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Key Points:13

• Previous electron measurements could not resolve many energy-dependent ULF14

wave interactions with MeV electrons due to phase-mixing15

• MagEIS histogram channels have widths dE/E 2-3% compared to standard 20-16

30% that is already considered high resolution17

• Without ultra-high resolution measurements, ambiguous conclusions may be reached18

concerning MeV electron dynamics (e.g., drift resonance)19
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Abstract20

Electron flux measurements are an important diagnostic for interactions between Ultra21

Low Frequency (ULF) waves and relativistic (∼1 MeV) electrons. Since measurements22

are collected by particle detectors with finite energy channel width, they are affected by23

a phase-mixing process that can obscure these interactions. We demonstrate that ultra-24

high resolution electron measurements from the Magnetic Electron Ion Spectrometer (MagEIS)25

on the Van Allen Probes mission - obtained using a data product that improves the en-26

ergy resolution by roughly an order of magnitude - are crucial for understanding ULF27

wave-particle interactions. In particular, the ultra-high resolution measurements reveal28

a range of complex dynamics that cannot be resolved by standard measurements. Fur-29

thermore, the standard measurements provide estimates for the ULF flux modulation30

amplitude, period, and phase that may not be representative of true flux modulations,31

potentially leading to ambiguous conclusions concerning electron dynamics.32

1 Introduction33

Radiation belt electrons with energies in the MeV range can cause deep dielectric34

charging in spacecraft (Baker et al., 1998). Several studies have identified a correspon-35

dence between Pc5 wave (2-7 mHz, Jacobs et al., 1964) amplitudes and radiation belt36

electron fluxes (e.g., O’Brien et al., 2003; Rostoker et al., 1998; Simms et al., 2018; Turner37

et al., 2012). Understanding the relationship(s) between ULF wave activity and MeV38

electron fluxes is thus an important target of space weather and radiation belt research39

(e.g., Mauk et al., 2013; Zong et al., 2017).40

Satellite measurements of electron fluxes, or J[E] (where J is flux and E is energy)41

and residual fluxes, or dJ[E]=(J[E]-J0[E])/J0[E] (where J0 is a running average, Claude-42

pierre et al., 2013), are an important diagnostic of ULF wave-particle interactions. For43

example, the periods and amplitudes of ULF modulations of J[E] can be used to esti-44

mate radial diffusion rates (Sarris et al., 2017; Schulz & Lanzerotti, 1974). As another45

example, drift resonance - a non-diffusive process where electrons with appropriate drift46

frequencies can rapidly gain or lose energy (Elkington et al., 2003; Southwood and Kivel-47

son, 1981) - is often identified observationally as (1) the same ULF modulation period48

across a range of energies in dJ[E], (2) amplitude of dJ[E] at modulation period peaks49

at resonant energy, (3) 180 degree phase shift for dJ[E] above and below the resonant50

energy. Recent modifications to drift resonance theory to account for realistic ULF wave51

fields also note the importance of dJ[E] as a diagnostic of the relevant processes (e.g.,52

Li et al., 2017; Zhou et al., 2016).53

Satellite observations of J[E] and dJ[E] are obtained using particle detectors with54

finite energy channel width, and they are thus affected by a process known as phase mix-55

ing (Schulz & Lanzerotti, 1974). Electrons with different energy drift at different peri-56

ods (e.g., at fixed L and pitch angle), thus their separation in drift phase will change with57

time. As a result, ULF modulations of dJ[E] which initially have the same modulation58

period at different energy will accumulate a phase difference as electrons tend to drift59

at their natural drift period. A satellite particle detector with finite energy channel width,60

dE, will not be able to resolve the energy dependent drift periods of dJ[E] after enough61

time passes, and the larger dE the more rapidly these energy dependent phases/periods62

will be mixed (Schulz and Lanzerotti, 1974; Southwood and Kivelson, 1981; Degeling et63

al., 2008; Zhou et al., 2015). This impacts the ability to detect drift resonance phenom-64

ena in realistic wave fields (Li et al., 2017; Zhou et al., 2016).65

The Magnetic Electron Ion Spectrometer (MagEIS) on the Van Allen Probes, or66

Radiation Belt Storm Probes (RBSP), routinely provides J[E] with energy channels hav-67

ing dE/E of 20-30% (Blake et al., 2013). However, a higher resolution data product with68

dE/E of 2-3% can be generated in some cases, hereafter referred to as an “ultra-high res-69

olution” data product (to distinguish from standard MagEIS data products already of-70
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ten referred to as high resolution). Standard MagEIS electron energy channels are ob-71

tained from the full pulse-height (e.g., energy) spectrum from each MagEIS detector or72

“pixel” over a narrow pulse-height range centered on the pixel response (see Claudepierre73

et al., 2017). A subsampling of the full pulse-height spectrum is also retained, via on-74

board look-up-tables, to produce the MagEIS “histogram” data product. This downsam-75

pled histogram data is used, for example, to remove background contamination from the76

electron measurements (Claudepierre et al., 2015). However, when count rates are large77

enough histogram data can also be used to obtain an ultra-high energy resolution data78

product. Mann et al. (2013) used these ultra-high resolution measurements to demon-79

strate the effect of phase-mixing by comparing Pc5 wave electron flux modulation ob-80

servations in standard and histogram channels in the ∼175-600 keV range. They showed81

that the standard channels smooth and distort ULF flux modulations due to phase-mixing.82

Despite this important result, the histogram data product analyzed in that manuscript83

have not been used for other ULF wave studies, nor have they been used to examine ULF84

wave interactions with electrons having energies above 600 keV.85

Due to the energy dependence of the electron drift period, MeV electron measure-86

ments are significantly affected by phase-mixing. For example, the drift periods of 10087

and 130 keV electrons near RBSP apogee (L=5.5 RE, equatorially mirroring) are roughly88

60 and 80 minutes, respectively. If these electrons start at the the same phase in their89

drift orbit it will take them 120 minutes to drift 180 degrees out of phase. Thus, it would90

take roughly 120 minutes for their respective contributions to residual flux measurements91

to be averaged out in a hypothetical energy channel spanning 100-130 keV (i.e. dE/E92

of 30% as for MagEIS). This timescale is longer than timescales for ULF waves to damp93

or evolve significantly (Newton et al., 1978; Walker et al., 1992). In contrast, 1.0 and 1.394

MeV electrons have 6 and 8 minute drift periods, respectively, and they would accumu-95

late a 180 degree phase difference in only 12 minutes. Thus, phase-mixing proceeds more96

rapidly at MeV energies, on timescales less than a typical ULF wave event.97

In this letter, we shall describe the MagEIS histogram data and emphasize their98

importance for the diagnosis of Pc5 wave interactions with MeV electrons. Using the ultra-99

high energy resolution data product in a case study we will (1) show that previous elec-100

tron measurements could not resolve many energy-dependent interactions with MeV elec-101

trons due to phase-mixing, (2) show that histogram data can resolve drift resonances and102

other interactions, (3) demonstrate the need for high resolution measurements to avoid103

arriving at ambiguous or inconsistent conclusions concerning MeV electron dynamics.104

2 Instrumentation105

For in situ monitoring of ULF wave activity and energetic electron dynamics we106

use measurements from the RBSP mission, consisting of two identically instrumented107

spacecraft aimed at studying ring current and radiation belt dynamics (Mauk et al., 2013).108

The RBSP satellites have elliptical orbits with low-inclinations and geocentric apogees109

of ∼5.8 RE. The RBSP spin period is roughly 11s with spin axis nominally directed to-110

wards the Sun. For monitoring energetic electron dynamics, we use measurements from111

MagEIS in the Energetic Particle, Composition, and Thermal Plasma (ECT) instrument112

suite. MagEIS measures electrons at energies from roughly 20 keV to a few MeV (MagEIS113

also measures ions but these will not be discussed in the present study, Blake et al., 2013).114

The MagEIS instrument suite consists of four individual magnetic spectrometers115

per RBSP spacecraft. MagEIS magnets steer electrons of particular energy ranges onto116

individual detectors (pixels) in the instrument array. Those detectors are also affected117

by particles that have penetrated through shielding, electrons scattered from within the118

instrument chamber, and bremsstrahlung X-rays produced from energetic electrons in-119

teracting with the spacecraft and instrument materials; those additional counts all con-120

tribute to the instrument background levels. Each particle hit in a detector is binned by121
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total energy deposited into the histogram data, and multiple histogram channels cov-122

ering the particular energy range of electrons steered in by the magnet are combined to123

produce the main rate (lower E-resolution) data. The remaining histogram channels are124

used for background estimation and removal (Claudepierre et al., 2015).125

For this study, we use electron measurements from three of the four spectrometers:126

the “LOW,” “MED75,” and “HIGH” units, which measure roughly 20-200 keV, 200-1000127

keV, and 1000-4000 keV electrons, respectively. We note that the time cadence for the128

MagEIS histogram data has changed periodically throughout the RBSP mission, which129

impacts its utility in Pc5 ULF wave studies. Improvements to on board data compres-130

sion and reduced telemetry downlink margins have enabled more rapid cadences. In June131

2014, the time cadence dropped to roughly 22 s, sufficient for Pc5 wave studies. We note132

that histogram data is always available from the HIGH unit, but the other three units133

have a high pitch-angle resolution mode that they are occasionally commanded into. When134

the units are in this mode, the histogram data are not available.135

The histogram data are provided in the MagEIS level 1 data files as spin-averaged136

count rates as a function of (downsampled) pulse-height analyzer channel number. A few137

steps are needed to obtain dJ from these count rates. First, for each pixel, we extract138

the histogram data in the narrow pulse-height range centered on the pixel response (e.g.,139

the “main channel” response; see Claudepierre et al. (2015, 2017)). We convert the pulse-140

height analyzer channel numbers within the main channel response to energy values (in141

keV) using two methods:142

1. Obtain E and dE for histogram channels by interpolating across the main chan-143

nel, from the left to the right edge of the pixel response, whose values in keV are144

known, and requiring that dE/E is 2% (we also tried linearly spaced channels with145

fixed dE in each pixel and found no significant differences). This gives the histogram146

count rates as a function of energy, in keV, within the main channel response. There147

are usually ∼10 histogram channels within the main channel passband for a given148

pixel, thus producing a data product with roughly an order of magnitude finer en-149

ergy resolution when compared with the standard, main channels. Now, in order150

to compute the perturbed fluxes, dJ, from the histogram data, we simply note that151

the formula given for dJ in section 1 is the same if count rates are used in place152

of the fluxes, since the flux conversion factors (for converting count rates to fluxes)153

all cancel out on the right-hand side of the equation. Thus, the histogram count154

rates are used to compute dJ and we obtain dJ[E] from the histogram data, which155

can then be compared with dJ[E] from the standard channels.156

2. Detailed estimates of the instrument response functions were produced using Geant4157

simulations, and with those, characteristic energies and geometric factors for each158

histogram channel were established using bow tie analysis. Those values plus in-159

strument calibration factors (e.g., accounting for temperature dependent offsets)160

are used to convert the histogram count rates to differential fluxes. This method161

also increases energy resolution by roughly an order of magnitude, and it yields162

both J[E] and dJ[E].163

In this letter, we use technique (1) for E>950 keV and (2) for E<950 keV, since the re-164

quired analysis for (2) has not yet been completed for the “HIGH” unit. The use of (1)165

or (2) does not significantly affect the analysis of dJ[E] or conclusions of this work, since166

conversion factors for absolute fluxes are not needed. We confirmed this is the case by167

comparing dJ[E] from (1) and (2) for the “MED75” unit, finding very similar results. Fi-168

nally, we note that in both cases, the increased energy resolution of the histogram fluxes169

comes at the expense of count rates and thus signal to noise ratio. Thus, flux oscillations170

must have sufficient amplitudes to be detected using the histogram channels.171
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For ULF wave magnetic field measurements, we use fluxgate magnetometer mea-172

surements from the Electric and Magnetic Field Instrument Suite and Integrated Sci-173

ence (EMFISIS, Kletzing et al., 2013). For ULF wave electric field measurements, we174

use spin-fit electric fields using the RBSP Electric Field and Waves instrument (EFW,175

Wygant et al., 2013) spin plane booms; for RBSP-B, we use the 1-2 boom pair to ob-176

tain the spin-fit field, while for RBSP-A we use the 3-4 boom pair as the 1-2 boom is slightly177

noisier for this event. During the interval of interest, we are able to obtain the spin-axis178

component by assuming the component of the electric field along the magnetic field is179

0 at both RBSP satellites. EFW data are presented in Field-Aligned (FA) coordinates,180

where z is along the background magnetic field (obtained using low-pass filter, frequency181

less than 1 mHz), y is normal to z and on a plane defined by z and the azimuthal SM182

vector at the satellite position (pointing approximately eastward), and x completes the183

right-hand orthogonal set (pointing approximately radially outward). Both electric and184

magnetic field measurements are smoothed using a running 33 second (3 spin periods)185

boxcar window to reduce noise. Finally, we obtained propagated solar wind measurements186

from the the Space Physics Data Facility (SPDF, a project of NASA’s Goddard Space187

Flight Center) OMNIWeb interface.188

3 Observations189

The interval selected for analysis occurred on 5 April 2015 from 0100-0300 UT. This190

interval was drawn from a larger database of Pc5 ULF wave events identified using multi-191

point ground-based magnetometer data. These wave events were selected in part for their192

monochromatic power spectra, small azimuthal wave numbers, and large azimuthal phase193

speeds that are appropriate for MeV electron interactions (Degeling et al., 2014). For194

brevity, we leave a detailed description of this database and global wave activity to a fu-195

ture study; in the present study, we focus on RBSP measurements and, in particular, anal-196

ysis of the ultra-high resolution MagEIS measurements.197

As shown in the top three panels of the left part of Figure 1, the event occurred198

during a period of primarily radial and northward interplanetary magnetic field, rela-199

tively steady solar wind dynamic pressure, and steady, high solar wind speed of roughly200

550 km/s. The right part of Figure 1 shows the positions of the RBSP-B (pink) and RBSP-201

A (black) spacecraft in the SM xy plane during the 0100-0300 UT period on 5 April 2015,202

with the position at 0100 UT marked with a cross. Their separation in radial distance203

and magnetic local time (MLT) varies during the interval as both spacecraft move to-204

wards apogee.205

The fourth and fifth panels of the left part of Figure 1 show the high-pass filtered206

(>1 mHz) total magnetic field at RBSP-B (pink) and RBSP-A (black) and the FA y com-207

ponent of the high-pass filtered electric field, respectively. Pc5 waves are seen in both208

the electric and magnetic field perturbations, and the two spacecraft observe very sim-209

ilar wave activity with small phase differences despite their time varying spatial sepa-210

ration (results are similar for the FA x component of the electric field though the am-211

plitude is smaller, not shown). This situation typically occurs for solar wind driven Pc5212

waves that have large spatial scales and azimuthal phase speeds (e.g., Degeling et al.,213

2014; Takahashi et al., 2016).214

The bottom panel of Figure 1 shows dJ[E] observed by the MagEIS electron de-215

tector on RBSP-B, presented in a similar format as Li et al. (2017) where red indicates216

positive flux perturbations and blue indicates negative perturbations. Here, the resid-217

ual flux is computed in a similar manner to Claudepierre et al. (2013), except that a larger,218

20 minute smoothing window for J0[E] is used to reflect the longer wave period in this219

study. A one minute smoothing window is also applied to J[E] to reduce noise. A ULF220

modulation is seen in many energy channels at the same period as observed by the elec-221
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Figure 1. Left: From top to bottom, the three components of the interplanetary magnetic

field in GSM coordinates, solar wind dynamic pressure, solar wind flow speed, total magnetic

field perturbation observed by RBSP-B (pink) and RBSP-A, FA y electric field perturbations

observed by RBSP-B (pink) and RBSP-A (black), and spectrogram showing residual flux oscil-

lations observed by RBSP-B (energy on y-axis, red color indicates positive flux perturbation and

blue indicates negative). Right: The locations of RBSP-B and RBSP-A in the SM xy plane from

0100-0300 UT on 5 April 2015, with crosses indicating the positions at 0100 UT.
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tric and magnetic field instruments. However, the modulation amplitude varies in time222

and becomes irregular during several periods.223

The top of Figure 2 is the same as the bottom of Figure 1, again showing the ULF224

modulation with periods of less clear or irregular variations. The bottom of Figure 2 is225

for the higher resolution MagEIS measurements obtained using the histogram data (re-226

call from section 2 that different analyses are used to obtain dJ[E] above and below 950227

keV). Though a Pc5 ULF modulation can be observed across all energies in both the top228

and bottom of Figure 2, some dynamics can only be resolved in the bottom panel. For229

example, many of the periods/energies lacking a clear Pc5 ULF modulation in the top230

panel correspond to periods/energies with ULF modulations that vary rapidly in energy;231

the standard energy channels are too broad to resolve the energy dependent periods/phases232

of these modulations.233

Figure 3 examines energies above 1000 keV in more detail, during the period from234

0200-0230 UT. The top two panels present the same data as Figure 2, but on a linear235

scale and only showing energies from 1000-1300 keV. The second panel shows energy de-236

pendent phases in the ULF flux modulation that cannot be resolved with the standard237

energy channels (top panel). Moreover, the second panel shows electron dynamics that238

are more complicated than would be expected for interactions with a single Pc5 wave239

frequency; at least two different modulation periods appear. This is confirmed when ex-240

amining time series of residual flux for the 1050 keV standard MagEIS electron energy241

channel (970-1279 keV channel passband), the 1200 keV histogram electron energy chan-242

nel, and the 1055 keV histogram electron energy channel, in the bottom three panels,243

respectively. The standard MagEIS energy channel behavior appears similar to the 1200244

keV histogram energy channel; both show a long period Pc5 modulation of ∼ 10 min-245

utes. However, the 1055 keV histogram energy channel observes a ULF modulation at246

roughly 5 minutes. It is not possible to see this periodicity in the standard energy chan-247

nel, despite the fact that the 1055 keV histogram channel lies within its energy range.248

Figure 4 presents the same data as Figure 3, but on a linear scale and only show-249

ing energies from 330-380 keV and for the interval from 0100-0120 UT. In the top panel,250

the standard MagEIS energy channel (312-387 keV channel passband) detects an irreg-251

ular ULF modulation with broad maxima/minima. In the second panel, ULF modula-252

tions are seen with phases varying smoothly between channels. These modulations have253

significantly larger amplitudes than in the top panel. This is because they are not well254

resolved by the standard energy channel. The flux modulations’ variation in energy/time255

causes positive/negative variations at different energies to be partially averaged out in256

the standard energy channel. This is a clear example of the “tilted stripes” in dJ[E] spec-257

trograms associated with time dependent wave activity, modeled by Zhou et al. (2016)258

and observed by Mann et al. (2013). This feature arises due to the energy dependent par-259

ticle drift speeds and may also be related to localization of wave activity (Hao et al., 2017).260

As described in section 1, it is not observable in energy channels with larger widths due261

to phase-mixing.262

Comparing the time series in the bottom three panels of Figure 4 - standard MagEIS263

energy channel at 350 keV, histogram channel at 371 keV, and histogram channel at 343264

keV - the flux modulation amplitudes of the low resolution and high resolution channels265

differ by as much as a factor of 2. Moreover, the standard energy channel cannot resolve266

the phase differences between the 343 and 371 keV histogram channels. Thus, phase-mixing267

significantly affects the measurement of the ULF modulation period and amplitude in268

dJ[E].269
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Figure 2. The top panel is the same as the bottom panel of Figure 1 and is for the RBSP-B

residual electron fluxes using the standard MagEIS electron energy channels. The bottom panel

shows the RBSP-B residual electron fluxes obtained from the MagEIS histogram data, with a

green line indicating the energy cutoff for the two methods used to obtain dJ[E] from histogram

data (see section 2).
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dE~300 keV

dE~20 keV

dE~20 keV

Figure 3. From top to bottom, RBSP-B residual electron fluxes using the standard MagEIS

electron energy channels, RBSP-B residual electron fluxes obtained from the MagEIS histogram

data, time series of residual flux for the 1050 keV standard MagEIS electron energy channel

(970-1279 keV channel passband), time series of residual flux for the 1200 keV histogram electron

energy channel, time series of residual flux for the 1055 keV histogram electron energy channel.
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dE~80 keV

dE~8 keV

dE~8 keV

Figure 4. From top to bottom, RBSP-B residual electron fluxes using the standard MagEIS

electron energy channels, RBSP-B residual electron fluxes obtained from the MagEIS histogram

data, time series of residual flux for the 350 keV standard MagEIS electron energy channel (312-

387 keV channel passband), time series of residual flux for the 371 keV histogram electron energy

channel, time series of residual flux for the 343 keV histogram electron energy channel.
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4 Discussion270

Figures 2-4 demonstrate that in at least some cases, electron dynamics represen-271

tative of ULF wave particle interactions cannot be resolved by standard MagEIS dJ[E]272

measurements - or comparable/lower energy resolution dJ[E] measurements from other273

satellite missions. For example, as shown in Figure 3, the standard energy channels can-274

not resolve a higher frequency flux modulation occurring over a narrow range of ener-275

gies near 1 MeV. As shown in Figure 4, the standard channels cannot resolve the “tilted276

stripe” feature associated with flux modulations with periods that vary rapidly in en-277

ergy near 370 keV. This leads to lower amplitude estimates for the flux modulation am-278

plitude and affects estimates for the true flux modulation periods and phases. Phase/period279

estimates from the wider energy channels do not truly exist at any energy contained within280

the energy channel but are instead mixtures of a variety of ULF modulation phases/periods.281

These results have implications for the identification of ULF wave particle interactions282

such as drift resonances.283

Figures 2-4 also demonstrate the capabilities of the higher energy resolution to de-284

tect a range of complex behaviors. For example, the loop-like structures and multiple285

wave periods seen in the second panel of Figure 3 may be consistent with nonlinear in-286

teractions predicted by Li et al. (2018). These should occur during periods with monochro-287

matic ULF wave activity, as was the case in this event. During other periods, the elec-288

tron dynamics are more complex. For example, in the bottom panel of Figure 2 for pe-289

riods after 0200 UT and energies 300-500 keV, fluxes vary in energy and time with no290

obvious pattern. There are several possible explanations for this, including the presence291

of multiple resonances or interactions with temporally and spatially varying electric fields292

that are unrelated to ULF wave activity.293

These ultra-high energy resolution electron measurements are important for many294

areas of radiation belt research, particularly concerning interactions between MeV elec-295

trons and Pc5 waves (see discussion of phase-mixing at MeV energies in section 1):296

1. To determine whether ULF waves are interacting with energetic electrons in any297

of a variety of ways, one of the first tests is to examine whether there are any ULF298

modulations of fluxes. This study shows that in many cases, what would other-299

wise be a clear ULF modulation is obscured by averaging multiple modulation pe-300

riods (or phases) across energy channels of finite width.301

2. To detect drift resonances and other non-diffusive behaviors, sufficient energy res-302

olution is needed to detect flux oscillation amplitudes, periods, and phases that303

may vary rapidly in energy. As shown in this study, a range of behaviors cannot304

be observed without ultra-high resolution data. Ultra-high resolution measurements305

would facilitate studies examining the transition between diffusive and non-diffusive306

behavior, such as events involving multiple drift resonances (Ukhorskiy & Sitnov,307

2008).308

3. To obtain diffusion rates using drift echoes, accurate estimates of the flux mod-309

ulation amplitude and period are needed (Sarris et al., 2017; Schulz & Lanzerotti,310

1974). In this study, we demonstrated that in some cases, these estimates may be311

improved using ultra-high resolution measurements.312

For all items in this list, phase-mixing can lead to inconsistent conclusions concerning313

ULF wave interactions with energetic electrons if data products with different energy res-314

olution are used. For this reason, and because the ultra-high resolution measurements315

reveal unique dynamics that cannot be resolved with standard measurements, it is crit-316

ical that ultra-high resolution data continue to be collected from RBSP and future satel-317

lite missions and used wherever possible to characterize ULF wave-particle interactions318

with MeV electrons.319
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site (http://themis.ssl.berkeley.edu/index.shtml).336
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