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Abstract

The Relativistic Electron-Proton Telescope (REPT) instruments were designed to measure

∼2 to >18 MeV electrons and ∼18 to > 115 MeV protons as part of the science payloads

onboard the dual Radiation Belt Storm Probes (RBSP) spacecraft. The REPT instruments

were turned on and configured in their science acquisition modes about 2 days after the

RBSP launch on 30 August 2012. The REPT-A and REPT-B instruments both operated

flawlessly until mission cessation in 2019. This paper reviews briefly the REPT instrument

designs, their operational performance, relevant mode changes and trending over the course

of the mission, as well as pertinent background effects (and recommended corrections).

A substantial part of this paper highlights discoveries and significant advancement of our

understanding of physical-processes obtained using REPT data. We do this for energetic

electrons primarily in the outer Van Allen belt and for energetic protons in the inner Van

Allen zone. The review also describes several ways in which REPT data were employed

for important space weather applications. The paper concludes with assessments of ways

that REPT data might further be exploited to continue to advance radiation belt studies.

The paper also discusses the pressing and critical need for the operational continuation of

REPT-like measurements both for science and for space situational awareness.

Keywords Radiation belts · Particle sensors · Space weather · Situational awareness

1 Introduction

The Relativistic Electron-Proton Telescope (REPT) instruments were proposed as part of

the complement of sensor packages to be flown onboard the Radiation Belt Storm Probes

(RBSP) of NASA (see Baker et al. 2013a). The two REPT instruments were identical and

were mounted respectively on the payload platforms of each of the twin RBSP-A and

RBSP-B spacecraft. These satellites were successfully launched into nearly identical el-

liptical Earth orbits on 30 August 2012 (see Mauk et al. 2013). In November 2012, the
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RBSP mission was renamed by NASA as the Van Allen Probes mission in honor of James

Van Allen the discoverer of the Earth’s radiation belts. The two REPT instruments (termed

REPT-A and REPT-B) were turned on 2.5 days after launch and they each operated contin-

uously (and flawlessly) until the cessation of mission operations in 2019 (Ukhorskiy et al.

2020).

The goals of the REPT sensors were to measure the high-energy (E � 1 MeV) electron

populations across the entire range of geocentric radial distances explored by the RBSP

spacecraft (1.1 � r � 5.8 RE). The REPT electron detectors were designed to have the

sensitivity and dynamic range to observe accurately the entire relativistic electron population

with energies from 1 to ∼20 MeV under all solar and geomagnetic driving conditions. The

REPT sensors were also designed to measure protons at all orbital locations in the energy

range from ∼18 MeV to >115 MeV. As will be summarized in this review, the REPT

sensors not only met but also, in many ways, greatly exceeded the expectations laid out

in the original mission requirements (Baker et al. 2013a).

The challenges inherent in making clean and suitably accurate measurements of the very

energetic electrons and protons in all parts of the Earth environment are formidable (see

Baker et al. 2013a). REPT had to contend with (as do all particle sensors) proton contamina-

tion of electron channels (and vice versa) as well as pulse pile-up effects and bremsstrahlung

backgrounds during the most active times. In addition, there can be significant dead-time ef-

fects for the differential rate channels as well, when the ambient intensities are high. Through

careful design steps, detailed instrument modeling, and exhaustive laboratory calibrations

prior to launch, the REPT instruments proved to be efficient and effective in measuring

energetic electrons and protons with most of the aforementioned limitations substantially

mitigated. Furthermore, the instruments also were able to be pushed well beyond their basic

design modes to measure protons up to extremely high energies (e.g., Selesnick et al. 2018).

The fundamental goals of this paper are to: (1) review the basic design and in-practice

operational performance of the REPT sensors over the entire mission lifetime (2012–2019);

(2) identify the trends and mode changes that occurred over the course of the mission;

(3) clarify the known background effects, and related corrections to be applied to the REPT

data products; and (4) highlight the primary science discoveries and insights that were made

using the REPT sensors. In the process of presenting results relevant to the preceding list

of goals, we seek to provide pointers to interested readers about many of the hundreds of

scientific and technical papers published using the REPT data thus far in the Van Allen

Probes program. (Note that in the rest of this paper, RBSP and Van Allen Probes are used

interchangeably).

2 Instrument Design and Function

The Relativistic Electron-Proton Telescope is a classic dE/dx energetic particle spectrometer

(Table 1) comprising a stack of silicon solid-state detectors in a telescope configuration, a

collimation aperture, and a thick case surrounding the detector stack to shield the sensors

from penetrating radiation. Full details and description of the REPT instruments, science

design considerations, and data are in Baker et al. (2013a). REPT measures high-energy

electrons (1.8 to >18 MeV) and protons (∼18 MeV to >115 MeV) with better than 50 keV

sensitivity (the ADC data number steps are within 50 keV).

The REPT instruments point perpendicular to the spin axis of the RBSP spacecraft and

sample pitch angles in 36 sectors per spin. Measured fluxes are reported in dE/E ∼25%

differential bins; 11 differential channels for electrons up ∼19 MeV and one higher integral
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Fig. 1 Cross section of REPT

showing the detector stack,

collimator and the surrounding

shielding (from Selesnick et al.

2018)

channel, and 7 differential channels for protons up to 115 MeV and an integral channel

(>∼115 MeV). All channel counts are collected and reported on a spin sector basis.

A schematic representation of REPT is shown in Fig. 1. REPT has a large geometric

factor of 0.2 cm2-sr to obtain statistically significant counts at higher energies, and fast

charge collection and electronics to support event rates up to 3.5 × 105 particles/s with

correctable dead time and pileup correction above that flux level.

The REPT collimator is a high-Z material disk-loaded collimator design yielding a ge-

ometry factor of 0.2 cm2-sr with a full-angle circular conical FOV (field-of-view) of 32°. At

the back of the collimator there is a 2 mm thick beryllium (Be) window that excludes lower

energy electrons (<1 MeV) and protons (<15 MeV).

The sensor shielding is made up of a 10 mm aluminum external housing and an inner

7 mm thick layer of sintered tungsten-copper alloy. This combination greatly reduces side

penetrating electrons below ∼20 MeV and protons below ∼100 MeV while minimizing

bremsstrahlung x-ray background.

The REPT sensor stack consists of 24 mm of silicon comprised of nine detector volumes,

each detector volume is made up of one or more 1.5 mm thick ion implanted silicon detec-

tors. The front two detector volumes are 1.5 mm thick and the back seven are 3 mm each

(two 1.5 mm detectors back to back).

The charge left by energetic particles transiting the stack is collected from the detector

volumes as a set of time correlated pulses. Charge Sensitive Amplifiers (CSA) attached to

each detector element collect the pulses and feed a parallel fast trigger, and slower pulse

shaped channels. Detection, pileup and digitization timing are based on the fast channels
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Table 1 REPT on-orbit performance

Parameter On-orbit performance

Electron Energy Range 1.8 MeV to >18.9 MeV

Electron resolution 25%

Proton Energy Range 18 MeV to >115 MeV

Proton resolution 30%

Geometry Factor 0.2 cm2-sr

Field of View 32° (full angle)

Integration cadence 1/36 of spacecraft spin (∼1/3 s)

Dead time losses 50% at 350 kilocounts s−1, correctable to <20%

Dimensions 11.8′′ × 11.6′′ × 9.8′′

Mass 13.4 kg

Power 6.2 W (operational)

Data

Volume

Science 1.3 kbps 1.3 kbps

PHA 232 bps 10.8 kbps

Housekeeping 11 bps 11 bps

1.6 kbps @ launch 12.1 kbps after reserve release

while all nine of the slower channels are digitized simultaneously to produce a Pulse Height

Analysis (PHA) data set (one for each valid energetic particle event).

Each PHA set represents the total energy left by the particle as well as the distribution

profile in the detector stack. The process of classifying particle events by type and energy

range proceeds by comparing the PHA values from individual detectors and PHA sums of

select detectors against sets of energy bounds, with each set defining a species and energy

bin. The energy bounding conditions are written as logic statements with multiple terms that,

if all are evaluated as true, the count of the energy bin for that particle type is incremented.

The energy bin counts are tallied over each spacecraft spin into individual 36-per-spin

sectors providing fine pitch angle discrimination. Sector counts are reported on a once-

per-spin cadence. In addition to the energy bin data, the individual PHA data sets are also

telemetered to the ground. Provided primarily as a method for verifying on-orbit energy

binning, PHA reporting cadence was initially ∼2 per sec. In late-2013 the mission released

reserved telemetry data volume at which point the PHA reporting cadence was increased to

∼90 per second. In addition pulse height values from each detector for 100 events are also

telemetered down at a cadence of 12 ms (Baker et al. (2013a)). This increased PHA data

availability then allowed detailed instrument performance analysis as well as substantially

extended the energy range of measured protons (Selesnick et al. 2018).

The REPT instrument has on-board gain and offset correction for each detector channel.

Correction values are uploaded from the ground, supporting uniform channel-to-channel re-

sponses and correcting any on-orbit performance shifts. An on-board calibration stimulus

circuit provides charge pulses to selectable detector CSA inputs supporting tracking of elec-

tronics performance shifts. Late in the mission, it was detected that there had been a gradual

decrease (∼2% at end of mission) in the reported responses to the calibration signals. It was

determined through a separate measurement channel, that the calibration signals themselves

had decreased, most likely due to a radiation-induced shift in the gate voltage of a JFET
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analog switch. With this shift corrected, there were no discernible gain or offset changes in

detector channel responses of either REPT instruments over the remaining ∼5 yr Van Allen

Probes mission.

In order to support higher pileup-free singles event detection rates, the front detector

is split into two equal areas, i.e. a bulls-eye type configuration, with individual electronic

signal chains. The fast trigger channels on each have dead times of ∼200 ns, defined by

the detector charge collection rates, supporting counting rates above 4 × 105 per sec with

less than 10% pileup. Combining the singles counts rates from the two front detector areas

gives a very good determination of actual REPT particle rate. The slower PHA channels

are paralyzable but pile-up free with dead times dictated by the FPGA timing at 1100 ns,

giving less than 50% pileup at 4 × 105 counts per sec. The slow channel rate is related to

the actual rate by the pile-up free form of the counting rate equation m = ne−2nt where m

is the measured rate and n is the actual rate and t = 1100 ns is the channel dead time (Knoll

2010), allowing simple differential rate correction on a spin-sector basis.

As is evident from the sections below highlighting science results from REPT, the in-

strument design and functionality have been proven to be highly effective and have enabled

significant and far-reaching science contributions and discoveries.

3 Calibration & Validation

The REPT instrument design and performance was modeled in GEANT4 and early devel-

opment testing at proton and electron accelerators was used to verify efficacy of shielding,

field of view, and performance.

REPT calibration was done both at the level of each individual detectors as well as at the

instrument level for the two flight models (FM) as well as for the engineering model (EM).

Each detector was calibrated using a tri-nuclide alpha source (5.15, 5.48, and 5.80 MeV)

in vacuum with charge injection to establish the ADC-to-MeV relationship. The results

showed excellent linearity over the entire collected energy range and established gain and

offset correction values for each channel.

The two flight units, FM-A and FM-B, as well as the EM, were tested and calibrated to-

gether at both proton and electron accelerators. Proton beam tests from beam energies up to

58 MeV were carried out at Crocker Nuclear Laboratory at UC Davis. At the Indiana Univer-

sity Cyclotron Facility (now closed) testing was done for energies above 58 MeV. Electron

test data above ∼2.6 MeV were collected at the Idaho Accelerator Center. After delivery of

the flight-units, data for electron energies below 2.6 MeV were collected using the EM at

the Aerospace Corporation beta spectrometer facility. The beam tests at electron and proton

accelerators enabled experimental measurement of efficiencies of differential channels as

modeled by the Geant4 simulations. Just prior to the launch at the NASA Kennedy Space

Flight Center, the REPT instruments were oriented to collect atmosphere-generated muons

and the data were successfully used to verify the REPT geometry factor. REPT instruments

collected muons for a specific duration of time and the geometry factor was calculated using

the observed number of counts and the known incident flux of atmospheric muons at sea

level (e.g., Motoki et al. 2003).

Figures 2 and 3 show the results of accelerator calibrations for electrons and protons,

respectively, compared to GEANT4 predicted efficiencies. The EM, FM-A and FM-B are

all in good agreement with each other and the GEANT4 results. Note that, in order to avoid

pileup during electron testing it was necessary to run at the very threshold of the LINAC dark

current settings. At lower energies for this accelerator, we found the count rates and reported
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Fig. 2 REPT electron differential channel efficiencies as measured (at-beam) and from GEANT4 simulation.

Responses below ∼2.5 MeV were corrected and verified at the Aerospace Corporation El Segundo CA, beta

spectrometer using the cross calibrated REPT engineering model

Fig. 3 REPT proton differential

channel efficiencies as measured

and from GEANT4 simulation

energies unreliable. In April 2013 the REPT engineering unit was taken to the Aerospace

Corporation in El Segundo CA and calibrated using their 90Sr/Y beta spectrometer. This

cross-calibration exercise with the MagEIS high instrument allowed us to correct the lower

energy REPT electron response.

As described earlier, the fast response of the REPT singles channels, combined with

the deterministic timing of the PHA sampling channels was designed to support excellent

counting rate determination and dead-time correction. Following delivery of the flight units
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Fig. 4 Measured counting rates

and dead times for REPT singles

detection and captured PHA

events

to the spacecraft, the engineering model was taken back to IUCF in Indiana where the REPT

counting response was verified for protons. Technical limitations of LINAC operation pro-

hibited electron rate measurements of this type. Since instrument count rates are defined by

detector charge collection times and electronics responses, it is believed proton and elec-

tron detection rates and dead times are comparable. Figure 4 shows REPT reported front

detector singles and captured PHA events over a range of incident event rates. The recorded

performance is in close agreement with predictions across the entire range of input rates.

4 Operational Trends &Mode Changes

4.1 Operational Trends

The trending of REPT instrument performance parameters on board the Van Allen Probes

were remarkably stable over the lifetime of the mission. Most housekeeping parameters

showed expected variation and trending, such as temperature shifts. The only anomaly was

a stepwise increase in the leakage current of one detector (Detector 9) on RBSP-B, identified

just after launch. While the team anticipated this might necessitate changes in the detector

noise threshold and potentially the energy binning equations later in the mission, no action

was ever required. Note that leakage currents on all detectors onboard the RBSP-B space-

craft were higher than on RBSP-A due to elevated spacecraft temperature. Figure 5 shows

the leakage current for Detector 9 in orange, riding above the other eight detectors (R0 and

R1 together constitute the front detector). The higher rate of increase was evident starting

shortly after instrument operations began but leveled off during subsequent years. Again, no

action was required or taken due to this anomaly. Figure 6a shows the additional electronics

noise present on Detector 9, in data number (or digital number), compared to the other eight

detectors. The relevant curve relating ADC to MeV is given in Baker et al. 2013a. These

noise levels were considered acceptable throughout the mission (see Fig. 6b) and did not

initiate any changes to the binning logic.
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Fig. 5 Leakage currents on all nine detectors on RBSP-B over the mission lifetime. The orange trace repre-

sents Detector 9

Table 2 Summary of changes to the REPT instruments onboard Van Allen Probes A & B. The dates reflect

the date that the change upload was sent to the MOC

Date Change Notes

September 27, 2012

18:20 UT

Changed equation 0 (first electron

equation)

Not obvious in spin-averaged data

July 2, 2013

20:48 UT

Changed electron equations 2 and

3 to exclude high-energy proton

contamination

Clearly seen in the spin-averaged

electron data for the 2.6 and 3.4 MeV

channels beginning early July 2013

May 21, 2015

21:54 UT

Changed proton equations Clearly seen in the spin-averaged

proton data; changed to reduce GCR

background in binned energies

4.2 Mode Changes

The REPT instrument equations that determine onboard how each observation was counted

in an energy channel were changed only three times during the lifetime of the Van Allen

Probes. Table 2 summarizes these changes, noting the date, the change made, and any notes

associated with the change. The date shown indicates when the change took effect onboard

the spacecraft, and thus the time after which the data might show a change. Some of these

changes are quite evident in the spin-average data in various energy bins. We note this,

where applicable, so that any sudden features uncovered in the data can be checked against

this table.

In early 2015, the REPT team made the decision to change the bow tie analysis being

used to define the energy channel centers and boundaries. The team had originally used the

so-called “Van Allen/Baker” bow tie method (Van Allen et al. 1974) but switched to the

“Selesnick/Blake” bow tie method (Selesnick and Blake 2000) to align with the practices

of the MagEIS instrument team and aid in cross-calibration efforts. All public data has

been reprocessed to use the “Selesnick/Blake” bow tie method. Table 3 lists the differential

channel definitions using both methods.
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Fig. 6 (a) Noise level, in data number, for all detectors over time. The gray diamonds represent Detector 9

(DN = 38 keV); (b) REPT-B Detector 9 failure forecast determined that no action would be required until

approximately 2022

This change only affected energy channel definition labels as contained in the publicly

available CDF data files. There was no change to the actual instruments onboard (e.g., differ-

ential channel logic) as a result of this decision. Therefore, the change was applied retroac-
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Table 3 Differential channel characteristics of REPT for the Van Allen/Baker and the Selesnick/Blake meth-

ods. The bow tie efficiencies were calculated for power law spectra indices of -2, -3, -4, -5 and e-folding

energies of 0.2, 0.4, 0.6, 0.8, and 1.0 MeV

Van Allen/Baker

(power law)

Selesnick/Blake

(power law)

Selesnick/Blake

(exponential)

Nominal

channel

Effective

efficiency 〈η〉

Bow tie bin

(MeV)

Bow tie Energy

〈E〉 (MeV)

Bin width

δE (MeV)

Bow tie Energy

〈E〉 (MeV)

Bin width

δE (MeV)

1.6-2.4 0.070 1.6-2.2 1.9 0.11 1.8 0.09

2.0-2.5 0.162 2.0-2.5 2.2 0.16 2.1 0.13

2.5-3.2 0.364 2.5-3.2 2.8 0.51 2.6 0.35

3.2-4.0 0.322 3.2-4.0 3.5 0.49 3.4 0.41

4.0-5.0 0.574 4.0-5.0 4.4 1.10 4.2 0.85

5.0-6.2 0.450 5.0-6.4 5.6 1.24 5.2 0.75

6.2-7.7 0.380 6.2-8.1 6.9 1.45 6.3 0.70

7.7-9.7 0.265 7.7-9.9 8.5 1.16 7.7 0.52

9.7-12.1 0.132 9.7-13.6 11.2 0.97 9.9 0.30

12.1-15.1 0.079 12.1-18.6 14.1 0.93 12.3 0.17

tively to all CDF files prior to 2015. REPT data users are cautioned not make use of files

from before 2015 that were downloaded to a local machine prior to mid-2015. To update

the energy channel labels, users must again download any data prior to mid-2015 from the

Project Gateway, ECT data portal served by the New Mexico Consortium, or CDAweb.

5 Background Effects & Corrections

Main sources of background for REPT include side-penetrating particles, galactic cosmic

rays (GCR) and mis-identified particles. The latter can be, for example, protons classified as

electrons and “out of bin” particles. Another source of background can be bremsstrahlung

photons from high-energy particles striking the REPT sensor shielding. Corrections to mea-

sured raw particle counts include corrections for dead time and pile up. Post-processing

corrections are applied to account for protons being classified as electrons. Due to the fact

that protons deposit larger amount of energy in detectors (dE) than electrons, it is somewhat

rare (except in the inner zone as discussed below) that electrons are classified as protons.

Two aspects of REPT design help reduce the background due to side-penetrating parti-

cles, bremsstrahlung, and GCR. These include the dual material shielding comprising in-

ner tungsten-copper alloy and outer aluminum. The outer Al shielding prevents protons

<110 MeV from entering the SSD stack, while bremsstrahlung photons are absorbed by

the high-Z tungsten layer. Only about 0.01%(1%) of electrons of energy 10(30) MeV enter

the stack (see Fig. 25 of Baker et al. 2013a). Extensive studies carried out using Geant4

with complete instrument geometry have shown that these backgrounds are negligible. Ad-

ditionally, these studies were complemented with the flight and engineering models exposed

to high-energy proton and electron beams at accelerator facilities (Sect. 3, Calibration and

Validation).

The second important aspect of the REPT design that helps reduce these backgrounds is

the use of multi-detector coincidence and vetoes from the detector stack for the differential
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channels. The differential channels not only rely on logic conditions that use energy deposi-

tion patterns in multiple detectors but also require a trigger of sequential detector hits within

a short coincidence window of 250 ns.

The scientific findings and discoveries made using REPT data, highlighted in the fol-

lowing sections, have amply confirmed the robust and mostly background free nature of

the data. However, cross comparisons between MagEIS and REPT spectra have shown a

discrepancy, in the overlapping energy regions of the two instruments. This discrepancy is

likely due to the incorrect application of bin efficiencies applied to the REPT dataset dur-

ing ground processing. The upcoming release of the data files will include the corrected bin

efficiencies as well as the background correction described next. This correction will not

completely address the discrepancy between MagEIS and REPT, particularly during chang-

ing overall counting rates in the two instruments, but it will bring the REPT spectra more in

family with MagEIS spectra on average. It must be noted that the bin efficiency discrepancy

was uniform across all bins and did not affect any spectral breaks, but only absolute values,

which does not affect the science results. The REPT and MagEIS teams continue to fine tune

any effects that lead to spectral discrepancies and updated Level-2 data are released as the

corrections are improved. Note that combined data covering electron energies from 15 eV to

20 MeV, using data from HOPE, MagEIS and REPT instruments comprising the ECT suite,

incorporates MagEIS background corrections and is available at 3-minute resolution (Boyd

et al. 2019).

It is well known that the inner zone is comprised mostly of protons. Due to their high

intensities, some of these protons are misidentified as electrons and populate REPT elec-

tron differential channels. Recently, a correction algorithm was developed by examining the

energy and pitch angle summed totals of both protons and electrons for each spacecraft’s

pass through the inner zone (Filwett, private comm.). Full details of the correction algo-

rithm will be described in a forthcoming publication. The need for data-based correction

resulted from the fact that Geant4 studies showed the background to be very small (≪1%)

while in-situ measurements indicated it to be at a level of a few percent outside of L=2.8

and much higher within the high-energy proton belt. The corrected data will be available as

a distinctly named variable in the CDF files, in addition to the existing REPT data, and their

usage is left to users’ discretion. Figure 7 shows 1.6-2.0 MeV electron counts for a three-day

interval during the year 2015. The top panel shows the uncorrected counts, and the bottom

panel shows the background corrected data.

6 Science Highlights: Outer Zone

As noted in the preceding sections of this paper, the REPT-A and REPT-B instruments were

both turned on and configured in their normal operating modes on 1 September 2012. This

commissioning and establishing of full science operations for the REPT packages was sev-

eral weeks ahead of the nominal instrument commissioning phase that had been planned for

REPT. However, the early turn on of the instruments was undertaken in order to maximize

the temporal overlap of REPT data collection with the Solar, Anomalous, and Magneto-

spheric Particle Explorer (SAMPEX) mission (Baker et al. 1993). SAMPEX was destined

to re-enter Earth’s atmosphere in the autumn months of 2012 due to satellite drag effects

(Baker et al. 2012).

In this section we will describe several of the earliest science results from analysis of

REPT data. This includes unique features associated with highly relativistic (1 ∼ 2 MeV)
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Fig. 7 The in-situ, uncorrected, electron counts for 1.6-2.0 MeV are shown (top panel) along with the cor-

responding background corrected (bottom panel) electron counts for June 25-27, 2015. The correction al-

gorithm is applied to L < 2.8 and uses an observed electron-proton relationship to subtract electron counts

caused by penetrating particles. The correction algorithm removes nearly 2 orders of magnitude of back-

ground while leaving intact orbit-to-orbit variations

electrons as well as the ultrarelativistic electron population (3 ∼ 10 MeV) in Earth’s mag-

netosphere. This section will focus largely on the outer (Van Allen) radiation zone that

stretches from roughly 3 to about 7 Earth radii in equatorial geocentric distance. We will

note some of the novel findings of the Van Allen Probes mission with respect to radiation

belt morphology, temporal trends, acceleration and loss characteristics, and evident transport

of energetic electrons. The latter kind of transport is due both to radial diffusion as well as

prompt compressional effects associated with coronal mass ejection (CME) forcing events

and interplanetary shock impacts.

We note explicitly here that many of the discoveries made with the REPT instruments

and insights obtained with these sensors were only possible because of the comprehensive

suite of instruments that were part of the RBSP payloads. The magnetic field data (Kletzing

et al. 2020), plasma wave measurements plus electric field information (Breneman et al.

2020), and the comprehensive low (Skoug et al. 2020; Gkioulidou et al. 2020) and medium

(Claudepierre et al. 2020) energy particle data from each RBSP spacecraft allowed the very

energetic electron and proton data of REPT to be put into its proper geophysical context.

This complete sweep of particle and field information (Manweiler et al. 2020) from the dual

RBSP spacecraft was and remains the great and enduring legacy of the Van Allen Probes

mission (Ukhorskiy et al. 2020).

6.1 Outer Belt Morphology

Figure 8 shows color-coded flux information for the 4.0-5.0 MeV channels for REPT-A and

REPT-B combined for the period 1 September through 16 October of 2012. The horizontal

axis is the time scale and the vertical axis is effectively radial distance from Earth center

(here shown as the L∗ parameter). The color scale shown to the right side of the figure is a
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Fig. 8 Combined REPT-A and REPT-B measurements of ultra-relativistic electron intensities

(E = 4.5 MeV) during September and October 2012. The time is indicated along the horizontal axis

and the electron intensity scale is indicated by the color bar to the right of the panel. The various regions

of the radiation belts are labeled in the figure. This is adapted from Baker et al. (2013b) and represents the

discovery image for the relativistic electron “storage ring” or third Van Allen belt

logarithmic representation of the differential flux of the 4-5 MeV electrons (electrons/cm2-s-

sr-MeV). Fortuitously, the REPT instruments were switched on during the height of a strong

relativistic electron enhancement event (1-4 Sept.). The electrons were enhanced across a

broad radial range (2.8 � L∗ � 5.0) at the start of the data acquisition. However, fluxes

diminished across much of the outer radiation belt by 5 September leaving a band of intense

electron fluxes over the range of 2.8 � L∗ � 3.4. As described by Baker et al. (2013b) in the

discovery paper of the phenomenon, this relativistic electron “storage ring” or “third” Van

Allen belt could persist for days or weeks at a time. In the case shown in Fig. 8, the storage

ring lasted for some four weeks until it abruptly dissipated on ∼ 1 October 2012.

Figure 8 shows that the magnetosphere has an inner zone (comprised mostly of very

energetic protons and low energy electrons of <∼ 700 keV), a “slot” region around L ∼ 2.5,

and an outer belt that is complex, often consisting of the storage ring relatively closer to the

Earth embedded in a highly variable outer Van Allen zone proper. Baker et al. (2013b) noted

that this storage ring structure was probably a remnant of strong electron acceleration and

Earthward transport often left intact until an IP shock or CME event dissipated the storage

ring.

Figure 8 demonstrates that a strong acceleration event must have occurred sometime

before the RBSP launch in late August of 2012. The figure also shows a very strong ac-

celeration event that occurred on ∼ 10 October 2012. This event was described in detail

by Reeves et al. (2013) and it showed that electrons often may be accelerated deep within

the outer radiation belt (L ∼ 4.0) by strong wave-particle interaction processes. These ac-

celeration events often produce multi-MeV electrons across much of the outer zone on

short timescales (Reeves et al. 2013; Thorne et al. 2013b; Foster et al. 2014; Baker et al.

2014a).

Examination of long runs of REPT data revealed the common occurrence of the three-belt

structure described by Baker et al. (2013b). Figure 9 from Baker (2014) shows more REPT

data (∼4.5 MeV) extending from 1 September 2012 to 1 July 2013. Obviously, in periods

such as September 2012, March 2013, and April-May 2013 the multiple belt configuration

was often clearly displayed. The diagram to the left side of Fig. 9 turns the radiation belt

diagram “on its side” to drive home the morphological reality that the canonical “two-belt”

structure usually portrayed in the textbooks has had to be revised in light of the better spatial,

temporal, and energy resolution data from the REPT/RBSP data. Over the course of the

Van Allen Probes lifetime, numerous theory and modeling papers (e.g. Shprits et al. 2016;
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Fig. 9 A 10-month-long plot of electron fluxes (E = 4.2 MeV) from the REPT-A and -B instruments on

board the Van Allen Probes shows large increases and rapid losses of particles that occur on abrupt time

scales. The plot to the left represents an image of the distribution of particles in a cross-section of the Van

Allen belts. The flux of electrons is measured in units of particles/cm2-s-sr-MeV according to the logarithmic

color bar. (From Baker (2014))

Mann et al. 2016) have addressed how and why the multiple belt structure exists in the

magnetosphere.

Another portrayal of the outer belt structure and how rapidly it changes came from a study

by Baker et al. (2019a). Examining in detail the acceleration event in mid-March of 2013

shown above in Fig. 9 (see Foster et al. 2014 and Baker et al. 2014a), Baker et al. (2019a)

used a polar-view projection of the data as shown here in Fig. 10; i.e., the authors used in

situ REPT measurements along the elliptical trajectory of the RBSP spacecraft. Baker et al.

recognized that multi-MeV electrons drift around the Earth on essentially dipolar magnetic

field drift paths and they do so much faster than the spacecraft move across the L-shells.

Thus, it is reasonable to map the fluxes measured along the spacecraft track all around

the Earth to give a picture (from a top or polar view) of the entire radiation belt electron

population.

In Fig. 10, the data for an event period (March 2013) are shown: (a) just shortly before the

CME and related shock wave hit the magnetosphere (17 March 2013); (b) just shortly after

the CME/shock hit the magnetosphere (about 9 hours later on 17 March); and (c) another

RBSP orbital period later (∼2300 UT on 17 March) when the radiation belt was replenished.

From this sequence of images (or radiation belt maps), Baker et al. (2019a) noted that before

the CME/shock impact there was a clear pattern of the outer belt separated from the storage

ring feature near L ∼ 3.0. Right after the shock wave struck the magnetosphere the outer

part of the Van Allen belt was stripped away leaving only the storage ring. Just a few hours

later (panel c), the entire outer belt was powerfully regenerated and restored to much higher

fluxes than had been present before the CME impact.

Figure 11 is a composite of the three separate times shown in Fig. 10 placed together

in one image (also taken from Baker et al. 2019a). This shows how persistent the stor-

age ring around L = 3.0 can be even as the rest of the outer zone undergoes huge flux

changes.

Yet another morphological feature is evident from all of the Figs. 8-11, namely, that the

outer zone high-energy electrons extend inward toward the Earth to about L = 2.8, but never
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Fig. 10 Polar view, color-coded plots of electron fluxes for the 4.2-MeV channels of REPT for 17 March

2013. (a) Pattern for ∼0100 UT. (b) For ∼1000 UT. (b) For ∼2300 UT for times shown. The plot shows

outer belt structure before, right after, and a few hours after a CME impact on the radiation belt electron

population. (From Baker et al. 2019a)

Fig. 11 Merged polar plots for

4.2-MeV channel for 17 March

2013 comparing the several

periods shown in Fig. 10. (From

Baker et al. 2019a)

(during the RBSP lifetime) closer. This was termed “the impenetrable barrier” by Baker et al.

(2014b). Figure 12 from that paper shows E ∼ 7.2 MeV electrons for two separate several-

week periods. The data show that the inner (or Earthward) edge of the outer belt stays fixed

for days and weeks on end.

Baker et al. (2014b) speculated that this “impenetrable” barrier was mostly due to ra-

dial diffusion processes for the multi-MeV electrons slowing dramatically as high-energy

electrons reached the radial distance near L ∼ 3.0. However, Foster et al. (2016) added a

fascinating layer to the story of the impenetrable barrier when they noted that the Earth

is shrouded in an intense very-low frequency (VLF) “bubble” of plasma waves. As shown
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Fig. 12 Color-coded electron flux data (E = 7.2) from the combined REPT-A and REPT-B sensors for two

periods in the L vs. time format. The upper panel shows data for Sept.-Oct. 2012 and the lower panel shows

data for Feb. – Mar. 2013. Both data show the sharp and persistent inner edge of the ultra-relativistic electron

population termed the “impenetrable barrier”. (From Baker et al. 2014b)

in Fig. 13 from Foster et al., the outer edge of the VLF bubble coincides closely with the

location of the impenetrable barrier.

This has led to substantial theoretical work that the sharp inner edge of the outer zone

electron belt (and storage ring) is controlled in important ways by VLF wave-particle in-

teractions as seen in Fig. 14. The effects of VLF transmitter signals, wave-wave coupling,

and chorus band suppression were discussed by Foster et al. (2016). Nonlinear acceleration

by VLF chorus rising tones (cf. Sect. 6.4.3) is important to the local acceleration of MeV

electrons outside the plasmapause (Foster et al. 2017, 2020; Omura et al. 2019).

A final note to be made is that when REPT electron channel backgrounds in the inner

zone region due to inner zone protons are removed, there is no measurable flux of energetic

electrons in the inner zone for electron energies E � 1.5 MeV. This fact was driven home

by careful analysis based on REPT and MagEIS data (Li et al. 2015b; Fennell et al. 2015;

Baker et al. 2016a, 2018; Greeley et al. 2019). Thus, for the epoch 2012 to 2019, there were

no highly relativistic electrons in the region L � 2.8. It should also be noted that STRV-1a

and -1b, in a similar orbit as Van Allen Probes, had also observed various dynamic features

of the outer radiation belt electrons (e.g., Daly et al. 1999; Desorgher et al. 2000; Iles et al.

2002).

6.2 Long-Term Trends

Due to the relatively benign solar cycle during which the Van Allen Probes operated, the

two REPT instruments were able to obtain ∼7-year-long, high-resolution observations of

the energetic radiation belt environment with no disruption or major degradation to the sen-

sors. This allowed for a long-term look at the outer belt during mild solar wind conditions,

punctuated with moderate geomagnetic storms. Figures 15, 16, and 17 depict the large-scale

dynamics of 1.8 MeV, 4.2 MeV, and 7.7 MeV electrons respectively over the lifetime of the

mission.

Many different features previously reported upon are clearly identifiable in these long-

term plots, including: the impenetrable barrier near L = 2.8 (Baker et al. 2014b); the rem-

nant belt structure first identified in October 2012 (Baker et al. 2013b) but since observed
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Fig. 13 Schematic representing the overlap of the inner edge of the electron radiation belt with the strong

VLF transmitter signals at the outer edge of the VLF bubble in the region surrounding Earth. The L-space

profiles of VLF transmitter signal intensity and 2.6 MeV electron flux observed during the 18 March 2015

event are shown. (After Foster et al. 2016, Fig. 8)

multiple times throughout the mission (Pinto et al. 2018); and numerous sudden flux-

dropouts of high-energy particles down to very low L-shells (Turner and Ukhorskiy 2020).

Figure 17, showing very few events comprising 7.7 MeV electrons, is especially striking

and illustrates how unique the solar-driving was during this past solar cycle.

Zhao et al. (2017) investigated the correlation of various solar wind parameters and geo-

magnetic indices with radiation belt electron phase-space density (PSD) and PSD enhance-

ments at a range of μ values and L-shell values. The study found that energetic electrons

were most highly correlated with the AL index, a proxy for substorm activity. Figure 18,

from Zhao et al. (2017) shows the results of the correlation study for the SYM-H (geo-

magnetic storm) index (panels a-b) and the AL index (panels c-d). Panels on the left show

the time lag for a PSD enhancement and panels on the right show the highest correlation

coefficient. Panel d clearly shows a cluster of higher correlation coefficients for high μ val-

ues, revealing a connection between acceleration of ultra-relativistic electrons and substorm

activity.

6.3 Plasma Boundary/Electron Relationships

The plasmasphere, the cold, dense plasma population corotating with the Earth and located

predominantly at low L-shells, has been shown to be closely correlated with the morphol-
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Fig. 14 A composite picture is shown of the interrelationship plasma waves at the outer edge of the VLF

bubble and the 10,000x decrease in REPT 2.6 MeV electron flux between L ∼ 3.2 and L ∼ 2.8 during

the 18 March 2015 event (after Foster et al. 2016). L = 2.8 is indicated by the vertical black lines and

the plasmapause location marked in red. Amplification of a 21.4 kHz VLF transmitter signal outside the

plasmapause and the suppression of VLF chorus band emissions below the transmitter frequency are noted

ogy of the radiation belts (Baker et al. 2004; Goldstein et al. 2005; Li et al. 2006). For

example, Baker et al. (2004) examined the dynamical changes in the radiation belts dur-

ing the so-called “Halloween solar storm”, noting the concurrent inward motion of both the

plasmapause and the inner edge of the outer radiation belts in response to the compression

and subsequent geomagnetic activity induced by this event. Li et al. (2006) noted that an

energy-dependence for the relationship between plasmapause location and outer zone radi-

ation belts held most strongly during the main and recovery phases of a geomagnetic storm.

There are myriad physical mechanisms that may contribute to this correlation between

the plasmasphere and outer zone radiation belt. They include wave-particle scattering by

chorus mode hiss (Thorne et al. 1973; Meredith et al. 2006; Ni et al. 2013; Zhao et al.

2019), electromagnetic ion cyclotron (EMIC) waves (Millan and Thorne 2007; Summers

et al. 2007; Su et al. 2017; Tetrick et al. 2017); plasma waves associated with electron

energization include whistler-mode chorus wave (e.g. Horne et al. 2005; Li et al. 2007;

Thorne et al. 2013b; Foster et al. 2017), fast-mode Alfven waves (Li et al. 1993; Hudson

et al. 1997), and Alfven waves at mHz frequencies (e.g. Elkington et al. 1999, 2003; Hudson

et al. 2000). The propagation and trapping of this variety of plasma waves are affected by

the plasma density, e.g., plasmasphere (e.g. Claudepierre et al. 2016; Li et al. 2016c; Ren

et al. 2018; and Goldstein et al. 1999; Yu et al. 2019; Yuan et al. 2017).

Plasmaspheric morphology is complex, and often complicates analyses of the plasma-

pause-outer zone relationship (e.g., Bruff et al. 2020; Malaspina et al. 2016; Goldstein et al.
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Fig. 15 1.8 MeV electron data from REPT-A and -B over the mission lifetime in L vs. time format (same

color scale for each panel)

2005, 2014). Khoo et al. (2018, 2019) looked at a number of CME and CIR-driven geomag-

netic storms that occurred over the Van Allen Probes era to examine the relationship be-

tween the minimum plasmapause location and the radial location of the initial enhancement

of outer zone radiation belts. In these studies, they used two distinct models of the plasma-

pause location, those of Goldstein et al. (2014) and of Liu et al. (2015). Figure 19, from

Khoo et al. 2019 shows evidence that the initial enhancements of energetic (30keV-2 MeV)

electrons are persistently outside the innermost plasmapause location in either plasmapause

model. They also suggested that energy-dependent processes dictated the distance between

the plasmapause and outer zone locations, with lower-energy electrons (<200 keV) being

driven inward primarily by enhanced magnetospheric convection, and higher-energy elec-

trons being affected primarily by local acceleration via chorus waves. They noted a “turning

point energy” that differed between CME- and CIR-driven storms: electrons below the turn-

ing point energy were consistently seen within 1 RE of the innermost plasmapause location,

with the distance from the plasmapause increasing with energy beyond the turning point to

a maximum distance of ∼2 RE .

A detailed examination of the radiation belt energy spectra by Zhao et al. (2019) and Ni

et al. (2019) in the plasmasphere and near the plasmapause showed reversed energy spec-

tra, with abundant high-energy and fewer low-energy electrons commonly existing inside

the plasmasphere. Figure 20 shows the energy-dependent evolution of the energy spectrum

many days after a magnetic storm in March 2015, with electrons of energy <2 MeV forming

a bump-on-tail distribution and higher-energy electrons maintaining a kappa-like distribu-

tion. Fokker-Planck simulations indicated that the predominant mechanism for this unusual

distribution was a result of electron scattering by hiss waves.
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Fig. 16 4.2 MeV electron data from REPT-A and -B over the mission lifetime in L vs. time format (same

color scale for each panel)

6.4 Electron Acceleration

Figure 21 from Baker et al. (2019a) provides a snapshot of radiation belt variability for

1.8 MeV to 6.3 MeV electron energies at radial distances Earthward of L ∼ 6. Time scales

from hours to years are apparent, with the dynamic outer radiation belt MeV electron loss

and recovery during storms being a striking and persistent feature. Despite drastic changes

in the geomagnetic field configuration during solar storms that result in an almost total de-

pletion of the MeV outer belt electrons, a rapid recovery of the outer zone can subsequently

take place in a matter of a few hours (e.g., Baker et al. 2014a). Wave-particle interactions

(e.g., Reeves et al. 2013), radial diffusion (e.g., Elkington et al. 1999, 2003; Hudson et al.

2000) and impulsive shock response (e.g., Foster et al. 2015; Kanekal et al. 2016) comprise

the variety of physical processes that energize electrons.

REPT observations of all these varieties of energization processes (for reviews see, for

example, Thorne 2010; Reeves et al. 2013) during a wide range of geophysical conditions

have led to a significant increase in our understanding of the acceleration mechanisms that

shape radiation belt dynamics.

6.4.1 Local Acceleration

Despite drastic changes in the geomagnetic field configuration during solar storms that result

in an almost total depletion of the MeV outer belt electrons, a rapid recovery of the outer

zone can subsequently take place in a matter of a few hours (e.g., Baker et al. 2014a).

The month-long observations of the evolution of the outer radiation belt electron fluxes

shown in Fig. 22 show the effect of two storm-associated acceleration events on 01 and 17
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Fig. 17 7.7 MeV electron data from REPT-A and -B over the mission lifetime in L vs. time format (same

color scale for each panel)

March 2013. Each event involves a rapid increase in MeV fluxes followed by periods of

slow inward diffusion accompanied by adiabatic acceleration. This occurs as the electrons

move into the region of higher magnetic field strength nearer the Earth. Of particular note

is the sharp reduction (dropout) of electron fluxes at all energies during the 17 March event.

This was followed by the rapid reappearance strong fluxes at energies up to E > 5 MeV in

the innermost regions of the outer zone at L < 4.

Such rapid radiation belt recovery in the inner magnetosphere involves local accelera-

tion of 100s of keV seed electrons to multi-MeV energies in the low-density region outside

the plasmapause (Reeves et al. 2013) through interactions with whistler-mode very low fre-

quency (VLF) chorus waves (Thorne et al. 2013b; Foster et al. 2014; Li et al. 2016c). Jaynes

et al. (2015) have shown that magnetospheric substorm activity produces two distinct elec-

tron populations that are essential to the acceleration of highly relativistic electrons in the

outer belt: a source population of 10s keV electrons that drive VLF wave growth, and a

seed population at 100s keV that are then accelerated by the VLF waves to MeV ener-

gies.

Li et al. (2016c) simulated the evolution of storm time radiation belt recovery following

a large storm and accentuated the critical role chorus plays in accelerating electrons up to

several MeV. Their simulation underestimated the observed electron acceleration when only

radial diffusion was included. Plasmaspheric hiss was found to provide efficient pitch angle

scattering losses for hundreds of keV electrons, while scattering >1 MeV electrons at a

slower rate. Their simulation found that the combined physical processes of radial diffusion

and pitch angle and energy diffusion by chorus and hiss reproduced the observed electron

dynamics quite well. They suggested that quasi-linear diffusion theory provided a reasonable

means for evaluating radiation belt electron dynamics during such storms.
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Fig. 18 Reprinted from Zhao et al. (2017). Figures 18a and 18b are for SYM-H index, and Figs. 18c and 18d

are for AL index. Panels a and c depict the time lag of radiation belt electron PSD enhancements correspond-

ing to the best correlation coefficient with geomagnetic indices, and panels b and d depict the corresponding

highest correlation coefficients, as a function of μ and L∗

During events such as seen on 17 March 2013, the recovery of multi-MeV electrons at

L ∼ 3 - 5 can take place significantly more rapidly (30-60 min) than can be explained by

diffusive processes, indicating the importance of nonlinear processes (Foster et al. 2014).

Figure 23 shows the L-space evolution of outer zone 2.6 MeV electrons observed by the

REPT. At L ∼ 4.2, pre-storm fluxes fell by ∼100x during the storm-induced flux dropout

discussed in Fig. 22. Over the subsequent 12 hours 2.6 MeV fluxes increased by factors of

30x during each of two impulsive substorm events at 16 UT and 22 UT, as described by

Foster et al. (2014, 2017). As shown in Fig. 24, consecutive observations by the dual Van

Allen Probes in the region of flux dropout and local acceleration at L ∼ 4.2 characterize the

evolution of the event.

Highly relativistic (>∼4-5 MeV) electrons are accelerated locally in rapid nonlinear in-

teractions with very low frequency (VLF) chorus rising tone waves in the region of low cold

plasma density outside the plasmapause. Electron injections and VLF chorus enhancement

associated with the 1550 UT substorm are shown in Fig. 25. Chorus risers grow through

interactions with the 10s of keV electrons injected Earthward from the outer magnetosphere

during storm conditions. The 100s of keV electrons and intense VLF waves provide a seed

population and energy source for the radiation belt enhancements. Electron interactions with

the VLF rising tones are strongly nonlinear, such that a fraction of the near-relativistic seed

electrons at resonant energies are trapped by waves, leading to significant nonadiabatic en-

ergy exchange. In effect, nonlinear interactions directly transfer energy from the injected

electrons to the high-energy tail of the electron distribution through the intermediary of the

VLF waves in a fraction of a second.
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Fig. 19 Relationship between the innermost plasmapause location (as predicted by two distinct models) and

the initial enhancement location of radiation belt electrons. The results show that nearly all enhancement

events occurred outside the plasmapause in either plasmasphere model, and the enhancement location LIE

showed a distinct energy dependence. After Khoo et al. 2019

During this event Probe A followed Probe B by ∼60 min inbound along the same orbital

path at ∼ 01 MLT. At the 1550 UT time of the substorm injection A was at L ∼ 4.5 and B at

L ∼ 4. During the subsequent hour Probe A sampled the evolving MeV electron population

across the L = 4.5–4.0 region where Probe B had observed the background fluxes one hour

earlier. Figure 26 presents the REPT 2.6 MeV flux observations and the ratio of the post-

injection (A) to pre-injection (B) for the complete range of energies sampled by the MagEIS

and REPT instruments. The rapid onset of strong (>10x) enhancements of ∼1–3 MeV elec-

tron flux characterize the effects of local acceleration processes during the event.

Through detailed examination of VLF chorus and electron fluxes observed by the Van

Allen Probes, Foster et al. (2017) and Omura et al. (2019) have investigated the efficiency

of nonlinear processes for acceleration of electrons to MeV energies. Through subpacket

analysis of observed chorus waveforms and the application of nonlinear theory (e.g. Hsieh

and Omura 2018) those studies found that electrons with initial energy of hundreds of keV

to 3 MeV can be accelerated by 50 keV–200 keV in resonant interactions with a single VLF

rising tone on a time scale of 10–100 ms. The results of the calculations presented by Omura

et al. (2019) are presented in Fig. 27. While cyclotron acceleration is significant, that study

found that relativistic electrons can be accelerated more efficiently through Landau reso-

nance with obliquely propagating chorus waves. Both the nonlinear Landau and cyclotron
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Fig. 20 Reversed energy

spectrum evolving due to

interaction with plasmaspheric

hiss waves. After Ni et al. (2019)

interactions produce maximum energy gain for 1–3 MeV electrons, as was shown in the

REPT and magEIS observations for that event as presented in Fig. 26.

6.4.2 Diffusion and Adiabatic Ultrarelativistic (> 5 MeV) Acceleration

Radial diffusion has long been recognized as a critical acceleration mechanism for radiation

belt electrons. Since the launch of Van Allen Probes, the important role of radial diffusion in

accelerating multi-MeV electrons has been further demonstrated. Using data from the REPT

instrument on the Van Allen Probes, Baker et al. (2014a) showed classic signatures of inward

radial diffusive acceleration of ∼2–6 MeV electrons in the outer radiation belt in March

2013. Su et al. (2015), focusing on a radiation belt event of 15 February 2014, showed that

inward radial diffusion alone could enhance multi-MeV electron fluxes by up to one order of

magnitude in the outer belt within 10 hours. Li et al. (2016), using a three-dimensional dif-

fusion model and comparing simulation results to Van Allen Probes measurements, showed

that radial diffusion plays an important role in accelerating electrons to multi-MeV energies

during an intense storm of 17 March 2015. Focusing on the same event, Jaynes et al. (2018)

showed that relatively fast radial diffusion could be mainly responsible for the multi-MeV

electron flux enhancements during this storm in the core of the outer belt. Further studies
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Fig. 21 Spin-averaged fluxes of electrons with energies of 1.8, 2.6, 4.2, and 6.3 MeV from 1 September 2012

to 1 September 2018, using data from both Van Allen Probes

on the radiation belt electron acceleration also suggest the role of radial diffusion on the

multi-MeV electron acceleration in the center of the outer belt is energy-dependent. Zhao

et al. (2018), using data from the REPT instruments on the Van Allen Probes, studied multi-

MeV electron flux enhancements during one small-to-moderate geomagnetic storm of April

2017. Detailed analysis of the electron phase space density during this storm, as shown in

Fig. 28, showed that for μ =∼4000–1000 MeV/G, K=0.01 G1/2Re electrons (∼3–5 MeV

in the center of the outer belt), clearly growing peaks in electron PSDs suggest local heating

as the main acceleration mechanism. However, as the electron energy gets higher, inward ra-

dial diffusion becomes more dominant; for μ = 16000 MeV/G, K = 0.01 G1/2Re electrons

(∼7 MeV in the center of the outer belt), positive electron PSD radial gradients suggests

that inward radial diffusion is the main acceleration mechanism during this storm. Combin-

ing this with radial diffusion modeling, they demonstrated that inward radial diffusion alone

could well explain the acceleration of ∼7 MeV electrons in the core of the outer belt. A

statistical analysis of electron phase space density evolution during 19 multi-MeV electron

flux enhancement events in the Van Allen Probes era by Zhao et al. (2019) also suggested

the existence of such an energy-dependent role of radial diffusion in accelerating electrons

into multi-MeV energies.

6.4.3 ULF Acceleration

The interaction of energetic particles with waves satisfying a drift-resonant condition results

in radial diffusion in which stochastic radial motion tends to move particles in the direction

opposite the prevailing gradients of the local phase space density. Processes violating the
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Fig. 22 Details of multi-MeV electron flux variations for the month of March 2013. The black trace (middle

panel, 4.5 MeV) represents the plasmapause location derived from EFW spacecraft density measurements.

Of note is the sharp MeV electron flux dropout and prompt recovery on 17 March 2013

drift invariant (i.e., occurring on a time scale short with respect to particles’ drift periods)

will transport electrons into regions of larger or smaller magnetic field strength. Inward

transport of energetic particles will lead to an increase in energy of that population due to

the conservation of their gyro- and bounce- invariants. Waves satisfying the drift resonance

condition for MeV electrons in the inner magnetosphere are Pc-5 waves with frequencies in

the mHz range. Ali et al. (2016) found that diffusion due to electric fields was statistically the

dominant driver of stochastic radial transport in the radiation belts. Adiabatic acceleration

associated with inward radial diffusion can produce significant energization as reported by

Jaynes et al. (2018) who reported the acceleration of MeV electrons to ultra-relativistic

energies in a matter of days driven by strong ULF waves. Section 7.3 of this report describes

such diffusive acceleration in more detail.

6.4.4 Direct Injection of MeV Electrons into the Inner Magnetosphere

Substorm electron injections accompanied by the transient and intense substorm electric

fields can directly lead to rapid enhancements of the seed populations in the heart of the

outer radiation belt (Tang et al. 2018). In addition to such 10s–100s keV sub-relativistic

seed electron populations, substorms can inject relativistic ‘killer’ electrons (≥1 MeV) di-

rectly into the outer radiation belt (e.g. Dai et al. 2014). Enhancements of hundreds of keV

electrons during dipolarizations in the magnetotail can account for such injected MeV elec-

trons through Earthward transport. Injected particles are trapped on closed orbits as the
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Fig. 23 The L∗ variation of REPT A 2.6 MeV electron fluxes during the 17–18 March 2013 storm are shown

for passes across the outer radiation belt by Van Allen Probe A. Passes are labeled with the time of crossing

L∗ = 4.2 (vertical black line). Arrows denote whether the 2.6 MeV fluxes were increasing or decreasing in

the inner magnetosphere at that time. The prestorm L∗ profile is shown in green (#1 at 2:55 UT). Storm time

depletion of the outer belt is shown in black (#2 at 12:05 UT) when 2.6 MeV flux was decreased by a factor of

∼100. The blue curve (#3 at 16:55 UT) reflects the effects of the substorm injection at 15:50 UT that resulted

in a partial recovery (>10X) of the outer belt relativistic electron flux. A second substorm onset at 22:15 UT

was followed by a further ∼30X increase in the 2.6 MeV flux (#4 red curve; 02:15 UT on 18 March)

dipolarization electric field is diminished. As a result, deep injections can directly supply

energetic particles to the center of the outer radiation belt. In a survey of the first nightside

season of NASA’s Van Allen Probes mission (December 2012 to September 2013), Turner

et al. (2015) found 47 energetic (tens to hundreds of keV) electron injection events at L-

shells ≤4. For these injections of seed electrons to L ≤ 4, electron energies were limited

to ≤250 keV. Tang et al. (2016) pointed out that the higher-energy seed electrons injected

more deeply into the outer radiation belt can reach relativistic energy much faster, e.g., in

interactions with chorus waves.

Dai et al. (2015a) reported observations of a substorm injection in the premidnight sector

at L ∼ 5.5 during which RBSP-A observed a large dipolarization electric field (50 mV/m)

over ∼40 s and a dispersionless injection of electrons up to ∼3 MeV. Pitch angle observa-

tions indicated betatron acceleration of the MeV electrons at the dipolarization front. Simi-

larly, Tang et al. (2016) have shown that substorm electron injections can be a direct external

source of MeV electrons at the outer edge of the outer radiation belt (L∗ ∼ 5.4) in addition

to providing intense seed populations of sub-relativistic electrons in the outer radiation belt.

For the event on 16 August 2013, RBSP-A located in the outer radiation belt observed

enhancements of MeV electrons accompanying substorm dipolarizations. The phase space

density of MeV electrons at L∗ ∼ 5.4 increased by 1 order of magnitude in 1 h resulting in

a local peak in MeV electron PSD.
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Fig. 24 Storm time changes in the 2.6 MeV electron fluxes observed at L∗ = 4.2 with the REPT instruments

on both Van Allen Probes A and B delineate the event time history of relativistic electron loss and recovery.

Storm onset was at ∼06:15 UT on 17 March 2013 and prompt stepwise radiation belt energization accompa-

nied substorm injections at 1550 UT and 2215 UT. Data points indicate the sequential observations by Probes

A and B at L∗ = 4.2. Larger colored data points indicate measurements taken during passes (2), (3), and (4)

shown in Fig. 23

Just as the Van Allen Probes mission revealed in exquisite detail the mechanism and

time scales of electron acceleration, so has the mission revealed details of the MeV electron

loss. As is evident from many prior figures shown in this review (e.g., Fig. 8 and Fig. 10),

the entire outer zone electron population (E � 1 MeV) can be lost on timescales of a few

hours (or less). Having the dual RBSP spacecraft has allowed observation of multi-MeV

electron loss down to times of tens of minutes (Foster et al. 2014; Baker et al. 2016a, 2019a).

Moreover, since the RBSP spacecraft operated very near the magnetic equator (and they

covered all relevant energy ranges), it is clear that the disappearance of electrons across

essentially all L-values is absolute and genuine. There is no recourse claiming apparent loss

as might be attributed to adiabatic spectral changes or energetic electrons remaining in some

narrow pitch angle band, trapped near the magnetic equator.

Much work – to be reviewed briefly here – with the RBSP sensor suite has shown two

distinctive mechanisms for electron loss. The first is associated with magnetospheric com-

pression and subsequent electron drift path distortions and outward radial diffusion, often

related to CME impacts on the magnetosphere. Powerful interplanetary shock waves inci-

dent on the magnetosphere can cause the magnetopause to move inward by several Earth

radii in just a matter of minutes (e.g., Dmitriev et al. (2014)). This in turn can allow multi-

MeV electrons throughout much of the outer radiation belt to drift azimuthally into the
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Fig. 25 Local acceleration involves the enhancement of VLF chorus by lower energy injected electrons and

the subsequent energization of a seed population of higher-energy electrons by the amplified waves. (a) RBSP

A MagEIS observations of injected ∼50 keV and (b) ∼150 keV electrons and (c) associated chorus emissions

observed by EMFISIS A are shown for the 15:50 UT substorm interval. (d) The growing enhancement of

2.6 MeV electrons resulting from the local acceleration of the near-relativistic seed population

repositioned magnetosphere boundary. Losses of electrons that had previously been trapped

on dipole L-shells �4.0 have been observed to be lost on timescales of just a few minutes.

The second principal loss process for MeV electrons is due to scattering of previously

trapped electrons either into the atmospheric bounce loss cone (e.g., Tu et al. 2010) or onto

paths in the drift loss cone (e.g. Kim et al. 2008). As will be shown in this review, many

wave modes such as magnetospheric chorus, hiss radiation, and EMIC waves all can cause

significant scattering and loss of electrons E � 1 MeV. Such losses can be somewhat grad-

ual at times, or the wave-induced scattering can be abrupt. In either case, losses into the

atmosphere by electron precipitation can represent an important coupling mechanism with

the Earth’s neutral atmosphere that can have crucial chemistry effects (see Sect. 6.8).

6.4.5 Landau Parallel Acceleration and Butterfly PA Distributions Due to Magnetosonic

Waves

In addition to whistler-mode chorus, magnetosonic waves have been regarded as another vi-

able candidate to accelerate radiation belt electrons (Horne et al. 2007). A detailed study of

Xiao et al. (2015) demonstrated that the combined acceleration by chorus and magnetosonic

waves can reasonably account for the relativistic electron flux evolution and the occurrence

of electron butterfly pitch angle distribution measured by REPT during the 28 June 2013

geomagnetic storm, thereby providing a great support for the mechanism of wave-driven

butterfly distribution of relativistic electrons (Zhao et al. 2014; Ni et al. 2020). A subsequent
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Fig. 26 (a) Sequential profiles of 2.6 MeV electron flux measured by the dual Van Allen Probes are shown.

During the event, RBSP A followed RBSP B by ∼1 h along the same orbital trajectory. RBSP B was at

L∗ ∼ 4.0 at the 1550 UT substorm onset, while RBSP A was at L∗ ∼ 4.5. On its inbound orbit RBSP

B observed presubstorm background fluxes over L∗ ∼ 4.5–4.0, while RBSP A observed postsubstorm en-

hancements. The plasmapause was observed at L∗ ∼ 2.5 at 1710 UT. (b) Ratios of electron flux (RBSP A

(post substorm)/RBSP B (presubstorm)) are shown up to ultrarelativistic energies using MagEIS and REPT

combined data (REPT data ≥1.8 MeV). Injected ∼50–150 keV electrons were seen at 31 RBSP A between

L∗ ∼ 4.5 and 4.1. The prompt onset of strong (>10x) enhancements of ∼1–3 MeV electron flux characterize

the effects of local acceleration processes during the event

study of Li et al. (2016b) reported Van Allen Probes observed close association between rel-

ativistic electron butterfly distributions and strong magnetosonic waves that occurred in the

same regions and at the same time periods during the 17 March 2015 storm. By combining

test particle calculations and Fokker-Planck diffusion simulations, they further reproduced

the formation of ultrarelativistic electron butterfly distributions mainly attributed to the par-

allel acceleration caused by Landau resonance with magnetosonic waves as schematically

illustrated in Fig. 29 (Li et al. 2016a).

6.5 Electron Loss

6.5.1 Magnetopause Shadowing: Storm-Time Geomagnetic Reconfiguration

As an extreme phenomenon of radiation belt electron losses, in particular during periods

of strong geomagnetic disturbances, relativistic electron flux dropouts are generally thought

to be attributed to non-adiabatic, irreversible processes including magnetopause shadowing

and associated outer radial diffusion, and wave-particle interactions (e.g., Baker et al. 2019a;
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Fig. 27 Electron energy gain through nonlinear trapping in a single 60 ms interaction with a rising tone

chorus element. Contributions by the parallel and perpendicular electric fields at Landau (n=0) and cyclotron

(n = 1) resonances, and the total gain are plotted in different colors (after Omura et al. (2019)). Both the

Landau and cyclotron interactions produce maximum energy gain for 1–3 MeV electrons, as was shown in

the REPT and magEIS observations presented in Fig. 26

Millan and Thorne 2007; Gu et al. 2020). In terms of detailed analyses of a number of ra-

diation belt flux dropout events seen by REPT, Hudson et al. (2014, 2015) performed MHD

simulations to indicate that inward motion of the magnetopause and subsequent magne-

topause shadowing effect, along with enhanced ULF wave power affecting radial transport,

can explain the losses of relativistic electrons both in energy and pitch angle dependence. On

basis of the Van Allen Probes observations, Zhang et al. (2016) performed a detailed anal-

ysis regarding the physical mechanism responsible for the pronounced depletion of ultra-

relativistic electron fluxes by over 1 order of magnitude within 6 hours and the rapid changes

in their electron pitch angle distributions right after a shock arrival on 27 February 2014. By

modeling the electron pitch angle distribution under a compressed magnetic field topology

based on actual solar wind conditions, they found that it is not the EMIC wave scattering

but the drift-shell splitting closely related to the distorted, asymmetric geomagnetic field

configuration that is more likely to account for the rapid changes in ultra-relativistic elec-

tron pitch angle distributions. Implementing a careful combination of identification of EMIC

wave activity, computation of last closed drift shell and magnetopause standoff location, and

construction of electron phase space density versus L* profiles and their dependence on the

first two adiabatic invariants, a more comprehensive investigation was conducted by Xiang

et al. (2017) to understand the underlying mechanisms of distinct radiation belt dropout

events observed by Van Allen Probes. Their findings suggested that the radiation belt elec-

tron dropouts can be classified into three classes in terms of dominant loss mechanisms:

magnetopause shadowing dominant, EMIC wave scattering dominant, and combination of

both mechanisms. This therefore shed important light on the complex nature of radiation
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Fig. 28 (Fig. 3 of Zhao et al. 2018) The evolution of phase space density radial profile of electrons with

different energies, during a small to moderate storm of April 2017

belt electron dropouts. A recent study of Tu et al. (2019) selected the 22-23 June 2015 rel-

ativistic and ultra-relativistic electron fast dropout event observed during an intense CME

driven geomagnetic storm, and implemented the event-specific last closed drift shell (LCDS)

model and the input of improved radial diffusion coefficients to simulate the consequence

of magnetopause shadowing (Fig. 30). They found that accurate evaluation of LCDS along

with the well evolving storm-time reconfiguration of the geomagnetic field is critical to re-

produce the detailed dropout features observed by REPT, while the effect of EMIC wave

scattering cannot be ruled out.

6.5.2 Fast Losses by EMICWaves

It has been well recognized that EMIC waves act as an important mechanism for rapid

losses of radiation belt relativistic electrons on timescales of hours or less (e.g., Summers

and Thorne 2003; Ni et al. 2015). Based on Van Allen Probes EMFISIS and REPT data, Su

et al. (2017) reported from both observational and numerical perspectives on EMIC wave-

driven local precipitation loss of relativistic electrons in the heart of the outer radiation belt,

showing that the spatially limited EMIC waves could cause the decrease of off-equatorially

mirroring relativistic electron fluxes by up to 2 orders of magnitude within ∼1.5 h on 27

February 2014. Using >3 years of simultaneous Van Allen Probes and THEMIS (Time His-

tory of Events and Macroscale Interactions during Substorms) measurements, Zhang et al.

(2017) found that MeV electron lifetimes are frequently strongly reduced by the combined
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Fig. 29 Schematic illustrations of butterfly distribution formation caused by magnetosonic waves (after Fig. 6

of Li et al. 2016a)

scattering of the contemporaneous presence of EMIC and whistler mode waves and sug-

gested that H+-band EMIC waves may be more important to impact globally on multi-MeV

electron lifetimes than previously assumed. Through a case study of the close conjunction

between Van Allen Probes and THEMIS, Bingley et al. (2019) provided further observa-

tional evidence to support the hypothesis that EMIC waves are an important mechanism to

drive the distinct energy-dependent “bite-out” scattering signature in the relativistic electron

pitch angle distribution captured by REPT measurements (see Fig. 31), while no effort was

performed to numerically quantify the relationship between the EMIC wave activity and the

evolution of the pitch angle bite-out feature.

6.5.3 Losses Caused by Plasmaspheric Hiss

Plasmaspheric hiss waves, generally existing inside the cold, dense plasmasphere, play a

critical role in radiation belt electron losses. The wave-particle interaction between plasma-

spheric hiss waves and relativistic electrons can scatter electrons to the loss cone and precipi-

tate them into the atmosphere in hours to days. Thorne et al. (2013a) performed quantitative

analysis on the decay of a radiation belt electron remnant belt at energies above 2 MeV,

following the September 2012 storm. They showed that these multi-MeV electrons were

subject to slow decay due to pitch angle scattering by plasmaspheric hiss on timescales of

∼10–20 days. The L- and energy-dependent features of hiss wave scattering have also been

well recognized (e.g., Reeves et al. 2016; Ripoll et al. 2016), which lead to the formation of a

reversed energy spectrum inside the plasmasphere. Zhao et al. (2019), using data from REPT

and MagEIS instruments on the Van Allen Probes, reported this reversed energy spectrum

of radiation belt electrons generated by the wave-particle interaction between electrons and

plasmaspheric hiss waves. As Fig. 32 shows, after an intense geomagnetic storm of March

2015, the energy-dependent loss of radiation belt electrons carved a local minimum at an

energy of around a few hundreds of keV in the traditional steep-falling energy spectrum in a
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Fig. 30 Observations and simulations of relativistic and ultrarelativistic electron flux distributions during the

period of 22-23 June 2015 that covered two shock intervals. The event-specific last closed drift shell (LCDS)

model and the input of improved radial diffusion coefficients are implemented to simulate the consequence

of magnetopause shadowing (After Fig. 3 of Tu et al. (2019)

few days. Through the statistical analysis, Zhao et al. (2019) reported that this reversed en-

ergy spectrum, or so-called “bump-on-tail” energy spectrum, is actually the most prevalent

energy spectrum inside the plasmasphere at L >∼ 2.6. Moreover, using a two-dimensional

Fokker-Planck simulation with a data-driven, time-varying plasmaspheric hiss wave model,

they well reproduced the formation and main signatures of the bump-on-tail energy spec-

trum, as shown in the bottom panels of the Fig. 32. The correspondence between observa-

tions and simulations demonstrated that the plasmaspheric hiss waves are responsible for

the generation of this reversed energy spectrum, which also has important implications at

magnetized planets in the heliosphere and beyond. In the follow-up studies, through a de-

tailed parametric study and a more thorough statistical study, Ni et al. (2019) and Zhao et al.

(2019) further highlighted the critical role of hiss waves in causing the energy-dependent

loss of radiation belt electrons inside the plasmasphere and shaping the energy spectrum

under various conditions.

6.5.4 ULF Driven Loss

Another important loss process of radiation belt electrons is the outward radial diffusion

driven by ULF waves. With negative radial gradients in electron phase space density, the

radial diffusion process, commonly driven by ULF pc4-5 waves in Earth’s inner magne-

tosphere, moves radiation belt electrons outward to the regions with lower magnetic field
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Fig. 31 Comparison of the development of the local (left) pitch-angle distribution through five consecutive

passes through the region of L∗ = 4.8–5.2 and the equatorial (right) pitch angle distribution captured in

situ by the Van Allen Probes on 15–16 February 2017 as the signature of EMIC wave driven scattering of

ultrarelativstic electrons (after Fig. 4 of Bingley et al. (2019))

strength and decreases their energies. The magnetopause shadowing effect can also acceler-

ate this loss process. More detailed reviews on the ULF wave driven losses of radiation belt

electrons can be found at Sect. 6.7.

6.5.5 Combined Scattering Effect of Chorus, MSWaves and Exo-Hiss

Different types of magnetospheric waves can occur simultaneously in space. In contrast to

the concurrent occurrence of two wave modes, e.g., chorus and MS waves (Xiao et al. 2015)

and EMIC and whistler waves (Zhang et al. 2017), Hua et al. (2018) reported a represen-

tative event of simultaneous magnetosonic waves, exohiss and two-band chorus emissions

observed by EMFISIS on the dayside (Fig. 33). They further performed a detailed analysis to

demonstrate that resonant interactions with simultaneous magnetospheric waves need care-

ful treatment to interpret MagEIS and REPT measurements of dynamic variations of both

energy spectrum and pitch angle distribution of radiation belt electrons, in which the com-

petition and cooperation between various waves with different wave amplitudes can play an

essential role (e.g., Ni et al. 2017; Hua et al. 2019).

A full picture of interacting wave modes and their effects on the relativistic and ultrarela-

tivistic electron populations is not yet complete, although the Van Allen Probes mission has

made considerable progress in our understanding of the complex wave-particle interactions

that combine to create the observed particle dynamics.
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Fig. 32 (Fig. 4 of Zhao, Ni et al. 2019 Nature Physics paper). (Top panels) Observations and (bottom panels)

simulation results of the evolution of radiation belt electron energy spectrum at three different L-shell, after

an intense storm of March 2015

6.6 IP Shock Effects

Electron energization in the magnetosphere can be driven by sporadic and abrupt solar phe-

nomena such as coronal mass ejections (CME), high-speed streams (HSS), and interplan-

etary (IP) shocks (Baker et al. 2019a). The characteristic time scales of these dynamical

processes are however very different, with the most rapid energization being that due to

IP shocks that can inject electrons deep into the magnetosphere within a few minutes (e.g.

Blake et al. 1992; Kanekal et al. 2016; Foster et al. 2015). The most dramatic example of

such an event was observed by the CRREs spacecraft during March 1991 (Blake et al. 1992)

and resulted in the injection of >13 MeV electrons into the inner belt (L ∼< 2).

Recent observations from Van Allen probes have confirmed that prompt acceleration by

impulsive shock-induced electric fields and subsequent ULF wave processes comprise a sig-

nificant mechanism for the acceleration of highly relativistic electrons deep inside the outer

radiation belt. There were numerous examples of Coronal Mass Ejections/Interplanetary

Shocks leading to the prompt injection and energization of radiation belt particles during

the lifetime of the Van Allen Probes mission. These events occur when coronal material

ejected from the sun propagates super-Alfvenically through the heliosphere and impacts the

Earth’s magnetosphere, sending a fast-mode wave tailward from the magnetopause. This

propagating wave will preferentially transport and accelerate particles with drift velocities

that allow them to stay in phase with the wave as it moves through the inner magnetosphere

(e.g. Li et al. 1993; Wygant et al. 1994; Elkington et al. 2003). Some examples of CME/IPS

injections observed by the Van Allen Probes include (but are not limited to) events occurring

in March 2013 (e.g. Li et al. 2015a; Hudson et al. 2015); October 2013 (e.g. Foster et al.

2015); March 2015 (e.g. Kanekal et al. 2016; Hudson et al. 2017); and July 2017 (e.g. Hao

et al. 2019; Patel et al. 2019).

The REPT instrument is very well suited to measure high energy electrons (see Sect. 2)

and the Van Allen Probes carry a full suite of fields and waves instrumentation (Breneman
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Fig. 33 (Top) Simultaneous occurrence of magnetosonic waves, exohiss and (lower- and upper-band) chorus

waves observed by Van Allen Probe B on 25 December 2013, and (bottom) comparison between the temporal

evolution of simulated electron PSDs (solid curves) and electron PSDs observed by MagEIS and REPT (star

sign data points) under the impact of combined scattering of the three wave modes (modified version of

Figs. 1 and 4 from Hua et al. (2018))

et al. 2020; Kletzing et al. 2020) to support investigations of electron acceleration processes.

Although solar cycle 25 has been relatively less active than its predecessor, multiple IP

shock events have been observed by Van Allen Probes during its lifetime. Some examples
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of CME/IPS injections observed by the Van Allen Probes include (but are not limited to)

events occurring in March 2013 (e.g. Li et al. 2015a; Hudson et al. 2015); October 2013

(e.g. Foster et al. 2015); March 2015 (e.g. Kanekal et al. 2016; Hudson et al. 2017); and July

2017 (e.g. Hao et al. 2019; Patel et al. 2019).

6.6.1 IP Shock Driven Rapid Energization

The twin Van Allen Probes (A and B) provided in situ observations of shock effects in the

dayside magnetosphere at the location where shock-induced acceleration of relativistic elec-

trons occurs during the 8 October 2013 event reported by Foster et al. (2015). Simultaneous

dayside observation at L ∼ 3 and L ∼ 5 quantified the spatial extent and duration of the

shock-induced electric field and the spatial region over which acceleration took place.

EFW measurements provided evidence that a substantial portion of the dayside equatorial

magnetosphere was occupied for periods of 1-2 minutes with a strong dusk-dawn/azimuthal

component of the electric field. Those measurements determined a 850 km/s azimuthal prop-

agation velocity for the shock-induced magnetosonic pulse and a ∼60 s duration for maxi-

mum acceleration of the electrons in drift resonance with the shock-induced wave. The 60 s

resonance time is short with respect to the ∼350 s resonant electron drift period indicating

that the 3rd (drift) invariant would be broken. Electron energization follows from first in-

variant conservation and inward transport of the electron source population in L space over

a fraction of an electron drift period. Following this scenario, a preferred range of energies

for the initial shock enhancement can be predicted. The analyses of the magnetosonic pulse

for this event indicated that the resonant electrons should be centered in the REPT 3.4 MeV

energy channel.

As resonant electrons are accelerated, they are adiabatically displaced to lower L where

they continued to circle the earth forming discrete energy dependent drift echoes. REPT ob-

servations of the energy and temporal extent of the relativistic electron drift echoes observed

by Van Allen Probes A are shown in Fig. 34. Significant shock response was observed across

a two-decade electron energy range interval 50 keV to >5 MeV, as determined by combined

MagEIS and REPT observations. Drift echoes with energy and L-dependent drift periods

are characteristic features of the impulsive electron acceleration associated with IP shock

events (e.g. Blake et al. (1992)).

Dual spacecraft observations afforded by the Van Allen Probes provided a unique view-

point of the shock effects as functions of time, L, and energy. During the 8 October event,

Probe A followed Probe B across L space by ∼1 hour with both spacecraft traversing essen-

tially the same orbital path. Figure 35 presents an overlay of the Probe A and Probe B L∗

profiles of 3.6 MeV REPT electron energy flux along the outbound orbits during which the

shock effects were observed. Arrows indicate the ∼2022 UT time of shock observation at

each spacecraft. With this orbital configuration, Probe B observed the pre-shock background

for electron flux and phase space density (PSD) out to L∗ ∼ 5 (i.e. prior to its position at

2022 UT) ∼1 hour before Probe A observed the post-shock conditions across that range of

L∗. In good agreement with calculations based on the shock electric field analyses, compar-

ison of the Probe A and Probe B REPT phase space density measurements indicated that the

source population lay about ∼0.3 RE tailward of the accelerated population.

Figure 36 presents the change in the electron PSD at each observation point determined

as the ratio of the post-shock observations by Probe A to the pre-shock (background) obser-

vations by Probe B. The accelerated population at 1000-5000 MeV/G centered at L∗ ∼ 3.8

was observed within 20 min of the shock arrival as Probe A traveled outward across that

range of L∗. Figure 36 illustrates the promptness (<20 min) and both the spatial extent
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Fig. 34 The REPT instrument on Probe A observed the energy and temporal extent of relativistic electron

drift echoes across several discrete detector channels. The variations in drift period apparent in the figure

depend both on electron energy and the spatial variation of |B| as Probe A moves outward to a greater radial

distance. Shock arrival at Probe A at 20:21:25 UT is indicated

(L∗ ∼ 3.5 to 4.0) and energy range (2.0 to 5.0 MeV) of the inner region enhancement. This

enhanced region remained essentially unchanged in that location for many hours following

the shock impact. At higher L∗ (≥4.5) significant (>10x) loss of the relativistic electron

population in the outer regions was observed within ∼1 hour of the time of shock onset.

For this event, REPT observations indicate that the shock effects promptly created a new,

enhanced relativistic electron population with peak in phase space density on the inner radial

gradient of the pre-shock outer radiation belt where the strong drift echo pulses observed by

Van Allen Probe A were seen. Under the effects of the shock-induced electric field, the

source population electrons E × B drifted radially inward, conserving the first and second

adiabatic invariants and preserving phase space density along their trajectory. The enhance-

ment near L∗ ∼ 3.8 identifies the freshly accelerated population of electrons, providing an

important check on the shock energization scenario.

The March 2015 IP Shock event:

One of the largest geomagnetic storms observed during solar cycle 25 occurred during

March 2015 and was driven by a CME preceded by an IP shock (Baker et al. 2016a). While

the CME by itself was responsible for a strong long-duration (∼days) electron energization

and enhancement, the IP shock that preceded it injected relativistic and ultra-relativistic

electrons, which resulted in drift echoes within minutes of the shock impact. REPT observed
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Fig. 35 Overlay of the Probe A and Probe B L∗ profiles of 3.4 MeV REPT electron energy flux along the

outbound orbits during which the shock effects were observed is shown. Arrows indicate the 20:22 UT time

of shock observation at each spacecraft. At shock time, Probe B was at L∗ ∼ 5 and Probe A was further

inward near L∗ ∼ 3.3

ultra-relativistic electrons of energies >6 MeV deep within the magnetosphere at L ∼ 3

within 2 minutes of the shock impact.

The IP shock arrival and the relativistic electron response is shown in Fig. 37. The Figure

shows REPT-A pitch angle resolved electron intensities. The figure shows electron intensi-

ties for the same energies as in Fig. 34 from 0430 UT to 0500 UT on 17 March 2015. During

this event, the THEMIS probes were fortuitously located close to the magnetopause and ob-

served the shock passage at the magnetopause. The time of IP shock arrival is indicated

by the vertical line in Fig. 37. Velocity dispersed electron intensity increases are observed

within about 3 minutes of shock arrival. As for the March 1991 event, electrons are injected

locally and are energized by a electric field pulse travelling through the magnetosphere and

has been modeled accurately by Li et al. (1993). Injected electrons stay bunched together for

several drift periods even while slowly dispersing and result in drift echoes. The pitch angle

resolved measurements by REPT clearly show that energetic electron intensities increased

across all observed pitch angles, albeit the highest increases occurred for electrons at 90◦

pitch angles. REPT observations show that energization due to IP shocks is largely pitch

angle independent, since the enhancements occur on times comparable to drift time scales.

The drift time for an equatorially mirroring electron at L ≈ 3 of energy = 5.2 MeV is about

5 min.



The Relativistic Electron-Proton Telescope (REPT) Investigation. . . Page 41 of 75 68

Fig. 36 Combined REPT and magEIS observations illustrate the change in the electron PSD determined as

the ratio of the post-shock observations by Probe A to the pre-shock (background) observations by Probe B.

The log of the ratio (Probe A PSD / Probe B PSD) for constant K (2nd invariant) is shown plotted against log

μ (1st invariant) over a two-decade range of μ from 100 MeV/G to 10000 MeV/G and for L∗ between 3.6

and 5.2

Figure 38 shows spin-averaged (top panel) and spin-resolved (bottom panel) electron

spectra resulting from the IP shock as well those just prior to the shock arrival, the latter

being measured at 04:40:02 UT. The dashed line show fits to exponential spectra of the

form j = j0 exp(−E/E0) and yielded e-folding values of 0.48 MeV for the spin averaged

and 0.70 MeV and 0.74 MeV for spectra of electrons at 90° and combined 60° and 120°

respectively. The data show a clear spectral hardening for both spin-averaged and pitch angle

resolved electrons. Details of the fits and statistical significance are discussed in Kanekal

et al. (2016).

Knowing the drift velocity (Lew 1961) and electron energies, we can derive the location

and the timing of the injection (see Kanekal et al. 2016). Figure 39 shows the azimuthal

location of the peak values of 90° electron fluxes as a function of time of day for electrons

of 2.6, 3.4, 4.2, 5.2, and 6.3 MeV. The drift speeds of electrons of each energy obtained from

< φ̇ >= 0.12E

(

2 + E

1 + E

)

(Kanekal et al. 2016, Equation (2)) are shown as solid color-coded lines at the times of ob-

servation of each energy respectively. The location and the time of the injection point is then

given by the area of intersection of all the lines and yields an injection time of 286.2 ± 0.3

min, or 04:46:18 UT, and the injection location of −1.50 ± 0.15 rad, or 274.0° ± 9°. Using

THEMIS probes measurement of the IP shock arrival at the magnetosheath it can be con-

cluded that energetic electrons were injected and accelerated to ultra-relativistic in �2 min.
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Fig. 37 Pitch angle-resolved energetic electron intensities measured by REPT-A on 17 March 2015 from

04:30:00 UT to 05:00:00 UT. The shock arrival time at the magnetopause as measured by the THEMIS

probes is indicated by the vertical line

Van Allen probes measurements of electrons clearly show that the injected electrons were

observed �2 min after the shock. The location of the initial shock impact as well as the time

were determined using the velocity dispersion of energetic electrons observed by the REPT

instrument. MagEIS measurements of electrons covering the energy range E ≈ 100 keV to

E ≈ 2 MeV show that the IP shock had no effect on the lower energy end of the electron

spectrum (∼250-900 keV), which implies these electrons did not resonantly interact with

the induced electric field. Both the spin-averaged and pitch angle resolved spectra show a

clear spectral hardening and suggest that IP shock energization affects electrons over a broad

range of pitch angles.

6.6.2 IP Shock Driven Advective Transport

An example from Hudson et al. (2017) is shown in Fig. 40, an MHD/particle simulation of

the injection of particles during interplanetary shock occurring in March 2015 when the Van

Allen Probes spacecraft were located in the nightside magnetosphere. In these simulations,

upstream solar wind conditions are used as a boundary condition driving a magnetohy-

drodynamic (MHD) simulation of the solar wind/magnetospheric interaction. Test particles

representing trapped energetic populations are then driven by the simulation results to pro-

vide a global picture of the physics of the injection. In Fig. 40, observations of the initial

energetic particle distribution (bottom panel) were used to weight test particle results from

3d simulations of the radiation belt response at RBSP-B. The results of the interaction of the
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Fig. 38 Electron spectra

measured by REPT-A (solid

circles) and MagEIS-A sensors

(solid squares). Shock-injected

spectra are shown in red and

pre-shock spectra are shown in

blue. The top panel shows

spin-averaged spectra and the

bottom panel shows spectra of

electrons at 60°, 90°, and 120°

pitch angles and are color coded

as shown in the panels. The

dashed lines indicate exponential

fits to the spectra. It is evident

that IP shocks rapidly energize

electrons to ultra-relativistic

energies and inject them deep

into the magnetosphere.

Furthermore, the observations

show that the injection

mechanism is pitch angle

independent and injects particles

over a range of pitch angles

Fig. 39 REPT-A measurements

of 90° peak electron fluxes as a

function of time of day on 17

March 2015. Solid lines have

slopes corresponding to the

respective drift speeds and

passing through the observed

locations and times

initial trapped population with the shock are indicated in the top panel. Clear drift echoes

are observed at the time of the shock. Lower-energy particles take longer to drift from the

dayside injection region to the nightside location of the spacecraft, resulting in the charac-

teristic energy dispersion signatures (longer period drift echoes at lower energies) evident in

the top panel of Fig. 40.

6.7 Radial Transport and Diffusion

6.7.1 Drift Effects

Processes acting on trapped energetic particles on timescales commensurate with their drift

period may violate the 3rd (drift) adiabatic invariant while conserving the gyro- and bounce-

invariants. The third invariant is commonly used to order the particle distribution in terms
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Fig. 40 MHD/test particle simulations of the prompt injection and transport of particles during the March

2015 injection event, showing the characteristic energy dispersion associated with such injections. The ob-

served initial conditions used to weight the simulated particles is shown in the bottom panel. After Hudson

et al. 2017

of radial distance through the Roederer L* parameter (Roederer 1970), inversely related to

the total flux enclosed by the drift orbit of the particle. The gyro- and bounce- invariants

provide a measure of the particle energy perpendicular and parallel to the local magnetic

field, respectively. Thus, processes violating the drift invariant will lead to transport into

regions of larger or smaller magnetic field strength, while the concurrent conservation of the

gyro- and bounce- invariants lead to proportional changes in energy. In most circumstances

inward transport of energetic particles will lead to an increase in energy of that population.
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There are numerous processes which might lead to radial transport. Broadly, they may

be distinguished as either advective processes, whereby a population is coherently trans-

ported from one region of the magnetosphere to another; or diffusive processes, in which

the stochastic radial motion of particles leads to the evolution of the distribution function

in a manner that tends to smooth out gradients in that distribution (Schulz and Lanzerotti

1974). An early example of the advective transport of particles occurred during the March

24, 1991 Storm Sudden Commencement (Blake et al. 1992; Li et al. 1993). Here particles

were promptly (on a timescale of minutes) injected into low L-shells, forming a persis-

tent new radiation belt near the nominal radiation belt slot region. While dramatic, such

events are relatively rare. More common are the episodic injection of particle from the near-

Earth magnetotail into the inner magnetosphere (e.g. Reeves and Henderson 2001). These

particles may enhance the ring current (e.g. McPherron 1997; Elkington et al. 2005), pro-

vide source and seed populations for subsequent acceleration through high-frequency (kHz)

wave-particle interactions (e.g. Jaynes et al. 2015), and may directly contribute to the ener-

getic populations of the radiation belts themselves (Kim et al. 2000; Ingraham et al. 2001;

Dai et al. 2015a).

Stochastic radial transport, more commonly referred to as radial diffusion, results from

the interaction of particles with a spectrum of waves with frequencies commensurate with

the drift frequency of the particles (e.g. Elkington et al. 2003), although repetitive advective

processes such as substorms may lead to the diffusive radial transport of particles over long-

enough timescales (Chen et al. 1992; Sarris et al. 2017, 2020). Radial diffusion will tend

to move particles in aggregate in the direction opposite the prevailing gradients of the local

phase space density. That is, particles will be transported Earthward in situations where

the distribution function increases at higher L shells, and transported outward towards the

magnetopause in regions where the particle distribution decreases as higher L. Thus radial

diffusion may act to either energize particles (inward transport from larger L) or act as a loss

of particles in the radiation belts (outward transport to the magnetopause), depending on the

functional dependence of the phase space density with L.

The REPT instrument on the Van Allen Probes mission provided an opportunity to study

the radial transport of particles in the radiation belts. Here we review a few of the highlights

from the Van Allen Probes era.

6.7.2 Stochastic Transport

Radial diffusion results from the interaction of energetic particles with a spectrum of waves

satisfying a drift-resonant condition ω = mωd , where ω is the wave frequency, ωd is the

particle drift frequency, and m represents the azimuthal structure of the waves (Elkington

et al. 2003, 2006). The waves satisfying this condition are categorized as Pc-5 waves (Jacobs

et al. 1964), and have frequencies in the mHz range. These waves are ubiquitous in the mag-

netosphere, but the power spectral density of these waves can vary over orders of magnitude

with magnetospheric activity (e.g. Ali et al. 2015). Waves at Pc-5 frequencies are often char-

acterized as resulting from convective-type electric fields based on an electrostatic potential

(electric diffusion coefficients); resulting from fluctuations in the magnetic field alone (mag-

netic diffusion coefficients); or both magnetic field fluctuations and the electric field induced

by these fluctuations through Faraday’s Law (electromagnetic diffusion). Analytic forms for

each of these types have been developed, allowing estimates of the rates of diffusive radial

transport based on measurements of the power in the wave spectrum (Falthammar 1966,

1968; Cornwall 1968; Fei et al. 2006). Rates of radial diffusion in the magnetosphere are

commonly expressed as the inverse of the diffusion coefficient with units of time.
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Fig. 41 Radial diffusion coefficients at a number of first invariants as observed over the Van Allen Probes’

lifetime (red line), as compared to those observed during the CRRES mission and via two popular empiri-

cal models. The grey shaded region shows the 5th and 95th percentile estimates for the Van Allen Probes’

measurements. After Ali et al. (2016)

Ali et al. (2016) undertook a statistical study of diffusive transport in the radiation belts.

Figure 41 shows the total (electric plus magnetic) radial diffusion coefficients at REPT en-

ergies, based on electric and magnetic field measurements from the Van Allen Probes, along

with comparisons to CRRES estimates of the diffusion (Ali et al. 2015) and to two popular

empirical models (Brautigam and Albert 2000; Ozeke et al. 2014). The Van Allen Probes

REPT-energy estimate (red line) was based on measurements taken from September 2012

to August 2015, binned according to radial distance and magnetospheric activity (via the

Kp index). The grey shaded regions indicate the 5th and 95th percentile estimates of the

diffusion coefficient during this period, which can be seen to span an order of magnitude or

more at most L values. The large variation in magnitudes and the underlying log-normal dis-

tribution of wave power suggests that the proper measurement of central tendency in these

calculations is a median measure, rather than a measure of the mean. The study indicated

that diffusion due to magnetic field fluctuations was only weakly dependent on energy, while

the electric field coefficients were essentially independent of energy. The authors also found

that diffusion due to electric fields was statistically the dominant driver of stochastic radial

transport in the radiation belts, often exceeding that due to magnetic field fluctuations by as

much as two orders of magnitude.

Ozeke et al. (2019) modeled the flux dropouts and subsequent acceleration of REPT elec-

tron observations during the March 2013 and March 2015 events. They found that the sim-

ulations accurately reproduced particle dynamics during both events, but only if the simula-

tion inputs included event-specific diffusion coefficients inferred from measurements rather

than from a statistically derived diffusion formulation. This is consistent with some previous
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Fig. 42 (a) Inward diffusive transport and acceleration of ultrarelativistic (6.3 MeV) electrons during the

March 2015 geomagnetic storm. (b) Inset shows previous strong storm of October 2012 with a much lower

rate of transport. (Jaynes et al. 2018)

estimates of the effect of diffusion during geomagnetic storms (e.g. Riley and Wolf 1992),

and follows from the wide range of possible radial diffusion rates at a given level of magne-

tospheric activity as found by Ali et al. (2015, 2016). Olifer et al. (2019) looked specifically

at the March 2015 event, and found a relationship between the phase of the storm and rates

of radial diffusion. In particular, rates of electric diffusion were reduced from those expected

by statistical studies during the main phase of the storm, leading (in contrast to the results

of Ali et al. (2016)) to periods of time where the magnetic diffusion exceeded the effects of

electric diffusion.

The overall effect of radial transport on the distribution of energetic particles depends

on the radial gradient of the distribution’s phase space density. Examples of energization

and flux increases result when the radial gradient points outward from Earth, leading to

inward transport of particles in accordance with Fick’s First Law (Green and Kivelson 2001).

Examples of inward transport and acceleration at REPT energies were observed for both

electrons (e.g. Kress et al. 2014; Li et al. 2016d, 2017c; Su et al. 2015; Ozeke et al. 2018;

Zhao et al. 2019a, 2019b) and protons (e.g. Selesnick et al. 2016).

An example of the fast-inward diffusion of ultra-relativistic electrons measured by REPT

for a population injected during the large March 2015 geomagnetic event is shown in Fig. 42,

via Jaynes et al. (2018). This study looked at electrons up to ∼8 MeV accelerated in the

absence of high-frequency (kHz) wave activity, suggesting that the inward transport and

acceleration was primarily or entirely the result of ULF wave-driven diffusion. The inward

transport of 6.3 MeV electrons over ∼1.5 RE indicated in Fig. 42 occurred on a time scale of

approximately two days. Concurrent electric and magnetic field observations were applied

to the diffusion results suggested by Ali et al. (2016) shown in Fig. 41 above. The power

spectral density in the ULF waves acting on electrons during this period of time was more

than sufficient to produce the inward diffusive transport indicated in Fig. 42.

Zhao et al. (2018) examined the ultra-relativistic electron response measured by REPT

during a much more moderate storm occurring in April 2017. They too saw inward radial

transport of electrons at a range of energies >3 MeV, as indicated in Fig. 28. The motion

of the phase space density front inward in time in opposition to the radial gradient of phase

space density suggests that inward transport and acceleration of electrons at these energies

may be a dominant effect at a range of geomagnetic activity levels.

Local acceleration of electrons (due to, for example, wave-particle interactions with

whistler-mode chorus) can produce a peak in the phase space density in the heart of the
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radiation belts (e.g. Thorne et al. 2013b; Reeves et al. 2013). Inward incursions of the mag-

netopause due to solar wind pressure increases can lead to “magnetopause shadowing”,

where particles’ drift orbits intersect the magnetopause and are lost to the solar wind. This

effect can similarly produce a peak in the phase space density at lower L values by depleting

populations nearer to the magnetopause. In the case of either local acceleration or magne-

topause shadowing, the resultant peak in the phase space density distribution can lead to

outward radial transport of particles, with populations losing energy as they move outward

in accordance with conservation of the drift invariant. These effects at REPT energies were

studied in the Van Allen Probes era by Turner et al. (2014); Hudson et al. (2014); Mann et al.

(2016); Schiller et al. (2017); Xiang et al. (2018); and Olifer et al. (2018), among others.

In Fig. 43 we show diffusive simulations of an extended (>10 days) dropout of ultrarel-

ativistic radiation belt electrons that was observed in September 2014 (Ozeke et al. 2017).

This study compared Van Allen Probes observations of the electron flux with simulations

that variously included or excluded known radiation belt loss and acceleration mechanisms

such as wave-particle interactions with plasmaspheric hiss or whistler-mode chorus, and

rapid extinction due to magnetopause shadowing. The authors of this study showed that the

morphology of the extended dropout was best described in terms of the boundary conditions

and diffusive action of ULF waves alone, without the need for hiss or chorus effects.

6.8 Atmospheric Coupling Studies

One important loss mechanism of energetic electrons from the radiation belts is through

precipitation into the Earth atmosphere (Thorne 1974; Baker et al. 1987). The depth into

the atmosphere that particles can penetrate and produce ionization of neutral atmospheric

constituents is quite dependent on the particle species and on the kinetic energy. Figure 44

illustrates in broad terms where in altitude energy electrons, solar protons, and very ener-

getic galactic cosmic rays would be expected to have their principal energy deposition and

ionization effects (from Baker et al. 2001). As the diagram makes clear, the high-energy

electrons detected in the radiation belts by the REPT sensors (E � 1.5 MeV) would largely

be expected to deposit their precipitated energy below 70-80 km altitude.

The consequence of precipitating particle energy in the middle atmosphere can be quite

important, especially in the winter hemisphere and in the polar (high-latitude) regions.

For Earth’s atmosphere, nitric oxide (NO) in the upper atmosphere above ∼70 km is an

essential molecule because it contributes most to the radiation balance between the Earth

and outer space (e.g., Knipp et al. 2017). The amount of NO in the upper mesosphere and

lower thermosphere depends (see Fig. 44) on the flux of solar X-ray and extreme ultraviolet

(EUV) radiation that contributes to production of NO (e.g. Barth et al. 1988). In addition,

precipitating energetic electrons including auroral particles also contribute to NO production

in the polar regions (e.g., Baker et al. 2001; Barth et al. 2003) and radiation belt particles can

contribute to NO production at mid-latitudes and subauroral regions (Thorne 1974; Baker

et al. 1979). On the other hand, the loss process for NO is mainly due to photodissociation

by ultraviolet (UV) radiation (e.g. Barth et al. 2003). Therefore, it is known that the NO

amount in the polar region during the polar night reaches a maximum value due to a lack of

any loss processes (e.g., Sheese et al. 2011).

Figure 45 shows L-versus-time plots of the 1.8 MeV (upper) and 4.2 MeV electron fluxes,

respectively, observed with the REPT instrument. Data are shown from 1 September 2012

to 10 November 2018. An interesting feature appears during the period from October 2013

to August 2014. During this period, no significant electron fluxes at 4.2 MeV were detected

above background in any of the sampled L-shells. As discussed by Baker et al. (2019a),
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Fig. 43 Simulation of the electron extinction event occurring in September-October 2014, driven by boundary

conditions at L = 5 and including or excluding a number of known loss mechanisms. Simulation results

indicated that the diffusive action of ULF waves coupled with magnetopause shadowing may be responsible

for the observed dropout (Ozeke et al. 2017)

during this entire period only some very minor short-term flux enhancement were seen. The

1.8 MeV electron flux during this 2014 period was also less than that in any other extended

period of the VAP mission lifetime. Such a phenomenon (that the energetic electrons trapped

in the radiation belt disappear) might more reasonably occur in the solar minimum period,

but at this time, it was near the solar cycle 24 sunspot maximum. Therefore, it was an anoma-

lous situation that the ultra-relativistic energetic electrons in the radiation belt disappeared

for nearly one year in the maximum.
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Fig. 44 Modeled ionization rates

for various altitudes in the

Earth’s atmosphere due to solar

photon inputs, auroral electrons,

relativistic (radiation belt)

electrons, solar protons, and

galactic cosmic rays (as labeled).

(From Baker et al. 2001)

Fig. 45 Color-coded fluxes of electrons measure by REPT sensors for the five-year period from Sept. 2012

through Nov. 2017 in the L vs. time format. The upper panel shows E = 1.8 MeV electrons and the lower

panel shows E = 4.2 MeV electron fluxes. The dashed oval highlights a period in late 2013 and 2014 where

the relativistic electrons were essentially entirely absent in the magnetosphere

Figure 46 in its upper panel shows the time series of the observed column amount of NO

over Syowa Station and its 30-day average from January 2012 to December 2017 (Nagahama

et al. 2020). In this data set, the maxima in the Antarctic winter season (except for the

2014 season) clearly appears. There is no significant difference for most of the years, but

during winter, the column amount of NO in winter of 2014 was significantly lower than

other years. The typical value of the maximum in the 30-day average data was estimated as

2.0 × 1015 cm−2. On the other hand, the value in 2014 was half as much (1.1 × 1015 cm−2).

In addition to the seasonal variation, there were several-day increases of the NO column

amount, which are known to be associated with energetic particle precipitation events (Isono

et al. 2014). The lower panels of the figure show the complete absence of the multi-MeV

electrons during the austral winter of 2014.
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Fig. 46 The upper panel shows the time series of the observed column amount of NO over Syowa Station

and its 30-day average from January 2012 to December 2017 (Nagahama et al. 2020). A maximum in the

Antarctic winter season (except for the 2014 season) clearly appears. The lower panels of the figure show

the complete absence of the multi-MeV electrons during the austral winter of 2014 compared to other years,

indicating that the relative absence of nitric oxide above ∼70 km altitude over Antarctica in 2014 was due to

paucity of relativistic electron precipitation during that time

Thus, in these recent studies, it has been shown that the anomalously low amounts of

nitric oxide (NO) in the austral winter of 2014 measured at Syowa Station (L = 6.1) in

Antarctica were probably caused by the nearly total disappearance of energetic electrons in

the radiation belt for much of a year period (Nagahama et al. 2020). A decrease of the col-

umn amount of NO in the upper mesosphere and lower thermosphere occurred at the same

time in the polar winter of 2014. The correlation between annual maxima of monthly means

of the column amount of NO at Syowa Station and of the electron fluxes at the corresponding

position in the outer radiation belt, indicates that both the NO and the electron fluxes were

much smaller than those in the other winters. Thus, these rather surprising results show that

multi-MeV electrons can play a controlling effect on NO even at altitudes (>70 km) in the

polar winter under some conditions.

7 Science Highlights: Inner Zone

7.1 Inner Belt Morphology

The first discovery in space science, six decades ago, was the Earth’s inner radiation belts,

which centered near 1.5 Earth radii (RE) from the center of the Earth at the equator and

consist of high-energy protons (tens of MeV to GeV energies) and relativistic electrons.
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Before the Van Allen Probes era, it had been well understood that the energetic protons

in the inner belt can be produced from the decay of energetic neutrons, in a process known

as Cosmic Ray Albedo Neutron Decay (CRAND). The energetic neutrons are made by the

direct interaction of high-energy cosmic rays, many of which are protons likely produced by

supernovae in our galaxy (e.g., Blasi 2013), with atmospheric neutral atoms, mostly nitrogen

and oxygen, in the upper atmosphere. Such neutrons are also called knock-on neutrons with

energies from many MeV to multiple GeV and a main source of the inner belt protons.

However, a larger source of neutrons comes from the evaporation process that produces

lower-energy neutrons. Such lower-energy neutrons are emitted with roughly a Maxwellian

distribution peaked around 1 MeV from excited nitrogen and oxygen due to cosmic ray

perturbations (e.g., Hess et al. 1961), and could be a source of the relativistic electrons in

the inner belt.

Solar energetic protons (SEPs) are another source of 10s to 100s of MeV protons deep

inside Earth’s magnetosphere (L < 4) and these trapped SEPs may survive magnetospheric

perturbations and diffuse inward to the inner belt. However, the relative contribution of these

solar protons to the inner belt had not been well measured and was only estimated based on

theoretical modeling (e.g., Selesnick et al., 2007).

The major science advancements (highlights) in the understanding of the inner radiation

belts that has been associated with Van Allen Probes/REPT instrument can be summarized

below:

(1) REPT measurements have put an upper limit on the >1 MeV electrons in the inner belt

and this upper limit is actually lower than the AE8 and AE9 model results, which lead

to the outstanding questions: (i) is this because of solar activity being low during the

Van Allen Probes era? or (ii) because previous measurements on which AE8 and AE9

were based were inaccurate data (Li et al. 2015b; 2017a)?;

(2) Recent measurements from the Relativistic Electron and Proton Telescope integrated

little experiment (REPTile) onboard Colorado Student Space Weather Experiment

(CSSWE) CubeSat showed for the first time that CRAND (from low-energy neutrons) is

actually the main source of the inner radiation belt near its inner edge (Li et al. 2017b).

REPTile is simplified and miniaturized version of REPT (Li et al. 2012, 2013) (see

Sect. 9 about Future Prospects);

(3) The dynamical evolution of inner belt protons and inward diffusion of SEPs were first

unequivocally demonstrated with REPT measurements; and

(4) The REPT measurements have enabled, for the first time, the detailed study of the long

term trends in the energetic proton population in the inner magnetosphere, which in-

cludes the inward diffusion of trapped SEPs to L < 2, decay at lower L (<1.3) due to

atmospheric drag, and storm-time loss and recovery at higher L (>2.5).

Highlight (1): REPT (Baker et al. 2013a) and MagEIS (Blake et al. 2013) onboard Van

Allen Probes are heavily shielded but are still subject to background from inner belt protons.

Detailed analysis based on REPT measurements has put an upper limit on the >1 MeV

electron intensities in the inner belt, which is lower than the AE8 and AE9 model results. The

measured upper limit values may be due to low solar activity during the Van Allen Probes

era or because previous measurements on which AE8 and AE9 were based were inaccurate

(Li et al. 2015b, 2017a). However, it is known that >1 MeV electrons did penetrate into

the inner belt during strong solar wind drivers before the Van Allen Probe era (Blake et al.

1992; Li et al. 1993, 2017a; Baker et al. 2004). Figure 47 shows the upper limit of the energy

spectrum based REPT measurements, compared with the energy spectra from AE8 and AE9

(and other measurements).
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Fig. 47 Fig. 11 of (Li et al. 2017a) Omnidirectional equatorial electron energy spectra at L = 1.5. The

average spectrum derived from REPT PHA data (red) likely results from high-energy protons rather than

electrons and therefore is an upper limit on the actual electron intensity. Bin widths used in the data analysis

are listed. Equivalent model spectra from AE9 VI.2 (solid black) and AE8MAX (dashed black) are shown

for comparison. Also shown are MagEIS data (blue) of selected energy channels during the period of 24

February to 1 March 2013 and the exponential energy spectrum measured on the low-altitude (not equatorial)

DEMETER satellite during January 2009 for E < 0.8 MeV (solid green) and extrapolated to higher energies

(dashed green)

Highlight (2) Soon after the discovery of Earth’s Van Allen radiation belts six decades

ago it was recognized that the decay of the knock-on neutrons is the main source of trapped

energetic (above tens of MeV) inner belt protons. It has recently been recognized that the de-

cay of evaporation (low-energy) neutrons contributes to energetic electrons (up to 782 keV)

and is the dominant source of energetic electrons at the inner edge of the inner belt (Li et al.

2017b; Zhang et al. 2019; Xiang et al. 2020). Figure 48 shows electron flux data for 0.5-MeV

electrons measured from CSSWE/REPTile. The data have been divided into ranges of L. If

the electrons drift around the Earth without encountering the dense atmosphere below, then

they are considered stably trapped and their intensity can reach high levels. REPTile ob-

serves such stably trapped electrons only at L > 1.15 in the South Atlantic Anomaly (SAA),

where the magnetic-field strength is weakest, as shown in Fig. 48 by the high intensity lev-

els in the Southern Hemisphere near longitude 300° for L > 1.15. For L < 1.15 there is a

gap in data coverage near longitude 300°. This is a result of electron-drift shells that attain

minimum altitudes, in the SAA, below the satellite altitude. However, on each side of the

gap the local magnetic field is seen to be equal to the field-line minimum value—that is,

CSSWE is already at the location of the field-line minimum, a necessary consequence of

the highly inclined orbit. Had any stably trapped electrons existed on these drift shells they
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Fig. 48 Fig. 3 of (Li et al. 2017b) Electron flux as a function of longitude in different L shells for the period

7–10 October 2012. a–f, Measurements of 0.5-MeV electrons at different L values in the southern (black

asterisks) and northern (red asterisks) hemispheres. Black and red lines show the local magnetic fields for the

southern and northern hemispheres; the dotted line shows the minimum magnetic field along the field line on

which CSSWE is located. Before averaging, data points ten times larger or smaller than the average of the

two neighboring points were filtered out, amounting to 2.6% of the total data. N varies from 1 to 52 for this

time period

would have been observed at the field-line minimum. Therefore, none were missed in the

data gap, and the existence of the gap actually guarantees that there are no stably trapped

electrons on such L shells. This suggests that all the electrons measured at L < 1.15 are

quasi-trapped electrons, which will be lost within their drift time period, ∼1.5 hours. The

fact that such quasi-trapped electrons are always observed at the low L-shells suggests that

there is a constant source supplying these electrons. This constant source has to be from

CRAND (Li et al. 2017b) that occurs all the time.

Highlight (3) will be described in the subsections 7.3.

7.2 PHA Analysis Results

All particle events measured by REPT are pulse height-analyzed for binning into electron

and proton channels that are the primary data products. A subset, namely, one event ev-

ery 12 ms, are also included in another data product that includes individual pulse heights,

proportional to energy deposit, from all nine REPT detectors. These “PHA data”, available

starting from October 2013, are particularly useful for diagnostic purposes and for studies

requiring extra care in performing background subtraction.

Measurements of inner radiation belt protons suffer from significant background due to

the presence of high-energy protons that can penetrate the shielding material surrounding

REPT, where they lose a significant fraction of their energy before reaching the silicon

detectors, and then appear in data channels reserved for lower energy protons. The PHA data

have been used to identify such high-energy protons and significantly reduce the background

levels.

Only protons arriving with high incidence angles relative to the REPT axis, outside the

nominal FOV 32 deg, can lose sufficient energy in shielding material to appear as lower

energy protons. These are identified by estimating the incidence angle from the set of mea-

sured energy deposits using a probabilistic method based on proton straggling functions in
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Fig. 49 Fig. 4 of Selesnick et al. (2014) Measured average proton equatorial pitch angle distributions from

15 January to 14 February 2014, at selected L values from 1.2 to 3.4, from a combination of REPT-A and

REPT-B PHA data (Selesnick et al. 2014). Three proton energies, identified by color, and full bin widths are

listed above. Statistical error bars are shown at the center of each pitch-angle bin

silicon (Selesnick et al. 2017). At least two energy deposits are required and the method

therefore works well for protons that stop in any of detectors R2 through R9, allowing a

straightforward analysis of signals from protons in the energy range 24-76 MeV.

Sample results of such analysis are illustrated in Fig. 49 (Selesnick et al. 2014). It shows

equatorial pitch angle distributions of protons, measured at three selected energies and

twelve selected L values. Background was particularly severe for L < 1.5, where intense

high-energy protons are present. However, this has been reduced to the low levels shown in

the loss cones, at high and low pitch angle where no stably trapped protons are expected,

compared to the higher trapped-proton intensity near 90 deg. Even lower background is

evident at higher L values, where loss cones are narrower.

After identifying high-energy protons from outside the FOV it was also possible to use

them for extending the useful energy range of inner-belt proton data. This required comput-

ing response functions at all incidence angles while accounting for the effects of shielding

material. These apply directly to the computation of high-energy proton intensity and also

allow a subtraction of high-energy contamination in the lower energy proton data for which

only the R1 detector is triggered, providing an extended energy range of 17–400 MeV. How-

ever, because incident energy cannot be uniquely determined for the high-energy protons,

some smoothing of the resulting proton distributions is required, reducing their resolution

in energy, L-shell and equatorial pitch angle. Sample results of this method are shown in

Fig. 50, updated from Selesnick et al. (2018). Monthly averages of proton L-shell distri-

butions are shown for selected energies (left) and energy spectra are shown for selected L

values (right).

Electron signals in REPT are normally well separated from those of protons due to their

significantly smaller energy deposits. However, the high proton intensity of the inner belt

also introduces significant difficulties into inner belt electron data analysis, for two reasons:

(1) energy deposits of relativistic protons and electrons are of similar magnitude; and (2) a
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Fig. 50 Radiation belt proton modeled L shell distributions at selected energy (left) and energy spectra at

selected L (right, with indicated scaling factors), at 80 deg equatorial pitch angle, derived from smoothed

REPT-A and REPT-B PHA data, for color coded monthly averages (updated from Selesnick et al. (2018));

the last three months, indicated by *, are from REPT-A only)

fraction of sub-relativistic proton signals are degraded due to detector edge effects and re-

duced in magnitude to those of electrons. The PHA data have been used in an attempt to de-

termine inner belt intensity of electrons with kinetic energy above 1.5 MeV but it was found

that, if such electrons are present, their signals could not be separated from omnipresent pro-

ton contamination and only an upper limit could be determined (Li et al. 2015b). Accurate

electron intensity measurements could be made only for L > ∼2.7.

7.3 Long-Term Trends

Inner belt measurements derived from PHA data, as described in Sect. 7.2, have provided de-

tailed trapped proton intensity distributions as a function of L shell, energy, equatorial pitch

angle, and time from October 2013 to September 2019. This is a significantly longer interval

than was available from CRRES, the only satellite that has provided measurements from a

similar, near-equatorial orbit where the entire trapped particle population is accessible. This

has enabled studies of long-term trends in the trapped proton population. Three aspects of

the measured variability have been compared to theoretical expectations and model predi-

cations: inward diffusion of trapped solar protons, decay at low L due to atmospheric drag,

and storm-time loss and recovery at higher L.

Inward diffusing protons are apparent from changes to the intensity peak observed at

lower energies, that is rising and moving inward from L = 2 to L = 1.8, as shown in Fig. 50.

These measurements are consistent with inward radial diffusion and concurrent adiabatic
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Fig. 51 Measured 2-day average equatorial differential omnidirectional intensity versus L and time from a

combination of REPT-A and REPT-B PHA data (updated from Selesnick et al. (2014)). Intensity color coding

and full bin widths are listed below. Geomagnetic Dst index versus time is shown above

heating during which the first two adiabatic invariants are conserved (Selesnick et al. 2016).

The observed rate of change determines the required time-dependent diffusion coefficient in

this region (Selesnick and Albert 2019). The source driving the inward diffusion is presumed

to be a reservoir of solar protons that were trapped in the radiation belt at higher L and lower

energy prior to the launch of Van Allen Probes.

In the L < 1.6 region, the lower energy proton intensity steadily decreased throughout

the data interval, in contrast to the increasing intensity observed at immediately higher L

and relatively steady intensity at low L but higher energy. The main factors expected to

influence any variability at low L are slow inward diffusion, the CRAND source strength,

and steady energy loss due to atmospheric and plasma drag. Evidently these factors were

in near balance at higher energies but energy loss outweighed CRAND and inward diffu-

sion at lower energies, causing the observed steady decay. However, model predictions of

expected decay rates, based on known atmospheric and plasma densities combined with ob-

served trapped proton initial conditions, were too slow compared to observed decay rates,

prompting the suggestion that there may be an additional, undetermined loss mechanism for

trapped protons at low L (Selesnick and Albert 2019).

At higher L values, protons are rapidly lost during magnetic storms and may also become

trapped during concurrent solar proton events. Detailed observation of these processes re-

quires a shorter time scale than the 1-month averages of Fig. 50. Omnidirectional intensity

of 26-MeV trapped protons is shown as a function of L and time, with 2-day resolution, in

Fig. 51 (updated from Selesnick et al. (2014) and derived directly from PHA data without
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the smoothing required at higher and lower energy). In this format, the steadily increasing

intensity near L = 1.8 and decreasing intensity near L = 1.5 are again apparent. At L > 2.5,

rapid loss of the lower intensity protons is concurrent with magnetic storms, as shown by the

Dst index above, reaching the lowest L values during the major storms of 2015 and 2018.

Observed losses during the March 2015 storm were consistent with the effects of pitch

angle scattering caused by increased magnetic field-line curvature resulting from the en-

hanced storm-time ring current, combined with radial transport from induced electric fields,

as shown by test particle simulation (Engel et al. 2016). Observed post-storm recovery of

trapped proton intensity appears consistent with the steady CRAND source, as expected.

8 SpaceWeather Utilization

It is important to remember that the RBSP mission was a key part of NASA’s Living with

a Star (LWS) program. As such, RBSP payloads generally, and REPT instruments specifi-

cally, were intended to reveal space weather and space climate aspects of the Earth’s space

environment (Baker et al. 2018). In a very real sense, RBSP was to be a pathfinder for how to

monitor the radiation belts and thereby provide situational awareness of near-Earth threats to

operational space assets. An objective assessment would have to conclude that RBSP (Van

Allen Probes) did a good job with this programmatic assignment (Ukhorskiy et al. 2020).

The RBSP spacecraft were outfitted with space weather “beacon” capabilities to send

low data rate information continuously to any receiver that might be capable of taking the

data (Mauk et al. 2013). For the beacon data stream, a few REPT integral counting rate

channels were chosen to characterize the radiation belt environment (Baker et al. 2013a).

These single detector rates were expected to give a “quick and dirty” look at the radiation

belt properties.

Figure 52 shows about one year’s worth of data from REPT relevant to the space weather

(SWx) beacon performance. The beacon period covered is 1 January 2013 to 1 December

2013. The top figure panel shows REPT-A beacon data at a low-time cadence from an in-

tegral count rate stream that was responsive to electrons with E � 2.0 MeV and also to

protons with E � 20 MeV. Data were acquired through various of the partner ground sta-

tions around the world (Mauk et al. 2013) and were then captured by the RBSP operations

center at JHU/APL. As can be seen, the data were somewhat spotty and fragmented due

to limited ground tracking of the real-time signals. It is also clear that inner zone energetic

protons were detected strongly by the integral channel. Nonetheless, the real-time beacon

data showed many fascinating outer zone electron onset events and gave a very clear picture

of radiation belt structure and temporal characteristics.

For comparison, the second panel of Fig. 52 shows fully processed REPT-A data for

the same general period of time (December 2012 – December 2013) as the top panel. The

REPT level 2 data for the E = 2.3 MeV differential channel are obviously much cleaner

and more continuous in time. However, from a monitoring perspective, the beacon data did

a very good job of faithfully indicating radiation belt properties. As seen by the lower two

panels of Fig. 52, the real-time REPT data (top panel) correspond closely to storm-time vari-

ations of Dst (third panel) and Kp (bottom panel). These results showed quite convincingly

that a simple real-time monitor in an RBSP-like orbit could provide excellent situational

awareness.

Because of the beacon data success, the real-time monitoring capability of REPT was

used to support other NASA missions. For example, in October 2013 the Juno mission that
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Fig. 52 Top panel: REPT real-time space weather “beacon” data in the L vs. time format for much of the year

2013. Second panel: The fully processed REPT Level-2 data for the same period as the upper panel. Lower

two panels: The Dst and Kp indices, respectively, for this period. The real-time space weather beacon data

give a clear picture of the radiation belt structure and time variations

was headed to Jupiter flew close by Earth for a gravitational assist “boost”. The REPT real-

time beacon data were employed in order to “cross-calibrate” Juno energetic electron sensors

with those on RBSP – and to alert Juno operators about the space environment they would

encounter during the Earth flyby. Figure 53 shows REPT-A 2 MeV, 5 MeV, and 10 MeV

integral electron channels for the broad time period 11 September 2013 through 10 October

2013 (left side of figure). The Dst index is also shown at the bottom left. Interestingly, a

pair of small geomagnetic storms occurred on 2 October and on 9 October. The right side

of Fig. 53 shows color-coded fluxes along the RBSP-A orbit track for the REPT-A 5 MeV

channel. The Juno track up to closest Earth approach on 9 October is also projected on the

(X-Y)GSE plane. Obviously, Juno flew through a fairly intense radiation belt environment

on 9 October and good cross-correlating measurements were obtained from the real-time

information (R. Thorne, priv. comm, 2013). The final processed REPT data for this period

were used to compare with the Juno flyby data as well (however, to our knowledge these

detailed results were never published).

The RBSP data, with an emphasis on REPT measurements, have been used for many

other space weather and operational purposes. For example, Baker et al. (2019b) performed

an extensive comparison analysis of GOES-15 data (from NOAA) with corresponding

REPT-A data from RBSP. In this study, daily averages of GOES-15 electron fluxes were

compared with related daily averages from REPT-A. Data for a six-year period were sta-

tistically compared. An example is shown here in Fig. 54. For this figure, RBSP-A data

at L = 6.0 were compared with comparable energy ranges from the GOES-15 spacecraft

(nominally at L = 6.6). The upper panel of Fig. 54 uses electron data from the MagEIS
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Fig. 53 Real-time REPT space-weather beacon data in several energy ranges (E > 2 MeV, >5 MeV, and

E > 10 MeV) for a selected period in September and October 2013. As described in the text, the data were

compared with measurements from the Juno spacecraft that flew by Earth on 9 October 2013

instrument on RBSP-A (0.8–4.0 MeV) and the lower panel uses E > 2.0 MeV electron data

from REPT on RBSP-A.

The rather exhaustive statistical comparison of GOES and RBSP (Baker et al. 2019b)

shows that the GOES spacecraft only rarely are at the nominal L = 6.6 location. Rather,

because of local time dependencies and due to geomagnetic activity-dependent radial flux

gradient effects, the GOES daily flux values are often factors of 10 to 100 lower than the

corresponding RBSP measurements at true L = 6.0 locations. Thus, Baker et al. (2019b)

concluded that space weather users must be very cautious in using GOES daily flux averages

as a strict surrogate for outer radiation belt electron properties. GOES data can be used as a

space weather “monitor” for regions L � 5.5, but only with care.

9 Future Steps and Directions

While many aspects and dimensions of radiation belt science have been examined with the

Van Allen Probes mission, it is clear that much more can – and should – be done. For

the REPT domains of relativistic (and ultra-relativistic) electrons and for very energetic

protons, much more extensive analyses could be performed than has been possible during

the active data phase of VAP. Some specific event intervals, especially in the later mission

years (2018–2019), have been only briefly examined. As described in this review, using the
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Fig. 54 Scatterplots of daily flux

averages from the Van Allen

Probes at L = 6 versus the

GOES-15 “E” sensor. (a) Daily

values of E > 0.8 MeV electrons

from Van Allen Probes A versus

comparable GOES-15

measurements. (b) Similar to (a)

but for electrons with energies

E > 2 MeV. Data from 1

September 2012 to 1 September

2018 are included in the plots

full instrument capabilities of REPT – as exemplified by the proton pulse-height analysis

(PHA) capability – can reveal exquisite detail about spectral properties of both electron and

proton populations. Using such PHA data also can allow much more highly resolved energy

channel information. We can envision going from ∽20% (�E/E) resolution for electron

spectral bands to ∽5% (�E/E). The insights into acceleration and loss processes from

such analysis could be profound.

There are other particle phenomena that probably are hidden in the REPT data streams.

For example, we believe that for (certain times and under certain circumstances, the REPT

telescopes should have been detecting not only protons but also very energetic alpha par-

ticles. Careful examination of rate information, along with PHA analysis, could allow ex-

amination of trapped helium nuclei or even heavier (CNO) ion species in the inner part of

the magnetosphere. We are very eager to explore such possible hidden treasures. It is even

possible, in principle, that REPT could have some light to shed on very energetic positrons

in Earth’s vicinity.
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We strongly encourage scientists outside the REPT team to explore and evaluate the trove

of particle data that has been acquired. Especially, a new generation of researchers may have

novel ideas on what to look for beneath the surface of the data set. Certainly, the long run of

high-quality data should be used to further improve models of the near-Earth space radiation

environment (Baker et al. 2018). The REPT data are ripe for such applications.

We also note that the approach used by REPT for measuring energetic electrons has in-

spired and produced instruments like REPTile on CSSWE and MERiT (Miniaturized elec-

tron and pRoton Telescope, Kanekal et al. 2019), on CeREs (Compact Radiation belt Ex-

plorer), and the CUSP (Cubesat for study of Solar Protons). These miniaturized versions of

REPT flown on CubeSats enable, for example, multipoint measurements of radiation belt

electrons due to the reduced cost of CubeSat missions.

As a final point, the RBSP program has shown the high value of not only scientific but

also operational benefits of having continuous, high-quality radiation belt measurements in a

geostationary transfer orbit (GTO) type of configuration. While measurements in low-Earth

orbit (like SAMPEX; see Baker et al. 1993, 2012) are immensely useful, they are no sub-

stitute for continuous, near-equatorial radiation belt monitoring. Although it is well known

that radiation belt electron dynamics show a “global coherence” (Kanekal et al. 2001) so

that LEO measurements can provide a window into the entirety of outer zone, that is limited

to processes occurring over multiple drift time scales. Dynamics confined to the equato-

rial plane such as ultra-relativistic electron injection during the “hallow’een” 2003 event

(Looper et al. 2005; Kress et al. 2007) propagate to LEO after time delays that can extend

to months (∼4 months during October-November 2003). Furthermore the sampling of a

broader range of pitch angles at GTO (as compared to LEO) can be of critical importance

in understanding of the role of wave-particle interactions, as demonstrated by, for example,

Fennell et al. (2014) recently. As was also reviewed here (see Sect. 8) geostationary orbit

monitors are very important for space weather operations, but they are no match for RBSP

sorts of data. We implore – both for science and for operational reasons – that the agencies

(civil and national security) do everything possible to emplace spacecraft in GTO that repli-

cate a significant fraction of the RBSP detection capability. For the purposes of this review,

we especially urge that relativistic electron and high-energy proton sensors be a central part

of any such payloads.

10 Summary & Conclusions

This review began by remarking upon the original expressed goals for the Relativistic

Electron-Proton Telescope investigations of the RBSP mission. As described here, the REPT

instruments performed all their planned and assigned functions in an exemplary fashion.

Both REPT-A and REPT-B operated flawlessly and continuously from 2 days after RBSP

launch until each RBSP spacecraft was decommissioned and turned off. The REPT data

proved to be of high quality both for scientific and for operational purposes.

The initial portions of this paper reminded readers of the REPT design and functional

qualities. Many of the aspirations described in the original REPT paper (Baker et al. 2013a)

have been fully achieved and validated through long years of on-orbit operation in a quite

hostile space environment. For the scientific and the engineering data user of REPT results,

we provided in this paper a summary of sensor operational trends and the (minor) mode

changes that occurred during the mission operational phase. We also reviewed for users

of the data sets the known sensor backgrounds and our presently understood correction

approaches.
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A substantial part of this review has been devoted to touching on highlights of the scien-

tific results from the REPT instruments. Owing to the REPT wide energy range, excellent

energy resolution, dynamic sensitivity range, and the data uniformity and continuity, many

new and exciting features of radiation belt properties were uncovered. Aspects of radia-

tion belt morphology, timing, and underlying physical causation were all made possible by

having the “new” REPT eyes onboard the dual RBSP spacecraft.

As noted previously in this review, the RBSP mission had the stated and explicit goal to

learn more about the near-Earth space radiation environment. The longer-term objective of

this RBSP program was to deepen our physical understanding and to thereby improve our

specification and forecast models of the Van Allen radiation belts. We believe that this goal

was met admirably by the RBSP program. We further believe that REPT played an essential

role in achieving these stated objectives.
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