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Abstract

The Van Allen Probes Electric Fields and Waves (EFW) instrument provided measurements
of electric fields and spacecraft floating potentials over a wide dynamic range from DC
to 6.5 kHz near the equatorial plane of the inner magnetosphere between 600 km altitude
and 5.8 Re geocentric distance from October 2012 to November 2019. The two identical
instruments provided data to investigate the quasi-static and low frequency fields that drive
large-scale convection, waves induced by interplanetary shock impacts that result in rapid
relativistic particle energization, ultra-low frequency (ULF) MHD waves which can drive
radial diffusion, and higher frequency wave fields and time domain structures that provide
particle pitch angle scattering and energization. In addition, measurements of the spacecraft
potential provided a density estimate in cold plasmas (< 20 eV) from 10 to 3000 cm™3. The
EFW instrument provided analog electric field signals to EMFISIS for wave analysis, and it
received 3d analog signals from the EMFISIS search coil sensors for inclusion in high time
resolution waveform data.

The electric fields and potentials were measured by current-biased spherical sensors de-
ployed at the end of four 50 m booms in the spacecraft spin plane (spin period ~ 11 sec)
and a pair of stacer booms with a total tip-tip separation of 15 m along the spin axis. Survey
waveform measurements at 16 and/or 32 S/sec (with a nominal uncertainty of 0.3 mV/m
over the prime mission) were available continuously while burst waveform captures at up to
16,384 S/sec provided high frequency waveforms.

This post-mission paper provides the reader with information useful for accessing, under-
standing and using EFW data. Selected science results are discussed and used to highlight
instrument capabilities. Science quantities, data quality and error sources, and analysis rou-
tines are documented.

Van Allen Probes: Mission and Discoveries Through Earth’s Inner Magnetosphere
Edited by Sasha Ukhorskiy, David Sibeck and Howard Singer

Extended author information available on the last page of the article
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1 Instrument and Mission Overview

The twin Van Allen Probes (Mauk et al. 2013) were launched into a near-equatorial ellipti-
cal orbit on 2012-08-30. Throughout their prime mission (until 2014-10-31) and most of the
extended mission phases, their orbit altitude varied from 600 km to 5.8 Earth Radii (RE). Be-
cause the orbital plane was inclined by 17 deg, magnetic latitudes of approximately £20 deg
at L-shells as high as ~ 8 were sampled. This orbit was designed to capture physics in a wide
range of regions including the inner radiation belt, the dynamic outer belt, the near-tail, and
the plasmasphere. Within these regions energetic particle populations can vary by orders
of magnitude as the magnetosphere interacts with the solar wind and structures including
shocks, CMEs, and fast-slow stream interfaces. Manifestations of this interaction include
the aurora, radial motion of plasma, the formation of the ring current, and the varying radi-
ation belt structure.

Electric fields drive the dynamics of these plasma environments on physical scales, fre-
quencies, and amplitudes that span 8 orders of magnitude in temporal scale (tens of hours
to fractions of a millisecond) and 5 orders of magnitude in spatial scale (tens of Earth radii
down to tens of km). At global scales, the convection electric field, the co-rotation electric
field, and sub-auroral electric fields drive macroscopic transport and motion of boundaries.
At MHD scales, ULF-wave fields are associated both with prompt energization and transport
(reconnection, shocks, and injection fronts) and with diffusive transport and particle bound-
ary loss. At small scales, kinetic Alfven waves, very low frequency waves (hiss, chorus), and
impulsive time domain structures can also result in both diffusive and prompt energization
and scattering. The Van Allen Probes Electric Fields and Waves (EFW) instrument (Wygant
et al. 2013) was designed to make measurements of electric fields and spacecraft potential
over this entire range. EFW is based on a long heritage, including double probe instru-
ments on the Air Force S3-3 spacecraft (Mozer et al. 1979), the NASA-ESA International
Sun-Earth Explorer (Mozer et al. 1978a, 1978b), the Swedish Viking satellite (Falthammar
et al. 1987), the Air Force CRRES spacecraft (Wygant et al. 1992), the Geotail Spacecraft
(Tsuruda et al. 1994), the Akebono Spacecraft (Hayakawa et al. 1990), the NASA Polar
spacecraft (Harvey et al. 1995), the NASA FAST spacecraft (Carlson et al. 1998), the ESA-
NASA Cluster spacecraft (Gustafsson et al. 1997, 2001), and the NASA THEMIS spacecraft
(Bonnell et al. 2008).

The Principal Investigator for the Van Allen Probe EFW instruments was John Wygant at
the University of Minnesota. The instruments, including the main electronics packages and
the boom deployment units and sensors, were fabricated and tested under the leadership of
John Bonnell at the Space Sciences Laboratory (SSL) at the University of California Berke-
ley. Digital signal processing boards were provided by Robert Ergun and David Malaspina
at the University of Colorado Boulder. There were two Science Operations Centers for EFW
data: one at SSL led by John Bonnell and the other at the University of Minnesota by Aaron
Breneman. The theory/simulation effort was led by Mary Hudson at Dartmouth College.

To make the measurements required to meet the science objectives of the Van Allen
Probes, the EFW instrument had the following baseline measurement goals (Wygant et al.
2013):

1. Measure 2d quasi-static electric fields in the spin plane of the spacecraft at radial dis-
tances > 3 RE to an accuracy of 0.3 mV/m or 10% of the maximum electric field ampli-
tude, whichever is larger, over a dynamic range of 500 mV/m above L = 3.

2. Provide measurements of the quasi-static electric field component along the shorter spin
axis booms to an accuracy of 4 mV/m or 20% of the maximum electric field magnitude
at radial distances > 3 Re.
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3. Provide measurements of cold (< 20 eV) plasma variations in the plasmasphere over
time scales from DC to < 1 sec with an accuracy of 50% over a density range from 0.1
to 50 cm 3.

4. Provide burst waveform measurements of large amplitude electric fields of at least 250 Hz
with an accuracy of 0.3 mV/m and a range of 500 mV/m at a variety of programmable
rates ranging from 512-16,384 512 S/sec.

5. Include measurements of the 3d wave magnetic field obtained from the EMFISIS (Klet-
zing et al. 2013) instrument in burst recordings (along with the wave electric field mea-
surements described above) of at least 250 Hz.

6. Provide interferometric timing of the propagation of small-scale waves and structures
between opposing sensor pairs using burst recordings with a time cadence of up to
16,384 S/sec.

7. Provide spectral and cross-spectral information on the wave electric fields, magnetic
fields, and density fluctuations up to 250 Hz.

8. Provide the EMFISIS wave instrument with the three measured components of the
electric field over the frequency range from 10 Hz to 400 kHz with a noise level of
10~"3 V2/m?Hz at 1 kHz and 10~'7 V%/m?Hz at 100 kHz with a 90 dB dynamic range
and a maximum signal of 30 mV/m.

Making these accurate measurements necessitated specific design requirements, as de-
scribed in Wygant et al. (2013).

Electric field and potential measurements were made with two pairs of current biased
spherical sensors with ~ 100 m tip-tip separations, providing accurate electric field mea-
surements in the spin plane. In addition, two sensors with a ~ 15 m separation on stacer
booms along the spin axis provided the third component of the electric field. Due to the
shorter separation, this component was used primarily for wave measurements at frequen-
cies > 100 Hz where the sensors were no longer DC-coupled to the plasma.

At low frequencies, spin plane measurements are approximately an order of magnitude
more accurate than spin axis measurements because of the large probe separation and the
orientation perpendicular to the Earth-Sun line, which ensured that the spin plane sensors
were not shadowed by the spacecraft body or each other. This orientation was well-suited to
measure the large-scale convection electric field and other important fields such as azimuthal
components resulting from shock impacts. Current biasing decreased errors associated with
photocurrents from surfaces near the sensors and also decreased the sensor-plasma sheath
impedance, allowing measurement of quasi-static electric fields to roughly 0.3 mV/m during
the prime mission phase. In addition, the instruments were designed with a large dynamic
range allowing measurement of both large and small electric fields even when experiencing
significant spacecraft charging, which sometimes occurred during geomagnetically active
conditions.

Standard survey data products included 32 S/sec electric fields calculated from onboard-
differenced potential measurements, and 16 S/sec probe potentials. The latter were used
both to calculate electric fields on the ground, and as measurements of spacecraft charging
and estimates of cold plasma density. EFW also provided full duty cycle frequency binned
data of both electric and magnetic field (via analog channels from EMFISIS) from DC to
6.5 kHz in the form of 4 sec power-spectra in 64 pseudo-logarithmic frequency bins, and
8 S/sec peak and average amplitude (filter bank) spectra in 7 or 13 frequency bins. Higher
cadence, non-survey products included two types of 3d burst wave electric and magnetic
field, an autonomously selected burst 2 and a ground-selected burst 1. The latter used an un-
precedentedly large 32 GB memory allowing sampling and playback of hours of data during
especially interesting intervals as selected by scientists on the ground. This fundamentally
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changed the nature of burst data collection and transmission and enabled the collaborative
campaigns with other missions that became a fundamental part of the EFW contribution to
Van Allen Probes science.

Throughout the Van Allen Probes mission, scores of studies and many conjunctive cam-
paigns utilized EFW data to probe deeply the electrodynamics of the Earth’s radiation belts
in the inner magnetosphere. Sections 2 and 3 below summarize the highlights of these stud-
ies and campaigns. Section 4 then presents an overview of electric field measurement with
the double probe technique, and describes the basic data quantities, calibration, flags and er-
ror sources, and data and software availability for the EFW instrument and its data products.

2 EFW Science Results

The design features of the Electric Fields and Waves (EFW) instrument enabled the discov-
ery of new physics addressing the primary science goals of the Van Allen Probes mission
(Mauk et al. 2013), including radiation belt acceleration and loss, and the dynamics of the
inner magnetosphere and ring current. These features include the most sensitive inner mag-
netospheric measurements of the quasi-static electric field, estimates of the cold plasma den-
sity from spacecraft potential, and high time resolution electric and magnetic fields in the
form of power spectra, fast filter bank wave amplitudes, and long-duration burst waveforms.

In this section, we will highlight selected studies that described new physics or improved
understanding of inner magnetosphere and radiation belt physics that made use of EFW’s ca-
pabilities. These include discoveries using burst data of unexpected large populations of non-
linear field-aligned kinetic structures called Time Domain Structures (Mozer et al. 2013),
which can drive significant electron acceleration and loss cone scattering. In addition, burst
data was key to the finding that intense and ubiquitous kinetic Alfven waves (Chaston et al.
2014) in the near-Earth plasma sheet can energize outflowing oxygen that can contribute
significantly to the ring current during storms and produce relativistic electron dropouts.
We describe innovative research on the role of whistler mode hiss and chorus waves in ac-
celeration, loss, and transport of energetic electrons, including statistics of large amplitude
chorus (Tyler et al. 2019a,b) and a study showing that the nonlinear interactions of chorus
and electrons depend critically on the chorus coherence length and source scales (Agapitov
etal. 2017). At lower frequencies, Dai et al. (2013) used EFW DC-coupled waveform data to
provide unambiguous evidence for the generation of a fundamental mode standing poloidal
wave in drift resonance with keV ring current ions. These observations provide the first in
space of the fishbone instability observed in Tokamaks — a major contributor to fusion con-
finement disruption. Lena et al. (2021) identified low L (~ 1.1) standing mode waves that
are sensitive indicators of magnetosphere-ionosphere coupling.

On global scales, prompt energization of electrons following a shock impact was thor-
oughly studied with a combination of observations from both Van Allen Probe satellites and
modeling (Foster et al. 2015; Hudson et al. 2015). On much longer time scales, Thaller et al.
(2019) used EFW measurements to uncover a 27-day periodicity in the large-scale dawn-
dusk convection electric field and plasmapause location during the declining phase of the
solar cycle. The role of this convection electric field in driving energetic particle transport
and acceleration from the tail region to the inner magnetosphere was detailed by Thaller
et al. (2015) and Califf et al. (2017).

These results, and more, described below, represent only a handful of the many and var-
ied research studies that utilized EFW data for important discoveries and new understanding.
Science results obtained during collaborative campaigns with balloons, CubeSats, and other
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satellites are presented in Sect. 3. Research utilizing EFW data has resulted in significant
progress in meeting the goal of the EFW investigation to measure the electric fields associ-
ated with a variety of mechanisms causing particle acceleration and scattering in the inner
magnetosphere, as well as to the larger mission goals to discover which processes, singly
or in combination, accelerate and transport radiation belt electrons and ions and under
what conditions; understand and quantify the loss of radiation belt electrons and determine
the balance between competing acceleration and loss processes, and understand how the
radiation belts change in the context of geomagnetic storms.

2.1 Prompt Acceleration by Impulsive Electric Fields due to Interplanetary Shocks

Dynamics of the magnetosphere on global scales are associated with electric fields gener-
ated by the coupling of the solar wind plasma to the magnetosphere. Large-scale impulsive
shock-induced electric fields can provide dramatic energization and transport of energetic
electrons deep inside the radiation belts on timescales of minutes (Wygant et al. 1994; Li
et al. 1993). These dynamic events, though occurring on average only a few times per year,
can lead to strong outer belt enhancements or depletions, or even the creation or destruction
of new belt structure (Baker et al. 2013). Prior to the Van Allen Probes, comprehensive ob-
servations of such shock-driven acceleration events were lacking due to insufficient dayside
satellite coverage within the radiation belts and/or lack of in situ solar wind monitoring.
One of the primary goals of the Van Allen Probes was to fill in these observational gaps to
determine the role of interplanetary shock impacts on acceleration and loss of radiation belt
particles.

The first comprehensive verification of prompt shock-driven acceleration was by Foster
et al. (2015) who analyzed Van Allen Probes data following a moderate shock impact on
October 8th, 2013. Both Van Allen Probes (A at L =3 and MLT = 13.5, and B at L =5 and
MLT = 17.3) observed a dramatic ~ 1 min increase in the dawnward electric field associated
with the shock arrival, shown in Fig. 1 for Probe B. The dual observations over a large spatial
separation were key to revealing that this initial electric field fluctuation was observed over
a substantial portion of the dayside equatorial magnetosphere, and propagated duskward at
~ 850 km/s, similar to the azimuthal drift velocity of ~ 2-4 MeV electrons. A simple model
using these properties of the electric field predicted that these electrons would be radially
displaced inwards by 0.5 L and energized by up to 400 keV. These predictions were con-
firmed by a comparison with Probe B relativistic electron fluxes measured by REPT (middle
panel) that show nearly simultaneous enhancements of 2—4 MeV electrons, while electrons
outside of this energy range gained little to no energy. Hudson et al. (2015) simulated this
event with a global MHD model constrained by observed upstream solar wind parameters.
The bottom panel in Fig. 1, which plots the electric field from the simulation at the location
of Probe B, illustrates that the simulation captures the main features of the observed field.

Analysis of other interplanetary shock events observed by the Van Allen Probes (Baker
et al. 2016; Kanekal et al. 2016) indicates that they can result in both increases, decreases,
or no change in relativistic electron populations. For example, Schiller et al. (2016) showed
that 25%(14%) of events from a study of 81 interplanetary shock impacts resulted in in-
creases(decreases) in > 1.8 MeV electrons, with the degree of increase most closely cor-
related with the shock strength. A majority of shocks, however, resulted in no measurable
change in these electrons, suggesting that shock effectiveness is strongly dependent on the
exact nature of the shock/magnetosphere coupling as well as the pre-impact state of the
magnetosphere. This idea is further supported by the event study of Cattell et al. (2017) who
showed that even a small shock-induced electric field, which did not have the typical bipo-
lar signature seen with large shocks (dawnward followed by duskward), energized electrons
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Fig. 1 (Adapted from Foster et al. 2015) Shock induced acceleration event showing 3.6 MeV electrons in
drift resonance with a 300 sec period ULF wave train that followed the initial shock-induced impulse at the
L* ~ 5 position of Probe B. From top to bottom: Ey GSE observed by the EFW instrument. A clear 300 s
periodicity is seen in the negative Ey component (vertical black lines). (middle) REPT differential electron
energy flux for 2.25-4.5 MeV. (bottom; adapted from Hudson et al. 2015) The resultant Ey (SM coordinates)
from the LFM simulation of this event

to > 50 keV. These observational studies have provided invaluable input into increasingly
sophisticated simulations (Hudson et al. 2015; Paral et al. 2015; Hudson et al. 2017; Patel
et al. 2019) to provide a more comprehensive understanding of the role of interplanetary
shock impacts in radiation belt creation, enhancement and loss, a primary science goal of
the EFW instrument.

2.2 Convection Electric Fields
In the inner magnetosphere, the dawn-dusk quasi-static electric field determines the loca-

tion of important plasma boundaries such as the plasmapause, and can drive significant ring
current enhancements. Under quiet to moderately active conditions, this field decreases sig-
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nificantly at subauroral latitudes. However, limited CRRES satellite observations indicated
that the fields can penetrate to low latitudes during periods of enhanced geomagnetic activ-
ity in a manner not predicted by models (Rowland and Wygant 1998; Wygant et al. 1998).
An important part of both the Van Allen Probes mission and EFW design was to accurately
measure these fields throughout the inner magnetosphere. In this section, we briefly describe
select results showing that large-scale electric fields drive energization and transport of ring
current plasma, modify boundary regions of the inner magnetosphere, and are associated
with subauroral flows and optical emissions.

The discovery of a dominant 27-day periodicity in the dawn-dusk convection electric
field during the declining phase of the solar cycle was described by Thaller et al. (2019).
This periodicity is due to forcing at the solar rotation period by the enhanced solar wind
convection electric fields (E, GSE) associated with the high-speed streams of co-rotating
interaction regions (CIRs). The resulting enhancement in the magnetospheric convection
electric field increases erosion of the plasmasphere (as measured at all magnetic local times),
driving the plasmapause inwards by nearly 0.5 RE. At a given L value, density variations of
20-35% (about the average value) were observed. Similar periodicities were not observed
near solar maximum, which is characterized by sporadic coronal mass ejections rather than
regular CIRs. This research revealed previously unobserved details of the fundamental con-
nection between solar wind driving, enhanced convection, and the basic shape of boundaries
within the magnetosphere, and has significant implications for models describing the long-
term variability of the inner magnetosphere and radiation belts.

Thaller et al. (2015) combined EFW data with a particle drift model to convincingly
link electric field enhancements with transport and energization of plasma, as illustrated
in Fig. 2, which plots eight days of electric field, cold plasma density and energetic ion
pressure for post-noon to dusk (outbound) orbits. Strong (1-2 mV/m), prolonged (~ 10 hrs)
enhancements in the electric field down to L < 3 occurred during the storm main phase
(DST ~ —120 nT) on both dusk and night sides. The drift model predicted that these fields
were responsible for transporting and energizing plasma from the typical inner edge of the
plasma sheet at L = 6-10 down to L = 3.5-5.8 where nearly simultaneous enhancements
of ring current pressure (58-267 keV ions) and plasmasphere erosion were observed. This
result is the first direct verification of the dominant role of the convection electric field in
driving the formation of the ring current.

In a different storm, large convection electric fields drove strong inward plasma trans-
port, resulting in an enhancement of electrons as high as ~ 500 keV by two orders of mag-
nitude for the slot region down to L ~ 3 (Califf et al. 2017). Using a combination of Van
Allen Probes and high-latitude DMSP data, Califf et al. (2016a) showed that enhanced elec-
tric fields lasting for hours (attributed to the pileup of earthward propagating dipolarization
fronts) resulted in the injection of hundreds of keV electrons to even lower L (< 2.5). The
above studies clearly show that large-scale storm-time electric fields are able to penetrate to
low L where they erode the plasmasphere and provide significant transport and energization
of both electrons and ions. These low L dynamics are often not well captured in conven-
tional electric field models, as shown in comparisons to observed penetration electric fields
on the Van Allen Probes by Menz et al. (2019).

For cold plasma originating in the outer plasmasphere, enhanced convection electric
fields drive both low altitude ions (F region O") and high-altitude ions (topside H", He')
from the plasmasphere boundary layer (PBL; Carpenter and Lemaire 2004) to cusp field
lines, where they modulate reconnection rates, and also ion outflow and acceleration pro-
cesses in the topside ionosphere. This was shown in a Van Allen Probes and DMSP con-
junction study during the March 17, 2013 geomagnetic storm (Fig. 3) by Foster et al. (2014)
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Fig.2 (Adapted from Thaller
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who observed significant erosion of cold ion flux at both ionospheric and magnetospheric
altitudes.

Locally enhanced tailward electric fields are also known to drive fast flows in the iono-
sphere known as subauroral polarization streams (SAPS; Foster and Burke 2002). This po-
larization electric field is formed during disturbed conditions when the inward extent of
enhanced populations of injected energetic ring current ions lies earthward of plasmasheet
electrons. It maps along equipotential magnetic field lines to a strong poleward electric field
in the sub-auroral ionosphere that drives the westward (sunward) SAPS flow. This overlaps
with the outer plasmasphere and draws out plasmaspheric erosion plumes from their dusk-
sector source sunward to the low altitude cusp, and to the magnetopause merging region
where they can significantly affect reconnection rates (Walsh et al. 2013; Foster et al. 2020).
Within this plume the presence of cold dense plasmaspheric ions alters the characteristics
of plasma wave growth and wave-particle interactions. The Van Allen Probes altitude, orbit,
and EFW data have provided excellent coverage of these and other PBL processes.

Large, localized enhancements in the low latitude electric field have also been linked with
strong plasma flows associated with SAR (Stable Auroral Red) arcs and the recently (re-)dis-
covered optical emission named STEVE (Strong Thermal Emission Velocity Enhancement,
MacDonald et al. 2018). Chu et al. (2019) used a conjunction between the Van Allen Probes
and a STEVE event observed at ground stations to show that the optical emissions origi-
nating at a sharp plasmapause boundary are associated with a strong and narrow tailward
electric field of 20 mV/m which causes enhanced westward plasma E x B drifts (consistent
with subauroral ion drifts; Mishin et al. 2013).
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Fig.3 (Adapted from Foster et al. 2014) (a) Plasmasphere erosion flux derived from in situ EFW observations
as Probe A exited the outer plasmasphere near the apex of the L = 3 field line on March 17, 2013. (b) EFW
radial electric field magnitude and log electron density. Sunward erosion flux maximizes in the region where
the SAPS electric field overlaps the outer plasmasphere. (¢) DMSP sunward ion velocity at ~ 830 km altitude
showing close similarity in position and shape with the outer plasmasphere SAPS EFW electric field. The
red fiducial line indicates the equatorward extent of DMSP observed precipitation of 100 eV plasma sheet
electrons

2.3 Electric Fields at Low L

Studies of the dynamics of energetic (~ 100 keV) electrons at low L during both quiet and
active times have repeatedly demonstrated the necessity to include new features in global
electric field models in the inner belt region (e.g., Ukhorskiy et al. 2014; Selesnick et al.
2016; Su et al. 2016) and below (Selesnick et al. 2019). In practice, measuring these electric
fields is extremely difficult because the electric field induced by spacecraft motion (maxi-
mum of ~ 250 mV/m near perigee along the Van Allen Probes orbit) needs to be subtracted
from the measurement to obtain the naturally occurring electric fields. The true geophysi-
cal electric field, in contrast, is a combination of the corotational electric field (maximum
of ~ 14 mV/m near perigee and falls as 1/r*) and electric fields in the corotation frame of
0.1-1 mV/m resulting from the dynamic coupling between the thermosphere, ionosphere,
and magnetosphere. Thus, from the original 200-300 mV/m electric field measured in the
spacecraft frame, a measurement accuracy much better than 1% is required to detect and
analyze the dynamics of the DC electric fields (typically < 1 mV/m) at low L. Lejosne
and Mozer (2016a, 2016b, 2019) and Lejosne et al. (2021) demonstrated that the Van Allen
Probes provided the first instrument package accurate enough to achieve the goal of de-
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Fig.4 (Adapted from Lejosne (A) Radial Component L = 1.3

et al. 2021) Two years TT T T [T [T [TI T[T T[T
(2013-2014) of EFW electric
field measurements during quiet
intervals (Kp<3)atL=1.3in
the (a) radial (positive away from
Earth) and (b) azimuthal
(positive eastward) directions.
The data was projected to the
magnetic equator and corotation
was subtracted. The solid black
lines are the 1 hr-MLT running
averages of the data points and
the shaded areas are the standard co b b e b b b be i

E.(mV/m)

deviations. The 24 hr-MLT 0 3 6 9 12 15 18 21 24
experimental averages of the

radial and azimuthal electric field (B) Azimuthal Component L = 1.3
components (0.02 mV/m and FTT T[T T [TI T[T T[T T[T [TTT[TTT
0.20 mV/m, respectively) have 2F

been subtracted from the datasets
for calibration purposes. The
electric field variation results

L AT T b

T

mainly from the quiet time wind E

dynamo, with positive radial and E 0 B e e o G =g

azimuthal components Is ~

corresponding to westward and 1 E i

northward convective drifts in the E

ionosphere, respectively E =
2 F =

’llllllllllllllll}Illlllllllllll
0 3 6 9 12 15 18 21 24
MLT (hr)

livering reliable near-equatorial electric field measurements at L < 3. This technical feat
provided much-needed data in a region of space historically deprived of in-situ electric field
measurements. Lejosne and Mozer (2016a, 2016b) showed that the Van Allen Probes can
resolve the dynamo electric fields produced by tidal motion of upper atmospheric winds
flowing across the Earth’s magnetic field lines (the ionospheric wind dynamo), and can
detect electric field perturbations associated with changes in background magnetic activity
(Lejosne and Mozer 2018, 2020). These results opened new fields of research in the coupling
of the magnetosphere, thermosphere, and ionosphere. For example, Lejosne et al. (2021)
combined Van Allen Probes field and particle measurements, together with a physics-based
coupled model, to demonstrate that the neutral winds and associated wind dynamo are the
main drivers of drift shell distortion in the Earth’s inner radiation belt (Fig. 4).

Van Allen Probes EFW measurements enabled Lena et al. (2021) to identify the faint
electric field signatures of toroidal odd harmonic field line eigenfrequencies (0.5-3.5 Hz) at
extremely low L values from 1.1-1.5. No corresponding magnetic signatures were observed
in either the EMFISIS searchcoil or fluxgate magnetometers. This may be due to the de-
creased frequency response of the searchcoil (a factor of 20 less at 1 Hz than 10 Hz) and the
decreased sensitivity of the fluxgate near perigee where it was optimized for large dynamic
range. As shown in Fig. 5, the harmonics exhibit a strong frequency variation with L, which
was explained by the competing effects of density, composition, magnetic field, and field
line length. These waves are therefore sensitive indicators of magnetosphere-ionosphere
coupling. Similar signatures are a common feature of Van Allen Probes data in the inner
belt and the near-equatorial topside ionosphere from 600 to 3000 km altitude. Given the
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Fig. 5 (Adapted from Lena et al. 2021) EFW observations showing the faint electric field signatures of
toroidal odd harmonic field line eigenfrequencies at low L on Van Allen Probe B. The observed electric
field amplitude spectrum in the first three panels is overlaid with (b) predicted eigenfrequencies calculated
using the IRI model mass density and (c) equatorial mass density extrapolated along the field line to the
spacecraft location. Panel d shows the ion density model, with red showing direct IRI values and blue showing
extrapolated IRI values

rapid changes in composition expected over this range of altitudes, follow-up studies should
provide useful constraints on models of ionospheric composition, mass, and density in this
region.

2.4 ULF Waves and Electric Field Structures

Ultralow frequency (ULF) waves, existing in a wide frequency range from ~ 1 mHz to 1 Hz,
are ubiquitous in the magnetosphere. They are generated by a number of processes both in-
ternal and external to the magnetosphere and provide important acceleration and transport
(both coherent and diffusive), and outer boundary loss of energetic particles. Internally gen-
erated ULF waves in the Pc5 (45-150 mHz) and Pc4 (150-600 mHz) range (e.g., Jacobs
et al. 1964) have a large spatial extent and can produce standing mode structures such as
cavity modes and field line resonances. The particular type of resonance structure — toroidal
or poloidal, based on azimuthal mode number — strongly influences their interaction with
charged particles. Prior to the Van Allen Probes, no comprehensive observations had been
made of these fundamental standing mode structures.

Unambiguous evidence for the generation of a fundamental mode standing poloidal wave
by drift resonance with ring current ions was provided for the first time by Dai et al. (2013),
who analyzed the phase relation between electric and magnetic field signatures for an event
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Fig.6 (Adapted from Dai et al. 2013) Fundamental mode standing poloidal wave with electric and magnetic
fields in drift resonance with 63—164 keV ring current ions (Panel a). The results of a spectral and coherence
analysis between the wave components are shown in Panel b

observed on Van Allen Probe A at L ~ 5 in the post-dawn magnetosphere. Figure 6 shows
that wave electric and magnetic fields are highly coherent, and that the dominant compo-
nents of azimuthal electric and radial magnetic fields (top two a panels) at 12 mHz exhibit
the expected phase relationship (b panels) for a fundamental standing mode wave. In addi-
tion, the particle observations (third a panel) indicate a coherent drift resonance interaction
with 63—-164 keV ring current ions, as predicted by resonance theory from Southwood and
Kivelson (1981). These ions exhibit an earthward radial phase space gradient and thus pro-
vide the free energy for the wave growth. These observations are analogous to the drift
resonance interaction that occurs, but is difficult to observe, in Tokamak reactors.
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Takahashi et al. (2018) identified a fundamental standing mode 9 mHz Alfven wave in
the dawn sector at L ~ 5.7 and showed that the wave grew from drift resonant ~ 140 keV
H* ions with an earthward phase space density gradient. The study linked the relatively
low azimuthal wavenumber (m ~ 40, ~ 0.6 hr MLT) to the distinctive ground signature
of a giant pulsation close to the magnetic footpoints of the satellites. Simultaneous ground
and space-based observations of this type are critical to interpreting the magnetospheric
origins of ground magnetometer signatures. Other similar studies include Min et al. (2017),
Takahashi et al. (2018), and Takahashi et al. (2020).

In contrast to the coherent wave-particle interactions provided by shock-driven or stand-
ing mode ULF waves, ULF waves also provide diffusive energization, transport, and
loss. A quasi-linear framework is typically employed to quantify this interaction, utilizing
bounce- and/or drift-averaged diffusion coefficients calculated separately for the compres-
sional magnetic field and azimuthal electric field (e.g., Ali et al. 2016). Historically, gen-
eration of parameterized coefficients for use in radiation belt models has involved heavy
spatial (bounce and drift motion) and activity level (K;) averaging to make up for limited
data. However, averaged coefficients lack the resolution to capture the rapid, orders of mag-
nitude changes associated with storm development. Sandhu et al. (2021) used EFW wave
data to derive storm phase-dependent radial diffusion coefficients without significant av-
eraging. They found that the diffusion coefficients can vary by orders of magnitude during
storms, increasing during the late initial phase and reaching a maximum during the late main
phase. These results have significant implications for understanding the time-dependent role
of ULF-driven radial diffusion during dynamic times.

2.5 VLF Waves and Kinetic Scale Electric Field Structures

The EFW data set has enabled significant advances in understanding the roles of waves, in-
cluding kinetic Alfven waves (KAWSs), ion cyclotron waves, whistler mode hiss and chorus
waves, and Time Domain Structures. These waves transfer energy and momentum between
different particle populations and different regions within the magnetosphere. Prior to the
Van Allen Probes, observations of these waves and structures could be obtained only from
short (few second) waveform bursts triggered on large amplitudes, or from low time resolu-
tion spectral data where short-duration impulsive structures appear as broadband noise. The
long duration, high resolution burst waveforms and filter bank peak amplitudes obtained
by EFW allowed correct identification of wave modes and structures, as well as accurate
surveys of their occurrence. The following studies highlight discoveries that improved our
understanding of adiabatic and non-adiabatic energization by electromagnetic and electro-
static waves, a major science goal for EFW.

The importance of long duration waveform bursts is clearly demonstrated in Fig. 7
(Malaspina et al. 2018b), which shows examples of different wave types that occurred dur-
ing a 45 min interval of continuous 16,384 S/sec waveform data taken near an injection
front. Kinetic Alfven waves, non-linear whistlers, and solitary waves (Time Domain Struc-
tures) were observed, and their effect on the evolution of the injection front was significantly
different than inferred from previous (limited) satellite data. For example, signatures of non-
linear interactions in the whistler mode waves were observed at smaller amplitudes than had
previously been thought possible, and the electrostatic potential of the solitary waves was
shown to be significantly smaller than previously estimated. These results have important
implications for the evolution of injection events as they propagate from the tail region to
the inner magnetosphere (e.g., Vasko et al. 2017a).
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Fig.7 (Adapted from Malaspina et al. 2018b) Examples of EFW burst waveform data showing various wave
types observed in association with an injection event at 20:48 UT near L ~ 5.4. Each column presents (top to
bottom) parallel and perpendicular components, respectively, of the electric field (2 components — no spin axis
data were used) and magnetic field (3 components). Waveforms observed are consistent with kinetic Alfvén
waves (column A), nonlinear whistler mode waves (column B), solitary waves (column C), and solitary waves
with associated magnetic field enhancements (column D)

Kinetic Alfven Waves Alfven waves are a fundamental mode of energy transfer in the magne-
tosphere, particularly during geomagnetically active times (e.g., Wygant et al. 2002; Keiling
et al. 2003). This mode exists across a spectrum of transverse scale sizes, and, at sufficiently
short transverse scales (i.e. at ion gyroradius, ion acoustic gyroradius, or electron inertial
length scales and below), these waves become dispersive, signified by E/B ratios that sharply
increase from the Alfven speed with increasing frequency. In the inner magnetosphere dis-
persive Alfven waves have ion gyroradius transverse scales, which are in the kinetic Alfven
wave regime (Lysak and Lotko 1996) and thus generally referred to as kinetic Alfven waves
(KAWS).

Prior to the Van Allen probes mission, the occurrence and properties of KAWs in the
inner magnetosphere were not well-established. A major discovery utilizing EFW data was
that KAWSs are a common feature of the nightside inner magnetosphere outside the plas-
masphere during times of energetic plasma injections (Chaston et al. 2014, 2015a; Hull
et al. 2019, 2020). The dual Van Allen probes EFW electric and EMFISIS magnetic field
measurements revealed that KAWs occur as intense broadband bursts of electromagnetic ac-
tivity over a very large MLT and L-shell extent of the nightside inner magnetosphere, with
the largest amplitudes peaking at localized magnetic field dipolarizations (e.g., Fig. 8; Chas-
ton et al. 2014; Malaspina et al. 2015; Hull et al. 2019, 2020). Statistical occurrence rates
showed that KAWSs are most prevalent during the main phase of geomagnetic storms but can
extend well into the recovery phase (Chaston et al. 2015a), and are strongly associated with
hot plasma injections, auroral activations, and shock impacts (Chaston et al. 2014; Moya
et al. 2015; Malaspina et al. 2015; Hull et al. 2019, 2020). Comparisons with measurements
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Fig. 8 (Adapted from Hull et al. 2019, 2020) Association between kinetic Alfven waves and O outflow
on Van Allen Probe B for a geomagnetic storm that commenced on June 28, 2013. (a, b) O1 number flux
spectra in parallel and antiparallel directions showing clear outflow in the antiparallel direction. (c—f) Pitch
angle spectra at various energies, and (g) the OT energy density. Enhancements are associated with increases
in the electric field (h) and magnetic field (i) energy densities. (j) indicates intervals of kinetic Alfven waves,
and (k) shows the magnetic field inclination angle showing dipolarizations. For identified KAW intervals
during the main and recovery phase of the storm, panels (I-m) compare KAW electric field energy densi-
ties with downgoing field-aligned electron characteristic energies, energy fluxes, and KAW parallel Poynting
fluxes with downgoing KAW accelerated electron energy fluxes, respectively. Panels (0—q) compare O out-
flow energy with downgoing field-aligned electron characteristic energies, energy fluxes, and KAW parallel
Poynting fluxes, respectively. The red lines, dots and bars show linear fits, averages and standard deviations.
Correlation coefficients and 99% confidence low and high limits are listed above each panel demonstrating
statistically significant correlations between the compared quantities

performed at larger geocentric distances indicate that these fluctuations form the inner por-
tion of an Alfven wave distribution extending outward into the near-Earth plasma sheet and
its boundary layers (Chaston et al. 2012; Wygant et al. 2002).

During geomagnetic storms, KAWs in the inner magnetosphere are invariably observed
coincident with counterstreaming field-aligned electrons at energies of several keV and be-
low, and O™ ion outflow at energies up to several tens of keV (Chaston et al. 2015b; Hull
et al. 2019, 2020). Additionally, correlations of KAW energy densities and Poynting flux
have been made with O outflow (Gkioulidou et al. 2019; Hull et al. 2020), ingoing electron
characteristic energies and energy fluxes, and outflowing O™ energies and energy densities
(Hull et al. 2019, 2020). These correlations indicate that dispersive Alfven waves are play-
ing an essential role in controlling O" outflow along magnetic field lines into the equatorial
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Fig.9 (Adapted from Tian et al. 2021) (left) — The auroral brightness (red) correlated to Poynting flux (black)
at Van Allen Probes A and B (a-3 and b-3) footpoints, which were 0.5 h apart in MLT, during the westward
and poleward expansion of a discrete arc. (a-1 and b-1) show keograms of the aurora and (a-2 and b-2) show
the correlation analysis. Around the time of auroral expansion, a dipolarization was observed to propagate
westward at 2 deg/min (second panel on right). This speed is much smaller than the westward expansion of
the aurora (13.6 deg/min, not shown)

inner magnetosphere. This may occur by KAWs enhancing “soft” electron precipitation into
the topside ionosphere in combination with subsequent transverse O energization along
the magnetic field line (e.g., Strangeway et al. 2005; Artemyev et al. 2015; Damiano et al.
2018).

Given the global field-aligned extent of these waves, this energization process can occur
all along the magnetic field line, and when combined with the magnetic mirror force, can
result in field-aligned ion beams at energies up to 10 keV in the equatorial plane (Chaston
et al. 2016). This may ultimately lead to significant, if not dominant, enhancements to ring
current pressure (Chaston et al. 2015b; Hull et al. 2019, 2020), as indicated in Fig. 8 panel g.

A recent study by Tian et al. (2021) (Fig. 9), based on THEMIS all-sky imager data
conjugate with the Van Allen Probes near the plasmasheet boundary layer, reported strong
temporal and spatial associations between Alfvenic Poynting flux and discrete auroral arc
brightenings. These observations indicate that structured Alfven waves play a stronger role
than previously thought in driving electron acceleration leading to auroral arc motion, con-
tradicting the idea that auroral motions are associated with the motion of dipolarization, as
the two motions were not correlated in this event.

lon Cyclotron Harmonic Waves Ion cyclotron harmonic waves are an important component
of the inner magnetosphere low frequency wave spectrum. These are most commonly ob-
served as left-hand polarized waves with frequencies near the cyclotron harmonics of H*
and He* (typically a few Hz, coined Electromagnetic Ion Cyclotron (EMIC) waves). They
are associated with enhanced perpendicular temperature anisotropies from dayside mag-
netosphere compressions (typically H" band) or with afternoon to nightside injections of
plasmasheet ions (typically for the He™ band).

Posch et al. (2015) performed a statistical and event study using EFW and EMFISIS
data to show that compressional electromagnetic waves generated at harmonics of the local
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Fig. 10 (Adapted from Usanova
et al. 2016) An example of the
parallel and perpendicular
electric field components of an
oxygen cyclotron harmonic
wave. Density derived from EFW
probe potentials is shown as the
magenta curve. The color
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proton cyclotron frequency (aka fast magnetosonic waves) were observed both inside and
outside of the plasmasphere, with maximal occurrence from noon to dusk and within 3 hours
following substorm injections. By using the observed frequency spacing between proton
harmonics, they inferred that the origin of these waves was within 2 L-shells outside the
plasmapause boundary.

Usanova et al. 2016 used 32 Sample/sec EFW waveform data to discover a population
of oxygen cyclotron harmonic (OCH) waves at frequencies near the oxygen cyclotron fre-
quency and its harmonics, associated with increases in ring current O" flux during storm
main phase. These waves, shown in Fig. 10, are typically parallel propagating with ampli-
tudes of 0.1-5 mV/m and 0.1-5 nT, and likely provide important scattering loss of resonant
O ring current ions. They are also linked to relativistic (MeV) electron loss leading to rapid
radiation belt flux dropouts in the inner magnetosphere (Qin et al. 2019), and may indirectly
contribute to electron loss and energization via cross-frequency coupling with VLF waves
(Usanova et al. 2018; Colpitts et al. 2016).

Chorus Waves Chorus are intense whistler-mode waves commonly observed in the low-
density inner magnetosphere outside of the plasmasphere in association with substorm in-
jections of energetic electrons. They drive both significant energetic electron loss and accel-
eration via Landau or cyclotron resonances, processes typically described in a quasi-linear
framework (Horne et al. 2016). Populations of extremely large amplitude chorus waves (tens
of mV/m) also exist, as discovered by Cattell et al. (2008) with STEREO satellite burst wave-
form data, and these waves have a strongly nonlinear interaction with electrons leading to
rapid scattering and acceleration. Prior to the Van Allen Probes, statistics of large ampli-
tude waves were severely lacking due to instrumental limitations. EFW was well-suited to
make observations of waves over a wide range of amplitudes, and several studies using high
time resolution burst and filter bank data have since provided insight into the importance of
nonlinear whistler mode waves in radiation belt dynamics.

Tyler et al. (2019a) examined the temporal and spatial occurrence of moderate to large
amplitude lower band chorus with EFW filter bank electric field data. This instrument pro-
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Fig. 11 (Adapted from Tyler et al. 2019a) The percent occurrence of whistler mode waves separated by
geomagnetic activity for amplitudes between 5 and 20 mV/m (a—c), amplitudes between 20 and 50 mV/m
(d—f), and amplitudes greater than 50 mV/m (g and h). The average plasmapause location for each range of
geomagnetic activity is indicated by the pink line

vides a full duty cycle record of peak (and average) wave amplitudes in a variety of fre-
quency bins at 8 S/sec, effectively counting the peak amplitude of individual chorus wave
packets. As shown in Fig. 11, large amplitude chorus waves (50-200 pT) can be common
during geomagnetically active times, with a 30% occurrence in some regions. Compari-
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Fig. 12 (Adapted from Agapitov et al. 2015) (a) Very oblique, high-amplitude chorus with a ~ 100 mV/m
parallel electric field component. (b, ¢) HOPE and MagEIS observations showing the flux of the Landau-
resonant electrons (red stripe) and the ratio of parallel to perpendicular flux vs energy. (d) Spectrogram of the
magnetic field component of observed chorus waves. (e) Resonant energy of the chorus waves, with the color
indicating frequency, and (f) HOPE and MagEIS (inset) observations of the flux ratio showing the accelerated
electrons, along with confirmation from a test-particle model (diamonds)

son to the occurrence in the magnetic field filter bank data (Tyler et al. 2019b) indicated
that large amplitude waves were primarily oblique (and thus more electrostatic) at low L,
while dayside and high L populations are primarily field aligned. These studies, although not
providing detailed spectral and wave angle information that is important for understanding
chorus interaction with electrons, suggest that nonlinear chorus can occur in large enough
numbers that they may be of importance to electron acceleration and loss (e.g., Bortnik et al.
2016).

In addition to amplitude, wave obliquity, defined as the angle of the wave vector to the
magnetic field, has a strong effect on the interaction with electrons. This was clearly demon-
strated by Agapitov et al. (2015) (Fig. 12) who used Van Allen Probes wave and particle
measurements, along with a test-particle simulation, to show that oblique, large amplitude
chorus waves with a strong parallel electric field component can provide strong acceleration
of ~ 1-10 keV electrons to ~ 100-200 keV via Landau resonance. Panels (b, ¢) show a res-
onant ~ 10 keV population (trapped in the wave potential) with a characteristic plateau in
parallel energy, and panel (f) shows the subsequent accelerated population, clearly identified
by an abnormally large ratio of parallel to transverse flux. This interaction was widespread
(L = 4-6) and long-lasting (6 hrs) and can therefore provide a significant and rapid source
of electrons that can act as the seed population for later acceleration to relativistic (MeV)
energies. Comprehensive results such as these are also critical input to models of the growth
of highly oblique, lower band chorus waves (Mourenas et al. 2015), which had not been
previously explained.

At higher latitudes (> 20 deg, and beyond the orbit sampled by the Van Allen Probes)
chorus waves can become highly oblique due to refraction and are thought to provide im-
portant scattering with relativistic (hundreds keV) electrons (e.g., Horne and Thorne 2003).
Agapitov et al. (2018a) combined Cluster spectral data and Van Allen Probes EFW and EM-
FISIS spectral observations to obtain a model parameterizing chorus wave power as a func-
tion of geomagnetic activity level and spatial location including magnetic latitude. These
wave statistics are critical for properly characterizing the interaction of chorus and electrons
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Fig. 13 (Adapted from Agapitov et al. 2018b (left) and Tyler et al. 2019b (right)) Left plot: Van Allen Probe A
magnetic and electric field waveforms (a, b), their spectra (¢, d), and zoomed in views (f, g) on 2013-04-24.
Total power for each frequency is shown in panel (e) for the magnetic field (dashed curve) and electric field
(solid curve). Panel h shows the electron energy spectrum along (solid) and perpendicular (thin curve) to the
magnetic field. Right plot shows a population of large amplitude, highly oblique lower band whistler mode
waves identified with filter bank data outside of the plasmasphere by Tyler et al. (2019b) that may be the
result of this interaction

and show that quasi-parallel wave modes significantly underestimate the true levels of elec-
tron energization and precipitation into the atmosphere due to the far more oblique waves
that are actually present (Artemyev et al. 2016; Agapitov et al. 2019).

In the presence of hot resonant electron beams, even moderate amplitude and moder-
ately oblique whistlers can become highly non-linear. Agapitov et al. (2018b) used EFW
observations combined with a particle-in-cell simulation to show how electrons modulated
by a whistler wave can produce a hot electron beam-driven electrostatic mode which then
interacts with the original whistler mode wave. As shown in Fig. 13, this coupling causes
significant distortion and enhancement of the parallel electric field including the introduc-
tion of power at higher harmonics (e.g., Kellogg et al. 2010). The resulting beam-driven
electrostatic acoustic mode can be an effective accelerator of energetic electrons. This inter-
action may explain the population of large-amplitude, highly electrostatic and large ampli-
tude whistler mode waves observed by Tyler et al. (2019b) in EFW filter bank data near the
nominal plasmapause location (Fig. 13, right panel).

Critical to the importance of nonlinear interactions between chorus and electrons are
the spatial scales of the wave amplitude and wave coherence. The dual Van Allen Probes
had several close passes (lapping events) during the mission with orbital track separations
as low as ~ 100 km, providing a near ideal experiment to study these critical parameters
for chorus waves. Agapitov et al. (2017) analyzed five hours of EFW burst waveform data
around two consecutive apogees within the chorus generation region when the separation
between the two Probes ranged from ~ 100 to 5000 km. Figure 14 shows an example of
chorus waves on both spacecraft. The correlation coefficients of wave amplitude between
each were analyzed, with the results in the right panel indicating that the maximum source
size (at which a single chorus element could be observed on both spacecraft) for lower band
chorus was 600-800 km. The scale of phase coherence (not shown), in contrast, was only
150-200 km. The latter is critical for characterizing the nonlinear interaction that produces
energetic electron microburst precipitation, shown by Shumko et al. (2018) to have a similar
scale size when mapped to the magnetic equator. This study was followed up by Agapitov
et al. (2021) who analyzed nearly eight years of lapping events with 8 S/sec EFW filter bank
data to find significant transverse correlation in the 400-750 km range, with size increasing
with L-shell.
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Fig. 14 (Adapted from Agapitov et al. 2017) Left plot shows a selection of chorus waves (Probe A top panel,
Probe B bottom panel) observed during 17-22 UT in which continuous EFW high time resolution burst data
were available and the inter-spacecraft separation was less than 200 km. The dashed line indicates 0.1 times
the electron cyclotron frequency. The right plot shows the distribution of correlation coefficients calculated
from 10 sec time intervals during 17-22 UT, with wave amplitude indicated by the circle size

Plasmaspheric Hiss Waves Whistler mode plasmaspheric hiss, an unmodulated and broad-
band emission on a frequency-time spectrogram, is found within the plasmasphere and
plumes. Hiss drives electron scattering loss to the atmosphere following the main phase
of a storm, leading to the recovery of the outer belt and the formation of the slot region
(e.g., Ripoll et al. 2014). Loss rates depend critically on hiss wave properties, traditionally
parameterized with wave magnetic field measurements with respect to activity level (Kp)
and spatial location (L, MLT, magnetic latitude). However, this parameterization ignores the
fact that hiss is found only within the plasmasphere, which itself varies in size and shape
with L and magnetic activity. Malaspina et al. (2016, 2017, 2018a) used Van Allen Probes
data to provide a natural sorting of hiss (and other) waves by relative distance to the plasma-
pause. The plasmapause location was identified using high-spatial-resolution density values
determined from EFW spacecraft potential. Comparing the left and right columns in Fig. 15
shows that this sorting gives a much more natural representation of hiss waves. A surprising
result is that this simplified parameterization is repeatable in power distributions that are
largely independent of activity level (AE) and MLT, but depend mostly on local plasma den-
sity. Recent studies including Malaspina et al. (2020) have qualitatively assessed the impact
of this parameterization on predictive radiation belt models, showing significant differences
in electron lifetimes as compared to the traditional parameterization.

Time Domain Structures One of the more surprising results from the Van Allen Probes
mission was the discovery by Mozer et al. (2013) that short-lived, impulsive electric field
structures, called Time Domain Structures (TDS), occurred in very large numbers in the
inner magnetosphere. This discovery was made possible by EFW’s high time resolution,
DC-coupled burst waveform data. TDS include electron holes, double layers, and nonlinear
whistler mode waves. Although impulsive structures had been previously known to exist in
many regions, including along auroral field lines (Temerin et al. 1982; Ergun et al. 1998),
at the bow shock (Bale et al. 1998), magnetopause (Cattell et al. 2002; Ergun et al. 2016),
in magnetotail reconnection regions (Cattell et al. 2005), and at the plasma sheet boundary
layer (Andersson et al. 2009), they had not been observed in the inner magnetosphere prior to
the Van Allen Probes. Figure 16 illustrates examples of TDS from EFW burst data. The top
panels show closeup views of a few TDS (Mozer et al. 2016) clearly displaying the typical
bipolar parallel electric field signatures. The EFW instrument was able to collect waveform
data for much longer time periods than any other mission, providing clear evidence for the
long duration of intervals filled with these structures and their occurrence rate. An example
illustrating large numbers of TDS (electron phase space holes) obtained upstream of a sub-
storm dipolarization front is shown on the bottom (Malaspina et al. 2014b). Clear evolution
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Fig. 15 (Adapted from Malaspina et al. 2016) Comparison of hiss electric (EMFISIS via onboard shared
channel with EFW) and magnetic field (row 1) and magnetic field amplitudes (row 2) from ~ 3 years of Van
Allen Probes data traditionally sorted (column 1, frequency vs L) vs relative sorting (column 2, frequency vs
distance from plasmapause). The plasmapause location on each inbound or outbound orbit was determined
as the innermost crossing of 100/cc density values as determined from EFW spacecraft potential. The wave
groups indicated are upper and lower band chorus (UBC, LBC), plasmaspheric hiss, magnetosonic (MS), and
kinetic-scale electric field structures (KE)

of the structures with respect to upstream distance from their source plasma double layer is
seen in panels c—e.

The fast sampling rate of the EFW burst data (16,384 S/sec), combined with the long
EFW booms in the spin plane (~ 100 m tip-tip double sensor separation), allowed inter-
ferometric timing analysis to determine the TDS propagation velocity (Fig. 16 panel g).
This velocity, typically along the magnetic field, allows one to estimate both the energy
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of Landau-resonant electrons, as well as the net electric potential across the TDS. Rapid
parallel acceleration (within a bounce period) occurs as trapped electrons are carried into
regions of higher magnetic field (Mozer et al. 2016; Vasko et al. 2017b). Slow-propagating
electron acoustic TDS (~ 3000 km/s) can accelerate thermal electrons to several keV en-
ergies (Artemyev et al. 2014), and can result in precipitation including pulsating auroras
(Mozer et al. 2017; Shen et al. 2020). An example is shown in Fig. 17 (Vasko et al. 2015).
The left-hand panels plot spectra of the electric and magnetic fields and the electrons over
a ~ 30 min interval. The broadband spikes are caused by intense TDS electric field spikes
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Fig. 17 (Adapted from Vasko et al. 2015) Van Allen Probe B observations on November 13, 2012 showing
field-aligned electron pitch angle distributions accelerated by Time Domain Structures. Panels (a, b) show
the magnetic and electric field power spectra showing broadband spikes that are the TDS. Panel (d) shows the
ratio of parallel to perpendicular sub-keV electron fluxes from the HOPE instrument, with an enhancement
corresponding to the increase in TDS activity in panels (b) and (e). Panels (i) and (j) are HOPE pitch angle
distributions before and during the increase in TDS activity showing clear increases in field-aligned flux at
< 1 keV energies. Panel (k) shows the omnidirectional flux vs energy before (black) and during (red) the
TDS

(panel d) associated with an enhancement in the ratio of parallel to perpendicular electron
flux at sub keV energies (panel d). The right panels show that the initially almost isotropic
distribution (i) becomes more field-aligned and enhanced (panel k) at energies up to about
1 keV coinciding with the onset of the TDS.

Fast-propagating TDS (~ 20,000 km/s), thought to be generated by oblique whistlers or
kinetic Alfven waves (An et al. 2021), can provide significant Landau acceleration of near-
relativistic electrons (~ 100 keV) in the field-aligned direction (Kellogg et al. 2011; Mozer
et al. 2016). This interaction may be a critical step in dramatic outer belt energizations (e.g.,
Jaynes et al. 2015) that follow storm time dropouts by providing the seed population that
chorus waves then rapidly accelerate to MeV energies (Mozer et al. 2016).

2.6 Summary

The Van Allen Probes EFW instrument has provided significant advances in our understand-
ing of the radiation belts and inner magnetosphere, as demonstrated by the limited selection
of results described in this section. Much remains to be uncovered in this rich dataset, and fu-
ture studies will continue to provide insights into the dynamics of the inner magnetosphere.

3 Science Results from Collaborative Campaigns

Untangling the spatial and temporal variations in loss and acceleration processes is a fun-
damental requirement for understanding the dynamics of the inner magnetosphere. This
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requires near-simultaneous multi-point observations and is the primary motivation behind
the current trend of multi-satellite missions including the Van Allen Probes (2 sc), THEMIS
(5 sc), Cluster (4 sc), MMS (4 sc) and others. One way to obtain the necessary measurements
is to combine data sets from big-budget, fully instrumented satellite missions with data from
instruments on low cost ground-based networks, rockets, balloon arrays, and small satellites
including CubeSats. Under this paradigm, collaboration between multiple missions is crit-
ical for maximizing the scientific data return. Throughout the Van Allen Probes mission,
the EFW team collaborated with other mission teams to develop focused data collection
campaigns, as described in Manweiler et al. (this journal). Of all these campaigns, this sec-
tion focuses on the important scientific results from campaigns with the Balloon Array for
Radiation-belt Relativistic Electron Losses (BARREL, Millan et al. 2013; Millan et al. this
journal) mission, the FIREBIRD II (henceforth FIREBIRD; Klumpar et al. 2015; Crew et al.
2016) and AeroCube-6 (AC-6; e.g., Blake and O’Brien 2016; O’Brien et al. 2016; Shumko
et al. 2020) CubeSats, the World Wide Lightning Location Network (WWLLN; Dowden
et al. 2002), and the Arase spacecraft (Miyoshi et al. 2018).

3.1 Science Results from EFW and BARREL

The BARREL mission was a mission of opportunity with the Van Allen Probes (Millan et al.
2013). Over the course of six campaigns, balloons were launched from locations in Antarc-
tica and Kiruna, Sweden to measure X-rays caused primarily by precipitating electrons of
tens to hundreds of keV in energy. Typically aloft for multiple days, they drifted across a
range of magnetic field lines threading the magnetosphere, leading to frequent magnetic
conjunctions with the Van Allen Probes. Breneman et al. (2015) analyzed data from a near
perfect magnetic conjunction between a single balloon and Van Allen Probe A to identify
distinctive modulations occurring in both plasmaspheric hiss amplitude and X-ray flux for
two hours, as shown in Fig. 18. By inverting the X-ray spectrum into a precipitating flux
spectrum, they were able to definitively show that observed hiss directly caused tens of keV
electron loss in a manner consistent with quasi-linear scattering theory, the first such direct
comparison. In addition, similar fluctuations of hiss and X-rays were observed on multiple
other satellites and balloons spanning a large extent of MLT and L-shell, indicating that
this loss process was coherent on a near global scale (see also Li et al. 2017). The cause of
this modulation was not determined but was likely related to ULF waves generated either
internally to the magnetosphere or externally from the magnetosheath, foreshock, or solar
wind. Breneman et al. (2020) subsequently showed that global-scale coherence of waves and
precipitation is a common feature of the dayside outer belt and can be driven by common
dynamic solar wind pressure fluctuations (e.g., Kepko et al. 2002).

Prompt dayside compressions caused by shock impacts can also lead to enhanced elec-
tron loss. Halford et al. (2016) showed that sudden BARREL X-ray increases following a
Jan 9, 2014 shock impact could be explained by a combination of enhanced scattering loss
from chorus waves and adiabatic motion whereby previous trapped electrons near the loss
cone find themselves within an expanded loss cone as they are transported earthwards by
the shock-enhanced dusk-dawn electric field (e.g., Rae et al. 2018).

Chaston et al. (2018) combined BARREL and EFW observations during a nightside mag-
netic conjunction to show that kinetic Alfven waves, previously identified to cause loss of
ring current ions and drive radial electron transport, can provide rapid scattering loss of rel-
ativistic electrons throughout the outer radiation belt during geomagnetic storms. Modeling
of pitch angle scattering based on the observations suggests that a drift-bounce resonance
with the electron gyroradius scale waves caused the enhanced losses. Though this study only
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Fig. 18 (Adapted from
Breneman et al. 2015)
Comparison of plasmaspheric
hiss amplitudes and X-rays from
precipitating electrons during an
extremely close magnetic
conjunction between Van Allen
Probe A and BARREL balloon
21. (a) Plasmaspheric hiss
amplitudes observed on EFW
spectral data. Panel b shows that
the hiss RMS intensity has a very
close correspondence with X-ray
counts on 21
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focused on a single conjunction, the large populations of KAWSs, particularly on the night-
side during the storm main phase, suggest that this may be an important loss mechanism for
energetic electrons. A study by Blum et al. (2015) supports this hypothesis, showing that the
nightside MLT and L-shell distribution of KAWs bears a close resemblance to relativistic
electron loss signatures derived from low altitude spacecraft.

3.2 Science Results Involving EFW and the CubeSat Missions FIREBIRD Il and AC-6

EFW worked closely with both the low Earth orbiting FIREBIRD and AC-6 CubeSat teams
over 18 focused (roughly month long) collaborative campaigns from early 2016 until the
end of the Van Allen Probes mission in late 2019. The primary goal of these campaigns was
to coordinate equatorial observations of waves with non-relativistic (> 30 keV dosimeter,
AC-6) and relativistic (200 keV to > MeV, FIREBIRD) electron precipitation events. This
precipitation commonly takes the form of impulsive (subsecond) events termed microbursts,
and one of the important goals of the Van Allen Probes mission was to understand their cause
and relevance to outer radiation belt dynamics (Mauk et al. 2013). EFW’s collaborative effort
with FIREBIRD and AC-6 resulted in a novel dataset of hundreds of hours of high time
resolution waveform and particle measurements near magnetic conjunctions. For a detailed
description of these campaigns see Johnson et al. (2020), Sample et al. (2020), and Spence
et al. (this journal).

Using data during a particularly close conjunction, Breneman et al. (2017) established,
for the first time, a direct connection between chorus and microbursts. Results are presented
in Fig. 19, which shows similar cadences in chorus observed on Van Allen Probe A and
microbursts on FIREBIRD (Flight Unit 4) occurring over 80 seconds during an outer belt
conjunction near MLT = 10.5. Probe A observations for roughly 1 hour centered on this
conjunction indicate that no other wave populations were observed during this time, so that
the microbursts could only have been caused by the chorus waves.

Waveform and spectral observations from EFW and EMFISIS (via shared data chan-
nel) showed that the chorus waves consisted of parallel-propagating rising tones near the
magnetic equator. This indicated that production of the observed > 200 keV to ~ 1 MeV
microbursts likely occurred at higher magnetic latitudes (> |20| deg) where the stronger
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Fig. 19 (Adapted from Breneman et al. 2017) Close conjunction observations of chorus and microbursts on
Van Allen Probe A and FIREBIRD Flight Unit 4, respectively. (a) Amplitudes from the EFW filter bank
0.8-1.6 kHz channel showing temporal variation of chorus waves. (b) FIREBIRD 251.5 keV channel flux,
detrended over 10 sec, showing spatio/temporal variation of microbursts. (¢) Magnetic local times mapped
to the magnetic equator of Probe A (black line) and FIREBIRD. The range of FIREBIRD values represents
uncertainty estimated from the use of different magnetic field models, including T89, TO1, and TO0Ss (e.g.,
Tsyganenko and Sitnov 2005). (d) Same as panel (c) but with L values instead of MLT. (e) Range of cross-
field separations of Probe A and FIREBIRD Flight Unit 4 mapped to 500 km altitude based on panels (c, d)
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Fig.20 (Adapted from Mozer et al. 2018) Comparison of AC-6 > 30 keV dosimeter counts showing (a) mi-
crobursts and (b) EFW observations on Van Allen Probe B of chorus intensity during a close magnetic con-
junction. Panels (c—d) show a close-up comparison. Panel (f) shows a comparison of 1-sec averaged flux on
AC-6 to quasi-linear estimates of the flux based on Van Allen Probes B observations

magnetic field and increased obliquity of the chorus waves increased the first order cy-
clotron resonance energy to these energies (as suggested by Horne and Thorne 2003). The
importance of microburst loss to outer belt recovery depends critically on the spatial extent
(L, MLT) and duration of the observed microburst flux, neither of which is well constrained
by observations. Future observations involving constellations of observations will likely be
necessary to quantify this loss process.

Another important result from the EFW and FIREBIRD/AC-6 collaboration was pub-
lished by Mozer et al. 2018, who compared AC-6 > 30 keV dosimeter microburst flux with
lower band chorus observed during a magnetic conjunction near L = 6. The intensity plots
in Fig. 20 (panels a, b) clearly show a close correspondence between the microburst flux
and the rising tone (panel e) chorus waves. Comparisons with quasi-linear scattering the-
ory (panel f) indicated that, though the 1 sec averaged microburst flux is roughly similar
to quasi-linear estimates, the spikier elements (< 0.5 sec) require a nonlinear explanation.
This result thus emphasizes the fundamental nonlinear nature of the wave-particle interac-
tion producing microbursts.

3.3 WWLLN Campaigns with EFW

For a few months in 2013 (Jul-Sep) and 2014 (Mar—Apr), EFW collaborated with a team
from the World Wide Lightning Location Network (WWLLN, Dowden et al. 2002) in an
effort to better understand the coupling of lightning sferics into lightning whistler mode
waves in the magnetosphere, where they are known to drive electron loss from tens of keV
to several MeV at L < 2.5 (Green et al. 2020). To guide the EFW burst data collection,
the WWLLN team would first predict the most likely ten-minute timespan that each Van
Allen Probe would be conjugate to thunderstorm activity based on the previous three years
of optical WWLLN lightning stroke data. This resulted in a large amount of burst data
collection, which at a sample rate of 16,384 S/sec could not all be telemetered. Efforts thus
focused on small (typically 1-2 min) chunks of time when lightning was present within
a 500-1000 km footpoint separation of one of the Van Allen Probes. This scheme proved
highly successful and culminated in the statistical study of Zheng et al. (2016). Their timing
analysis was used to directly associate 22.9% of the whistlers observed in EFW burst data
with a lightning stroke, most at L = 1-3. The analysis included modeling the whistler pulse
dispersion associated with propagation along the magnetic field line to the Van Allen Probes,
and then removing observed dispersion to obtain the original signal at the source (called ‘de-
chirping’). Figure 21 shows an example of this analysis, demonstrating the close association
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Fig. 21 (Adapted from Zheng et al. 2016) Comparison of lightning whistlers on Van Allen Probe A to
WWLLN lightning strike flags. (a) Van Allen Probe A spectral data from EFW burst waveform data showing
the magnetic signatures of multiple dispersive lightning whistlers. (b) De-chirped whistlers from (a). (¢) Burst
waveform data and (d) de-chirped burst waveform data corresponding to the spectrograms in panels (a, b).
(e) WWLLN flags indicating times of lightning flashes

on a stroke-by-stroke basis between the de-chirped whistlers observed on EFW and the
lightning pulse timing from WWLLN. This result is an important step towards classifying
the coupling of lightning strokes to VLF wave power (e.g., Ripoll et al. 2019), and paves the
way for independent use of WWLLN data for prediction of power input into VLF waves.
WWLLN and other ground station observations were combined with Van Allen Probes
EFW and EMFISIS burst waveform data in a study of lightning whistlers driven by rare but
extremely powerful superbolt lightning flashes (Ripoll et al. 2021). Though less common
than typical lightning flashes, superbolts were shown to transmit 10—1000 times more VLF
wave energy into the inner magnetosphere than typical lightning strokes, suggesting that
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they may provide an important contribution to precipitation loss of electrons in the inner
belt (L ~ 1.1-2.5).

3.4 Collaborations with Arase

The EFW team collaborated with the Arase satellite team (Miyoshi et al. 2018) to take joint
observations of the inner magnetosphere, identifying and collecting burst data from over
500 conjunctions from 2017-2019. The higher orbital inclination angle of Arase, relative to
the more equatorial orbit of Van Allen Probes, allowed observations at different latitudes but
the same L-shell and MLT. This collaboration has significantly enhanced our understanding
of the spatial and temporal structures of dynamic phenomena occurring in the inner magne-
tosphere, including wave propagation (see Miyoshi et al. 2022 for a review). Matsuda et al.
(2021) used observations of the same EMIC waves observed at Arase, the Van Allen Probes,
and several ground stations to verify their theoretical growth, waveguiding by density irreg-
ularities in the magnetosphere, and their effect on subsequent ion heating. Miyoshi et al.
(2019) combined both missions to discover a new source of plasmaspheric EMIC waves
that result from the mode conversion of equatorial noise emissions at L < 2 at the cyclotron
frequency of deuteron and alpha particles.

Colpitts et al. (2020) combined both missions to show the first direct observations of
how rising tone chorus elements propagate from their equatorial source region to higher
latitudes. The rising tone elements, observed first on Van Allen Probe A at 11 deg magnetic
latitude, as shown in Fig. 22, became more oblique and were significantly attenuated as they
propagated to the location of Arase at 21 deg magnetic latitude. A comparison with a ray-
tracing analysis indicated that the rising tone elements were generated nearly parallel to the
ambient magnetic field at or near the magnetic equator, and then propagated unducted first
to the Van Allen Probes and then on to Arase with the observed time delay, wave normal
angle and attenuation.

3.5 Summary

EFW collaborations with BARREL, FIREBIRD, Aerocube6, WWLLN, Arase, and others
have resulted in numerous publications significantly advancing our understanding of the spa-
tial and temporal variability of important magnetospheric processes. The resulting datasets
of spatially separated, high time resolution data during dynamic times that will remain useful
long into the future. These can be found at the following locations: FIREBIRD: http://solar.
physics.montana.edu/FIREBIRD_II/, BARREL: http://barreldata.ucsc.edu/data_products/
(also at http://cdaweb.gsfc.nasa.gov/), Aerocube6: https://rbspgway.jhuapl.edu/ac6 (regis-
tration required), WWLLN: http://wwlln.net (contact information only), Arase: https://
ergsc.isee.nagoya-u.ac.jp/index.shtml.en (also at http://cdaweb.gsfc.nasa.gov/).

4 EFW Measurements, Data Quantities, Error Sources and Software

This section introduces the measurement of electric fields using the double probe technique,
specific measurements and data products provided by EFW, and possible sources of error.
Some data products include magnetic field data quantities obtained via shared channels with
EMFISIS (Kletzing et al. 2013; Kletzing et al. this journal). Detailed discussions of the
design and operation of the EFW instrument, as well as current biasing, effective boom
length and spacecraft charging, are presented in Wygant et al. (2013).

@ Springer


http://solar.physics.montana.edu/FIREBIRD_II/
http://solar.physics.montana.edu/FIREBIRD_II/
http://barreldata.ucsc.edu/data_products/
http://cdaweb.gsfc.nasa.gov/
https://rbspgway.jhuapl.edu/ac6
http://wwlln.net
https://ergsc.isee.nagoya-u.ac.jp/index.shtml.en
https://ergsc.isee.nagoya-u.ac.jp/index.shtml.en
http://cdaweb.gsfc.nasa.gov/

The Van Allen Probes Electric Field and Waves Instrument... Page310f60 69

7200
7000
6800
6600
6400
6200

6000
5800

7200
7000
6800
6600
6400
6200

6000
5800

7200
7000
6800
6600
6400
6200

6000
5800

7200
7000
6800
6600
6400
6200

6000
5800
5x10

4x10°
3x10°
2x10%

1)(100 ' i “

-1x10°
-2x10°

Seconds
2017 Aug 21 0145: 38 40 42 44

RBSP B-Field
PSD

RBSP B-Field
WNA

Hz

ARASE B-Field
PSD

ARASE B-Field
WNA

Flux.

RBSP S-parallel
Northward

§
b3
H
s
3
3
£

H
-3

Fig.22 (Adapted from Colpitts et al. 2020) Burst magnetic field spectrogram (a) and wave normal angle (b)
from EFW (via shared analog channel with EMFISIS) on Van Allen Probe A at 11 deg magnetic latitude.
(c) and (d) show the same on Arase at 21 deg magnetic latitude. (e) shows the parallel Poynting flux (positive
is northward propagating) of the waves on Van Allen Probes A

4.1 Measurement of Electric Fields and Spacecraft Potential Using Double Probes

The double probe (sensor) technique for measurement of electric fields has been utilized
on spacecraft for more than 50 years, and the basics are described in pedagogical articles
by Fahleson (1967) and Mozer et al. (1973). The component of the electric field in the
spacecraft frame along the direction connecting the two sensors is their potential difference
divided by their separation. The double probe technique and mitigation of possible error
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sources depends on understanding the current balance to a sensor immersed in a plasma.
The basics of current balance are introduced in Fahleson (1967) and Mozer et al. (1973),
and comprehensive discussions of sensor current biasing are described in Mozer (2016),
Lindqyvist et al. (2016), and references therein. Thorough descriptions of the double probe
instruments on specific satellites are provided by Mozer et al. (1978a, 1979), Pedersen et al.
(1984), Wygant et al. (1992), Marklund et al. (1994), Harvey et al. (1995), Gustafsson et al.
(1997), Ergun et al. (2001), Marklund et al. (2004), Bonnell et al. (2008), Wygant et al.
(2013), Torbert et al. (2016), and Lindqvist et al. (2016).

4.1.1 EFW Electric Field Measurements

EFW makes a measurement of the full three-dimensional electric field with two orthogonal
sensor pairs in the spin plane, and one pair along the spin axis. In the spacecraft frame, the
electric field along each sensor pair is given by their potential difference divided by physical
separation, L.,. Each sensor potential (Vj, i =1,2,...,6) is measured as V; = V; — V,
where V; and V. are the floating potentials of the sensor and spacecraft, respectively. Note
that these floating potentials, defined relative to the local plasma, are not measured. Electric
fields determined in this manner are typically smaller than the actual electric field because
of distortion of the potential contours that occurs in the presence of the charged spacecraft
surfaces including the spacecraft body, wire booms, etc. This is often accounted for by using
an effective sensor separation that is different from the physical sensor separation. Measured
electric fields consist of physical electric fields in an inertial frame, and electric fields due
to the velocity of the spacecraft relative to that frame (Epo = —Vsc X B, where B is the
magnetic field). Ep is typically subtracted off to obtain the physical electric field.

Possible sources of error in measurements of the electric field and approaches to miti-
gating their effects have been discussed in Bonnell et al. (2008), Wygant et al. (2013), and
Mozer (2016). The orientation of the spin axis on both Van Allen Probes (within 15 deg
of sun pointing) allows all four spin-plane sensors to be uniformly illuminated over a full
spin period. This removes errors associated with differences in photoemission between the
different sensors. Errors associated with photoemission asymmetries produced by the space-
craft body, primarily in the spacecraft/sun direction, can still remain. These are, however,
reduced because the sensors sample electric fields in the plane orthogonal to the space-
craft/sun direction. Design features such as current biasing of sensors and voltage biasing of
elements near the sensors further reduced measurement errors. Current biasing of the sen-
sors in a low-density plasma provides a stable reference for the electric field measurement,
improving accuracy by several orders of magnitude. The bias current and photoemission
current are independent of the electron density and temperature of the ambient plasma. The
implementation of these features in EFW is described in detail in Wygant et al. (2013).

On a spinning spacecraft like the Van Allen Probes, quasi-static electric field measure-
ments in the spin plane are of higher quality than along the spin axis for several reasons.
First, the larger sensor separation (100 m vs 15 m tip-to-tip for EFW) yields a larger poten-
tial difference between sensors for a given electric field. Second, the spin plane sensors are
much farther from the charged spacecraft body and are thus more electrically isolated. Third,
by fitting the data over three successive spin periods and computing a running average, the
DC offsets produced by common mode error fields can be determined and removed. Fourth,
for certain orientations the anti-sunward spin axis sensor potential (Vs) contains spikes due
to the shadowing of the spin plane sensors and the magnetometer booms.
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Effective Boom Length As discussed above, the magnitude of each electric field component
depends on the separation of the two opposing sensors. Because of strong coupling with the
plasma, the effective boom length (L) is typically less than the physical length (L) due
to shorting associated with deformation of equipotential contours of the ambient electric
field from the conducting spacecraft, conducting boom surfaces, and other effects (Mozer
et al. 1978a). This length reduction was successfully modeled prior to the launch of the first
current biased double probe instruments (Mozer et al. 1973; Pedersen et al. 1998; Ergun
et al. 2016). These analyses show that the effective boom length is controlled by the ratio
of the Debye length to the physical boom length. Followup estimates and comparisons to
data have been made for a number of spacecraft including ISEE-1 (Mozer et al. 1978a,
1978b), THEMIS (Califf et al. 2016b), Cluster (Eriksson et al. 2006), and Van Allen Probes
(Hartley et al. 2016, 2017; Lejosne and Mozer 2019). Within the plasmasphere, where the
Debye length is small, L is very close to Ly,. In the near-Earth plasma sheet and other
regions, where the Debye length is large compared to the boom length, Ly, is larger than
Leg, typically by ~ 1.2 times. The physical boom length is used for the calculated EFW
electric fields as presented in the Level 2 and Level 3 data. For precise estimates of the
electric fields in low-density plasmas, such as the plasma sheet, users should scale the spin
plane electric field values up by a factor of 1.2.

Frequency Response of the Electric Field Measurement In addition to the changes in the ef-
fective boom length discussed above, the frequency response of the instrument must be in-
cluded for an accurate determination of the electric field waveform. The two primary effects
are 1) the frequency response, including phase shifts, of the sheath-sensor voltage divider
network (associated with the plasma sheath impedance and the input impedance of the in-
put stages of the sensor preamplifier) and 2) any downstream anti-aliasing filters which are
present in the digital filter boards of the EFW instrument (cf. Wygant et al. 2013 for details).
Note that at the highest frequencies of 400 kHz, the booms (50 m spin plane and 7 m spin
axis) have a distributed impedance that dominates and attenuates the frequency response.
This is far above the EFW measurement range (16,384 S/sec) but does affect high frequency
EMFISIS wave measurements.

The transition from resistive coupling (which occurs at the lowest frequencies) to capac-
itive coupling in the sheath-sensor voltage divider occurs at about 100 Hz and results in an
associated phase shift and attenuation of the sensor signal by a factor of ~ 5. Subsequent
digital signal processing uses Bessell filters, which have a characteristic constant phase shift
versus frequency which results in a frequency-independent time lag in the waveform. Val-
ues are presented in Table 3 of Wygant et al. (2013) for each sampling rate. These time
delays were compensated for in all processing at L1 and higher. Following these time and
frequency/phase response corrections, time tags for each data point in all variables in L2 and
L3 files were centered on the sampling interval. A detailed discussion of the frequency re-
sponse of the Van Allen Probe EFW instrument along with laboratory-calibrated frequency
response curves and phase shifts due to the above effects may be found in Wygant et al.
(2013).

Hartley et al. (2016, 2017, 2022) compared in situ measurements of the E/B ratio for
whistler mode waves using EMFISIS data to that expected from the theoretical cold plasma
dispersion relation using measured magnetic field and plasma densities and was able to
provide one of the most rigorous experimental calibrations thus far of the high frequency at-
tenuation of the wave electric field due to the sheath-sensor voltage response. Their analysis
also provides a useful correction to the spin axis sensor measurements.
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4.1.2 Spacecraft Potential

The spacecraft potential (Vy.), which is the potential of the spacecraft relative to the local
plasma, can be approximated utilizing the measurements of the individual sensor potentials,
Vi = V,; — V.. Due to current biasing, the floating potential V,; contributes only a constant
offset on the order of 1 volt. Therefore, the spacecraft potential, as expressed, for example,
using Vi and V, is Ve = —(V| + V2)/2 + (V1 + Vi2)/2, but can be approximated as
—(V| 4+ V;,)/2. This sum also removes the contribution of any differential signal due to
electric fields. As discussed in many previous references (e.g., Pedersen et al. 1995, 2008),
the spacecraft potential can often provide an estimate of the plasma density. In the case of the
Van Allen Probes, reliable values were obtained over a range of ~ 10 cm~3 to ~ 3000 cm 3
for low temperature plasmas characteristic of the plasmasphere after calibration against the
more precise measurement based on visual identification of the upper hybrid line from the
EMFISIS instrument (Kurth et al. 2015). This calibration was typically based on ~ 8 orbits
of data and updated monthly over the course of the mission. For comparison, the upper
hybrid line determination is accurate to ~ 10 percent but has a typical 6.5 sec resolution
(0.5 sec resolution for selected time intervals) and is available only when a clear upper
hybrid line is observed, while the spacecraft potential estimate of density is accurate to about
30% but has a time resolution of 32 S/sec, and is appropriate for high time resolution wave
studies. See Jahn et al. (2020) for a detailed comparison of these two density measurements
on the Van Allen Probes. Note that care should be taken when using spacecraft potential
for density estimates in the presence of extremely large amplitude plasma waves (e.g., tens
of mV/m), which can themselves modify spacecraft potential as shown by Malaspina et al.
(2014a) and Wang et al. (2014).

4.2 EFW Data Products

EFW provides a variety of publicly available data products including electric fields, individ-
ual sensor potentials, spacecraft potential, and density estimated from spacecraft potential.
The data products are provided in Common Data Format (CDF) files and include wave-
forms, spectra, and filter bank products with cadences ranging from spin period (~ 11 sec)
to burst rates up to 16,384 S/sec. In this section we discuss each data product, error codes
and briefly describe error sources.

4.2.1 MGSE Coordinate System

As discussed previously, the spin plane measurement of the quasi-static electric field is sig-
nificantly more accurate than the spin axis measurement. It is therefore important to separate
the spin plane and spin axis components when rotating electric field vector data from spin-
ning (antenna) coordinates to a despun coordinate system. For this reason, many of the EFW
science quantities are provided in the modified GSE (mGSE) coordinate system, which is
defined in terms of GSE as follows:

1) Xingse = Sgee, Where Sy is the unit vector along the spin axis in the direction of the sun
in GSE coordinates (provided in the EFW L2 and L3 data, cf. Table 1)

2) Ymgse = _(Sgse X nge)

3) ngse = (Sgse X Ymgse)

The mGSE system is identical to GSE for a spin axis that points directly at the sun. For both
Van Allen Probes the spin axis was maintained between 15-27 deg of sun-pointing (Kirby
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Table1 EFW Boom locations

. EMFISIS science coordinates S/IC EFW ™™

and telemetry channels and their R
relation to two spacecraft (SCM& FGM) coordinates channel
coordinate systems

+V +X+Y 4

+U +X-Y 2

-U -X+Y 1

-V -X-Y 3

+W +Z 6

-w —Z 5

et al. 2013), and so mGSE and GSE were often qualitatively similar. The Y ,ge coordinate is
in the ecliptic plane and also in the spin plane of the long rotating booms. Thus, the Y g and
Z,ss. components of the electric field are measured relatively accurately by the long spin
axis boom system while the X;,,c component is measured less accurately by the shorter
spin axis booms. An important feature of the mGSE system is that the Y component
of the electric field lies within 15 deg of the dawn-dusk electric field (Y,s.) and is well-
determined by the long spin axis booms. Generally, only the spin plane measurements are
accurate enough at low frequencies to measure the large scale quasi-static electric field,
while the spin axis measurement is useful for wave electric fields (> 10 Hz). This means
that, to rotate DC electric field vectors to a more standard coordinate system such as GSE,
an estimate of E; must be made. In the quasi-static regime this can be done using the ideal
MHD assumption that there is no electric field along the background magnetic field, or
E x B = 0, which yields Ex = —(E,B,/Bx + E,B,/By). However, any errors in E, and E,
may be significantly amplified if B, is small relative to By or B,, and the method is generally
only reliable when the angle between the spin plane and magnetic field is > 15 deg.

It is also useful to understand the relationship between the spacecraft coordinate sys-
tem, and the instrument coordinate systems for electric field measurements, and for fluxgate
and search coil magnetometer measurements. To facilitate identification of waves, the three
search coil sensors and the three pairs of electric field sensors are aligned. Figure 23 and
Table 1 show the relationship between electric field sensor locations, labeled in the fourth
column by sensor number (V, V,, V3, V4, Vs, V), the spacecraft coordinate system which
can be used to determine the field-of-view of the particle instruments on the spacecraft, and
magnetic field coordinate system (u, v, w) used by EMFISIS for the fluxgate and search coil
magnetometer Sensors.

4.2.2 Spin-Fit Electric Field

The primary EFW data product is the spin plane electric field at spin period cadence
(~ 11 sec) in the mGSE coordinate system. This is recommended for users who do not
require the full cadence (16 or 32 S/sec) data, which are described in Sect. 4.2.3. The spin
fitting procedure is a least-squares fit for each spin period of one component of the onboard-
determined 32 S/sec spin plane electric field (E;, or E34) to determine the part of the signal
that varies as a sine wave with the spin period. Iterative outlier subtraction was used for
points more than 1.4 standard deviations from the mean. Any DC offsets, which represent
variations in sensor potentials that can be caused by different sensor work functions, spuri-
ous currents, etc. (see Wygant et al. 2013; Mozer 2016), were then removed. Failed spin fits
occurred when fewer than five data points remained following the iterative outlier subtrac-
tion, and these times were not included in the final spin fit data products (Table 4). Extensive
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Fig. 23 (Adapted from Wygant et al. 2013) The orientation of the EFW spin plane boom sensors (u, v, w
coordinates) on the Van Allen Probes spacecraft

testing indicated that spin fits derived from E, and E34 on both Van Allen Probe A and B
were very similar during times when all four spin plane probes were healthy. For the public
EFW data products, spin-fit electric fields from Van Allen Probe B were derived from the
onboard-determined 32 S/sec electric field values E;, for the full mission. For Van Allen
Probe A, Ej, was used until 2014-12-31. After this date, however, V| sensor photoemis-
sion decreased significantly, leading to a decrease in performance. The team were able to
use linear combinations of the working sensor potentials to provide a measurement of the
two-dimensional electric field in the spin plane at 16 S/sec. The best results were obtained
using a V4 potential difference starting January 1, 2015. These are available in the L3 spin
fit files for Probe A.

4.2.3 Survey DC Electric Fields, Sensor Potentials, and Densities

For users requiring data with higher time resolution than the spin period, EFW provides sur-
vey cadence waveform products. These include the aforementioned low frequency (32 S/sec,
DC-coupled) spin plane electric fields from the on-board differenced spin plane electric
fields E;, and E34, and 16 S/sec potentials from the spin plane sensors (V;_4). Note that the
spin plane electric field on Van Allen Probe A starting from January 1, 2015 should be used
with caution, due to the V; degradation as mentioned in Sect. 4.2.2.

Electric fields and potentials from the short spin axis sensors (Vs, Vi) are primarily used
for AC analysis because of the lower accuracy at DC. Note that for some orientations the
anti-sunward spin axis probe (Vs) was shadowed by the spin plane booms and/or the mag-
netometer booms, producing spikes in the sensor potential.

EFW also provides a high cadence (16 S/s) plasma density calculated from the same
spin plane probe pair used in production of the spin-fit electric fields. Monthly calibration
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Table2 Frequency range (Hz)

for each filter bank channel for Van Allen Probes EFW Filter Bank Channels

7-channel mode (blue) and ID Freq range & peak (Hz)

13-channel mode (all). The

numbers in the rightmost column 1 0.8-1.5 1.36

are the frequencies of the peak of 2 1.5-3 2.62

the channel response curves E 3.6 5.14
4 6-12 10
5 12-25 20.8
6 25-50 40.6
7 50-100 83.8
8 100-200 172
9 200-400 334
10 400-800 1360
11 800-1600 1360
12 1600-3200 2800
13 3200-6500 —6500

against the upper hybrid line identified from EMFISIS High Frequency Receiver (HFR)
spectral data (Kurth et al. 2015) was performed, so this data product provides accurate den-
sity measurements in the range from ~ 10 cm™3 to ~ 3000 cm~3. Comparison between the
EMFISIS and EFW densities is described in detail in Jahn et al. (2020).

4.2.4 Spectral Data

EFW telemetered AC-coupled survey spectral (complex Fast Fourier Transform) data at a
4 sec cadence in 64 pseudo-log frequency bins from 1 Hz to 6.5 kHz. For each 4 sec bin
only the first one second was used in the FFT. Spectral products were produced throughout
the mission from potentials V;, V,, potential differences Vi,, V56, and search coil mag-
netic channels (from EMFISIS) SCM, y.w, where u, v, w are the search coil directions in the
spinning spacecraft frame (see Fig. 24).

4.2.5 Peak Detector (Bandpass Filter Bank) Data

The EFW bandpass filter peak detector continuously recorded the peak and average DC-
coupled electric and/or magnetic wave amplitude of 16,384 S/sec data at eight times per
second, providing data at a higher time resolution but lower frequency resolution than the
spectral data. This cadence is typically sufficient to allow accurate count of waveform mod-
ulation peaks in VLF waves such as chorus (Tyler et al. 2019a,b). The peak detector mode
of operation was changed multiple times over the mission lifetime to provide data necessary
for specific science topics. These modes are presented in Table 2 and include either 7 or 13
frequency bins from ~ 0.8—6500 Hz, and either electric field only, or simultaneous electric
and magnetic fields. Due to design limitations, every other frequency bin was skipped in
the 7-channel mode. We note that, under the assumption of narrowband waves, the overlap-
ping gain curves (Fig. 24) can be used to significantly improve the frequency and amplitude
resolution of the filter bank data, as described in detail by Tyler et al. (2019b).

4.2.6 Burst Data Products

One of the important features of EFW was its burst waveform collection capabilities. This
included a large (32 GB) onboard DC-coupled flash memory (burst 1) for ground-selected
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collection and playback of waveforms at rates from 128 to 16,384 S/sec, and a more tradi-
tional style AC-coupled interferometric mode (burst 2) consisting of onboard-triggered five
second samples of 16,384 S/sec waveforms into a 256 MB memory. The burst 1 memory rep-
resented an orders-of-magnitude increase in highly flexible collection capability compared
to previous satellite burst memories. Continuous 3d electric and magnetic field waveforms
could be obtained for hours or even days depending on the collection rate, fundamentally
changing the way in which burst collection could be obtained to address science goals. This
capability was vital for the collaborative campaigns with other missions as described in
Sect. 3.

search coil magnetic fields in UVW coordinates. Onboard-produced electric fields E[; 34 56]
were telemetered early in the mission, but because these could be reproduced on the ground
from the single-ended potentials with nearly the same accuracy, EFW stopped transmitting
them in late 2013 to reallocate telemetry (see Table 4).

Unlike the filter bank data, the source channels for EFW burst data remained the same
throughout the entire mission. Data collection rate for burst 1 was, however, often changed
to suit the desired collection scheme. Table 3 shows the various rates used, the number of
hours (memory capacity) at each rate, and the amount of playback that was possible per day
(green). The values in blue indicate the final totals (hrs and samples) of playback for the
entire mission. Of note, over 2500 hrs of burst 1 playback were obtained by mission end on
each spacecraft. This vastly exceeds the totals for any previous magnetospheric mission.

Because the burst data products are, by definition, not a full duty cycle, their distribution
with L and MLT is not the same as the spacecraft orbital sampling. The L vs MLT dial
plots in Fig. 25 show the physical distribution of burst 1 data for the different sample rates.
Overall, the collection is focused near apogee (L >~ 4), and with a sample rate that largely
depended on local time of apogee, which drifted over the course of the mission. For example,
higher sample rates were typically selected for apogee collection on the dayside for capture
of chorus waves, while lower sample rates could be used in the afternoon/night sector for
capture of EMIC and other low frequency waves.

4.3 EFW Data Product Variables, Files, and Software

This section contains a detailed description of the names of the primary EFW measurement
variables and the EFW data file in which they reside (in the form of ISTP-compliant CDF
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Table 3 EFW burst 1 capabilities. The green values show all the possible collection rates that were used
during the mission, each corresponding to a maximum number of hours of continuous data collection, and a
set number of hours of playback per day. For each Probe and mode, the blue values show the total telemetered
data volume (hrs) over the entire mission, and the total number of burst data samples (x 109). The mission
totals are shown in red

(A) Collection rate (B) Temporal (C) Playback rate Total telemetered burst data over entire
(S/sec) memory size (hrs/day) mission
Probes A & B Probes A & B
(hrs) (Samples 107)
512 24d 8hr 8 1415 1025 2.61 1.89
1,024 12d 4hr 4 180 507 0.67 1.87
2,048 145.6hr 2 48 44 0.36 0.33
4,096 72.8hr 1 326 568 4.82 8.38
8,192 36.4hr 0.5 34 20 1.02 0.62
16,384 18.2hr 0.25 621 509 36.67 30.06
Total 2627 2675 46.13 43.14
a. 0.5k b. 1k c. 2k
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Fig. 25 Distributions of EFW burst 1 data (hours) over the entire in L and MLT for the different collection
rates used. The rightmost panel shows the totals over all collection rates. Higher/lower rate collection was
focused on the morning/afternoon sectors in order to capture chorus/EMIC waves

files). The variables include data derived from the EFW instrument, from the channels shared
with EMFISIS, and ephemeris variables. The content of EFW data files is summarized in
Table 4. Data are archived at CDAWeb (https://cdaweb.gsfc.nasa.gov/pub/data/rbsp/). In ad-
dition, daily summary “quick look” plots are available at http://rbsp.space.umn.edu/survey,
while the EFW website is available at http://rbsp.space.umn.edu. Please note that this web-
site contains a “required reading” section that describes in more detail the basics of using
EFW data. Some users may require data beyond what is offered in the archived EFW CDF
files, such as additional housekeeping variables, spin-fit electric fields with different probe
pairs, etc. These users are encouraged to contact the EFW team.
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4.3.1 EFW L2 and L3 Variables

As discussed previously, the measured electric field Epeasurea consists of geophysically in-
teresting fields as well as the motional electric field E, caused by the relative motion of
the sensors with respect to the Earth’s magnetic field. The geophysically uninteresting mo-
tional electric field (Ejot = —Vs X B, > 200 mV/m) dominates near perigee due to the large
spacecraft velocity (|vs| ~ 8 km/s in the Earth-centered inertial frame) and strong magnetic
field B,. Removal of this field gives the electric field in an inertial frame of reference. Note
that complete removal of this field near perigee is very difficult, particularly at L < 3 (see
Lejosne and Mozer 2016a, 2016b, 2018, 2019, 2020; Lejosne et al. 2021).
Electric field variables in the inertial frame include:

efield_in_inertial_frame_spin-fit_mgse (size of [n, 3]; located in L3 files) — The spin-fit
electric field at spin period cadence (~ 11 sec) with the spin axis component set to 0. The
probe pair used for the spin-fit can be found in the used_boom_pair variable.
efield_in_inertial_frame_spin-fit_edotb_mgse (size of [n, 3]; located in L3 files) — The
spin-fit electric field similar to efield_in_inertial_frame_spin-fit_mgse but with the addi-
tion of the spin axis E field calculated from the E x B = 0 assumption.

The motional electric field in the spacecraft frame (E,,) is included as:

VxB_mgse (size of [n, 3]; located in L2 spin-fit files) — The motional electric field (E,o)
in mGSE coordinates.

Near perigee, the inertial frame electric field is dominated by the electric field that drives the
co-rotation of the plasma about the Earth (Eq,r = (@ X R) x B, where the co-rotational
velocity Veorot = @ X R is on the order of 0.6 km/s).

In order to better observe plasma frame electric fields at low L, including those associated
with deviations from corotation, the following equivalent (to the inertial frame) products are
available with E. subtracted off.

The electric field variables in the corotation frame include:

efield_in_corotation_frame_spin-fit_mgse (size of [n, 3]; located in L3 files) — The spin-fit
electric field similar to efield_in_inertial_frame_spin-fit_mgse but with E . subtracted
off. The spin axis E field is 0. The optimum probe pair used for spin-fit can be found in
the used_boom_pair variable.

efield_in_corotation_frame_spin-fit_edotb_mgse (size of [n, 3]; located in L3 files) — The
spin-fit electric field similar to efield_in_corotation_frame_spin-fit_mgse but with the ad-
dition of the spin axis electric field calculated from the E « B = 0 assumption.
efield_spin-fit_mgse (size of [n, 3]; located in L2 spin-fit files) — The same spin-fit electric
field as efield_in_corotation_frame_spin-fit_mgse.

VxB_efield_of _earth_mgse (size of [n, 3]; located in L3 files) — The corotation electric
field (E¢oror) in mGSE coordinates.

efield_coro_mgse (size of [n, 3]; located in L2 spin-fit files) — The corotation electric field
(Ecorot) in mGSE coordinates. This is the same as VxB_efield_of _earth_mgse.

In addition to electric fields, EFW also provides measurements of single-ended probe po-
tentials. These are generally provided at a survey cadence of 32 or 16 S/sec and include:

vsvy (size of [n, 6]; located in L1 and L2 vsvy files) — The single-ended probe potentials
from the 4 spin plane probes (V_4) and two spin axis probes (Vs and V). The vsvy data
in the L1 files are in ADC units whereas vsvy data in the L2 files are in volts and have
been processed to remove any time tag irregularities that occasionally exist in the L1 data.
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vsvy_vavg (size of [n, 3]; located in L2 vsvy files) — The spacecraft potential in volts,
defined as the average of opposing probe potentials. The 3 components are the average
values from V5, V34, and Vsg.

spacecraft_potential (size of [n]; located in L3 files) — The spacecraft potential in volts.
The optimum sensor pair used for this calculation can be found in the used_boom_pair
variable.

EFW-derived plasma density is provided in:

density (size of [n]; located in L3 files) — The density estimation derived from the space-
craft potential. See Sect. 4.2.3 for details.

EFW CDF files contain several data flags in order to indicate times where caution is advised,
or when data are deemed unusable. These include:

efw_qual (size of [n, 20]; located in L2 files) — This variable contains 20 commonly used
EFW flag values. Definitions of the 20 flags are described in Table 5 and archived at
https://spdf.gsfc.nasa.gov/pub/data/rbsp/documents/efw/.

flags_all (size of [n, 25]; located in L2 and L3 files) — This variable contains 25 commonly
used EFW flag values. For backward compatibility, although more flags are included in
the L3 files, we kept efw_qual in the L2 files. The added flags do not affect the global
flag, i.e., the L2 and L3 global flags are the same. Definitions of the 25 flags are described
in Table 5 and archived at https://spdf.gsfc.nasa.gov/pub/data/rbsp/documents/efw;/.

Ephemeris variables are included in most EFW CDF files. These are derived by the EFW
team from SPICE kernels and include:

velocity_gse (size of [n, 3]; located in L3 files) — The spacecraft velocity (km/s) in GSE
coordinates.

position_gse (size of [n, 3]; located in L3 files) — The spacecraft position (km) in GSE
coordinates.

vel_gse (size of [n, 3]; located in L2 files) — Same data as velocity_gse but kept for back-
ward compatibility.

pos_gse (size of [n,3]; located in L2 files) — Same data as position_gse but kept for
backward compatibility.

spinaxis_gse (size of [n, 3]; located in L2 and L3 files) — The unit vector of the spacecraft
spin axis in GSE coordinates.

mlt (size of [n]; located in L2 and L3 files) — The magnetic local time (MLT) in hours.
Ishell (size of [n]; located in L2 and L3 files) — The dipole Lshell.

mlat (size of [n]; located in L2 and L3 files) — The magnetic latitude in degrees.
orbit_num (size of [n]; located in L2 and L3 files) — The orbit number defined using the
spacecraft position. The orbit number increases when the spacecraft passes the perigee.
bias_current (size of [n, 6]; located in L2 and L3 files) — The bias current applied to each
probe.

Now that we have discussed the general variable types, Sect. 4.3.2 lists the exact variables
found in each EFW CDF file, and Sect. 4.3.3 is a detailed discussion of available flag vari-
ables.

4.3.2 EFW CDF Files

The EFW data production chain that produced the final publicly available data files con-
sisted of four steps of calibration, or “Levels”, from internal Level 0 and Level 1 files to
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publicly available Level 2 and Level 3. Level O data contain raw (uncalibrated, binary) data.
These were time-tagged to produce uncalibrated waveform and spectral Level 1 data in the
spinning spacecraft frame. In general, Level 1 data are not suitable for scientific analysis
or publication and require further processing. Level 1 data products were then calibrated
to physical units and rotated into despun spacecraft (DSC) or modified GSE (mGSE) co-
ordinates to produce Level 2 data, which include both full time resolution and spin period
products. The exception is the burst waveform data which are provided to the public at Level
1. Level 2 data can be used for scientific analysis including the investigation of asymmetric
phenomena around the spacecraft such as photoelectron clouds and wakes, but the flagging
of poor-quality data is less stringent than that used for Level 3 data. Level 3 files contain
EFW’s best calibrated products but are available at spin period resolution only (due to the
requirement of the spin fitting procedure). The team strongly encourages the use of Level 3
products when data at higher time resolution are not required.

Table 4 provides a summary of all variables included in each CDF file, as well as the start
and stop dates when each was produced.

4.3.3 Error Sources and Data Quality Flags

As discussed previously, EFW actively biased its sensors to significantly reduce the sheath
impedance, allowing a more stable sensor operation and the measurement of high-quality
electric fields. However, there remain times when the measurement accuracy of the quasi-
static electric field decreases, most often in the resistively coupled regime of ~< 100 Hz.
For example, excessive spacecraft charging caused by enhanced fluxes of energetic electrons
may make quasi-static data unreliable. Therefore, EFW provides flags allowing the user to
ascertain data quality. To specify the quality of the DC electric field data and associated error
sources, EFW defines 25 flag quantities in the L3 CDF files. The key information about the
flags is summarized in Table 5. End users should refer to the meaning of these flags when
there is a need for analyzing the flagged DC-coupled electric field data. A detailed descrip-
tion of each flag is documented at https://spdf.gsfc.nasa.gov/pub/data/rbsp/documents/efw/.
As a cautionary note, not all types of data quality issues are easily captured in the 25 flags,
and users are encouraged to exercise care when analyzing EFW data. A non-comprehensive
list of time periods with possible data quality issues can be found at the same link.

Global Flag The global flag (global_flag) is a general data quality indicator for DC elec-
tric field data. It is an amalgamation of flags that strongly suggests data of bad or signif-
icantly reduced quality that should NOT be used. Specifically, the global flag is triggered
by any of the following conditions: excessive sensor charging (v[I-6]_saturation, charg-
ing, charging_extreme, eclipse, and boomflag[1-4]), sensor diagnostic tests (efw_sweep),
attitude changes (maneuver), and antenna deployments (efw_deploy). The relevant flags, as
noted in the parenthesis, are discussed in detail below. Globally flagged data are removed
in EFW L3 files but remain in the L2 files. Note that it is often the case that AC-coupled
EFW data beyond a few hundred Hz, which reside in the L2 filter bank and spectral files,
are usable when the global flag is triggered.

Flag Related to Sensor Diagnostic Tests As discussed previously, accurate measurements of
electric fields in low-density plasmas require active biasing in order to control probe photoe-
mission and limit excessive probe charging relative to the plasma. On EFW, photoemission
is controlled by current biasing the sensors and voltage biasing the usher and guard surfaces
(Wygant et al. 2013). The ideal bias currents and voltages changed over the course of the
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Table5 The 25 EFW flag values in the variable “flags_all” in the L3 data files

No Flag name Conditions for flag = 1, which marks questionable data

1 global_flag ‘When any of the following flags are thrown: v[1-4]_saturation, eclipse,
maneuver, charging, charging_extreme, efw_deploy, efw_sweep,
boomflag[1-4]

2 eclipse When the spacecraft is in the shadow of the earth, including umbra and
penumbra (padded by £10 min)

3 maneuver Maneuvering and thrusting

4 efw_sweep EFW sensor diagnostic tests (SDT), also known as the bias sweeps

5 efw_deploy Boom deploy times early in the mission (2012)

6-11 v[1-6]_saturation v1_saturation is 1 when the single-ended probe potential V1 > 195
volts (sensor relative to sc potential). v[2-6]_saturation are similarly
defined for V2, V3, ..., V6

12 Espb_magnitude Not used

13 Eparallel_magnitude Not used

14 sine_wave_fit_quality The quality of the spin fit sine wave. Generally used to identify times
when wake effects are occurring.

15 autobias ‘When the autobias algorithm is operating

16 charging When [L > 4 and Vsc > 0 V] or [Vsc < —20 V for any L], where Vsc
is the spacecraft potential

17 charging_extreme [L >4 and Vsc > 20 V] or [Vsc < —20 V for any L], where Vsc is the
spacecraft potential

18 density When global_flag = 1 and when density is < 10 or > 3,000 em™3

19-24 boomflag[1-6] boomflagl is 1 when V1 deviates from the median of [V1, V2, V3, V4]
by > 5 V. boomflag[2-4] are similarly defined for V2, V3, V4.
boomflag[5-6] are not used

25 undefined Not used

mission as the sensors aged and as the orbit precessed. Determining these ideal values there-
fore required EFW to perform occasional sensor diagnostic tests (SDTs, or “bias sweeps”)
throughout the mission. During SDTs, which lasted a few to tens of minutes, the EFW in-
strument was stepped through a variety of preprogrammed current and voltage values. All
SDT times are flagged with the efw_sweep flag and trigger the global flag.

Flags Related to Excessive Sensor Charging During the vast majority of the Van Allen Probes
mission, the low-density and sunlit conditions encountered meant that the spacecraft float-
ing potential was positive such that the sensor potential V; = V; — V. (i = 1-6) was nega-
tive. Occasionally, during particularly active times, excessive spacecraft charging occurred.
A clear example was during the 2012-11-14 geomagnetic storm, shown in Fig. 26, where an
influx of energetic (tens of keV) electrons during the first apogee caused the Van Allen Probe
B spacecraft body to float negatively relative to the spheres. This is shown as positive excur-
sions in panel (c) which plots the negative of the spacecraft potential —Vy. = (V| + V;)/2.
This excessive charging reduced the dynamic range of the sensor preamps, and when this
potential exceeded (negative sense) the power supply rail voltage of —225 volts the preamp
could no longer drive the signal and dropouts occurred (shown most prominently from
~03:00-03:30 UT). These times of extreme charging led to unrealistically large electric
fields.

This type of charging can be separated from the more typical potential fluctuations that
occur along the Van Allen Probe orbit (e.g., the second apogee pass on this day) by compar-
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Van Allen Probe B charging event
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Fig.26 Van Allen Probe B charging during the 2012-11-14 geomagnetic storm. Panels (a, b) show DST and
AE indices. Panel (c) plots the negative spacecraft potential —Vsc = (V| 4 V3)/2. Panel (e) shows the HOPE
proton energy spectrum modified by the excessive spacecraft charging. Panels (f, g) show the magnetic local
time and L-shell of Van Allen Probe B

ison with HOPE low energy ion fluxes (panel d), which are modified by spacecraft charging
(e.g., Sarno-Smith et al. 2016). The clear dropout during the charging event occurred be-
cause protons at those energies were accelerated by the negatively charged spacecraft to
energies greater than the spacecraft potential.

To track times of excessive charging, each probe has its own flag (V[I1-6]_saturation).
The flag is 1 when the sensor potential (measured relative to the spacecraft (sc) body as
Vi =V} — V., where V,; and V. are the floating potentials of the sensor and spacecraft,
respectively) is V; > 195 volts. If any of these flags correspond to a sensor used to produce
spin-fit data then the global flag is triggered. For example, if the spin-fit data is derived from
the V| and V, probes, then the global flag will only be triggered if excessive charging occurs
in V; and/or V,.

To identify all times when excessive charging occurred, two additional, more restrictive,
charging flags are used, and both trigger the global flag. A general charging flag is used to
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indicate times when the average of opposing antenna sensor pairs (e.g., (V;+V;)/2) satisfies
the following condition: (V; 4+ V;)/2 > 0 volts at L > 4. This flag was designed to identify
less extreme charging events where data quality may still be compromised. For example,
the sensors are particularly susceptible to potential fluctuations during magnetosheath en-
counters during extremely low-density conditions. An additional extreme charging flag is
triggered when (V; + V;)/2 > 20 volts at L > 4, or where (V; 4+ V;)/2 < —20 volts. L < 4
data are only flagged by the V[1-6]_saturation flag. Extreme charging was more common in
the early mission when the sensors were more heavily biased and there were several signifi-
cant geomagnetic storms. The negative value trigger is in place to catch times of saturation
when sensor potentials can drop to the rail values (see negative spikes in Fig. 26). As the
names suggest, caution or extreme caution should be used when examining data during these
times. All charging events are flagged within +10 min of charging onset/offset.

Eclipse Flag The eclipse flag is also related to spacecraft charging. During eclipse (both
umbra and penumbra) the spacecraft tends to charge to large negative potentials due to the
lack of photoemission. Due to the difficulty of controlling these potentials, EFW did not
attempt to maintain sensor potentials near the plasma potential with biasing, but allowed
them to float relative to the plasma. Note that the eclipse flag is padded by £10 min relative
to the entry/exit of eclipse.

Boom Flags In addition to monitoring the charging status of each boom using the charging
and extreme charging flags, EFW also considered whether all the single-ended potentials are
consistent with each other. Consistency was quantified using Vpegian, defined as the median
value of Vi, V,, V3, and V4. The boomflags are 1 when |V; — Vipedian| > 5 volts, a threshold
chosen empirically based on a comprehensive analysis of the entire spin-fit dataset. The flags
boomflag5 and boomflag6 were not used. This metric not only effectively flagged problem-
atic spin-fit electric fields, but also was used in selecting the best probe pair for calculating
the spin-fit electric field.

Flags Related to Maneuvers, Deployments

Maneuver Flag There are a number of data quality issues associated with spacecraft accel-
eration events, including maneuvers and attitude adjustments. Maneuvers, related to orbit
change or collision avoidance, occurred only a handful of times. Attitude adjustments were
more frequent, occurring roughly once per month in order to keep the spacecraft spin axis in
its near sun-pointing direction. Electric field data can be significantly compromised during
and for some time after these events and are flagged with the maneuvers flag. Decreased
quality occurs during the maneuver and for a short time after due to any plasma plume cre-
ated by thruster firings, and due to uncertainties in the attitude solution. Note that the attitude
adjustment maneuvers induced long period (> 5 min) wobbles in the booms that manifested
as oscillations in the potentials and electric fields lasting for up to one day at > 3 RE and up
to five days at < 3 RE. These are not flagged and are discussed at the end of this chapter.

EFW_deploy Flag Early in the mission, antenna deployments occurred frequently as the
sensors, with their large moment of inertia, were carefully deployed in stages. These times
are flagged with the EFW_deploy flag. All spin plane booms reached full deployment on
both spacecraft on Sept 22, 2012, and all axial booms reached full deployment on Jan 7th,
2012. All L2 and L3 EFW data products make use of the proper antenna physical length
after each deployment. A list of all boom deployments can be found at https://spdf.gsfc.
nasa.gov/pub/data/rbsp/documents/efw/.
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Fig. 27 The black sine wave in the left panel is the measured electric field on Van Allen Probe B showing a
clear twice per spin period distortion caused by a wake effect. The red curve is the same signal with the wake
effect removed. The right panel shows the wavelet analysis used to detect (over 10 spin periods) enhancements
in power at spin period harmonics of 2, 3, and 4, which suggest the presence of a wake effect

Flags Related to Other Data Quality Issues We now discuss flags that do NOT trigger the
global flag but are important in evaluating the data quality of the EFW data products.

Autobias Flag Following a flight software update on March 19, 2014, an auto biasing
scheme was introduced that allowed automated onboard control of bias currents based on
the measured spacecraft potential (Vi,). This dynamic approach was designed to maximize
sensor sensitivity over the wide range of densities and temperatures encountered over an
orbit. This scheme, with times indicated by the autobias flag, was used on Van Allen Probe
B for the remainder of the mission, and on Van Allen Probe A until shortly after Oct 2015
when V,; performance degraded. Note that the autobias flag does not trigger the global flag
because the autobiasing routine typically improved data quality. The flag was saved to eval-
uate the performance of the autobias algorithm.

Flag Related to Spin Fit Quality and the Possible Presence of Wake Effects Wake effects are a
common error source present in double probe measurements (Engwall et al. 2006). These are
observed, typically in low densities, when fast (supersonic) plasma flowing to downstream
sensors is shielded by the large Debye sheath surrounding the spacecraft body (Bauer et al.
1983; Pedersen et al. 1984; Eriksson et al. 2006). Wake effects are observed as spin period
distortions of the sensor potential (V;). They are often parallel to the ambient magnetic field,
and such magnetic wakes manifest as apparent field-aligned electric fields. Wake effects
in EFW data, as shown in Fig. 27, are typically small (< 1-2 mV/m) in the spin plane
due to the long boom lengths and antenna orientation. This error field can, however, be a
significant fraction of the total electric field at times when the real electric fields are small
(e.g., <5 mV/m). As an example, the red curve shows a ~ 1 mV/m zero-peak real (wake-
corrected) electric field that appears as a ~ 1.5 mV/m electric field with the wake effect.

Wake effects are identified with the sine_wave_fit_quality flag using a wavelet analysis
to detect elevated power at harmonics of the spacecraft spin period (Fig. 27b). Specifically,
peaks are detected over 120 sec (~ 10 spin periods) as power enhancements in both E, and
E, (spin plane components) at spin period harmonics of 2, 3, and 4. Triggering of the wake
flag requires simultaneous wake identification on both E, and E,. Note that, because the
boom response to wakes of various strengths is complex, the flag for wake effect does not
trigger the global flag. However, users are strongly encouraged to be cautious using wake-
flagged data.

Density Flag A final flag related to sensor charging is the density flag. A very useful feature
of EFW is the determination of plasma density from sensor potentials at a high cadence
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Fig. 28 Forty seconds of burst 1 electric field data showing the effects of spikes caused by shadowing of the
V5 boom by the spin plane wires. The shadowing, with times indicated by the yellow lines, is observed in
(a) the E,; UVW component, which is derived from the potential difference V5 — Vg. (b) The electric field
rotated to MGSE coordinates after removal of the spikes. Ex MGSE is equivalent to E,, UVW

(16 S/sec). However, the calibration procedure that converts sensor potentials to density re-
lies on the assumption that the spacecraft potential is driven by a cold plasma population.
This can be violated at times when the global_flag is triggered. In addition, the sensor poten-
tial is only weakly dependent on density in tenuous plasmas. EFW thus flags density values
when the density is determined to be < 10 cm™>. Values > 3000 cm~* are also considered
suspect and are removed. Note that it is often the case that density < 10 cm™ values can
be accurate, but careful analysis is required to determine when this is the case. Users should
additionally take care when using EFW-determined density values during times of large
electric field amplitudes which can modulate spacecraft surface potential in a way that can
erroneously be interpreted as caused by density fluctuations (Malaspina et al. 2014a).

E % B = 0 Assumption (spinaxis_Bo_angle) Data quality are dependent on the magnetic
field direction relative to the spin plane for data products that use the E « B = 0 assumption.
When the angle between any of the spin plane directions and the magnetic field is less than
~ 15 deg, there is significant uncertainty in this calculation. These times are flagged with
the variable spinaxis_Bo_angle and the spin axis derived data are removed.

Data Quality Issues That Are not Flagged We conclude this section by discussing two data
quality issues that are not flagged: spikes in products derived from shadowing of the V5
boom and oscillations in the booms following maneuvers.

Shadow Spikes in V5 Spikes in data products derived from the anti-sunward boom potential
V5 are common and are caused by shadowing from the spin plane wires. An example of the
effect this has on burst 1 electric field measurements is shown in Fig. 28. The shadow spikes
(yellow lines) are identified using flags at
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Fig. 29 An example of oscillations in the 32 Samples/sec spin plane electric field following an attitude
adjustment maneuver on RBSPa near 15 UT on Jan 10th, 2013. Ey, MGSE is green and E; MGSE is red

RBSPa: https://cdaweb.gsfc.nasa.gov/pub/data/rbsp/documents/emfisis/emfisis.physics.
uiowa.edu/Events/rbsp-a/SP5antinshadow/
RBSPb: https://cdaweb.gsfc.nasa.gov/pub/data/rbsp/documents/emfisis/emfisis.physics.
uiowa.edu/Events/rbsp-b/SP5antinshadow/

Oscillations in Probe Potentials Following Maneuvers The Van Allen Probes underwent
near-monthly attitude adjustment maneuvers in order to keep the spin axis pointed in the
(roughly) sunward direction. These maneuvers induced small amplitude oscillations of the
booms that were often detectable for days and which can present an issue for data analysis
requiring very high accuracy quasi-static electric fields (e.g., Ali et al. 2016). An example of
these low frequency (period larger than 5 min) oscillations can be seen in the electric field
data shown in Fig. 29. The oscillation is largest around perigee (< 3 RE) due to the com-
bination of large corotation and residual (imperfect subtraction of motional electric field)
electric fields. The duration of these oscillations varied depending on the maneuver but typ-
ically decayed to the background level within 5 days post maneuver at < 3 RE and within 1
day at > 3 RE.

4.3.4 Software for EFW

The standard software package for access and analysis of the EFW dataset is through the
SPEDAS package for IDL. The software is available as part of the IDL SPEDAS bleeding-
edge software package (Angelopoulos et al. 2019). Installation instructions for this software
can be found at http://spedas.org/wiki/index.php?title=Main_Page. Specific code for loading
the electric field and related data at the cadence of spin period (~ 11 sec), survey mode (16
or 32 S/sec), and burst mode (512-16,384 S/sec) are documented at https://spdf.gsfc.nasa.
gov/pub/data/rbsp/documents/efw/. Routines for loading supporting data related to EFW are
also listed. Other software for loading the EFW CDF data products include pyspedas https://
github.com/spedas/pyspedas and autoplot https://autoplot.org/.

5 Summary

The Electric Field and Waves instruments on the twin Van Allen Probes have provided an
unprecedented dataset of high-quality DC and AC electric field measurements throughout
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the inner magnetosphere. This dataset has been used in combination with data from the
other Van Allen Probes instruments and in collaboration with other missions in hundreds of
publications addressing fundamental physics of the magnetosphere and ionosphere (as laid
out by the primary mission science goals) and providing exciting new discoveries. The final
calibrated dataset, described in detail in this chapter, will remain highly relevant for decades
to come.
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