
1. Introduction
The presence of oxygen ions in the geomagnetic tail and their important role in contributing to the total pres-
sure, and as a source population to ring current enhancement has been demonstrated by a large number of 
investigations (e.g., Keika et al., 2013, 2018; Kistler et al., 2016; Kronberg et al., 2017; Liao et al., 2014, 2015; 
H. Zhao et al., 2015). There is strong evidence that oxygen ions are energized by the dynamic reconfigu-
rations of the near tail, particularly in substorms (e.g., Bingham et al., 2021; Keika et al., 2013; Kronberg 
et al., 2015; Nosé, Lui, et al., 2000; Nosé, Ohtani, et al., 2000). This study represents the second part of an 
investigation on the acceleration of oxygen ions by earthward propagating dipolarization fronts (DFs) (Na-
kamura et al., 2002; Runov et al., 2009) or rapid flux transport events (RFTs) (Schödel et al., 2001), focusing 
particularly on effects near the plasma sheet boundary, while the first part (Birn, Bingham, Turner, and 
Hesse, Acceleration of Oxygen Ions in Dipolarization Events: 1. CPS Distributions, submitted to the Journal 
of Geophysical Research, hereafter called “paper 1”), focused on the central plasma sheet (CPS).

The present investigation was motivated in part by the Magnetospheric Multiscale (MMS) observations of 
multiple field-aligned beams, observed simultaneously at different energy near the plasma sheet boundary 
on June 23, 2015 (Birn et al., 2017). These beams were interpreted as a combination of proton beams accel-
erated at a near-tail reconnection site, or by single or multiple encounters of an earthward propagating DF 
with intermediate mirroring closer to Earth. However, before and after that event the presence of oxygen 
was documented, both in the plasma sheet boundary layer (PSBL) and the adjacent lobe (Reiff et al., 2016). 
This suggested the possibility that at least a part of the multiple beams could be attributed to accelerated O+ 
ions as well. Energy dispersed O+ flux enhancements, apparently originating from the lobe, were also found 
recently by S. J. Zhao et al. (2019), on the basis of Cluster observations in relation to dipolarization events. 
However, it is not obvious that the mechanism that causes the acceleration of the proton beam would ac-
celerate oxygen ions to the same speed (which would show up as an apparent beam of quadruple speed if 
mistaken for hydrogen). Therefore, one part of the present investigation addresses O+ distribution functions 
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at the same location where the multiple proton beams have been identi-
fied in the previous simulation (Birn et al., 2017). In addition, we chose a 
location farther tailward, but closer to the plasma sheet boundary, where 
single field-aligned H+ beams had been identified and analyzed in an ear-
lier paper (Birn et al., 2015).

2. Simulation Approach
The basic approach has been described in more detail in paper 1. It is 
based on an MHD simulation (Birn et al., 2011), involving a reconnec-
tion in the near magnetotail, associated with a collapse (dipolarization) 
of the inner tail region, fast flows, and earthward propagating dipolari-
zation fronts (Birn et al., 2011). Dimensionless quantities are used in the 
simulation, normalized by a length scale Ln (plasma sheet half-width), 
magnetic field Bn (lobe field), and velocity vn (Alfvén speed based on Bn 

and a plasma sheet density; all units taken near the later reconnection site). This yields a time unit tn = Ln/vn 
and electric field En = vnBn; characteristic values chosen are shown in Table 1.

The simulation covers a region 0 ≥ x ≥ −60, with a dipole outside the box at x = 5. The evolution includes 
a phase of slow externally driven influx at the high latitude boundaries, leading to the formation of a thin 
embedded current sheet in the near tail. The dynamic evolution is initiated (at t = 61) by imposing a finite 
resistivity in the region of the thin current sheet. Slow magnetic reconnection starts at t ≈ 90 near x = −9, 
but becomes faster with a rapid flow burst centered at midnight after t > 120. The maximum rate of energy 
dissipation associated with this flow burst occurs around t ≈ 130. The simulation also includes subsequent 
flow bursts off midnight, which have not been considered here.

Figure 1 shows a snapshot of the color-coded cross-tail electric field Ey (panel c) indicating the RFT event, 
together with magnetic flux contours (The sequence of propagation of the RFT is illustrated in Figure 2 of 
paper 1). The plus signs indicate two locations where ion particle fluxes are evaluated; the MHD simulation 
magnetic and electric field components at these locations are shown in panels a and b as functions of time. 
It is noteworthy that the electric field, normalized in the common way by vnBn, reaches a value of about 0.2 
at the reconnection site, but significantly higher values close to unity in the collapsing field of the dipolari-
zation front, as demonstrated in Figure 1c.

Using suitable interpolation of the magnetic and electric fields from the MHD simulation, we integrated 
the full ion orbits backward in time from the selected times and the chosen locations until they reached the 
boundary of the simulation box or the initial state (t = 61). At the near-Earth boundary, the particles were 
reflected back into the box, taking into account a delay from mirroring closer to Earth, but neglecting the 
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Parameter Set A Set B

Ln(RE) 1.5 1.5

Bn (nT) 12.56 25.11

vn (km/s) 1,000 500

tn (s) 9.6 19.1

En (mV/m) 12.56 12.56

Wn (keV) 5.22 1.30

σ(O+) 0.72 2.9

σ(H+) 11.5 46

Table 1 
Characteristic Parameter Sets Chosen for the Particle Tracing

Figure 1. Temporal variations of (a) the magnetic field and (b) the electric field in the MHD simulation at two 
locations, (−1,0,1.9) (solid lines) and (−2,0,2.1) (dashed lines). These location are indicated by the plus signs in the 
panel (c), superposed on the color-coded electric field Ey in the x, z plane at t = 130 (corresponding to the central panel 
of Figure 2 in paper 1). The vertical dashed lines in panels (a) and (b) indicate times at which velocity distributions had 
been evaluated. Magnetic field units are based on the parameter set A in Table 1.
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loss cone and disregarding the potential injection of ionospheric particles. Fluxes of particles at the chosen 
locations and different times have been evaluated by applying Liouville’s theorem of the conservation of 
phase space density, f, along phase space trajectories and imposing initial distributions, chosen as kappa 
distributions (Equation 4 of paper 1).

As also discussed in paper 1, we chose isotropic initial distributions with the same initial temperatures for 
oxygen and hydrogen, and an oxygen density proportional to the hydrogen density. While this appears rea-
sonable when the source location is inside the plasma sheet (e.g., Frank et al., 1977; Peterson et al., 1981), 
the assumption of isotropy becomes questionable, particularly when the source is in the lobes or the plasma 
sheet boundary layer where the source population is expected to result from ionospheric outflow. This is 
discussed in more detail further below.

Table 1 also contains two additional quantities. One is a characteristic energy unit, defined by  21
2n p nW m v , 

where mp is the proton mass, (such that proton energy is given by Wnv2 and oxygen energy by 16Wnv2, where 
v is the dimensionless speed). The other is the dimensionless parameter σ given by

   n
ci n n

i

qBt t
m (1)

where ωci is the ion gyro frequency based on the magnetic field Bn and the charge q. For protons, the param-
eter σ is equal to Ln/di, where di is the ion inertial length, while for singly charged oxygen ions it is

  p n

o i

m L
m d

 (2)

The definition of σ in Equation 1 makes it clear that for large values (σ ≫ 1), that is, for many gyration 
periods within a characteristic time scale for the MHD evolution, the particle orbits are more adiabatic. 
However, σ describes a general current sheet characteristic; the instantaneous particle behavior differs de-
pending on its energy.

Oxygen orbits have been integrated for two values of σ, corresponding to the two unit sets defined in Ta-
ble 1, σ = 0.72 and σ = 2.9. It is noteworthy that even when a specific length scale (here, Ln = 1.5RE) and a 
parameter σ are chosen, the results can still be scaled to different units by multiplying the magnetic field 
and velocity by a factor λ, the time by a factor 1/λ, and the electric field and particle energy by a factor λ2. 
For that reason, we mostly keep the dimensionless units for the following results.

3. PSBL Distributions at (−1, 0, 1.9)
In this section we evaluate the O+ distribution functions at the PSBL location x = −1, y = 0, z = 1.9 (shown 
by the black plus sign in Figure 1c), where previously (Birn et al., 2017) the multiple proton beams have 
been found. Distribution functions were evaluated at three times, t = 128, 130, and 132, near the beginning, 
middle, and end of this dipolarization, indicated by the three middle vertical dashed lines in panels a and 
b of Figure 1.

The distribution functions at the chosen location are shown in Figure 2 as functions of vx and vz, panels 
a–c for protons with σ = 11.5 (based on parameter set A in Table 1), and (right columns) O+ ions, (d–f) for 
σ = 0.72 and (g–i) for σ = 2.9, respectively. The proton distributions correspond to those in Birn et al. (2017, 
Figures 4d–4f). The proton distributions for parameter set B with ωcitn = 46 are very similar to those for set 
A and are not shown here.

The oxygen distributions develop field-aligned beams at about the same speed as the lowest hydrogen beam 
with vbeam ≈ 1, corresponding to 1,000 km/s for parameter set A (Figures 2a–2f) and 500 km/s for set B (Fig-
ures 2g–2i). No pronounced return beams or higher energy beams are visible in the oxygen distributions. 
This is primarily due to the fact that the return beams and the higher energy beams require higher initial 
speeds. Since we chose the same source temperature for oxygen as for hydrogen and the same kappa distri-

BIRN ET AL.

10.1029/2021JA029143

3 of 12



Journal of Geophysical Research: Space Physics

bution, the thermal speed is lower for oxygen by a factor of 1/4 and the source distributions fall off much 
more rapidly as functions of velocity.

As discussed in Section 2, the oxygen distributions were constructed assuming isotropic source distribu-
tions with a density proportional to the hydrogen density. To check whether this assumption is appropriate, 
we investigated the source locations and initial velocities of the particles contributing to the core and beam 
populations in Figures 2f and 2i. Figures 3a–3c show core (blue pixels) and beam populations (red pixels) 
at t = 132 for σ = 0.72, and t = 130 as well as t = 132 for σ = 2.9, selected using the largest f values. Fig-
ures 3d–3f show the locations in x and z of the origins together with magnetic flux contours, while panels 
g–i show the initial velocity distributions. The initial locations demonstrate a characteristic difference be-
tween parameter sets A (ωcitn = 0.72) and B (ωcitn = 2.9).
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Figure 2. Ion velocity distributions at the location x = −1, y = 0, z = 1.9 for three times, t = 128, 130, 132, indicated in Figure 1, (a–c) for protons and (d–f) for 
O+ ions, based on parameter set A, and (g–i) for O+ ions, based on parameter set B. Note that the velocity unit for (a–f) is 1,000 km/s, while it is 500 km/s for 
(g–i). The plus signs indicate the MHD flow velocity and the black bar, the magnetic field direction and magnitude.
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For ωcitn = 2.9 (parameter set B), both the core and the beam populations observed at t = 130 originate 
from field lines extending into the distant plasma sheet (Figure 3e), denoted as "outer CPS" in paper 1, but 
later, at t = 132, from regions adjacent to the plasma sheet (Figure 3f), that would be identified as "plasma 
sheet boundary layer," according to the definition given in paper 1. However, the choice of the boundary 
between the PSBL and lobes is somewhat arbitrary, such that they might also be attributable to the adjacent 
lobes. They both have similar low energy source populations (Figures 3h and 3i) with earthward directed 
velocities. Both increase on average for the distributions observed at the later time, t = 132. While our initial 
distributions account for a significant decrease in density from the plasma sheet toward the lobes, they do 
not account for the fact that the likely source of O+ populations is the outflow from the ionosphere, such 
that the source populations would be expected to stream tailward in the PSBL or adjacent lobes. This makes 
it less likely that ionospheric outflow could contribute significantly to these source populations at the later 
time. The situation might be similar if these ions were of solar wind origin entering through the high-lati-
tude lobe with a tailward velocity component.

However, the results on the source locations and velocities have to be taken into account with some cau-
tion. Our near-Earth boundary condition causes all particles that cross the inner boundary to be reflected 
back into the tail. Some of those might actually have been of ionospheric origin instead. Furthermore, the 
particles that contribute to the peak of the beam distribution have the lowest source energy. Insufficient 
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Figure 3. Origins of the O+ ions contributing to the core and beam populations in Figure 2. The left panels (a–c) show the velocities of the beam (red pixels) 
and core populations (blue pixels), choosing the top f values from Figures 2f, 2h, and 2i, respectively; the plus sign and the black line, again, show the MHD 
flow velocity and the magnetic field direction, respectively. The center panels (d–f) show the source locations of these core and beam populations in x and 
z, superposed on the magnetic field at the initial time t = 61, and the right panels (g–i) show the initial velocities. The top row (a, d, and g) corresponds to 
ωcitn = 0.72 and t = 132, the middle row (b, e, and h) to ωcitn = 2.9 and t = 130, and the bottom row (c, f, and i) to ωcitn = 2.9 and t = 132.
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resolution of this phase space region might not show particles with very low, but tailward initial speed. Both 
of these effects need further exploration.

In contrast to the case ωcitn = 2.9, the beam population for ωcitn = 0.72 (case A) originates in the central 
plasma sheet, while the core population comes mostly from the PSBL (Figure 3d). The latter may require 
a similar ionospheric outflow as the lobe populations and thus, may also not be observable. However, 
the beam population may be observable when the plasma sheet contains a significant oxygen ion popu-
lation. In contrast to case B, the source population of the beam now has a somewhat higher temperature 
than the source of the core, albeit with a velocity still mostly below v = 0.5 (corresponding to 20.9 keV).

Figures 4a–4c illustrate a typical orbit of an O+ ion contributing to the beam in Figure 2f for ωcitn = 0.72, 
shown in three different projections. The orbit is superposed on snapshots of the electric field at t = 127, just 
prior to the time of maximum acceleration. Figure 4d shows the particle energy as a function of y. The parti-
cle initially meanders in a figure eight orbit around the neutral sheet toward midnight. When it encounters 
the propagating DFB south of the neutral sheet, it accelerates by moving in the direction of the cross-tail 
electric field. It is then turned earthward by the stronger Bz, and moves northward along the magnetic field, 
together with the DF. Its velocity becomes more field-aligned, largely from its inertia.

The history of particles contributing to the beam in case B with ωcitn = 2.9 is quite different, as illustrated 
by a sample orbit in Figure 5. The particle starts out at a low energy quasi-adiabatically on a field line that, 
according to Figure 3e and the criterion given in paper 1, would be identified as the plasma sheet boundary 
layer. It moves slowly earthward while the field line is E × B drifting equatorward. When the field line is 
reconnected and the particle is caught within the dipolarizing flux bundle, it accelerates consistently with 
the increasing E × B drift speed. This (perpendicular) energy, however, becomes gradually, and eventually 
almost completely, converted into parallel energy, while the total energy does not increase anymore. This is 
similar to the acceleration of protons illustrated in Figure 7 of Birn et al. (2017). The acceleration mechanism 
may be identified, at least qualitatively, with the “current sheet acceleration” (Lyons & Speiser, 2014) or the 
“convection surge” mechanism (Quinn & Southwood, 1982). This is very similar to the history of particles 
contributing to the lowest-energy proton beam (Figure 6 of Birn et al., 2017) and to the particles contributing 
to the counter-streaming beams near the equatorial plane discussed in paper 1.
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Figure 4. Characteristic orbit of an O+ ion contributing to the beam in Figure 2f with ωcitn = 0.72, overlaid on 
snapshots of the cross-tail electric field Ey at t = 127 (color): (a) projected into the y = 0 plane, (b) into the z = 0 plane, 
and (c) into the x = −4 plane; (d) particle energy as function of y. The black lines in panels (a and b) are the magnetic 
flux contours and contours of constant Bz, respectively, the same as in Figure 2 of paper 1. The arrowhead indicates the 
endpoint of the orbit and the white dot shows the location of the particle at t = 127 near the major energy increase.
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4. PSBL Distributions at (−2, 0, 2.1)
In order to investigate how typical the PSBL results are, we have chosen another location, (x, y, z)=(-2,0,2.1), 
which is closer to the boundary (but slightly farther tailward), shown by the white plus sign in Figure 1; this 
location has also been investigated earlier for H+ ions (Birn et al., 2015). Figure 6 shows velocity distribu-
tions as functions of vx and vz at this location. The left column (panels a–e) shows the distributions for H+ 
with panels a and b corresponding to the distributions in Figure 6 of Birn et al. (2015) (Note that earthward 
flow is now to the left.) These distributions do not show the return flow as in Birn et al. (2015). The reason 
is that, in the earlier investigation, particles had been reflected immediately at the inner (left) boundary 
without taking the delay from earthward travel and mirroring outside the box into account. The second 
(panels f–j) and third columns (panels k–o) show the O+ distributions for parameter set A (σ = 0.72) and B 
(σ = 2.9), respectively.

It is obvious from Figure 6 that oxygen beams close to the plasma sheet boundary are not as pronounced as 
proton beams. For σ = ωcitn = 0.72, the beam starts at a later time (t = 134, panel j), and it is not symmetric 
around the magnetic field direction, indicating agyrotropy. For σ = 2.9, it is barely visible, with f values that 
are about nine decades lower than the maximum, showing only spotty larger enhancements at t = 134 (red 
and yellow pixels in panel o). The reason becomes clear from an inspection of orbits contributing to the 
beams. Figure 7 shows the projections of two orbits contributing to the beams in Figure 6, together with 
their energy as a function of x.

Figures 7a–7c represents an orbit for σ = 0.72, ending at the velocity indicated by a circle in Figure 6j. This 
particle originates from the more distant tail on a nearly adiabatic orbit and gets trapped in the inner tail 
due to reconnection. The projection in Figure 7a looks very similar to that of Figure 5a. However, the energy 
contributions in Figure 7c demonstrate that the energy gain simply stems from a non-adiabatic motion in 
the direction of the electric field near x = −4.5, and is not related to a capture by E × B drift. In fact, inward 
of x = −4, the particle moves earthward non-adiabatically at a speed slower than the E × B drift speed and 
its energy remains nearly unchanged.

In contrast, the particle for σ = 2.9, contributing to the barely visible, higher energy beam at t = 128, indi-
cated by the circle in Figure 6l, has a different history, illustrated by Figures 7d–7f. The white circle in panel 
d shows its end location, while the color-coded electric field and the white circle in panel e correspond to 
a time near the maximum acceleration. As indicated by panel f, its initial energy is much higher, approxi-
mately 50 keV, consistent with its low initial and final f value. Therefore, it is highly non-adiabatic already 
before the acceleration. It exhibits a meandering orbit in the duskward direction. Its energy gain, then, is 
also due to a duskward displacement in the direction of the electric field. In this case, the local E × B drift 
speed is much lower. O+ ions that contribute to the flux enhancements at later time, t = 134, (indicated by 
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Figure 5. (a) Characteristic orbit of an O+ ion contributing to the beam in Figure 2i with ωcitn = 2.9, overlaid 
on snapshots of the cross-tail electric field Ey at t = 132 (color), projected into the y = 0 plane, (b) particle energy 
contributions (horizontal axis) versus z. The white dot indicates the final location of the particle at t = 132.
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Figure 6. Ion velocity distributions at the location x = −2, y = 0, z = 2.1 at different times as indicated in the center column, (a–e) for protons, parameter set 
A, and (f–j) for O+ ions, based on parameter set A, and (k–o) for O+ ions, based on parameter set B. Note that the velocity unit for (a–j) is 1,000 km/s, while it is 
500 km/s for (k–o). The plus signs again indicate the MHD flow velocity and the black bar indicates the magnetic field direction and magnitude. The two small 
black circles in panels j and l represent velocities chosen for illustrating the characteristic orbits contributing to the beams.
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red and yellow pixels at v ≈ 1.5–2 in Figure 6o) have a history similar to the one in Figures 7a–7c and are 
not shown here.

In either case, the energy gain stems from the non-adiabatic motion in the direction of the duskward electric 
field, and should, thus, be similar for O+ as for H+. This means, however, that the O+ ions have only 1/4 of 
the speed of the H+ ions after ejection from the acceleration region along the magnetic field toward Earth. 
This fact, together with an equatorward E × B drift causes a displacement of oxygen ions farther inward 
from the plasma sheet boundary when compared to protons, which is why they become observable at the 
chosen location only when the plasma sheet expands sufficiently or when they are accelerated at a closer ap-
proach of the DF. Another effect might be that that oxygen ions accelerated near the x-line are slower than 
the earthward propagating dipolarization front. Thus, O+ ions accelerated later at the DF might be observ-
able earlier and be dominant. This effect might be enhanced by the fact that, in our MHD simulation, the 
electric field, and the associated cross-tail voltage, become stronger in the propagating DF than at the x-line.

5. Summary and Conclusions
This paper represents the second part of an investigation of oxygen ion acceleration, using a three-dimen-
sional MHD simulation of magnetotail reconnection and dipolarization of the inner tail (Birn et al., 2011) as 
a background for particle orbit tracing. In this paper we have focused on ion fluxes in the plasma sheet bound-
ary layer, which may exhibit characteristic field-aligned beams (Andrews et al., 1981; Birn et al., 2015, 2017; 
Forbes et al., 1981; Takahashi & Hones, 1988; Zhou et al., 2012), while locations within the central plasma 
sheet were addressed in paper 1. As in paper 1, we used two sets of parameters, corresponding to the two 
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Figure 7. Characteristic orbits of O+ ions contributing to the beams in Figures 6j and 6l, (a–c) with σ = 0.72 and (d–f) with σ = 2.9, (a, d) projected into the x, 
z plane at the final times, (b, e) projected into the x, y plane at a time near the maximum acceleration. The orbits are overlaid on the snapshots of the cross-tail 
electric field Ey(color) with the white dots indicating the locations of the particle at the selected times: (top panels) at the final time and (middle panels) at a 
time near the maximum acceleration. Panel (c and f) show the particle energy (red lines) with the parallel contribution (blue lines) versus x; the green lines 
indicate the energy that would be associated with the local E × B drift at the particle location.
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values of the adiabaticity parameter σ = ωcitn, where ωci = qBn/mi is the ion gyro frequency, Bn is a character-
istic magnetic field strength, and tn = Ln/vn is a characteristic MHD wave time scale. The values of σ chosen 
were below and above unity (0.72 and 2.9); orbits for large values of σ are more adiabatic. Distribution func-
tions have been evaluated at two locations close to the plasma sheet boundary near the beginning, middle, 
and end of a dipolarization.

The first location, slightly earthward and equatorward from the second one has been chosen because a pre-
vious investigation showed multiple beams, both earthward and tailward in observations and simulations 
(Birn et al., 2017). While the simulated beams had been entirely based on accelerated protons, the observed 
ones might have included oxygen as well. Indeed, in the present simulation, we found that oxygen ions 
could be accelerated at an earthward propagating dipolarization front similarly to hydrogen ions, forming a 
field-aligned beam at a similar speed as the lowest-energy H+ beam, together with a core population, which 
is simply transported equatorward by E × B drift from a higher latitude without significant heating or accel-
eration. The origin of the beam ions has been found to depend on the parameter σ. For the larger value of 
σ > 1, beam and core populations initially originated from inside the plasma sheet on field lines extending 
into the more distant tail, whereas at later times the origin was found in the PSBL or lobes. This is consistent 
with the progression of reconnection from the central plasma sheet toward the PSBL and lobes. In contrast, 
for the smaller value of σ, less than unity, the source location of the beam particles has been found to be 
inside the plasma sheet, while the core particles originated from the PSBL or adjacent lobe.

Whether the oxygen beams are actually observable critically depends also on the availability of a suitable 
source population, that is, on the density of the source population at the required velocities. Although oxy-
gen ions have been observed not only inside the plasma sheet, but also in the adjacent PSBL and lobes (e.g., 
Orsini et al., 1984), most recently by MMS (Reiff et al., 2016), they tend to form tailward beams in the lobes 
consistent with their ionospheric origin. In contrast, we found that the source velocities of the earthward 
beams typically require an earthward component. This seems more likely for sources inside the plasma 
sheet. Thus, the beam might be observable when the plasma sheet contains a sufficient source of trapped 
oxygen ions, whereas an outflow of oxygen ions into the PSBL or lobes might not provide a suitable source. 
Accordingly, the oxygen beam and core might be observable only very briefly at the beginning of a dipolari-
zation, provided again, that the plasma sheet already contains some oxygen source population.

However, this conclusion has to be considered with some caution for several reasons. First, as noted also 
in paper 1 concerning the counter-streaming beams in the CPS, the conclusion about the source velocities 
and locations is based on our inner boundary condition of particle mirroring, which does not account for an 
ionospheric source. Inspecting some orbits in detail, we found orbits that included mirroring earthward of 
the inner box boundary. These orbits might actually have been of ionospheric origin. Furthermore, the peak 
of the beam population corresponds to particles with the lowest initial speeds and the limited resolution of 
this phase space region may not reveal enough particles with very small, initially tailward velocity.

In addition, the electric field in our simulation is solely the impulsive field associated with the dipolariza-
tion. Our simulation covers only a total period of tens of minutes and does not include a general convection 
electric field. The externally imposed electric field is used only to precondition the inner plasma sheet for 
the onset of reconnection; it is discontinued after t  =  61 during the period studied for particle motion. 
Several studies have investigated the role of ionospheric sources in populating the plasma sheet. Using test 
particle motion in global MHD simulation fields (e.g., Huddleston et al., 2005; Moore et al., 2005; Peroomi-
an et al., 2007) or multi-fluid MHD codes (e.g., Glocer et al., 2020; Welling & Ridley, 2010), it was found that 
global convection was effective in transporting ions of ionospheric origin through the lobes into the PSBL 
and the plasma sheet, typically at large distances.

The second location chosen for our investigation, which was closer to the plasma sheet boundary, has also 
been investigated earlier (Birn et al., 2015). It showed a single earthward field-aligned proton beam, to-
gether with an undisturbed core population, starting prior to the dipolarization. In contrast to the earlier 
results, we did not find a return beam, because in the present simulation, the delay from mirroring particles 
earthward of the inner box boundary was taking into account. This causes a delay of the return beam (Birn 
et al., 2019).
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At this location closer to the boundary, oxygen ion beams were not as pronounced and delayed against the 
H+ beam. The reason lies in the fact that the acceleration of these particles is found to be a direct, non-adi-
abatic, motion in the duskward electric field direction, which accelerates O+ ions to the same energy as H+ 
ions. Thus, O+ ions get only 1/4 of the speed of the H+ ions. After ejection along the field toward Earth they 
move more slowly and become more strongly displaced equatorward by the E × B drift. Also, depending 
on the characteristics of the RFT events, O+ ions accelerated near the x-line may be slower than the prop-
agating DF and thus, not be visible as a beam. It is noteworthy, however, that this acceleration mechanism 
would be more effective on multiply charged ions (Bingham et al., 2021).

In contrast to the hydrogen ions, the oxygen ion distributions did not exhibit visible return beams or even 
multiple beams at higher energy, which may result from multiple encounters with a DF (Birn et al., 2017). 
This is because the return beams and higher-energy beams require higher initial speed than the direct 
beam. Since we have assumed the same temperature for oxygen and hydrogen source populations, the 
initial oxygen thermal speed is lower by a factor of 1/4. Therefore, the initial and final oxygen phase space 
distributions fall off much more rapidly with velocity than the hydrogen distributions, and the potential 
return beams have f values too low to become observable.

In contrast to the particles close to the boundary, ions in the PSBL that encounter the propagating DF 
gain energy from this encounter comparable to the kinetic energy associated with the speed of the DF. If 
we assume maximum speeds of 500–1,000 km/s, this would yield a mass dependent acceleration of about 
1–5 keV for protons and 20–80 keV for oxygen ions, independent of their charge state.

Data Availability Statement
Simulation results are available via http://doi.org/10.5281/zenodo.4304668.
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