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Abstract Particle injection, a major mode of plasma transport and energization throughout the
magnetosphere, has been studied for decades. Nonetheless, the physical processes that lead to the
acceleration and transport of very energetic ions in the inner magnetosphere during injection events are still
under debate. In this paper, we analyze several injection events occurring near the Van Allen Probes apogee.
Our analysis shows that the highest energy of an injected ion population depends on the charge state of
that population. We show that most of the helium injected is doubly ionized (He++), while oxygen charge
states are consistent with the presence of both ionospheric (O+) and solar wind (O6+) source populations.
Based on the findings of our data analysis and with the use of a simple model, we demonstrate that the
behavior of each injection of energetic ions near the Van Allen Probes apogee (5< L< 7 RE) is well explained
by simple adiabatic or nearly adiabatic transport within flow channels from higher L (≥10 RE) with velocities
at 10 RE ranging between ~200 and 2,000 km/s and falling with inward transport consistent with fixed
potential drops across the flow channels. Gradient/curvature drift during transport limits the highest
energy/charge observed for each injection at the Van Allen Probes. Even at the highest measured ion
energies where gyroradius and scattering effects might be expected to appear, energization depends on
charge state but not on ion mass.

Plain Language Summary We examine the characteristics of sudden enhancements of very
energetic ions detected by sensors on the Van Allen Probe spacecraft, as they appear near the highest
altitudes reached by the spacecraft (about six Earth radii) during fast flows of particles from farther out on
the nightside of the Earth (beyond 10 Earth radii). We show that the energization and transport of these
particles can be explained by a very simple model, which although it does not represent the full
self-consistent physics of the system, nevertheless, reproduces the key observables including the highest
energies reached by the ions and the dependence of that peak energy on the net charge carried by the ion
species. The results indicate that the important factors influencing the energization of the particles are
described by very basic concepts, with no need for invoking exotic processes. We suggest that this approach,
because it is computationally very fast, can be used to guide the parameters chosen for much more
sophisticated models whose computational complexity makes iterative application expensive.

1. Introduction

Energetic electron and ion injections from the plasma sheet into the magnetospheric region at and inside
geosynchronous have been observed since early in the space age (e.g., Lanzerotti et al., 1967). McIlwain
(1974), Konradi et al. (1975), and Mauk and Meng (1983) showed that many of these injections of ions
and electrons could be described phenomenologically using an “injection boundary” model, whereby the
near-Earth plasma sheet was shown to be the source of the injected particles. Most observations of these
energetic ions have been made with either electrostatic analyzers (for energies between tens of electron
Volts/charge (eV/q) to ~30–50 keV/q) or solid-state detector telescopes for energies from 30 to 50 keV up
to several MeV. In the earlier measurements, many of those sensors were not capable of discriminating
among ion species, and it was common to assume that the data were dominated by protons. As mass-
resolving instruments were developed and flown, it was demonstrated that whereas protons typically did
dominate the plasmas and energetic particle populations by number, there were significant fractions of
other species represented in the plasma sheet, especially helium and oxygen. In terms of number density,
helium was present at abundances similar to solar wind abundances (~5% typically), while oxygen
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(identified by plasma composition measurements as singly ionized oxygen) was present at variable abun-
dances that depend strongly on geomagnetic activity and solar cycle (e.g., Gloeckler & Hamilton, 1987;
Young, 1980; also see Allen et al., 2016, and references therein). The oxygen dependence on solar cycle
was inferred to derive from increased solar ultraviolet intensity driving atmospheric and ionospheric oxygen
scale heights (resulting in more oxygen available at higher altitudes where magnetospheric coupling can
extract it), while increased geomagnetic activity and the accompanying strong magnetosphere-ionosphere
coupling currents produced additional localized neutral and ion heating (leading to even larger oxygen
scale heights). The solar wind disturbance-driven geomagnetic activity also produced stronger high-latitude
electric fields and electrostatic wave activity at low altitude resulting in additional heating and acceleration
of ionospheric oxygen to energies where it can escape from the ionosphere and be transported into the
near-Earth plasma sheet (see Allen et al., 2016; Kistler et al., 1989; Korth et al., 2001, 2003; Kremser et al.,
1985; Sharp et al., 1983, and references therein).

Most of the literature discussing the composition of energetic ions in the plasma sheet and their subse-
quent presence in storm and substorm injections, both earlier and within the last few years, has focused
on the relative abundances of the singly ionized H+, He+, and O+ (e.g., Fok et al., 2006; Keika et al., 2013;
Kronberg et al., 2012; Maggiolo & Kistler, 2014; Mitchell et al., 2005; Mouikis et al., 2010; Nosé et al.,
2000; Ohtani et al., 2011). Some publications have touched on He++ (e.g., Daglis et al., 1994, 1999;
Forster et al., 2013) and on high charge state oxygen (Allen et al., 2016; Kremser et al., 1988), but there
has been otherwise little emphasis on solar wind-source ions, which have typically been assumed to be
minor players. For overall magnetospheric dynamics, these solar wind charge state minor ions may not
be especially important, but as a probe of transport and energization processes, following their dynamics
and energization can provide important insights.

Ion and electron injection events at and near geosynchronous orbit have been associated with fast Earthward
flows from the near-Earth plasma sheet into the middle and inner magnetosphere (e.g., Gabrielse et al., 2012,
2014). Farther out in the plasma sheet, these flows, systematically studied and described by Angelopoulos
et al. (1992), Angelopoulos, Kennel, et al. (1994); Angelopoulos, Phan, et al. (1994); Baumjohann et al.
(1990); McPherron et al. (2011); and Runov et al. (2009), have been associated with ion and electron accelera-
tion in the near-Earth magnetotail (Sergeev et al., 2012). Such flow channels have been shown to occur dur-
ing substorms and to be associated with auroral streamers and sometimes with development of the
substorm current wedge (Lyons et al., 2012). In some of the studies of relatively near-Earth (geosynchronous
orbit and inside geosynchronous) injections, ion energies in excess of 1 MeV have been noted. Because no
potential drops approaching that magnitude have been measured, many have assumed that nonadiabatic
acceleration processes are required to explain such high energies in injections (e.g., Delcourt, 2002).
Analysis of drift echo data has shown convincingly that protons may be accelerated to such energies in injec-
tions, at least at geosynchronous altitudes (e.g., Baker et al., 1979). However, as we will demonstrate in this
paper that is not usually the case at the Van Allen Probes apogee.

In this work we will demonstrate through both data analysis and a very simple model that the energies
gained by the injected ions near the apogee of the Van Allen Probes (~5 ≤ L ≤ 7) are consistent with sim-
ply adiabatic (μ-conserving) or quasi-adiabatic motion governed by E × B drifts (charge and mass inde-
pendent) and gradient and curvature drifts (charge state dependent) in high-velocity flow channels,
similar to those that have been described at higher altitudes both in observations (e.g., bursty bulk flows)
and in magnetohydrodynamic simulations (Wiltberger et al., 2015). The particle trajectories and energiza-
tion, therefore, depend only on ion charge state and not on ion mass. Thus, H+, He+, and O+ all undergo
identical energization time histories, while He++ and O6+ receive 2 and 6 times the energy of the singly
ionized species while following the same combined drift trajectories. It should be stated that at plasma
energies, this behavior is well known. What has not been well established, and what we demonstrate
clearly below, is that it extends even to energies for which gyroradius effects and pitch angle scattering
have often been thought to modify that behavior. (Our modeling of this process is somewhat analogous
to the treatment used in Zaharia et al., 2000, although there are important differences that lead to para-
metric values for velocity and flow channel width more consistent with flow channel observations. Our
results are also much less sophisticated yet quite consistent with those obtained by Birn et al. (1997),
Yang et al. (2011), and Zang et al. (2009).)
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2. Data

Our data set for this analysis is taken from the Radiation Belt Storm Probes Ion Composition Experiments
(RBSPICE) on each of the Van Allen Probe spacecraft, hereafter referred to as RBSPICE-A and RBSPICE-B.
These instruments are described in Mitchell et al. (2013). They use a combined energy (W; we use W for
energy to differentiate between energy and electric field, E) and time of flight (TOF) to derive the ion species
and energy for the three major magnetospheric ions: H, He, and O (practically speaking, the Omeasurements
also include nitrogen, but we will refer to this simply as O). They do not measure charge state, so, for example,
they do not differentiate between He+ and He++ or between O+ and On+, where for the solar wind n is typi-
cally 6. (e.g., Bochsler, 2000; Gloeckler & Geiss, 1989). In interpreting the RBSPICE ion measurements it is
important to understand that unlike simple solid-state detector measurements, the requirement for also
obtaining TOF results in considerably different sensitivities (efficiencies) for protons versus other species
(He and O). Without going into detail (this is discussed in Mitchell et al. (2013)), for a particular energy ion,
the efficiency for measuring protons is typically much lower than the efficiency for measuring heavier ions.
This can become significant when interpreting RBSPICE ion measurements.

The ion data are organized into four categories: (i) TOFxW ions (TOF by W, where the x is NOT a multiply or
cross product symbol), that is, particles that produce a valid TOF and energy measurement but are not cate-
gorized according to mass. These data are binned into relatively fine energy bins (ΔW/W ≈ 10%) and cover
energies from 50 to 20 MeV. Since ion species are not identified, it is for these data that the variable efficiency
for different species can be important to their interpretation. (ii) Protons, for which the TOF and W have been
analyzed on board to assign mass = 1, binned at ΔW/W ≈ 20%, between energies of 50 and 600 keV; (iii)
helium, mass 4, binned at ΔW/W ≈ 26%, between energies of 65 and 900 keV; (iv) and oxygen, mass 16,
binned at ΔW/W ≈ 26%, between 140 and 900 keV. Although the instruments could be configured to mea-
sure specific species at energies higher than 600 keV for protons and 900 keV for He and O, these limits were
selected as the best use of the available telemetry. The data are obtained over six separate telescope look
directions and each ~11-s spin of the spacecraft is sectored into either 12 or 18 spin sectors, although in this
analysis we have not made use of pitch angle or anisotropy information, and so we simply average over all
look directions to improve statistics.

3. Analysis of the Observations
3.1. Inference of Ion Species’ Charge States From Dispersed Injections

The first dispersed event we analyze was observed near dawn on 1 December 2012. It contains several
features of inner magnetosphere particle injections that we will make use of later. Figure 1 presents a 3-hr
interval on 1 December 2012, when Probe B was near apogee (dipole L ≈ 6.5, LT ≈ 0530). The figure presents
spectrograms of all TOFxW ion intensities (top panel), proton counting rates, helium counting rates, and oxy-
gen counting rates in successive panels. (We use counting rates because, with logarithmically spaced energy
bins, the counts in each bin decrease more slowly with energy than they would if converted to intensity,
allowing the energy-dependent structure to be seen over a smaller color bar dynamic range. This is nearly
[within a constant] equivalent to displaying the data in energy flux.)

In an injection, particles are transported by plasma motion (convection, V = E × B/B2) roughly meridionally
from higher L shells to lower L shells, within the space of tens of seconds to minutes. Observed at the lower
L shells, the particles have been energized either adiabatically (conserving their first adiabatic moment, μ) or
nonadiabatically (e.g., scattering in pitch angle or in the extreme executing Speiser motion (Speiser, 1965)
resulting in fast transport azimuthally in the direction of the convection electric field [V × B]). If they are adia-
batic, the particles likewise drift azimuthally in the magnetic field through magnetic gradient and curvature
drifts. For simplicity, we evaluate this drift as a gradient drift in a dipole field,

VgradB dipoleð Þ ¼ �3W⊥L
2=qB0RE

This motion is azimuthal, perpendicular to the radial direction in the equatorial plane. This motion also trans-
ports the particles parallel to the convection E field, at a velocity proportional to their (perpendicular) energy
(W⊥) and inversely proportional to their charge number (q; ~W⊥/q). Such injections observed at local times
separated from the local time of the convection flow appear dispersed in energy, with higher energy
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particles observed earlier than lower energy particles as they drift past the observer. Typically, the convection
is no longer active, and the population originally transported from higher L moves past the observer only
azimuthally according to these drifts. In the spectrogram, these populations appear first in the highest
energy particles, followed by lower and lower energies in a smooth arc to the lowest energies that appear
last. Each such convective injection will produce this sort of dispersed feature in the spectrogram.

Figure 1. Spectrograms of an injection event on 1 December 2012, as measured by the RBSPICE instrument on Van Allen
Probe B, located at 0530 LT and L ≈ 6.5. Top panel is TOFxE ion intensity, followed by H, He, and O on the three panels
below. A vertical white line marks the first appearance of the injection as it drifts three fourths around the Earth from near
midnight. A marks the locus of the dispersed injection for singly ionized ions at their peak energy, about 300 keV; a
marks the 300-keV locus for the drift echo of singly ionized ions; B marks the locus of the dispersed injection for doubly
ionized ions at their peak energy (~550 keV on this energy scale, which is calibrated for protons); b marks the ~550-keV
locus for the drift echo of B.
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There appear to be different numbers of injection features in each panel of Figure 1. Despite that appearance,
this event is actually only one, isolated injection. We have marked with a vertical white line the first appear-
ance of the ions at Probe B. The different features in the figure include multiple charge states, as well as drift
echoes. In the top panel (TOFxW ions) there are four distinct dispersed injection signatures, labeled A, B, a,
and b. These can also be seen in the spectrograms for each species, but not every species displays every fea-
ture, so the four labels are only repeated for the features that do appear.

The second panel from the top shows counting rates for energetic protons. This shows one distinct injec-
tion (A) and a very faint drift echo (a). The third panel is helium. This is the most complex, with two injec-
tions (B at higher energy and A at lower energy) both starting at about 2050 UT. The higher, stronger
helium injection B is also followed by a drift echo (b, about 30 min later at the highest energy plotted).
The bottom panel displays oxygen, also showing injection A beginning at ~2050 UT, followed by drift
echo a, again about 30 min later at the highest energy for which there are sufficient counting rates. The
oxygen injection follows the same dispersion with energy as H and also the same as the lower of the
two helium injections.

The upper (higher energy) helium injection can also be seen in the TOFxW ion product (top panel). In either
case, a close examination reveals that at any vertical cut in time, the energy of the upper injection is just twice
the energy of the lower injection. As we will demonstrate, this difference reflects the energy gained, and the
∇B drift velocities of, He+ (lower) and He++ (upper). Returning to the top panel, the injection signatures can
now be sorted out. The lower of the two injections beginning at ~2050 UT is at the common energy of pro-
tons, O+, and He+. The upper of the two is at the energy of the He++. That they appear to be at roughly the
same intensity in the TOFxW ions reflects the fact that protons dominate the lower energy injection, whereas
helium dominates the upper injection. The RBSPICE TOF efficiency for helium is much higher than that for
protons at these energies, so the lower intensity of the intrinsic particle distribution in the upper injection
is offset by the higher efficiency for counting them, and they appear quite similar. The two additional injec-
tions appearing a little later in time are drift echoes from the first two.

The drift echo in the protons merges into the rising proton intensity as the spacecraft begins moving in from
apogee and is not distinct. The He++ drift echo (higher energy) and the O+ drift echo (lower background
intensities) stand out more clearly.

We can use this observation to directly calculate the local time of the original injection. At ~300 keV/e the
time difference between the first H injection and its drift echo is about 20 min, so that is the time for particles
with that E/q to drift through 24 hr of local time. At 300 keV, He++ follows H+ by ~15 min. If the injection took
place at T0, and 300-keV H appears at T0 + ΔTH300, 300-keV He++ should appear at T0 + 2×ΔTH300. But that is
T0 + ΔTH300 + 15 min, so ΔTH300 = 15 min. Thus, at 15 min before the 300-keV H+ appeared, both 300-keV H+
and 300-keV He++ were at the same (injection) location; 15/20 × 24 hr LT ≈ 18 hr LT. Since Probe B is at
~0530 LT, the injection took place at ~0530 LT + 18 LT, or 2330 LT.

The event in Figure 2 is another example of a dispersed event. Observed near 0800 LT at L = 6.3 with RBSPICE-
B on 7 April 2016, this sequence shows two injections in close succession. The dispersion places the initial
injection on the nightside, although the lack of a clear drift echo makes the calculation of the injection local
time less certain than for the first event discussed. The injection detected in oxygen follows the same disper-
sion shapes as the injection in protons. The peak energy in the first injection is between 400 and 500 keV for
both species, while the peak energy in the second injection reaches about 600 keV for both oxygen and
hydrogen. In the oxygen spectrogram, we have repeated the lower energies from the proton spectrogram
to show the continuity between the two (we do not measure oxygen as a unique species below about
140 keV). Once again the helium (top spectrogram) shows evidence for both He+ and He++, again with the
He++ signatures much more distinct. While the He dispersion features look superficially like those of oxygen
and protons, their peak energy is at ~900 keV for the first injection and above that for the second. This is con-
sistent with the He++ being energized to just twice the proton and oxygen energies and consistent with the
supposition that the energy gained is proportional to the charge state. A comparison between hydrogen and
oxygen features at a given energy with helium features at twice that energy shows that they arrive at RBSPICE
at the same time, consistent with the drift velocity in the magnetic field gradient being proportional to W/q
and the He charge state being 2.
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3.2. Ion Count Rate Time Series Correlation Analysis for Different Energy Channels for a Dispersionless
Injection Event on 11 March 2015: Defining the Upper-Energy Limits of Energetic Ion Injections Based
on Their Charge

On 11 March 2015 between 14 and 16 UT at 2200 LT and near the Probe B apogee at L = 6.5 (Figure 3), while
there are dispersion-like features present, the onsets of most of the injections in this set of spectrograms are
nearly coincident in time at all energies. To aid the eye in following some of the bullet points below we have
derived iso-color contours from the top panel (all ions) and transcribed those contours onto the species
spectrograms in the other panels. We have placed the contours at their measured energy values in the
proton and oxygen spectrograms; we have moved them vertically to twice their original energy values in
the helium spectrogram and to 6 times their original energy values (the white versions of the contours) in
the oxygen spectrogram.

Certain patterns stand out in these spectrograms:

1. Both protons and helium show a relatively abrupt upper energy cutoff in the intensity. In spectral terms,
this is indicative of a sharp change in slope, from shallower to much steeper at a particular energy. That
cutoff energy changes continuously and often abruptly in time over the interval shown, as sudden injec-
tions bring in more energetic plasma.

2. The pattern in the all-ion (top) spectrogram is different, with no sharp upper edge, although the profile of
a particular color (intensity) contour has a time history similar to those for protons and helium.

3. The pattern for the oxygen is quite different, with much more, seemingly amorphous haze at the higher
energies. We will discuss that “haze” further below.

4. Another characteristic of the abrupt drop at the top energies in the proton and helium spectrograms is
that for any given time (not just in the rise or decay of an injection) the spectral cutoff for the helium

Figure 2. Spectrograms of injection event on 7 April 2016, measured by the RBSPICE B, located at ~0800 LT and L ≈ 6.3.
Top panel is He intensity; bottom panel is H. The second (middle) panel is a combined spectrogram of O (higher ener-
gies) and H (lower energies). The O measurement does not go below ~140 keV. Because (as we argue in the text) we find
the energization and drifts of injected ions to be organized byW/q, the morphology of the lower-energy hydrogen should
mimic the morphology of the O+ in an injection, as demonstrated in this panel.
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lies at double the energy of the cutoff for the protons. We will argue that this implies that the ions in this
energy range are being continuously transported (by convection) from higher L shells and adiabatically
energized with the peak energies attained representing the total potential drop they have moved
through via their ∇B drift in the direction parallel to the convection electric field. This can also be
thought of as Betatron acceleration, with their energy gain proportional to the change in the magnetic

field strength while they preserve the first adiabatic invariant,
although that approach does not shed light on their azimuthal
transport, which is critical to the upper limit in energy at a function of
L as discussed in section 4 below.

Figure 4 shows spectra for each of the species in Figure 3, taken at the peak
intensity in that figure at 14:58:29 UT. We have slid the spectra vertically,
both for clarity, and to compensate for the efficiencies used in various pro-
ducts when converting from counting rates to intensity.

In particular, the ion product (which includes all ions independent of
mass) assumes efficiencies based on calibrations with protons, and at
very high energies those proton efficiencies are much less than 1 (for
example, 10% at 600 keV and 5% at 1 MeV). However, the higher energy
particles measured in the ion product are not hydrogen but rather
helium and/or oxygen, so the efficiencies for these ions are much closer
to 1. In Figure 4 we plot the H, He, and O spectra using their calibrated

Figure 3. Spectrograms of injection events on 11 March 2015, measured by RBSPICE B, located at ~2100 LT and L ≈ 6.5. Top
panel is all ions, the second from top panel is O, the third panel is He, and the bottom panel is H. The ion spectrogram
energy scale goes up to 2 MeV, and it can be seen that the injection just before 1500 UT has measureable intensities to that
energy. For that injection, the protons (bottom panel) reach ~400 keV or a little higher, the helium reaches ~900 keV,
and the oxygen has a complex structure. Two iso-color contours taken from the all-ion spectrogram are repeated in each of
the species spectrograms, registered in energy to 1, 2, and 6 times the energy of those in the H+ spectrogram.

Figure 4. Spectra taken from a vertical slice through the spectrograms in
Figure 3, at 14:58:29 UT (the peak intensity in this sequence). The ion spec-
trum has been adjusted by using efficiencies for O, He above ~200–260 keV.
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efficiencies and calculate the ion spectrum using proton efficiencies up to 200 keV, transitioning from
proton efficiencies to an efficiency of 1 between 200 and 260 keV, and using an efficiency of 1 above
260 keV. This adjusted ion spectrum now matches what would be expected if one summed the H, He,
and O contributions into a single ion spectrum.

What this exercise shows is that if one were measuring ion injections with an instrument that did not differ-
entiate among ion species, and furthermore one made the assumption that the entire spectral range is domi-
nated by protons, then one would need to account for the acceleration of those assumed protons to energies
of more than 1 MeV. However, as we have shown, the higher energies are dominated by helium and oxygen.
We have argued that the helium energy is higher as a consequence of its being doubly ionized and energized
by a q-dependent process. Now we must account for the observation that, at least in the peak spectrum
presented, the very highest energies are represented by oxygen.

Returning to the oxygen “haze” at higher energies, one might think that perhaps this is a fraction of the O+

which, with its large gyroradius relative to protons or He++, might participate in some nonspecified, nonadia-
batic process (e.g., Delcourt, 2002; Ono et al., 2009) that boosts it to much higher energies than the rest of the
O+. We will show instead that this is actually solar wind-source oxygen, O6+ (accounting for the good match
of the iso-contours at 6 × W in Figure 3).

The following figures and discussion will be based on the assumption that the plasma that populates the
newly injected energetic particles observed at Van Allen Probes apogee, as well as the source plasma for
all of the interval from 14 through 17 UT of 11 March 2015, is composed of a mix of plasma that originated
in the ionosphere (protons, He+, and O+) and plasma that originated in the solar wind (protons, He++,
and O6+).

Figure 5. (a) Counting rates for protons at ~120 keV, He at ~240 keV, and O at ~680 keV. The similarity in time profiles is
clear. (b) Counting rates for H, He, and O at ~180 keV, displaced vertically for clarity.
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As pointed out in the discussion of Figures 1–3, at any particular time each species appears to have a distinct
maximum energy in the spectrogram. That is, the lack of a measurement above the top energy that can be
seen in the spectrogram is not for lack of sensitivity but a physical upper bound to the energy each species
gains on its path to the observation point. This may not be strictly true; it is hard to know what is below the
instrument sensitivity level—however, it is a useful construct and true in the sense that the disappearance of
foreground signal above the top observed energy is typically abrupt, representing a large break in the spec-
tral slope below that energy. Of course sometimes, as in the case of the O(6+) in Figure 4, the peak energy may
be above the range of the species measurement, in which case the peak energy is not measured.

Figure 6. Counting rates for 65-keV He (thin blue line), 180-keV H (thin green line), and 182-keV O (black line). The orange
line is a linear combination of the He and H counting rates, which we refer to as 180-keV O*, where the * indicates that it is
not an actual oxygen measurement but a constructed oxygen counting rate.

Figure 7. Top: correlation coefficients between time histories of counting rates between H and He, energy by energy. The
table is color coded to highlight the consistently high correlation between channels centered on those for which
WHe ≈ 2 × WH. The lower table is simply a function that maximizes at WHe = 2 × WH. The correlation in the data is a bit
broader at higher energies than the chosen function in the lower table, but the general trend is consistent.
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Figure 5a shows counting rates for H at ~120 keV, He at about twice that energy, and O at about 6 times that
energy. The correspondence between the three rates is self-evident; they are very strongly correlated. This
demonstrates that the dependence on charge state is not restricted to the peak energy observed but orders
the data at other energies as well. Figure 5b shows counting rates for all three species at a fixed energy. The
lack of a close correlation is also evident. We will quantify the correlation as a function of energy below.

According to our assumptions, at the highest energies to which each species is accelerated the measure-
ments should be dominated by the highest charge state for that species. For H that is always 1. For He it is
2, and for O as argued in the discussion of Figure 4 it is ~6. Our expectation is that if there are significant frac-
tions of He+ and/or O+ present, those populations will contribute to the species measurements for energies at
and below the proton peak energy observed at any given moment. We have also observed that while there
are sometimes signatures in the He spectrograms that indicate a nonzero He+ population, He++ almost
always dominates. We have not shown many examples, but in a survey of the injection and storm time data
to date we have found only a few instances where the He+ signatures are even observable. This is not to say
He++ is always the dominant charge state for helium in the inner magnetosphere. The reverse is actually true,
the equilibrium charge state for helium in the inner and middle magnetosphere is singly charged (e.g.,
Chenette et al., 1984; Gerrard et al., 2014; Spjeldvik & Fritz, 1978). But it takes time (days) to reach that

Figure 8. Similar to Figure 7, correlation tables for H and O. Here two regions of high correlation appear. The two model tables (center and right) show predicted
regions of correlation for O6+ (center table) and O+ (right). The ion energy time history correlation table shows both patterns, with some minor decorrelation
where they would overlap vertically. UT = universal time.

Figure 9. Similar to Figure 8, correlation tables for He and O. Again, two regions of high correlation appear. The twomodel tables to the right show predicted regions
of correlation for O6+ (upper right) and O+ (lower right). The table in the lower left shows the correlation coefficients derived from a set of O energy channels
constructed from linear combinations of H and He channels under the assumption that the energization of all species is dominated by charge state, that He++

dominates helium, and that O contains a mix of O6+ and O+ (we call these O* channels, see Figure 6 and text discussing that figure).
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equilibrium charge state, and our observations confirm that the helium freshly transported from the plasma
sheet/outer magnetosphere in active times is predominantly doubly ionized (a conclusion reached pre-
viously by others, e.g., Blake et al., 1983). For the oxygen the story is more complicated. The data reveal strong
signatures of both O+ and O6+.

In Figure 6 we show counting rates for three species at specific energies: 180-keV H, 182-keV O, and 65-keV
He. The reasoning behind this is the following: Our hypothesis that the injected particles are organized by
W/q requires that the singly ionized component of the 180-keV O should behave very similar to the 180-keV
H (both are charge state 1). The 6-times ionized component of the 180-keV O should behave similar to
30-keV H+ or 60-keV He++ (all three being W/q = 30). Since our lowest helium energy channel is at
65 keV, we use that as the closest measurement we have to represent the time history of the
transport/energization of 180-keV O6+. It can be seen in the figure that the 180-keV O counting rate

Figure 10. Right: spectrograms of injection events on 6 March 2017, measured by the RBSPICE A (and B, bottom panel), located at ~2000 LT and L ~ 6.2. Top panel is
oxygen, the second from top panel is He, the third panel is H, the fourth panel is TOFxPH ions (mainly protons), the fifth panel is all ions, and the bottom panel is
all ions as measured on Probe B. The ion spectrogram energy scale goes up to 3 MeV, and it can be seen that the injection just after 1215 UT has measureable
intensities to nearly that energy. For that injection, the protons reach ~400 keV or a little higher, the helium reaches ~900 keV, and the oxygen has a complex
structure. The RBSPICE B ions (bottom) are more dispersed than the RBSPICE A ions, consistent with its location about 1.5 hr earlier in local time. Left: locations of
Probes A (red) and B (blue).
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deviates considerably from either the 180-keV H or the 65-keV He rates. However, a linear combination of
the 180-keV H and the 65-keV He (orange line) tracks the 180-keV O exceptionally well. The coefficients
for that linear combination were simply chosen to best fit the 180-keV O rates, but they are held constant
throughout the 3-hr interval plotted. The fact that over the entire interval shown the same coefficients
work well implies that the compositional mix of H, He++, O+, and O6+ remained fairly constant in the
source plasma population from which these ions originated.

To demonstrate that this hypothesis holds up throughout the energy range covered by the RBSPICE instru-
ments, we calculated cross-correlation coefficients between pairs of energy channels for H and He, for H
and O, and for He and O. As Figure 7 shows, there is a clear ridge of correlation between the counting rate
time histories along the WHe ≈ 2 × WH track through the table. To aid the eye, the lower table is based on
a simple analytical function that maximizes along WHe = 2 × WH. In the upper table the strong correlation
along that contour and the lack of any feature along theWHe = 1 ×WH track strongly supports the conclusion
that He++ dominates the helium charge state in this plasma recently transported from higher L.

The results for H to O and He to O are shown in the following figures.

In Figure 8 clear areas of very high correlation appear. These are consistent with contributions from O6+

(modeled in the center table of Figure 8) and O+ (modeled in the rightmost table of Figure 8). Similar results
are shown in Figure 9, for He and O.

Figure 11. Intensity spectra taken from a vertical slice through the RBSPICE A spectrograms in Figure 10, at 12:06:12 (first
injection) and 12:16:17 UT (the peak intensity in this sequence). The ion spectrum has been adjusted by transitioning to
efficiencies consistent with He and O above energies where it is clear hydrogen does not contribute significantly.
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Our analysis to this point has focused on establishing that the four major ions participating in near-Earth ion
transport and injection on the nightside are H+, He++, O+, and O6+ (it should be stated that the RBSPICE instru-
ment does not resolve differences between O and N, so a fraction of the O+ may in fact be N+; see Christon
et al., 2002). Singly ionized helium plays a minor role but is often present in negligible quantities.

We will examine one more sequence of dispersionless and near-dispersionless injections at ~L = 6.5 and then
discuss the observations in the context of a very simple model.

In Figure 10 spectrograms of the counting rates for various species and all ions for a series of injections on 6
March 2017 reveal fairly high ion energies and, on probe A (upper five panels), nearly dispersionless injections
(nearly vertical leading edges). The first major injection of the series shows inverse dispersion—that is,
enhanced intensities in the lower energies first, followed by enhancements at progressively higher energies
over the course of about a minute. This feature, in association with a drop in intensities at low energies (third
panel from the bottom) at the time of the peak intensity for high energies leads us to the conclusion that
probe A is located inside an injection flow channel. More on this below.

Figure 12. Similar to Figures 8 and 9, correlation tables for pairs of species. For H versus He, the ridge of high correlation again runs down theWHe ≈ 2 ×WH region.
For the H versus O and He versus O tables on the left, again, two regions of high correlation appear, again, as predicted in the model tables presented in Figure 9.
The tables on the right show the correlation coefficients derived from a set of O* energy channels constructed from linear combinations of H and He channels
under the same reasoning as given for Figure 9 and in the text.
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As in the previous dispersionless example, ion intensities well above sensor background are detected at ener-
gies as high as 2 and 3 MeV. Figure 11 shows the intensity spectra for all ions (blue), protons (red), helium
(green), and oxygen (purple). The all-ion spectrum would lie well above the other spectra at energies above
~350 keV if we used the proton efficiencies to convert from counting rates to intensity, but since the indivi-
dual ion spectra inform us as to where helium and then oxygen dominate the ion measurement, by using
high efficiencies above ~350 keV we see that the all-ion measurement agrees very well with the separate
H, He, and O spectra. Although the oxygen spectral telemetry product stops above ~900 keV, as in the
previous example it is clear that the highest ion energies measured are almost certainly oxygen.

We have repeated the exercise of calculating cross-correlation coefficients for pairs of energy channels for the
three measured species in this event. The results are presented in Figure 12. Again, the areas of high correla-
tion can be understood under the assumption that energization and transport are both ordered byW/q, and
by the assumption that the four major species contributing to the energetic particle population during these
intervals of enhanced transport and injection are protons, He++, O+, and O6+.

In Figure 13 we showmore detail, for H and He, of the relatively dispersionless events of 6 March 2017 (Figure 10
provides a broader overview). We have provided this more detailed spectrogram to emphasize a few features.

The first is that around 1206 UT, the time of the peak of the first injection, there is a drop in the counting rates
by a factor of ~3 to 5 in the protons below about 40 keV. The spectrogram presents rates, not intensities
because the dynamic range for the rates is smaller than for intensity, which helps in highlighting features
over a broad range of energies. The energy spectrum below ~40 keV is quite flat, which is typical of the ther-
mal plasma in this region. The drop by factors of 3 to 5 at the lower energies therefore represents a drop in
plasma density in this injection, which we expect if this is a flux tube that has been transported from higher L,
for example, by interchange.

The second feature we see in this injection is the inverse dispersion on the leading edge. The lower energies
are enhanced first, followed by the higher energies. We think this is a consequence of being at the local time
of an inflowing channel as it reaches the L shell of the spacecraft. The initial enhancement at the lowest

Figure 13. Spectrograms of injection events on 6 March 2017 measured by the RBSPICE A for helium (top) and protons
(a composite of two products: the TOFxE identified protons and TOFxPH ions assumed to be protons—for this velocity
range, that assumption is typically well founded. This is a detail of data from Figure 10, allowing closer examination of
several features discussed in the text.
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energies is at the leading edge of the flow. This first plasma has only been transported a short radial distance
in L, so the gain in energy is small. As the flow brings plasma from greater and greater L distances, the peak
energy reached goes up until at 1206 the channel has brought plasma in from as far out as it extends. The
peak energy reached then depends not only on the source plasma temperature and the change in |B| but
also on whether a particular ion can remain within the flow channel for the whole distance or instead
gradient drifts out of the channel before reaching the observation point. We will go into this argument in
the section on modeling below.

The third feature we wish to highlight here is that ions at the peak energy persist for approximately 30 s. We
believe that this represents the length of time that the velocity in flow channel maintained its highest value.
Again, this will be discussed more in section 4 below.

3.3. Conclusions From Event Analysis

1. The four major ion constituents of energized plasma in injections in the L = 5 to L = 6.5 range comprise H+,
He++, O+, and O6+. He+ is a minor constituent.

2. The energization, peak energy, and drift dynamics are well ordered in W/q even at energies exceeding
1 MeV. Thus, O+ gains the same amount of energy as H+, He++ gains twice that energy, and O6+ gains 6
times that energy.

3. During active intervals, the energy dependence of these species is well ordered in W/q, even before or
between injections.

4. The abundance ratios in the source plasma that becomes energized in the injections remain nearly con-
stant over the course of several hours.

4. Framework for Understanding the Observations
4.1. Adiabatic Motion Within a Fast Flow Channel

For the purposes of understanding the transport and energization of plasma to high energies during sub-
storm injections, and more broadly during Earthward transport of plasma under a variety of activity levels,

Figure 14. Cartoon of simplemodel for ion transport and acceleration. In this depiction, we show radial flow, resulting in an
azimuthal E field. An alternate depiction could be drawn with parallel east-west boundaries and a dawn-dusk E field. Either,
or something intermediate between those extremes, would produce similar results. UT = universal time.
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Figure 14 presents a cartoon of what we will refer to as a flow channel and the trajectories of plasma ions in
that flow channel. A flow channel as we show it here is an idealized, highly simplified version of the fast
transport of plasma Earthward during a substorm and probably also during a storm or a continuously
driven convection episode. Although our cartoon shows a wedge-shaped flow channel, a rectangular
shape would produce similar results, and we do not differentiate between the two. Similar constructs have
been used by others, (e.g., Gabrielse et al., 2012) who analyzed electron injections beyond
geosynchronous or Li et al. (2003) who simulated electron and proton injections at geosynchronous orbit.
Using the Rice Convection Model (RCM), Zhang et al. (2009) and Yang et al. (2011) have shown similar
results associated with low entropy bubbles propagating Earthward in the near-Earth magnetotail. In the
RCM, the region of Earthward convection (low entropy bubble) is much broader beyond about 15 RE,
becoming much narrower inside 15 RE down to geosynchronous orbit. Our discussion is more appropriate
to the narrower, near-Earth region addressed in those papers. Below, we list the general characteristics
that we believe to be important for understanding the observations of substorm injections:

1. The region of Earthward flow is limited in azimuthal (or Y) extent.
2. Pressure balance is roughly maintained during the Earthward transport of plasma and magnetic fields.
3. The system is at least quasi-adiabatic even at energies >>100 keV (that is, on average the first adiabatic

invariant is preserved, although individual particles likely scatter in pitch angle, as the injected particles in
fresh injections are typically observed to be isotropic).

4. Inside the channel the flow velocity is proportional to 1/|B| (which can also be thought of as equivalent to
a constant potential drop across the channel during the flow or, as we treat it, a constant electric field—a
convection electric field consistent with the plasma flow, which may be a combination of inductive and
potential fields, but the particles do not care which).

5. The equatorial magnetic field strength increases a bit faster than a dipolar field would with decreasing L,
consistent with an initially stretched field configuration and consistent with typical in situ measured field
strengths that are usually lower than dipolar in the near-Earth plasma sheet (this assumption is not cri-
tical to the results, we simply felt it was more representative than assuming a dipole field out to or
beyond 10 RE).

Figure 15. Cartoon model ion trajectories. Ions gain energy adiabatically as they are convected Earthward. They drift azimuthally in the radial gradient of the mag-
netic field. Their energy gain can also be calculated by the expression q × E × d, where q is the ion charge state, E is the azimuthal electric field in the channel, and d is
the azimuthal distance through which they have gradient drifted during their transport.
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6. Energetic ions will be lost from the particle population via gradient drift when they reach the duskward
edge of the flow channel.

7. Although plasma can also gradient/curvature drift into the channel from the dawnward side of the chan-
nel, that is not a significant contributor to the observed injection energetic particle population (again, not
critical but makes the simulation simpler). This assumption is justified by the fact that the source of the
great majority of the particles available to take place in the flow and acceleration is the dense plasma
sheet. Particles at higher energies with gradient drift velocities fast enough to feed the convecting popu-
lation through the sides of the channel have much lower densities, and will not contribute importantly to
the phase space distribution throughout the flowing channel. If they are at low energy in the region next
to the channel, they will drift though the boundary slowly; if they are at high energy, they are already far
down in phase space density and will contribute little to the flowing population.

In Figure 14 we set up the basic concept for a simple analytical model that we use in the following discussion.
The model is based on the assumptions discussed above. The figure is a cartoon showing the flow channel,
the direction of the convective drift, as well as the velocity profile and magnetic field (Z component) profile
we use in the analytical model. An ion starting at the outer edge of the flow channel convects Earthward at
the velocity prescribed by the model. (We start the particles at 15 RE in these simulations, but the choice of
the outer boundary has only minor influence on the results.) The convection velocity starts out high in the
near-Earth tail (typical values modeled range from 200 to 1,000 km/s). At a defined distance (10 RE in this
example) the velocity begins to decrease proportional to 1/|B| resulting in the profile shown in the lower-right
inset. The magnetic field varies monotonically from a (typical) low value at 15 RE to higher and higher values
inward to an inner boundary (here chosen to be 6 RE) where it reaches the local dipole value and then varies
according to the dipole relationship with L inside that boundary. The particle energy is varied assuming the
first adiabatic invariant is conserved, and its azimuthal drift velocity is calculated based on a dipole field radial

Figure 16. Model proton energies for a 40° wide flow channel and 500-km/s flow velocity outside 10 RE. The sawtooth contours and slightly nonvertical edges to
the colors are consequences of the spatial resolution of the calculation and plotting and are not physical. (a) For a source population at the outer boundary
(15 RE) of 0.1 to 1-keV protons; (b) for a source population of 0.5- to 5-keV protons; (c) for a source population of 2.5- to 25-keV protons; (d) for a source population of
0.1- to 25-keV protons.
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gradient (which will be a slight underestimate in the outer region beyond the transition to an assumed dipole
at 6 RE).

In Figure 15 we diagram the qualitative behavior of various ion energies as they are convected Earthward
between ~10 RE and ~6 RE (the location of the Van Allen Probes). In Figure 15a we show that for a beginning
energy of roughly 0.1 keV, during their convection toward Earth the conservation of μ leads to their reaching
~1 keV at ~6 RE. As they gain energy, they drift duskward. Those ions that begin their Earthward transport
duskward of some point on the outer boundary do not reach 6 RE but drift through the dusk edge of the
channel and no longer convect Earthward. At higher initial energy (~2 and 3 keV, Figure 15b) a narrower local
time segment of the channel at 10 RE can reach 6 RE, gaining energy to ~30 keV. In Figure 15c initial energies
of ~20 keV fill an even narrower segment of both the outer and inner boundaries. In Figure 15d, we show
schematically the trajectories of the very highest energies that can be transported from the outer boundary
to the inner boundary. These come from a very narrow source region in local time and populate a very narrow
portion of the 6 RE inner boundary.

While the channel continues to flow, this pattern will be maintained. At the observation distance (5.8 RE in the
cartoon) and at the dusk edge of the channel, the duration of the highest energy particles produced will
represent the duration of the flow channel’s existence. At lower energies, where the particles fill a larger
wedge of azimuth, the duration of the injection for an observer at the dusk edge of the channel will be
the duration of the channel’s existence plus the gradient drift time of the dawnward most edge of that
energy particle population. These durations as a function of ion energy will be the same for an observer dis-
placed to earlier local times but will be dispersed in time. The gradient drifts go asW/q, so the times for these
drifts are ordered by W/q in the measurements not simply by W.

Figure 17. (a) Model results for a source population of 0.1- to 10-keV H+ and a flow velocity in the region beyond 10 RE of 200 km/s; (b) model results for (the same)
source population of 0.1- to 10-keV H+ but for a flow velocity in the region beyond 10 RE of 500 km/s; (c) model results for a source population of 0.1- to 10-keV He++,
flow velocity in the region beyond 10 RE of 500 km/s; (d) model results for a source population of 0.3- to 30-keV O6+, flow velocity in the region beyond 10 RE
of 500 km/s. Note that for an observer at the dusk side of the channel (bottom of plot) at 6 RE and V = 500 km/s, the peak energy for H+ is ~270 keV, the peak energy
for He++ is ~540 keV, and the peak energy for O6+ is ~1.6 MeV.
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In Figure 16 we plot the output of a simple analytical model based on the cartoon in Figure 15 for a variety of
energy ranges of source protons at the outer boundary (which is placed at 15 RE, although the results are only
displayed in the figure between 10RE and 5RE). See the Figure 16 caption for the range of model parameters.
In Figure 16a we follow particles with initial energies between 0.1 and 1 keV. To display the results of the
model we plot a particular color (corresponding to an energy range as shown in the legend) over the full
range in azimuth and radius that particles within that energy range populate. Thus, for the lowest energies
displayed (1 to 10 keV) where the gradient drift is not a strong effect, the dark blue color fills most of
the region. Higher energies are plotted in successive layers on top of the lower energies, so beginning
about 9 RE the 10- to 20-keV energy range appears, over a slightly narrower range in azimuth. For this
low energy range of input energies, the highest energy appearing at 6 RE is the 50- to 70-keV range,
which still fills almost 35° of the full 40° channel.

In Figure 16b the source population is raised to 0.5 to 5 keV. Now we see energies as high as ~250 keV at 6 RE,
the latter filling about 10° of the 40° width. In Figure 16c we follow a source energy range of 2.5- to 25-keV
protons. Notice that at 6 RE, despite a higher energy range for the source population, the highest energy
reached is still contained within the 200- to 270-keV color contour, which covers the same 10° range in azi-
muth. The actual peak energy is very close to 270 keV and covers only a sliver of the channel in azimuth.
What this indicates is that the high energy population seen at 6 RE was common to the source populations
in Figures 16b and 16c, that is, protons between 2.5 and 5 keV. In Figure 16d we show the results for a source
population inclusive of all the energies from Figures 16a to 16c. Again, higher energies are plotted on top of
lower energies, so the dark blue extends from the edge that can be seen at the top of the figure all the way to
the bottom edge, just as in Figure 16a—it is simply hidden behind higher energies. So for this broad range of
input energies, the output energies at 6 RE range from ~1 up to ~270 keV.

While our modeling is focused more on the ~6 RE region where we have Van Allen Probe measurements, we
would like to point out that the highest energies reached are farther out, between 8 and 9 RE for this choice of
input energies and channel characteristics. This pattern is maintained for closer distances as well, such that
the lowest altitudes modeled have lower peak energies than those farther out, independent of the high
energy extent of the input distribution. This is consistent with the injection process during storms, when
the ring current pressures at lower L shells are typically dominated by particles of modest energies, while
the intensities at energies >200 keV often actually decrease because they are on open drift paths and do
not reach typical ring current altitudes (Gkioulidou et al., 2016).

In Figures 17a and 17b we show the effects of changing the velocity of the flow (convective velocity) in the
channel while keeping the channel width and input energy distribution fixed. For a lower flow velocity (a), the
peak energy is reached farther out (~8 RE) than for a higher flow velocity (b, ~7 RE), but the peak energy
(~140 keV) is lower for 200 km/s (a) than the peak energy for 500 km/s (b, ~300 keV).

In Figures 17c and 17d we show the results for a fixed flow velocity (500 km/s, the same as in Figure 17b) but
for the species He++ in Figure 17c and O6+ in Figure 17d. It can be seen by comparing the colors with the
legend that the highest energy reached at 6 RE is proportional to the ion charge state. O+ (not shown) would
look identical to H+. As mentioned earlier, this energy gain can be understood either as Betatron acceleration
or as the energy a charged particle gains when transported parallel to an electric field, Wfinal = Winitial + q •
E • d, where the kinetic energy (ΔW) gained by the particle is equal to its charge state q (1, 2, or 6 in this ana-
lysis) times the (~constant) electric field times the distance the particle moves in the direction of the electric
field (azimuthally by gradient drift in our analysis).

There are other features in Figures 16 and 17 that inform the measurements as well. For example, the location
of the highest energy reached in the simulation depends on the velocity of the convection, which can be
understood qualitatively as a faster radial flow allowing for a particle with a higher initial energy (which will
drift faster azimuthally in the B field gradient) to be moved farther in radially before drifting through the
dusk boundary. The simulation also does not take into consideration the full range of particle energies that
may be present at the outer boundary of the flow. Including additional particles with higher initial energies
in that source population will change the energy structure of the regions beyond 6 to 7 RE, but since we are
interested only in understanding the observations in the vicinity of 6 RE, we have only included those ener-
gies in the source population that can be transported from the source region to ~6 RE. Including higher
energy particles in the source distribution does not change the energy structure Earthward of the last
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vertical contour in the plots, since those higher energy particles drift through the dusk boundary before
reaching that L shell. It is trivial to add higher energies to investigate the structure of the channel at larger
L, but we chose to keep only those source distribution particles relevant to our Van Allen
Probes observations.

Another characteristic of injections, both dispersionless and dispersed, is that the width (in time) of the injec-
tion at the peak observed energy is much narrower than its width at lower energies. This characteristic is
naturally explained in our model as a consequence of the charge and energy-dependent ion transport.
The highest energies only fill a narrow azimuthal region of both the source and the injected flow channel
width, while lower and lower energies fill wider and wider swaths of the flow channel. In particular, the width
(in time) of the injection at the peak energy is primarily a consequence of the duration over which the flow
channel is flowing. By subtracting the observed width of the peak energy from the observed width at one half
the peak energy, one gets the width of one half of the entire channel (in particle drift time). From this, the
physical width of the flow channel can be estimated.

Although our modeling has focused on injections, the general high correlation in the ion intensities versus
time profiles ordered by W/q suggests that essentially all of the transport from the near-Earth tail (plasma
sheet) into themiddle to inner magnetosphere is dominated by “adiabatic” convection, as pointed out in pre-
vious publications (e.g., Kistler et al., 1989).

4.2. Comparison With Observations

The width of the first, dispersionless event in Figure 13 is about 30 s at the peak energy, ~400 keV. According
to our model, this indicates that the peak flow velocity lasted for about 30 s. The width of the event at one half
that energy is about 90 s. Subtracting the 30-s duration, this leaves 60 s of drift at ~200 keV/q from the center
of the channel to the dusk edge. To match these observations with our model, we need a channel width of
about 23° and a peak velocity of the flow (at 10 RE) of about 1,200 km/s (about 280 km/s at the observation L
shell, 6.2). This is on the high side for flow velocities, but may not be unreasonable given that we have inten-
tionally chosen relatively high peak proton energies among the injections observed on the Van Allen Probes.
These numbers would imply that a segment of the plasma sheet of about 5.6 RE extent in the X coordinate
and about 3.9 RE wide in Y would have been transported Earthward through a line drawn at a distance 10
RE tailward from Earth. At the observation L shell, the radial transport through a boundary in X (or R) would
be about 1.3 RE, over an azimuthal width of about 2.3 RE. We do not model any compression of the channel
width during propagation other than to assume radial flow, but such compression would change these
numbers somewhat.

4.3. Effects Not Included

The model we have constructed ignores many effects that would need to be included in a self-consistent
model. It is meant to be illustrative but is not meant to include all of the physics of injection of energetic par-
ticles and plasma transport during those injections. In particular, the injection geometry is highly idealized,
with radially aligned (or X axis aligned) edges and uniform conditions (V, B, and E) inside the channel.
Some of the caveats of such an approach are listed below:

1. It does not include the effects of enhanced magnetic field at the leading edge as typically observed in
dipolarizations (as modeled, for example, in Ukhorskiy et al., 2017)—rather we believe that it models
the high speed flow behind those fronts, which typically have a longer duration than the front itself
and can be thought of as transporting a significant X-dimension segment of the plasma sheet plasma
from the near-Earth plasma sheet to inside geosynchronous.

2. It does not include turbulence.
3. It does not include scattering of particles.
4. It does not include magnetic gradients (other than the described radial gradient), either internal to the

channel or at its edges.
5. It does not model coupling with the ionosphere or flux pileup.
6. It does not include drift of particles into the channel from the sides.

It is not intended to be a true physical model but rather an illustration that several of the repeatable obser-
vable characteristics of injections can be reproduced by making very simplifying assumptions about the
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particle transport from higher to lower L. The fact that the model so successfully reproduces many of the
characteristics of the observed particle injections at the Van Allen Probes leads us to conclude that it is cap-
turing some of the essential (and dominating) characteristics of that transport, despite its inconsistencies and
lack of realism.

The model thus provides a very simple, quick-to-run tool that allows many of the basic parameters of near-
Earth injections to be varied to match the observed parameters of any particular event. This aspect of speed
confers some degree of value, as more sophisticated, more physical models (hybrid codes, RCM, etc.) are
computationally complex and take much longer to explore the parameter space of flow velocity, flow dura-
tion, channel width, source plasma energy distribution, and penetration depth of various energies and
charge states. Using this simple model, one can then constrain the parameter space of a more complex
model and so gain efficiency.

4.4. Conclusions From the Transport and Acceleration Model

Our modeling of ion transport from the near-tail region to the region near apogee of the Van Allen Probes
has reproduced several key characteristics established in the data analysis section of this paper. These are
the following:

1. The peak energy (even to energies as high as 1 MeV) reached in an injection event can be quantitatively
modeled as the initial energy of the particle added to the energy gained as the particle is convected into
regions of higher magnetic field while conserving its first adiabatic invariant (Betatron acceleration). We
are not claiming that the transport is strictly adiabatic but simply that adiabatic transport predicts energy
gain consistent with the observations.

2. Alternatively, the peak energy reached in an injection event can be understood as the energy gained as
the particle drifts across a flow channel by a distance (d) in the direction of the V × B convection electric
field (presumably a combination of potential and inductive).

3. The energies of particles below the peak energy observed can also be understood by these same
simple assumptions.

4. The measurements of the resulting energetic particle population are best ordered by W/q (energy/
charge).

5. Although ions in injections are typically observed to be nearly isotropic, their transport must be close to
adiabatic. That is, while a case could be made for the idea that nonadiabatic transport would also result in
charge state-dependent energy gain (the energy gained would still be q • E • dwhether themotion parallel
to the electric field E was adiabatic or not), extreme nonadiabatic transport would not result in the
observed q-dependent drifts in the azimuthal direction (well-behaved drift echoes), and onemight expect
quite different behavior of O+ (large gyroradii) relative to H+. For example, if Speiser motion dominated
the transport (as indeed it may at high energies in the magnetotail), particles would drift across the flow
channel muchmore quickly than the gradient drift speed, resulting in considerably different flux tube pro-
files and time histories for similar energies of H+ and O+. Their demonstrated close correlations argue that
for transport from the near tail to the inner magnetosphere, both species move along nearly identical drift
paths over a very broad range of energies, even up to over 1 MeV.

6. Because He++ is characteristic of freshly injected plasma sheet plasma but uncharacteristic of closed drift
path, quiet time plasma near Van Allen Probe apogee, it makes an especially good diagnostic particle to
establish the parameters for a particular injection flow channel. It stands out uniquely relative to the back-
ground plasma, unlike either H+ or O+.

5. Summary

In our analysis of the Van Allen Probes RBSPICE data (section 3) we have shown that individual injections, as
well as entire sequences of activity including multiple injections demonstrate the characteristics of nearly
(pitch angle averaged) adiabatic transport. These features include the peak observed energy for each species
(charge state), as well as the drift speeds of the species and the widths of the injection features as a function
of time and energy.

A very simple model reproduces the key features of the analyzed injections (section 4). The model assumes
adiabatic transport in a defined channel from the near-Earth plasma sheet to inside geosynchronous, with a

10.1029/2018JA025556Journal of Geophysical Research: Space Physics

MITCHELL ET AL. 6380



constant electric field across the channel. It does not specify the nature of the electric field, other than to use a
plasma bulk velocity consistent with the electric field. The strength of the model is its simplicity—it allows
certain parameters of flow channels to be fit from the observations, and because it requires very little com-
putation, it allows for quick iteration. The results of such modeling can provide constraints on the parameters
of more computationally intensive physical models, where iteration is costly. The fact that the basic para-
meters of the injections are reproduced by the model suggests that other than pitch angle scattering, trans-
port from the plasma sheet to the inner magnetosphere is very close to adiabatic, even to ion energies as
high as 1 MeV.
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