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The Calorimetric Electron Telescope (CALET), launched to the International Space Station in
2015, provides more than 7 years of continuous observation of the radiation environment at low
earth orbit. Using this dataset, we present a method for the detection and categorization of MeV
relativistic electron precipitation (REP) events. From this catalog we identify a subset of a few
hundred REP events observed at times where CALET is in magnetic conjunction with the Van
Allen probes. These conjugate measurements enable studies of associated plasma wave data from
RBSPA/B and potential drivers for MeV electron precipitation. We show that roughly 10 percent
of the observed REP events are associated with enhanced electromagnetic ion cyclotron wave

activity, suggesting that waves can play a significant role in driving MeV electron precipitation.
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1. Introduction

The Calorimetric Electron Telescope (CALET) [1], launched to the International Space Station
in 2015, provides more than 7 years of observation of the radiation environment at low earth orbit
(LEO). Although the primary scientific goals of CALET is the observation of cosmic rays from a few
GeV up to 1 PeV, it was shown early on in the CALET mission that the upper layers of CALET were
sensitive to much lower energy (>1 MeV) radiation events, namely relativistic electron precipitation
(REP) events [2][13]. These REP events occur when trapped or quasi-trapped electrons in the outer
radiation belt are scattered into the loss cone and are subsequently lost to the upper atmosphere [3]
[4], leading to the depletion of the outer radiation belt and increased bursts of radiation at LEO
and into the upper atmosphere. Although several spacecraft, such as the Solar, Anomalous, and
Magnetospheric Particle Explorer (SAMPEX), have observed REP events for several decades[12],
the drivers behind these events are not fully understood. One of the more commonly accepted
drivers of electron precipitation is pitch angle scattering due to wave-particle interactions with
plasma waves in the magnetosphere, namely Electromagnetic Ion Cyclotron (EMIC) waves that
have been identified as potential drivers of >1 MeV electrons [5]. This work looks to investigate
this potential driver by comparing REP events observed by CALET to EMIC wave events observed
by the Radiation Belt Storm Probes (RBSP) to find the frequency at which REP events occur in
close proximity with EMIC wave activity.

2. Data Analysis

2.1 REP Event Catalog

CALET was launched in August 2015 to
the International Space Station (ISS) for the pri-
mary purpose of directly measuring the cosmic-

ray total electron spectrum up to energies of
tens of TeV. The CALET calorimeter (CAL),
shown in Figure 1, has a depth of 30 radiation

lengths (Xp) at normal incidence and includes
three separate sub-detectors. The Charge De-
tector (CHD) consists of two layers of 14 plastic
scintillating paddles and can measure the charge

of nuclei up to Z = 40. The Imaging Calorime-
ter (IMC) contains 16 layers of 448 scintillat-
ing fibers each which provide accurate tracking

Figure 1: CALET structure indicating the CALET
Gamma-ray Burst Monitor (CGBM), Advanced Stellar

for most events. Most of the shower energy is Compass (ASC), and calorimeter (CAL).

deposited in the Total Absorption Calorimeter

(TASC), with 12 layers of 16 PWO logs that

can contain electromagnetic showers up to TeV energies. For REP event observations we utilize the
count rates of the two layers of the CHD, CHDX and CHDY, which are sensitive to >1.6 MeV and
>3.6 MeV electrons respectively.
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Figure 2: (a) Count rates of the CHDX and CHDY for a 10 hour period exhibiting types of precipitation
observations. (b) An example of an event classified by the SOM as rapid precipitation. (c¢) An example of an
event classified as a mixed between rapid and smooth precipitation. (d) An example of an event classified as
smooth precipitation.

The REP event catalog was produced by S. Vidal-Luengo et al.(2023)[6] using a an algorithm
that leverages self organizing maps (SOM) to automatically detect and sort REP events in the
CALET dataset. The algorithm first calculates the power spectral density (PSD) for every 10
minute window of data from October 2015 to October 2021 and feeds this into the SOM. The SOM
then sorts the PSDs for each window into groups with similar characteristics, getting sorted into
three categories, rapid precipitation, smooth precipitation, and noise. Events classified as noise are
simply background count rates and are removed from the catalog, while events classified as smooth
precipitation are considered to be due primarily to trapped or quasi-trapped particles and not the
REP events we are interested in for this analysis. Figure 2 shows an example of a rapid precipitation
and smooth precipitation events, as well as an event that contains feature of both types.

Excluding events classified as noise, a total of 22,749 events were identified, with their spatial
distribution in magnetic local time (MLT) and Mcllwain L shell parameter (L) shown in the left panel
of Figure 3. The events are shown to be distributed evenly in MLT but show a strong dependence on
L shell with most events being between L = 3 and L = 5. With the smooth events neglected, a total
of 1448 rapid precipitation events remain, and are the events most likely associated with true REP
events. The spatial distribution of these events, shown in the right panel of Figure 3, now reveals a
strong dependence on MLT and L shell. Of particular interest is the increased population of events
in the pre-midnight sector where enhanced EMIC wave activity is expected [8].

2.2 EMIC Wave Event Catalog

The EMIC wave events used in this work were pulled from a catalog of events produced
by B. Remya (2023)[7] which uses data from the Electric and Magnetic Field Instrument Suite
and Integrated Science (EMFISIS) aboard the Radiation Belt Science Probes (RBSP-A/B). The
EMFISIS instrument[ 10] measures electric and magnetic field wave data covering frequencies from
1Hz to 400kHz and its data includes calculated power spectrum density that can be used to identify
several different types of plasma wave activity. For the detection of the EMIC wave events used



Analysis into the drivers of REP events with CALET on the International Space Station A. W. Ficklin

Distribution of REP Events in MLT and L Shell Distribution of REP Events in MLT and L Shell (Smooth Events Removed)

Figure 3: Spatial distribution of smooth precipitation (left) events and rapid precipitation (right) events in
MLT and L.

RESP-B/EMFSIS Bl

Figure 4: Magnetic field waveform measured by RBSP for a period with enhanced EMIC wave activity,
shown in the red box.

in this analysis, an automatic wave detection algorithm J. Bortnik (2006)[9] was used to identify
events in the desired frequency of 0.5 - SHz. The algorithm selects events based on their spectral
peak and requires the peak to be one order higher than the calculated background for a one hour
period surrounding the potential event. In total, 664 events were identified in RBSP-A data and
443 events for RBSP-B. Figure 4 shows an example of enhanced EMIC wave activity that was
identified and included in the event catalog. Additionally, Figure 5 shows the spatial distribution of
the EMIC wave events identified which reveals a enhanced population of events in the pre-midnight
and pre-noon sectors.
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Distribution of EMIC Events in MLT and L Shell

Figure 5: Spatial distribution of EMIC wave events in MLT and L Shell.

2.3 Checking for Coincidence

In order to appropriately compare the events included in these two catalogs, geomagnetic
information was calculated for all events using the latest IGRF 13[14] internal magnetic field model
and Tsyganenko 05[15] external field model. Then, on an event by event basis, events were checked
for coincidence in time, as well as spatially using their geomagnetic location in MLT and L shell.
The initial criteria for coincidence were as follows:

LcaL-min —0.5RE < Lrpsp < LcAL-max +0.5RE, (D
MLTcAL-min — 1h < MLTgrpsp < MLTcAL-max + 1h, )
TcAL-start — 10min < Trpsp < LCAL—stop + 10min, 3)

With these conditions applied, 78 REP

Coincident REP/EMIC Events events out of 1448 were found to be coinci-
A EMIC Everts dent in both time and space with either RBSP-A
: or RBSP-B regardless of EMIC wave activity,
while 8 events were coincident with either probe

during EMIC wave activity. This result shows
that, with this initial criteria, 10 percent of REP
events are coincident with EMIC wave activity.
When these events are viewed spatially, shown
in Figure 6, a clear anisotropy is revealed show-
ing the majority of the coincident events being
focused in the pre-midnight and pre-noon sec-

18

LT tors.

Figure 6: Spatial distribution of coincident To view how dependent on MLT and L

REP/EMIC wave events in MLT and L shell these statistics are, the analysis was re-
peated for a grid of MLT and L shell criteria up
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to +/- 5 hours in MLT and +/- 5 in L shell, but with the same +/- 10 minute window in time. The
results, shown in Figure 7, show how the number of coincident events change as the criteria is
relaxed in either MLT or L shell. The number of coincident events shows a stronger dependence on
the criteria applied to MLT, which could be beneficial since recent work suggests that EMIC wave
events can be wider in MLT than the initial coincidence criteria implies[11].

# of Coincident REP/EMIC Events

Difference in L Shell

1 15 2 25 3 35 a a5 5
Difference in MLT

10

Figure 7: Number of coincident REP/EMIC wave events as a function of MLT and L shell.

3. Conclusions

The analysis presented in this work looked to find evidence that EMIC wave activity is a
significant driver of REP events. Using a catalog of REP events observed by CALET and EMIC
wave events observed by RBSP, we found that around 10 percent of REP events are coincident with
EMIC wave activity, implying that they do play a part in driving these radiation belt loss events.
Additionally, we found that both the EMIC wave events and REP events show a clear asymmetry in
terms of MLT and L shell, with both populations showing a clustering of events in the pre-midnight
sector.
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