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Abstract 20 
We present a statistical study of energetic heavy ion acceleration in the near-Earth magnetotail 21 
using observations from the Energetic Ion Spectrometer (EIS) onboard the Magnetospheric 22 
Multiscale (MMS) spacecraft. Although the EIS instrument does not measure ion charge state 23 
directly, we have inferred the dominant charge state of the suprathermal heavy ions (i.e., ~60-24 
1000 keV He and C-N-O), using a previously-developed correlation analysis of the time-25 
dependent flux response between different energy channels of different ion species. For specific 26 
events we have also distinguished adiabatic (charge-dependent) energization from non-adiabatic 27 
(mass-dependent) energization. This work uses observations from the MMS “Bursty Bulk Flows 28 
(BBF) Campaign” in August 2016, when high-energy-resolution “burst”-mode data are more 29 
frequently available, to examine the relative occurrence of adiabatic energization versus 30 
preferential energization of heavy ions. The results of this study demonstrate the utility and 31 
limitations of the cross-correlation technique that was applied. We find that the technique is 32 
consistently able to discern coarse charge states for heavy ions such as O+/6+, He+/++ (i.e., 33 
ionospheric versus solar wind sources), but that the more subtle job of uniquely determining 34 
adiabatic versus non-adiabatic behaviors for the ionospheric component (O+) is only sometimes 35 
achievable. The dynamics of Earth’s magnetotail are apparently too complex and variable to 36 
consistently accommodate our simple assumption for adiabatic behavior of energy/charge-37 
ordered transport from a common source of particles.  38 
Plain Language Summary 39 

Space environments of magnetized planets, called “magnetospheres”, trap and accelerate 40 
energetic ions (ionized atoms) and electrons. At Earth, these particles come from two different 41 
sources, the “ionosphere” of charged gases at the top of Earth’s atmosphere, and ionized gases 42 
comprising the solar wind emanating from the Sun and enveloping Earth’s magnetosphere. 43 
Understanding the structure and dynamics of Earth’s magnetosphere requires that we determine 44 
the sources of the particles within it. The charge states of the oxygen and helium ions provide 45 
good indicators of their source: low charge states (e.g., O+ and He+) indicate ionospheric sources, 46 
and high charge states (e.g., O6+ and He++) indicate a solar wind source. However, measuring the 47 
charge state is difficult; most instruments flown within Earth’s magnetosphere are unable to 48 
make this determination. Previously, an analysis technique called “energy cross correlation” has 49 
allowed us to infer the charge states and also determine how the particles are energized. Here we 50 
use this technique for a broad range of conditions to determine the strengths and limitations of 51 
this technique. The results demonstrate that the technique is very good at distinguishing the 52 
charge state of heavy ions like oxygen, but only sometimes allows us to determine the 53 
mechanisms of energization.  54 

1 Introduction 55 
Energetic ions (tens to hundreds of keV) in the ring current and nightside plasma sheet make a 56 
significant contribution to energy density and plasma pressure in the magnetosphere (e.g., 57 
Williams, 2015). They also play a key role in the plasma and field dynamics in the inner 58 
magnetosphere (e.g., Kozyra & Liemohn, 2003; Ebihara & Ejiri, 2003). The major ion species in 59 
the magnetosphere are protons, oxygen, and helium (e.g., Young et al., 1982; Welling et al., 60 
2015). Protons originate from both the solar wind and ionosphere. Ionospheric outflow also 61 
contains singly-charged oxygen (and to a lesser degree He+, N+, O++, and molecular ions) while 62 
multiply-charged oxygen (O!") and carbon (C!") originate from the solar wind (e.g., Shelley et 63 
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al., 1972; Gloeckler, & Hamilton, 1987; Kermser et al., 1985, 1987; Moore et al., 2001; Allen et 64 
al., 2016; Jordanova et al., 2020). This charge dependence allows for heavy ions to serve as 65 
tracers of ionospheric-originating plasma versus solar wind-originating plasma (e.g., Allen et al., 66 
2016). Furthermore, because different ion species with different charge states can experience 67 
energization processes with a wide range of different spatial and temporal scales, the mass-per-68 
charge (m/q) values in the magnetosphere have been used as a tracer to study the origin, 69 
acceleration, and energization of magnetospheric plasma (e.g., Balsiger et al., 1980). 70 

In the absence of composition and/or charge-state measurements, it is common to assume that 71 
either magnetospheric dynamics are predominantly controlled by protons and/or heavy ions are 72 
singly charged (e.g., Ziegler et al., 2010, Mauk, 2013, Blake et al., 2016; Cohen et al., 2017). 73 
However, both of these assumptions may result in widely different interpretations of ion heating 74 
and energization processes (e.g., charge state energization vs. mass-dependent energization). In 75 
order to properly understand magnetospheric dynamics - including energization, transport, 76 
injection, and loss processes of energetic particles - it is important to distinguish both 77 
composition and charge state. 78 

Over the past decades, many satellite observations and modeling studies have focused on storm-79 
time and substorm evolution of ion composition, hinting at various heavy ion energization 80 
processes/mechanisms, charge-dependent and/or mass-dependent, in the magnetosphere. It is 81 
shown that singly-charged oxygen ions can have a significant contribution to the pressure of the 82 
plasma sheet and ring current during geomagnetic activity while the protons typically dominate 83 
the pressure during quiet periods (e.g., Young et al., 1982; Hamilton et al., 1988; Kistler et al., 84 
1989; Roeder et al., 1996; Daglis, 1977; Nosé et al., 2001; Fok et al., 2006; Keika et al., 2006; 85 
2010, 2013; Gkioulidou et al., 2016; Mouikis et al., 2019). Although various adiabatic and non-86 
adiabatic energization processes have been proposed, the nature and prevalence of preferential 87 
O+ ion enhancements and the dominant mechanisms are still under debate. The major likely 88 
processes include adiabatic (i.e., charge state-dependent) transport from the plasma sheet under 89 
prolonged strong convection (e.g., Kronberg et al., 2014), impulsive adiabatic transport 90 
associated with fast plasma flows from the plasma sheet and magnetic field dipolarization, and 91 
local non-adiabatic (i.e., revealing itself as mass-dependent) acceleration in the plasma sheet and 92 
inner magnetosphere (Keika et al., 2013, 2018; Fu et al., 2020; and references therein).  93 

For guiding-center adiabatic behavior, ions with different charge states have the same drift 94 
trajectories and charge-state-dependent energization, irrespective of their mass. Such energy-per-95 
charge ordering of the observed spectra is reported in various studies (e.g., Mobius et al., 1987, 96 
Kistler et al., 1989, 1990; Cohen et al., 2017; and references therein). However, there are many 97 
hypothesized conditions where non-adiabatic, mass-dependent acceleration is expected. Test 98 
particle trajectories in magnetohydrodynamic (MHD) field simulations of dipolarizations by Birn 99 
et al. (2013, 2014) have shown non-adiabatic acceleration of ions close to the reconnection site 100 
where magnetic spatial and/or temporal scales are smaller than ion gyroradii and/or gyro-101 
frequencies. Ion trapping within modeled magnetic islands and other local non-adiabatic 102 
processes have also been modeled for dipolarization events (Ukhorskiy et al., 2017, 2018). 103 
During dynamic events, O+ is often expected to behave non-adiabatically compared to H+ 104 
because of its longer gyroperiods relative to the time scales of the dynamics. This behavior could 105 
lead to preferential energization of O+ associated with impulsive electric fields of several types 106 
of dynamic features (e.g., Keika et al., 2013; and references therein). Such features include: (1) 107 
magnetic field dipolarization (e.g., Delcourt et al., 1994, Sanchez et al., 1993, Wygant et al., 108 
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1998), (2) magnetic field reconfiguration and/or the leading edge of a fast earthward propagating 109 
plasma structure such as a bursty bulk flow (e.g., Nakamura et al., 2003, Sergeev et al., 2009), 110 
(3) Pc1-2 magnetic field fluctuations during dipolarization (e.g., Ono et al., 2009, Nosé et al., 111 
2010), (4) resonant interactions with electromagnetic ion cyclotron waves (e.g., Thorne & Horne, 112 
1997), and (5) ultralow-frequency waves (e.g., Yang et al., 2011). However, to discern such non-113 
adiabatic behaviors, we must understand the charge states of the ions involved. Specifically 114 
adiabatic acceleration of multiply-charged heavy ions of solar wind origin above ~150 keV 115 
injected Earthward from the magnetotail and the subsequent energy per charge (E/q) ordering 116 
has been suggested recently by multiple authors (e.g., Cohen et al., 2017; Bingham et al., 2020, 117 
2021; Birn et al., 2021). In this case, He++ and O6+ would acquire two and six times more energy 118 
than protons, respectively. 119 

To address adiabatic versus non-adiabatic energization, one needs to discriminate suprathermal 120 
ions originating from the solar wind from ionospheric heavy ions produced during 121 
magnetospheric ion enhancements. Using the high-energy composition observations from the 122 
Radiation Belt Storm Probes Ion Composition Experiment (RBSPICE) instrument (Mitchell et 123 
al., 2013) onboard the Van Allen Probes at radial distances < 5.8 RE, Mitchell et al. (2018) first 124 
introduced a technique using cross correlation analysis of the time-varying intensities of helium 125 
and oxygen ions to deduce their charge state. Bingham et al. (2020) applied this technique to data 126 
from the Energetic Ion Spectrometer (EIS) instrument (Mauk et al., 2016) onboard the 127 
Magnetospheric Multiscale (MMS) mission for more distant regions and concluded that the 128 
fluxes were ordered by energy-per-charge (E/q) for three specific events featuring adiabatic 129 
energization. Later, Bingham et al. (2021) used this technique to reveal apparent non-adiabatic 130 
acceleration during one event using MMS/EIS data.  131 
In this work, we expand on these previous studies to conduct a multi-case and statistical study of 132 
heavy ion energization in the near-Earth magnetotail using MMS observations to determine the 133 
utility, efficacy, and limitations of the cross-correlation technique in determining the occurrence 134 
frequency of adiabatic (i.e., charge-dependent) and non-adiabatic (i.e., mass-dependent) 135 
energization of heavy ions. The central issue is whether the magnetotail consistently behaves in 136 
the fashion that is assumed in the application of the technique. In Section 2, we introduce the 137 
instrumentation. In Section 3, we discuss the event selection and methodology, showcase our 138 
analysis results for a few events, and present the results of our statistical study. Section 4 139 
provides a discussion and conclusion.  140 

2 Instrumentation  141 
The MMS mission (Burch et al., 2016), launched on 13 March 2015, consists of four identically-142 
instrumented spacecraft flying in highly elliptical, near-equatorial Earth orbits in a tight 143 
tetrahedral spacing of tens to hundreds of km. The orbits along with a comprehensive set of 144 
particles and field instruments allow for observations of magnetosphere dynamics at electron 145 
scales at various radial distances. In this study, we use observations from the instrumentation 146 
onboard MMS spacecraft as follows.  147 
 148 
The EIS instrument is one of two sensor types of the Energetic Particle Detector (EPD) 149 
investigation (Mauk et al., 2016) and uses microchannel plates and solid-state detectors to 150 
measure energetic ion energy, pitch angle, and elemental compositional distributions for protons 151 
(~20 keV to 1 MeV), helium (~60 keV to 1 MeV), and oxygen (130 keV to 1 MeV) using an 152 
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“energy by time-of-flight” (ExTOF) technique for heavy ions and higher energy protons and a 153 
microchannel plate (MCP) “pulse-height by time-of-flight” (PHxTOF) technique for the lower 154 
energy protons in six different views in a plane. We note that EIS does not distinguish between 155 
carbon, nitrogen, and oxygen (CNO) nor does it distinguish charge state.  156 
 157 
The Hot Plasma Composition Analyzer (HPCA; Young et al., 2016) and the Fast Plasma 158 
Investigation (FPI; Pollock et al., 2016) provide ion moments and velocity distributions. HPCA 159 
is a time-of-flight (TOF) mass spectrometer designed to measure energy, angle, and velocity 160 
distributions for different ion species with various charge states (e.g., H+, He++, He+, O+, O++) in 161 
a lower energy range between a few eV and ~40 keV/q. In our analysis, in addition to the 162 
estimated ion flow speed from HPCA, we use burst-mode HPCA composition (i.e., charge state) 163 
data to either confirm or reject the presence of O+ and/or He+ for our identified events. The 164 
Fluxgate Magnetometer (FGM) instrument (Russell et al., 2016) provides the vector magnetic 165 
field on MMS. The solar wind and geomagnetic index data are obtained from the NASA OMNI 166 
dataset (King & Papitashvili, 2005).  167 

3 Analysis and Results 168 

3.1 Event Selection 169 
The statistical study presented here includes MMS observations of energetic particle 170 
enhancements during substorm activity in August 2016 when the MMS “Bursty Bulk Flow 171 
(BBF) Campaign” was conducted during Phase 1x of the mission (Fuselier et al., 2016). 172 
Consequently, a higher percentage of burst-mode data was available as compared to other phases 173 
of the mission. EIS burst data is sampled at the full sectoring cadence of the instruments (i.e., 174 
~2/3-s accumulation) and has a 𝛥𝐸/𝐸 of 10%, compared to 35% during typical “survey-mode” 175 
data acquisition. At burst resolution, there are up to 73 channels of various combinations of 176 
ExTOF-measured species and energy for each look direction.  177 
 178 
For each species (H+, He n+, O n+), we use spin-averaged, omni-directional fluxes versus energy 179 
where the data is combined over the six different EIS telescopes (or look directions). The 180 
temporal resolution is ~20 s in this case. Since the spatial separations of the four MMS 181 
spacecraft are small compared to the ion gyroradii, we combine the data from all the MMS 182 
spacecraft (except MMS1 for which no EIS ion data products are available during the “BBF 183 
Campaign”) to improve statistical accuracy.  184 
 185 
We identified a total of 32 events for study. For our selection of the events, we focused on time 186 
intervals for which the burst-mode data were available (lasting for at least eight minutes), and ion 187 
enhancement signatures were observed (visual inspecition). Because the FPI instrument did not 188 
operate during the August 2016 campaign, we used ion bulk flow speeds measured by HPCA. 189 

3.2 Methodology 190 
In this work, we employ the technique introduce by Mitchell et al. (2018) and used by Bingham 191 
et al. (2020, 2021). Specifically, we compute the Pearson cross-correlation coefficients for the 192 
time history of fluxes in different energy channels associated with different species (protons, 193 
helium, and oxygen), as follows 194 



manuscript submitted to JGR: Space Physics 

 

𝜌#,	& = 	 𝔼[(#*+!)(&*+")]
.!."

, 195 
where 𝔼 represents the expectation operator and 𝜇#, and 𝜎# note the average and standard 196 
variation of the species 𝑋 timeseries, respectively. With this technique, a ridge of high cross-197 
correlation between certain energy ranges for two different species can indicate the presence or 198 
absence of E/q ordering of the dynamics and can be used to infer the dominant heavy ion charge 199 
state during substorm-related energetic particle enhancements. 200 

3.3 Multi-case Analysis Results 201 
Here we present the results of the multi-case analysis using the cross-correlation technique to 202 
better understand the nature of dynamics of ion injection events during substorm activity and the 203 
efficacy of the technique. We showcase three example cases that feature three different behaviors 204 
in terms of adiabatic versus non-adiabatic energization of singly-charged oxygen ions.  205 

3.3.1 Category 1 example: Adiabatic enhancement of helium and oxygen 206 
The first example case that we present is for an energetic particle enhancement event between 207 
07:00 and 07:40 UT on 20 August 2016. Figure 1 shows the solar wind conditions from OMNI 208 
data (Figures 1a-1d) and substorm auroral indices (AE, AU, AL) (Figure 1e) for 00:00-24:00 UT. 209 
The figure also shows MMS observations from 07:00-07:40 UT (Figures 1f-1j). The solar wind 210 
speed is relatively steady at ~325 km/s. The AE index varies from ~200 nT to ~500 nT, 211 
indicating moderate substorm activity. During this time, the MMS spacecraft were on the 212 
inbound portion of their orbit from ~9.4 RE to ~8.8 RE at a magnetic local time (MLT) of 21.6-213 
21.8 hr. Figures 1f-1h show energy spectrograms of spin-averaged omnidirectional fluxes 214 
observed by EIS for 40-1000 keV protons (ExTOF product), 60-1000 keV helium, and 130-1000 215 
keV oxygen ions, respectively. As explained in Section 2, we combine the EIS observations over 216 
all available spacecraft (MMS2-MMS4) because of their small separation compared to the ion 217 
gyro-scales. These spectrograms show enhancements of proton, helium, and oxygen ions during 218 
this time interval. Figures 1i-j show the FGM magnetic field and HPCA proton velocities from 219 
MMS2 in GSM coordinates. Since Bx is negative, -Bx is plotted for better visualization of 220 
changes in the magnetic field components. Signatures of dipolarization accompanied by large 221 
flow speeds (+Vx component) up to ~750 km/s are observed between 07:02-07:10 UT, entirely 222 
consistent with this being an energetic particle injection associated with a dipolarization of the 223 
local magnetotail (note increase in +Bz with associated decrease in magnitude of Bx) and an 224 
earthward BBF. 225 

The energy ranges of ion enhancements differ for different ion species (e.g., Mitchell et al., 226 
2018; Bingham et al., 2020). Heavier ion enhancements are apparent at much higher energies (up 227 
to ~1 MeV) compared to protons for which enhancements happen up to ~350 keV. As previously 228 
mentioned, EIS does not measure charge state; therefore, if we were to assume that the heavy 229 
ions are singly-charged, extreme electric potentials would be required to energize ions to such 230 
high energies.  231 

To determine charge state, we apply the cross-correlation methodology described in Section 3.2. 232 
Assuming that magnetospheric dynamics are controlled by energy-per-charge (i.e., guiding-233 
center assumption), this method sheds light on the heavy ion charge state during this event. 234 
Figure 2 shows time series of the differential flux for EIS protons at 55 keV, 81 keV, and 235 
120 keV energies and helium at 103 keV, 169 keV, and 244 keV. We note that time series of 236 
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helium are normalized on the y-axis relative to the proton time series to facilitate visualization. 237 
The time series are smoothed over 1 min. As a precursor to the more formal treatment to come, 238 
the coherency between the temporal variation of helium and protons fluxes for energies where 239 
the condition EHe = 2 * EH is roughly met is evident from these plots. This result indicates that 240 
the cross-correlation between such energy pairs is high (i.e., close to 1) for this event.  241 

To formalize and confirm this conclusion, Figure 3a presents a table of cross-correlation 242 
coefficients of the pairs of time series of proton and helium differential fluxes for all EIS energy 243 
channels between 07:06-07:40 UT. We did not include the differential fluxes before 07:06 UT 244 
when high flows were observed in HPCA measurements because the Compton-Getting effect 245 
from high flows might distort the ion energies. In panel (a), the row and column headers list the 246 
geometric mean energy of each EIS proton and helium channel. The colored boxes note the cross 247 
correlation of fluxes between each respective pair of energy channels. We can think of time as 248 
going into the page, and the colored box identifing the cross-correlation coefficient between the 249 
time series associated with each pair of proton and helium energies. The coefficients are color-250 
coded to note high (1) and low (0 or small negative) values in blue and red, respectively. The 251 
boxes with yellow outlines are added to guide the eyes to energy channel pairs for which either 252 
helium energies are closest or equal to proton energies (i.e., E/0 = E/#, bottom diagonal line of 253 
yellow boxes) or twice the proton energies (i.e., E/0 = 2 ∗ E/#, top diagonal line of yellow 254 
boxes). These boxes signify where peak correlations would be expected if transport and 255 
energization were ordered by E/q for H+ versus He+ (bottom line of yellow boxes) or He++ (top 256 
line of yellow boxes).  257 

In this table, we see a ridge of high cross-correlation coefficients along the top diagonal line of 258 
yellow boxes where E/0 = 2 ∗ E/# indicating the presence of He++. While the ridge is well 259 
focused along E/0 = 2 ∗ E/# boxes for EHe ≳	200 keV, it expands for lower energy channels. 260 
One reason behind this widening of the ridge could be the presence of both He+ and He++. 261 
Remember that HPCA can observe both singly-charged and doubly-charged helium at energies 262 
below ~40 keV/q (or ~ 80 keV total energy). Figure 3d shows the TOF spectrum from HPCA 263 
between 07:00 UT and 07:40 UT. Color illustrates the average flux observed by HPCA for a 264 
given bin. Each bin – i.e., the region between the solid-dashed lines - represents the respective 265 
TOF ranges for each ion species. The solid-dashed line pairs show the fast and slow TOF limits, 266 
respectively, for the species. As expected, helium fluxes are several orders of magnitude lower  267 
than proton fluxes; however, HPCA shows that He++ ions dominate by approximately an order of 268 
magnitude over those of He+ at energies above ~1 keV. This significant He++ population likely 269 
explains the broadening of the high cross-correlation ridge for the lower EIS energy channels in 270 
Figure 3a. 271 

Figure 3b shows the same cross-correlation table as Figure 3a, but between proton and oxygen 272 
energy channels. There are now three diagonal lines of boxes with yellow outlines corresponding 273 
to: E1 = E/#  (bottom line), E1 = 2 ∗ E/#  (middle line), E1 = 6 ∗ E/#  (top line). Two sets of 274 
high cross-correlations ridges are evident for this case, indicating two distinct oxygen 275 
populations. For the lower energy oxygen (E ≲	300 keV), the peak correlations fall along E1 =276 
E/#. This association with H+ suggests the presence of O+ and its adiabatic acceleration, where 277 
E/q ordering of the dynamics is expected. The HPCA TOF spectrum confirms that there is a high 278 
flux of singly-charged oxygen but very little flux of doubly-charged oxygen. A second weak 279 
ridge of high correlations falls along E1# = 6 ∗ E/# energies although the ridge is much less 280 
coherent compared to those for E1 = E/#in Figure 3b and E/0 = 2 ∗ E/#in Figure 3a. This high 281 
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correlation ridge hints at the presence of an O6+ population at E ≳	350 keV, which is again 282 
adiabatically energized in the near-Earth magnetotail. Previously-published events show a much 283 
stronger signal of O6+ (e. g., Mitchell et al., 2018; Bingham et al., 2020) 284 

Figure 3c shows the same cross-correlation table as Figures 3a-b, but between helium and 285 
oxygen energy channels. The diagonal lines with yellow outlines now correspond to E1 =286 
	2
3
∗ E/0, E1 = 	E/0, and E1 = 	3 ∗ E/0 (bottom, middle, and top lines, respectively). The ridge 287 

of highest cross-correlation falls along energy channels where E1 = 	2
3
∗ E/0 (i.e., a 2:1 helium-288 

to-oxygen charge state ratio, as would result from O+ and He++ populations) while another ridge 289 
of relatively high correlations is observed along the energy channels where E1 = 	3 ∗ E/0 (i.e., a 290 
1:3 helium-to-oxygen charge state ratio, as would result from O6+ and He++ populations). These 291 
results are in good agreement with the previously-discussed charge state populations determined 292 
from the correlation tables in Figures 3a and 3b, and further bolster the idea that the dynamics for 293 
this case are well ordered by E/q.  294 

This event is an example of the first category of events - similar to ones noted by Bingham et al. 295 
(2020) - with energization largely ordered by E/q (i.e., suggesting adiabatic energization for both 296 
helium and oxygen species). Note that the helium-to-oxygen cross-correlation tables follow the 297 
general patterns observed in the proton-to-helium and proton-to-oxygen cross-correlation tables 298 
although the cross-correlation values are typically smaller. This decrease in cross-correlation 299 
coefficients might be due to the fact that the heavy ion fluxes are significantly lower compared to 300 
protons fluxes and hence lead to much higher uncertainties associated with the cross-correlation 301 
coefficients. 302 

3.3.2 Category 2 example: Adiabatic enhancement of He++ and O6+ and apparent non-303 
adiabatic enhancement of O+ 304 

The second example case presented here is an enhancement event on 24 August 2016 between 305 
06:45 UT and 08:40 UT. Figure 4a-4e shows the same OMNI data and auroral indices as 306 
Figure 1. In this time interval, the AE index varies between 200 nT and 400 nT. The solar wind 307 
speed is steady at about ~500 km/s. Figure 4f-4j show MMS observations from EIS, FGM, and 308 
HPCA with a format similar to Figure 1f-1j. The spacecraft are on their inbound orbit from 309 
~8.9 RE to ~7.3 RE at MLT of 21.5-22.0 hr. The EIS data are again combined from MMS2-4. 310 
The FGM and HPCA are from MMS3. Signatures of dispersed injections can be seen at 311 
~06:52 UT, 07:35 UT, 07:40 UT, and 07:45 UT accompanied by dipolarization of magnetic 312 
field. High speed (~600 km/s) plasma flows are observed at the beginning of the interval.  313 
Figure 5 shows the tables for the cross-correlation coefficients between protons and helium (5a), 314 
protons and oxygen (5b), helium and oxygen (5c), and the HPCA TOF spectrum (5d). The 315 
format of diagonal lines with yellow outlines is similarly configured to those in Figure 3. The 316 
cross-correlation coefficients for this event are high along E/0 = 2 ∗ E/# (Figure 5a), which is 317 
an indication of adiabatic energization of helium. It is uncertain why this ridge becomes slightly 318 
wider for helium energies between ~150 keV and ~275 keV. This cross-correlation table is rather 319 
similar to that of the previous example case for the event on 20 August 2016 in that the helium 320 
energization seems to follow E/q dynamics (i.e., adiabatic energization).  321 

The cross-correlation tables between proton and oxygen (Figure 5b) and helium and oxygen 322 
(Figure 5c) show two distinct ridges of high correlations for low-energy oxygen (<300 keV) and 323 
high-energy oxygen (>300 keV) revealing two populations. Similar to Figures 3b-c, the higher-324 
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energy (>300 keV) ridges lie very nicely across boxes with E1 = 6 ∗ E/# (Figure 5b) and E1 =325 
3 ∗ E/0  (Figure 5c). Given the clear dominance of He++ in this event, this alignment denotes the 326 
presence of O6+ ions of solar wind origin and their adiabatic energization. 327 
However, for the lower-energy (<300 keV) oxygen, the high cross-correlation ridge falls 328 
between the lines expected for E1 = E/# and E1 = 2 ∗ E/# in Figure 5b and E1 = 1/2 ∗ E/0 329 
and E1 = E/0 in Figure 5c; given again the clear dominance of He++ in this event this suggests a 330 
population of either O+ and/or O++. This is in contrast to previous results from Mitchell et al. 331 
(2018) and Bingham et al. (2020) – as well as those in Figures 3b-c - where we had the cross-332 
correlations suggest the clear adiabatic energization of singly-charged oxygen. To determine if 333 
this offset is due to the presence of O++ (i.e., a mixed population of O+ and O++) or preferential 334 
energization of O+, we examine the HPCA TOF spectrum between 6:45 UT and 8:40 UT 335 
(Figure 5d). This plot reveals higher fluxes (approximately several orders of magnitude) for O+ 336 
compared to O++ at energies up to 40 keV/q. The clear lack of significant O++ in the HPCA 337 
measurement makes it highly unlikely that the presence of O++ can explain the position of the 338 
correlation ridge. This event is also consistent with typical conditions when O++ fluxes have 339 
historically been found to be much lower compared to O+ intensities (e.g., Kremser et al., 1987). 340 
Based on these observations, we conclude that there is a true displacement of the high cross-341 
correlation ridge from the position expected for E/q-ordered (i.e., adiabatic) energization (E1 =342 
E/#). 343 

This example case represents a category that is more similar to the event studied by Bingham et 344 
al. (2021) where an offset in peak correlations for protons and oxygen was also concluded to be 345 
indicative of a non-adiabatic (preferential) energization of singly-charged oxygen ions. This 346 
might represent instances of pick-up energization, as also discussed in Bingham et al. (2021) 347 

3.3.3 Category 3 example: Non-deterministic case of adiabatic versus non-adiabatic 348 
behavior of O+ 349 
The final example case presented here is from 9:40 UT - 10:10 UT on 6 August 2016. Figure 6 350 
shows the OMNI parameters (6a-d), auroral indices (6e), and MMS observations of EIS energy 351 
spectra (6f-h), FGM magnetic field (i) and HPCA ion flow (j) with a similar format to Figures 1 352 
and 4. The MMS spacecraft are on an inbound trajectory at radial distances from 8.4 to 7.8 RE. 353 
The AE index reaches up to ~1500 nT in this short interval indicating strong substorm activity. 354 
Signatures of dispersionless and dispersed injections associated with magnetic field 355 
dipolarizations are observed throughout this time interval as well. Since there are not any strong 356 
BBFs associated with the ion enhancements, it is likely that the dipolarization occurred over a 357 
broad range of MLT across the nightside and was remotely observed by MMS.  358 
Figure 7a-c shows the tables of cross-correlation between energy channels for different species 359 
similar to those in Figures 3 and 5. Figure 7a again shows the likely dominance of He++ at 360 
energies E/0 ≳ 200 keV as seen in the previous example cases. However, like example case 1 361 
(Section 3.3.1; Figure 3a), the ridge is wider at lower energies. Inspection of the HPCA TOF 362 
spectrum for this time period (Figure 7d) shows that He+ ion fluxes are not too different from 363 
He++ at energies less than 40 keV/q, suggesting that the widening of the cross-correlation ridge 364 
might be the result of increased He+ fluxes.  365 

However, unlike the previous cases, the cross-correlation coefficient tables for protons-vs.-366 
oxygen (Figure 7b) and helium-vs.-oxygen (Figure 7c) for this event are much less coherent. In 367 
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Figure 7b, we can still observe higher correlations along E1 = 6 ∗ E/# for oxygen ions with 368 
energies >300 keV although the ridge of high correlation looks much broader for energies E1 <369 
500 keV. The correlation coefficients are relatively high > 0.6 in flattened ridges for both i) 133 370 
keV < E1 <	175 keV and 55 keV < E/ <	93 keV – i.e., at E1 = 2 ∗ E/#, and ii) 228 keV 371 
< E/ <	382 keV and 210 keV < E1 <	390 keV (i.e., along the E1 = E/# line). The HPCA TOF 372 
spectrum for this time interval in Figure 7d does not show a significant O++ population. 373 
Similarly, the cross-correlation table for helium-versus-oxygen (Figure 7c) has a large spread 374 
between at E1≲175 keV and 61 keV ≲ E/0 ≲191 keV between the lines expected for E1 =375 
3 ∗ E/0 and E1 = E/0. Yet another ridge of high correlation is observed along E1 = 3 ∗ E/0 at 376 
higher energies (E1 ≳	400 keV) similar to previous example cases with a clear O6+ population of 377 
solar wind origin.  378 
This example case is representative of the third and final category of events for which the cross-379 
correlation technique cannot definitively address the issue of ordering with respect to E/q – i.e., 380 
determination between adiabatic versus non-adiabatic energization. Considering that O+ ions 381 
form the main population for oxygen ions at energies lower than ~300 keV, and that this event 382 
occurs during strong substorm activity, we speculate that multiple energization mechanisms are 383 
at play for the oxygen ions other than simple pickup energization; hence the table of cross-384 
correlations is not as clearly organized as for previous example cases. This observation is 385 
presumably more evident for oxygen compared to helium because of its larger gyroradius and 386 
longer gyroperiod.  387 

3.4 Statistical study 388 
During MMS’s BBF Campaign in August 2016, we identified thirty-two (32) enhancement 389 
events for which burst-mode data were available over at least an eight-minute period. To put the 390 
events into context, Figure 8 presents a) the distribution of the enhancement events in terms of 391 
maximum substorm activity (i.e., auroral electrojet index, AE) for the duration of the events, b) 392 
the event distribution in MLT, and c) the event distribution in radial distance. Except for one 393 
event, the identified enhancement events occurred during weak-to-moderate or strong substorm 394 
activity. The events all occurred at distances of either ~8-9 RE or 11-12 RE (the apogee of the 395 
MMS spacecraft was ~12 RE for the BBF Campaign) but because they were selected from only a 396 
single month of MMS data during Phase 1x (Fuselier et al., 2016), they all occurred in the pre-397 
midnight sector, approximately unfirmly distributed from 20-23 hr MLT. These events were 398 
sorted into three categories represented by the example cases summarized in Section 3.3. 399 
 400 
Here, we list the major findings of the statistical analysis of these events: 401 

• For all 32 events, the cross-correlation coefficients show ridges of high correlation along 402 
E/0 = 2 ∗ E/#This signifies the presence of He++ and the adiabatic energization of 403 
helium ions. At times, the ridge becomes wider, especially for lower energy helium ions. 404 
Based on lower-energy HPCA measurements, we attribute this wider spread to the 405 
presence of He+. 406 

• 28 (88%) events show clear separation between low- and high-charge states for oxygen 407 
ions (O+ and O6+). In other words, the cross-correlation coefficients for proton-versus-408 
oxygen channels display two separate ridges of high correlations for low-energy and 409 
high-energy oxygen. The technique is generally successful in separating high-charge 410 
states from low-charge states. 411 
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• In general, the cross-correlation coefficients for helium-versus-oxygen channels look less 412 
structured with the boundaries for high cross correlation ridges less clear compared to 413 
those of between protons and oxygen channels.  414 

• Eight (25% of all events) show clear E/q-ordered (adiabatic) behavior and thirteen (41% 415 
of all events) show evidence of non-adiabatic behavior.  416 

• Eleven events (11% of all events) yielded inconclusive cross-correlation tables that do 417 
not show clear structures for high cross-correlation ridges between protons and singly 418 
charged oxygen ions.  419 

• The high cross-correlation ridges around either ~8-9 RE or 11-12 RE observed for EO > 420 
300 keV were organized along either E1 = 6 ∗ E/# for protons-versus-oxygen channels, 421 
or E1 = 3 ∗ E/0 for helium-versus-oxygen channels. This organization confirms that the 422 
higher-energy oxygen ions are mainly O6+ of solar wind origin, as reported in previous 423 
studies (e.g., Bingham et al., 2020, Birn et al., 2021; Cohen et al., 2017).  424 

Figure 9 presents the distribution of the enhancement events in terms of substorm activity for the 425 
three different event categories: adiabatic, non-adiabatic, and non-deterministic. The adiabatic 426 
energization of O+ has a nearly uniform distribution in terms of substorm strength (i.e., AE 427 
index). However, the distribution is skewed towards stronger substorm activity for non-adiabatic 428 
energization and inconclusive energization events. This result is expected since strong and 429 
transient flows during strong substorm activity make it more likely that either the first or second 430 
adiabatic invariants are broken for oxygen ions due to their larger gyroradii and longer 431 
gyroperiods. 432 

4 Discussion and Conclusion 433 
In this work, we presented a statistical study of the application of the cross-correlation technique 434 
on MMS/EIS observations and its efficacy to infer the charge state and aspects of acceleration 435 
associated with various ion species. As previously mentioned, EIS does not measure ion charge 436 
state, and a simple assumption that all ions are singly-charged, while may perhaps be valid for 437 
lower energies, can lead to vastly different interpretations of ion energization within the 438 
magnetosphere.  439 
The three example cases discussed in Section 3.3 were presented as representative of three event 440 
categories:  441 

1) E/q-ordered events, assumed to represent adiabatic dynamics (8 events, 25%) 442 
2) Well-formed correlation traces that show evidence of non-E/q ordering, assumed to 443 

represent non-adiabatic energization of singly-charged oxygen (13 events, 41%) 444 
3) The cross-correlation coefficients tables were coarsely conclusive with regard to charge 445 

state, but nonconclusive (indeterminant) in terms of energization behavior (11 events, 446 
34%) 447 

In the work of Bingham et al. (2021), a preliminary and relatively simplistic approach was used 448 
to interpret an event in category 2 above in terms of a so-called “pick-up” process, which occurs 449 
when a very strong electric field is turned on at a rate much faster than the ion gyroperiod. 450 
Figure 10 shows an idealized calculation based on this idea. One interpretation of the correlation 451 
shift observed by Bingham et al. (2021) was based on the mean (blue) trace shown. However, it 452 
is recognized that the final energization depends on the initial gyrophase of the O+ ion; the 453 
orange and grey lines show the maximum and minimum energies achieved by the distribution of 454 
ions with a distribution of initial gyrophases. And so, the initial analysis by Bingham et al. 455 
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(2021) ignored the relatively broad range of energy shifts that could be generated by such a 456 
process.  457 
The results of the present paper also lead us to reconsider other aspects of the assumptions that 458 
went into the initial analysis of the apparent non-adiabatic behavior by Bingham et al. (2021). 459 
Figure 11 shows three different theoretical scenarios that may, or may not, apply for the 460 
interpretation of our correlations. 461 
In Scenario #1 (Figure 11a), injections of protons and oxygen ions occur far from the spacecraft. 462 
For this scenario, the ions would reach the spacecraft by magnetic drifts ordered by E/q. In this 463 
case, even if non-adiabatic acceleration is responsible for generating an enhancement of higher-464 
energy oxygen (compared to protons), their drift to the spacecraft is ordered by E/q once they are 465 
injected and thus leave no way for us to determine the adiabatic energization as H+ and O+ ions 466 
at a given energy will arrive at the spacecraft at roughly the same time. In other words, in this 467 
scenario, it is not possible to say if any observed E/q ordering is a result of the acceleration or the 468 
transport processes. 469 
For Scenario #2 (Figure 11b), injection occurs close to the spacecraft. If protons are energized 470 
adiabatically while oxygen ions are energized non-adiabatically, then the two species will 471 
experience a spatial separation of the order of a gyroradius due to the electric field in the pickup 472 
process. In a 50 nT magnetic field, this separation will result in an average displacement of the 473 
O+ ions on the order of 1 RE. Therefore, in order to arrive at the spacecraft at the same time, the 474 
protons need to have higher energies. The measured energy shift would then depend on the ratio 475 
of the initial signal separation and the distance to the spacecraft. If the spacecraft is within 476 
several RE of the injection site, then that original ~1 RE displacement is significant. But an 477 
important aspect of this scenario is that the shift in energy for the O+ ions does not immediately 478 
correspond to how much additional energy was initially put into the O+, but instead depends on 479 
the distance to the injection site.  480 
For Scenario #3 (Figure 11c), particles are again injected far from the spacecraft; however, they 481 
experience additional accerlation closer to spacecraft. In this scenario, O+ energies can again 482 
appear to be substantially modified relative to the E/q ordering. Here the energy shift depends 483 
not only on the displacement towards the spacecraft caused by the injection, but equally on how 484 
much additional energy is added to the O+ ions close to the spacecraft. Both effects (energy 485 
added to E/q-ordered behavior and spatial shifting) will play a role. 486 
There are also other processes that we have not examined – e.g., the ion trapping process 487 
discussed by Ukhorskiy et al. (2017, 2018). We have also not considered Fermi-type processes 488 
whereby the sudden Earthward movement of curved field lines could add a velocity-based 489 
energy to heavier ions relative to light ions. We have examined the pitch angle dependence of the 490 
correlation traces and found that the correlation values of nearly parallel particles are 491 
substantially lower than those of perpendicular particles. 492 
We conclude that the apparent mass-dependent energization seen in this analysis is a result of 493 
non-adiabatic energization processes such as those discussed here. However, interpreting that 494 
energization is very situation-dependent and will require substantial additional modeling to 495 
understand. We suspect that some of the observed events in the “indeterminate” category are the 496 
result of the complexities of the injection processes as only partially revealed in our examination 497 
of several potential scenarios (Figure 11). A possible approach for making further progress in the 498 
future would be to perform similar cross-correlation analyses on simulated distributions - e.g., 499 
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those by Birn et al. (2021) and/or Ukhorsliy et al. (2018) - to see what kinds of patterns are 500 
expected to emerge.  501 
Ultimately, we conclude that the cross-correlation technique applied in this and previous studies 502 
can be utilized to deduce the presence of different populations of ion species with different 503 
charge states. However, the results are still rather limited in quantifying the energization 504 
mechanism. The locations of the injection sites relative to the location of the spacecraft and the 505 
possibility for the occurrence of multiple injections, will play a role in what the cross-506 
correlations between fluxes of different species will show. In cases of strong substorm activity 507 
when the tail topology is highly dynamic and the particles go through numerous injections close 508 
to the spacecraft, the temporal variation of fluxes associated with different species (including the 509 
non-adiabatic behavior of O+) will likely not be well ordered by E/q, and thus the cross-510 
correlations tables are unlikely to show ridges of high cross-correlations with clear boundaries.  511 
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 695 

 696 
Figure 1. The first example case presented in this study: an energetic particle enhancement event 697 
observed by MMS on 20 August 2016 between 07:00 – 07:40 UT. OMNI solar wind conditions 698 
(a-d), substorm auroral indices (e), energy spectrograms of EIS ExTOF hydrogen, helium, and 699 
oxygen (f-h), FGM magnetic field measurements (i) and HPCA ion speed (j). This enhancement 700 
event occurs during moderate substorm activity, and is accompanied by dipolarization of the 701 
magnetic field and high plasma flows. The gray-shaded region notes the time interval associated 702 
with the event.  703 
  704 
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 705 
Figure 2. Time series of protons (solid) and helium (dashed) fluxes at various energies during the 706 
event on 20 August 2016 from 07:00-07:40 UT. Different colors correspond to different sets of 707 
energies as noted on the side of the figure. The time series of protons and helium fluxes (at twice 708 
the proton energies) show a similar behavior, and thus we expect to have a high correlation 709 
coefficient between these time series.  710 
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 712 

 713 
Figure 3. Tables showing cross-correlation coefficients between different species across energies 714 
for the enhancement event on 20 August 2016; cross-correlations are computed for 7:06 UT and 715 
7:40 UT to avoid the high plasma flows observed by HPCA. a) Protons versus helium with a 716 
ridge of high correlation coefficients along E/0 = 2 ∗ E/# indicating adiabatic energization of 717 
He++. b) Protons versus oxygen with two ridges of high correlations along E1 = E/#  and E1 =718 
6 ∗ E/# indicating adiabatic energization of O+ and O6+. c) Helium versus oxygen with two 719 
ridges of higher cross-correlation coefficients along E1 =

2
3
E/0 and E1 = 3 ∗ E/#. d) HPCA 720 

time-of-flight spectrum for the same time.  721 
  722 
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 723 
Figure 4. The second example case presented in this study: an energetic particle enhancement 724 
event observed by MMS on 24 August 2016 between 06:45 – 07:40 UT. OMNI solar wind 725 
conditions (a-d), substorm auroral indices (e), energy spectrograms of EIS ExTOF hydrogen, 726 
helium, and oxygen (f-h), FGM magnetic field measurements (i) and HPCA ion speed (j). This 727 
enhancement event occurs during moderate/weak substorm activity, and is accompanied by 728 
dipolarization of the magnetic field and high (~600 km/s) plasma flows at the beginning of the 729 
interval. The gray-shaded region notes the time interval associated with the event.  730 
  731 
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 732 
Figure 5. Cross-correlation coefficients between different species at various energies for the 733 
enhancement event on 24 August 2016; cross-correlations are computed from 6:50-8:45 UT to 734 
avoid the high plasma flows observed in HPCA flow measurements. a) Protons versus helium 735 
with a ridge of high correlation coefficients along E/0 = 2 ∗ E/# indicating adiabatic 736 
energization of He++. b) Protons versus oxygen with a strong ridge of high correlation along 737 
E1 = 6 ∗ E/#for EO>~300 keV indicating adiabatic energization of O6+. Another strong ridge of 738 
high correlation is evident for lower energy oxygen that lies between E1 = E/#  and E1 =739 
2 ∗ E/#.c) Helium versus oxygen with two ridges of higher cross-correlation coefficients: one 740 
along E1 = 3 ∗ E/0 and another one between E1 =

2
3
∗ E/0 and E1 = E/0. d) HPCA TOF 741 

spectrum for the same time interval.  742 
  743 
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 745 
Figure 6. The third example case presented in this study: an energetic particle enhancement event 746 
as observed by MMS on 6 August 2016 between 09:40 – 10:10 UT. OMNI solar wind conditions 747 
(a-d), substorm auroral indices (e), spectrograms of EIS ExTOF hydrogen, helium, and oxygen 748 
(f-h), FGM magnetic field measurements (i) and HPCA ion speed (j). This enhancement event 749 
occurs during strong substorm activity, and is accompanied by dipolarization of the magnetic 750 
field throughout the interval. The gray-shaded region notes the time interval associated with the 751 
event.  752 
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 754 
Figure 7. Cross-correlation coefficients between different species at various energies for the 755 
enhancement event on 6 August 2016 between 9:40 UT and 10:10 UT. a) Protons versus helium 756 
with a ridge of high correlation coefficients along E/0 = 2 ∗ E/# indicating adiabatic 757 
energization of He++. b) Protons versus oxygen with a strong ridge of high correlation along 758 
E1 = 6 ∗ E/# 	for EO>~300 keV indicating adiabatic energization of O6+. Two other ridges of 759 
high correlations are shown along E4 = 2 ∗ E/#	and another one along and below E1 = E/# line. 760 
c) Helium versus oxygen with two ridges of higher cross-correlation coefficients: one along 761 
E1 = 3 ∗ E/0 and another one between E1 =

2
3
∗ E/0 and E1 = 3 ∗ E/0. d) HPCA TOF spectrum 762 

for the same time interval.  763 
  764 



manuscript submitted to JGR: Space Physics 

 

 765 
Figure 8. The histograms of the enhancement events in terms of substorm activity (auroral 766 
electrojet index AE) in (a), MLT distribution of the events in (b), and radial distance from the 767 
center of the Earth in (c).  768 
 769 
  770 
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 772 
773 

Figure 9. Histograms of the identified energetic ion enhancement events versus substorm 
activity (auroral electrojet index, AE) for the different categories: a) adiabatic energization of 
O+, b) non-adiabatic energization of O+, and c) inconclusive in terms of O+ energization 
behavior.   
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 774 
Figure 10. A preliminary approach to illustrate the “pick-up” process that occurs when a very 775 
strong electric field is turned on at a rate much faster than the ion gyroperiod. One interpretation 776 
of the correlation shift observed by Bingham et al. (2021) was based on the mean blue trace in 777 
this figure. However, the orange and grey lines show the maximum and minimum energies that 778 
can be achieved by ions with a distribution of initial gyrophases.  779 
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 781 
Figure 11. Three different scenarios depicting the relative location of spacecraft and the injection 782 
site.   783 
 784 


