probes for this event allowed
the observation of this progression
from seed electrons up to multi-MeV
energies with high precision and

=4
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Figyre 4, The ratio of the PSD'at L*ff4 to the prestorm level observe'd with excellent and unprecedented
during the 3:05 UT orbit. For simplicity, only the PSD from MagEIS-A is

shown here. The colors of the curves correspond to those in Figures 1 resolution and specification of the
and 3. adiabatic coordinates.

5. Conclusions

We present electron PSD distributions from MagEIS over a broad range of u values for the 17 March 2013
electron acceleration event. We have quantified the x4 dependence of PSD gradients inside GEO for the
first time, confirming the results of previous studies, with u < 200 MeV/G showing positive gradients and
u > 200 MeV/G showing peaks in the heart of the radiation belts and flat or negative gradients at higher
L*. We combine these observations with results showing local acceleration in the heart of the radiation
belts [e.g., Reeves et al., 2013]. Taking advantage of the comprehensive measurements available from the
Van Allen Probes, we can now connect the two steps of the acceleration process with a single, unified, set
of observations. Our results demonstrate that the acceleration process for this storm begins, first, with the
injection of the seed population from the plasma sheet and is followed by local acceleration up to multi-MeV
energies. Future work will explore a range of conditions in different events to better understand the role
of the seed population in determining which storms lead to radiation belt enhancement events and which
do not.
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