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Abstract The D‐shaped ion velocity distribution generated by the time‐of‐flight (ToF) effect can be
considered as an important characteristic of reconnection exhausts in the magnetopause and magnetotail
reconnection processes. In this study, we reported the D‐shaped velocity distribution of O+ ions produced by
the ToF effect in the magnetotail reconnection exhaust based on the observations from the Cluster
spacecraft. The observed cutoff velocity of O+ ions is smaller than that of H+ ions at the same time, which is
different from the previous theoretical prediction. We suggested that the difference between the two cutoff
velocities is probably due to O+ ions having a larger reconnection diffusion region than H+ ions. We also
demonstrated a remote‐sensing method to estimate the spatial scale ratio between the O+ and H+ diffusion
regions and the distance from the observation site to the center of the magnetotail reconnection region.

Plain Language Summary The reconnection processes at the Earth's magnetopause and
magnetotail can convert the magnetic energy into the kinetic energy of the plasma, thus producing
high‐speed reconnection exhausts. The exhausting ions usually show a D‐shaped velocity distribution
caused by the time‐of‐flight effect. Previous works usually focused only on exhausting protons from the
reconnection site, while O+ ions could also be abundant during geomagnetic active times. In this study,
we analyzed a reconnection event to investigate the behaviors of O+ and H+ ions in the magnetotail
reconnection exhaust region using the observations from the Cluster spacecraft. It is suggested that different
behaviors of H+ and O+ ions are probably due to O+ ions having a larger reconnection diffusion region
than H+ ions. In addition, we proposed a remote‐sensing method to estimate the spatial scale ratio between
the O+ and H+ diffusion regions and the distance from the observation site to the center of the magnetotail
reconnection region.

1. Introduction

Magnetotail reconnection is one of the key physical processes in the research field of space physics
(Vasyliunas, 1975). Both observation and simulation results have suggested that the core region of magneto-
tail reconnection is composed of an electron diffusion region embedded in an ion diffusion region. The spa-
tial scale of each diffusion region is comparable to the inertia scale of the corresponding particles (Eastwood
et al., 2010; Shay et al., 1998). In the proton diffusion region, protons are demagnetized, but electrons remain
frozen‐in to the magnetic field. In the electron diffusion region, both protons and electrons are demagne-
tized. Outside the diffusion area, there are separate inflow and exhaust regions, and the speed of the recon-
nection exhaust is considered to be approximately equal to the upstream Alfvén speed, whereas the inflow
velocity is considerably lower (Sonnerup, 1979). The ions in the exhaust region usually form D‐shaped
velocity distribution characterized by the existence of a lower velocity boundary in the parallel direction
(Phan et al., 2001). Fuselier et al. (2005) proposed that the D‐shaped velocity distribution is the result of
the time‐of‐flight (ToF) effect, which will be discussed in detail in section 3.

When a large number of O+ ions populate themagnetopause andmagnetotail plasma sheet during disturbed
times (Kistler et al., 2005, 2006; Kronberg et al., 2014; Mouikis et al., 2010; Yue et al., 2018, 2019), the recon-
nection processes are significantly affected by these heavy ions (at the magnetopause: Wang et al., 2015;
Fuselier et al., 2017, 2019; at the magnetotail: Karimabadi et al., 2011; Liu et al., 2013). Ruan et al. (2005)
reported that O+ ions can be found in the earthward high‐speed flows in the magnetotail, which is believed
to be the result of the reconnection involving O+ ions. Besides, many other phenomena observed in the
magnetotail, such as plasmoids (Zong et al., 1997, 2004), flux ropes (Wilken et al., 1995), bursty bulk flows
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(Zong et al., 2008), dipolarization fronts (Zhao et al., 2018), and energetic O+ layer (Wu et al., 2016), are also
considered to be associated with O+ ions involved in the reconnection processes.

The numerical simulations are widely used to study the influences of O+ ions on the reconnection process.
Shay and Swisdak (2004) suggested that there exist new scales in the reconnection region with three‐species
plasma, including O+ ions, and the speed of the reconnection exhaust can be a factor of 2 slower than that
expected based on the reconnection rate with only protons and electrons present. In the three‐species
particle‐in‐cell simulation, Liu et al. (2015) showed that O+ ions become demagnetized earlier during their
entry into the reconnection site along with protons and electrons and form a larger diffusion region outside
the H+ diffusion region. Other O+ ions‐related effects in the reconnection process are also reported in
simulation works, such as lowering of the reconnection rate, changes in the spatial structure of quadrupole
electric field, and modification in the threshold value of instabilities that trigger the reconnection process
(Liang et al., 2016, 2017; Liu et al., 2014; Tenfjord et al., 2019).

In most of the previous simulation works, the mass density of O+ ions is usually set high, and the tempera-
ture is set close to zero in the initial state (Markidis et al., 2011; Tenfjord et al., 2018). However, in the Earth's
magnetotail, protons and electrons usually dominate, whereas the number density of O+ ions is often very
low (Kistler et al., 2005). O+ ions can only enter the magnetosphere when they reach a certain energy level
after being accelerated during the ionospheric outflowing process, and the characteristic energy of O+ ions
can be as high as several keVs in the magnetotail plasma sheet (Lennartsson & Shelley, 1986). Therefore, to
have a clear understanding of howO+ ions affect the reconnection process, in situ observations are required.

In this study, we investigated a magnetotail reconnection event with significant O+ exhaust using the obser-
vations from the Cluster spacecraft. The D‐shaped velocity distribution of the exhausting O+ ions was
reported in section 2. We also found that the cutoff velocity of O+ ions was smaller than that of H+ ions
at the same time, which could be explained by the existence of a larger O+ diffusion region. A remote‐sensing
method to estimate the spatial scale ratio between the diffusion regions and the distance from the spacecraft
to the center of the reconnection region was discussed in section 3.

2. Observation

The data used in this study are obtained from the Cluster mission. The magnetic field measurements are
from the fluxgate magnetometer instrument (Balogh et al., 2001). The ion data are from the Cluster ion spec-
trometry package, ToF ion composition and distribution function (CODIF) analyzer and hot ion analyzer
instruments (Rème et al., 2001). The electron data are from the plasma electron and current experiment
instrument (Johnstone et al., 1997). The coordinate system used in this study are the geocentric solar mag-
netospheric coordinate system, if not mentioned otherwise.

An overview of the event, including the magnetic field and plasma measurements of Cluster SC1 from 16:22
Universal Time (UT) to 16:30 UT on 17 August 2001 during the initial phase of a geomagnetic storm with a
minimum Dst index of −105 nT, is shown in Figure 1. The spacecraft was located in the magnetotail at
approximately −18.3, −4.88, 0.55 RE at 16:22 UT. Echer et al. (2008) showed that a large number of O+ ions
(~4.0 × 1024 ions/s) escaped into the magnetotail during the initial phase of this geomagnetic storm.

From 16:22:00 UT to 16:23:20 UT, as shown using a blue bar at the top of Figure 1, the characteristic energies
of H+ and O+ ions were ~1–10 keV (Figures 1b and 1c). The number density of H+ ions was ~1.0 cm−3

(Figure 1d), and the temperature was ~70MK (Figure 1e). These observations are consistent with the plasma
sheet features. The dominant magnetic field component was in the −X direction (Figure 1a), and the total
magnetic field intensity was ~40 nT, indicating that the spacecraft was located in the southern outer part
of the central plasma sheet. With the increase in the O+ and H+ bulk velocities (Figures 1f and 1g) from
~16:23:20 UT to ~16:27:00 UT, the spacecraft crossed the tailward exhaust of a magnetic reconnection region
(red bar at the top of Figure 1). It is observed from the energy spectra of O+ and H+ ions (Figures 1b and 1c)
that O+ ions in the exhaust region have higher energies than that in the plasma sheet.

After 16:27 UT (green bar at the top of Figure 1), the X component of the magnetic field showed a further
decrease. The number densities of H+ and O+ ions decreased to ~0.1 cm−3. Meanwhile, the magnitude of
O+ bulk velocity in the −X direction also decreased from ~300 to ~100 km/s. Figures 1h and 1j show the
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Figure 1. (a) Magnetic field components observed by SC1 during 16:22 UT to 16:30 UT, similarly hereinafter. Red, blue,
and green lines represent Bx, By, and Bz, respectively. (b) and (c) Differential particle fluxes of O+ and H+,
respectively. (d, e) Number densities and temperatures of O+ (red line) and H+ (blue line), respectively. (f, g) Bulk
velocity components of O+ (red line) and H+ (blue line), respectively. (h–j) Pitch angle distributions of electrons with
different energy ranges (5–10 keV, 0.5–1.5 keV, and 5–200 eV). Different regions (central plasma sheet, reconnection
exhaust region, and plasma sheet boundary layer) are marked with blue, red, and green bars at the top of panel a,
respectively.
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pitch angle distributions of high‐energy (5 to 10 keV), middle‐energy (0.5 to 1.5 keV), and low‐energy (5 to
200 eV) electrons. The behaviors of electrons observed before and after 16:27 UT were different. Before 16:27
UT, electrons mainly showed bidirectional distribution in the 0.5–1.5 keV energy range (Figure 1i). In con-
trast, after 16:27 UT, the spacecraft observed low‐energy (<200 eV) electrons moving along the magnetic
field with their pitch angle less than 90° (Figure 1j). Moreover, the temperatures of O+ and H+ ions
decreased significantly from ~80 to ~10 MK (Figure 1e). These observations suggest that the spacecraft
crossed the reconnection separatrix at ~16:27 UT, and then entered the plasma sheet boundary layer
(Eastman et al., 1984). From ~16:27 UT to ~16:30 UT, two significant tailward H+ flows with their maximum
bulk velocity exceeding 1,000 km/s were observed, but there was no corresponding high‐speed O+ flow
present, indicating that these H+ populations might have sources other than the previously observed
reconnection exhaust.

Figure 2 shows the observations of O+ ions in the reconnection exhaust in detail. Figures 2a and 2b show the
parallel and perpendicular bulk velocities of O+ and H+ ions between 16:22 UT and 16:28 UT. The parallel
velocity of O+ ions was smaller than that of H+ ions in the exhaust region, indicating that O+ ions did not
obtain the same bulk velocity as H+ ions in the reconnection diffusion region during this event, although
the perpendicular velocity of O+ ions was close to that of H+ ions. Figures 2c and 2d show the parallel
and perpendicular energy spectra of O+ ions. The dashed line in Figure 2d indicates the estimated O+ char-
acteristic energy based on the ion perpendicular velocity obtained using the hot ion analyzer instrument,
which agrees well with the energy of the maximum perpendicular flux. These results imply that the
frozen‐in condition was satisfied for O+ ions in the exhaust region.

It is worth pointing out that various factors may have caused biases in the results of O+ and H+ bulk velo-
cities. First, due to the upper energy limit of the CODIF instrument, ions with E > 38 keV were not detected,
which might cause the underestimation of O+ and H+ bulk velocities. Second, return beams might exist at
higher energies in the H+ distributions and could produce an overall lower H+ velocity. Third, the high‐flux
H+ ionsmight contaminate the data of O+ ions and thus influence the calculation of the O+ velocity. In addi-
tion, the local cold O+ population (discussed later) might reduce the overall parallel velocity of the O+ ions.

It is observed that there was a clear ascending lower boundary in the parallel spectrum (Figure 2c) when the
spacecraft was located in the exhaust region from ~16:24 UT to ~16:26 UT. Figures 2e–2m show the velocity
distributions of O+ ions observed by SC1 at three different times marked with black arrows above Figure 2c.
Each column corresponds to 16:24:17 UT, 16:25:05 UT, and 16:25:45 UT, respectively (sampling time is 8 s
for each plot). The first row shows slices in the vpar − vperp1 plane and the second row shows slices in the
vperp1 − vperp2 plane, in which vperp1 corresponds to the E × B direction and vperp2 is perpendicular to vpar
and vperp1.

It can be seen from Figures 2e–2j that O+ ions in the exhaust region were composed of two different popula-
tions. The high energy O+ populationmoving along the vpar direction, as shown in Figures 2e–2g, was appar-
ently part of the reconnection exhaust. The other population with lower energy can be clearly seen in
Figures 2i and 2j. They were relatively cold and moved exactly along the vperp1 direction. We believe that
these O+ ions were pre‐existing local O+ ions in the plasma sheet, and the E × B drift leads to their perpen-
dicular motion, as shown in Figure 2d. Unlike the exhausting O+ population, this cold population was not
always present in the exhaust region (Figure 2d), indicating that there might be temporal changes in the O+

distribution. It should be noted that the O+ ions with ~1 keV energy observed around 16:24:30 UT in Figure 2
c were part of this cold O+ population rather than part of the reconnection exhaust.

Figures 2k–2m show the integrated vpar − vperp O+ velocity distributions in the bulk vperp = 0 reference
frame (resampling grid size is 50 km/s). As can be seen, the distributions of exhausting O+ ions have
D‐shaped signatures and clear lower boundaries (cutoff) in the parallel direction. When the spacecraft
moved closer to the separatrix, the cutoff velocity increased from ~200 km/s at 16:24:17 UT to ~400 km/s
at 16:25:45 UT. The corresponding energies of these cutoff velocities are marked with black triangles in
Figure 2c, which are consistent with the ascending lower boundary in the parallel energy spectra of O+ ions
discussed above. Besides, the cold O+ population might be heated and picked up by the exhaust flow, thus
showing ring distributions in Figures 2l and 2m, which is similar to the observations in Li et al. (2017) and
Vines et al. (2017).
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Fuselier et al. (2005) and Broll et al. (2017) studied several magnetopause reconnection events in which
exhausting H+ ions showed similar D‐shaped velocity distributions. They also found that due to the conser-
vation of the first adiabatic invariant, the cutoff of parallel velocity would become a curve in the vpar − vperp
plane if the exhausting ions move into a region with stronger magnetic fields. That is, the parallel velocity of
exhausting ions would decrease if their initial vperp is significant. Therefore, to get the accurate cutoff velo-
cities, all the integrated vpar − vperp plots of velocity distributions in this paper are shown in the reference
frame where bulk vperp = 0.

Figure 2. (a, b) Parallel and perpendicular velocities of O+ (red line) and H+ (blue line) ions. (c, d) Differential particle
flux of O+ ions in parallel and perpendicular directions. The dashed line in panel d shows the estimated O+

characteristic energy derived from HIA ion perpendicular velocity data. (e–j) vpar − vperp1 and vperp2 − vperp1 slices
of O+ velocity distributions. (k–m) integrated vpar − vperp O

+ velocity distributions in the bulk vperp = 0 reference frame.
The observation time of each column in panels e–m is marked with black arrow above panel c.
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Based on the observations, it is clear that the spacecraft traveled from the central plasma sheet to the
reconnection exhaust region and then to the plasma sheet boundary layer from 16:22 UT to 16:30 UT.
The spacecraft trajectory is shown as the black dashed line in Figure 3.

3. Discussion

In this paper, we have reported that the lower boundary in the parallel direction can also be observed in the
velocity distribution of O+ ions in the magnetotail reconnection exhaust region. As mentioned above,
Fuselier et al. (2005) studied the velocity distribution of H+ ions in the magnetopause reconnection exhaust,
which is characterized by the existence of similar cutoff in the parallel direction. Using a simple model that
considers only exhausting H+ ions, they suggested that the presence of this cutoff can be reasonably
explained by the ToF effect, which can be understood by decomposing the velocity of the exhausting ions
into the parallel and perpendicular (E × B drift) components. The magnitude and direction of the perpendi-
cular drift velocity only depend on the local electromagnetic field configuration and do not depend on ion
species or parallel velocity. Assuming that the reconnection process was in a steady state, for those exhaust-
ing ions whose parallel velocity is smaller than the cutoff velocity mentioned above, their accumulated
displacement in the perpendicular direction would be greater than the distance between the separatrix
and spacecraft. Thus, they would not be observed by the spacecraft. The magnitude of this cutoff velocity
depends on the position of the observation site in the exhaust region. The cutoff velocity will be the local
deHoffman–Teller speed if the spacecraft is located very close to the neutral line. When the spacecraft moves
towards the reconnection separatrix, the observed cutoff velocity will gradually increase to infinite.

The presence of the D‐shaped distribution and cutoff velocity of O+ ions in this event can also be explained
by the ToF effect in the reconnection exhaust region described above. This provides direct evidence that the
ionospheric O+ ions can participate in the magnetotail reconnection processes. To compare the cutoff velo-
cities of O+ and H+ ions, we plotted the integrated vpar − vperp velocity distributions of O+ and H+ ions
observed by SC4 at 16:27:03 UT (sampling time is 4 s), as shown in Figures 4a and 4b. The spacecraft was
located close to the separatrix so that the cutoff velocities were large enough to be identified clearly. The
two plots share the same reference frame (vperpH = 0) and axis range. The H+ velocity distribution in
Figure 4b is flipped upside down for comparison and is part of the overall H+ velocity distribution
(Figure 4c) obtained from the CODIF data. It can be clearly seen from Figure 4 that the cutoff velocity of
O+ ions was about 400 km/s, apparently smaller than that of H+ ions (~550 km/s) at the same time, as
marked with black dashed lines.

It is worth to point out that this result is quite different from the theoretical model described by Fuselier et al.
(2005) in which there should be no difference between the cutoff velocities of H+ and O+ ions. In their sim-
plified model, it was assumed that the spacecraft was far from the reconnection diffusion region. That is, the
spatial scale of the diffusion region could be neglected and all the exhausting ions could be regarded as
departing from a single point. However, in our case, we believe that the spatial scale of the reconnection dif-
fusion region and the width of the reconnection exhaust cannot be neglected. The ions departed from the
edge of the diffusion region could travel a relatively shorter distance compared to the ions departed from
the center of the diffusion region while accumulating the same displacement in the perpendicular direction
to reach the observation site. Thus, their parallel velocities could be lower than those ions departed from the
center of the diffusion region. It is reasonable to infer that the larger the diffusion region, the smaller will be
the cutoff velocity. In our observations, O+ ions have a lower cutoff velocity than H+ ions, implying that O+

ions have a larger diffusion region than H+ ions. This agrees with the simulation results proposed by Liu
et al. (2015) and Liang et al. (2017).

Next, we would like to further estimate the spatial scale ratio between O+ and H+ diffusion regions based on
the above assumption. As shown in Figure 3, dsc is the distance from the spacecraft to the center of the diffu-
sion region in the X direction. The half widths of O+ and H+ diffusion regions are denoted by dO and dH, and
the observed cutoff velocities are expressed as vO and vH, respectively. Assuming that the perpendicular velo-
cities of O+ and H+ ions are the same in the exhaust region, the O+ and H+ ions having the corresponding
cutoff parallel velocities can simultaneously reach the spacecraft after they departed from the edge of their
diffusion regions. Their trajectories are sketched with red and blue lines in Figure 3.
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The time taken by these O+ and H+ ions to move from the edge of their corresponding diffusion regions to
the spacecraft are the same and can be described as

t¼ dsc−dH
vH

¼ dsc−dO
vO

:

With the assumption that the spatial scale of the O+ diffusion region is a times the H+ diffusion region, we
now have

dsc
dH

¼ avH−vO
vH−vO

:

According to the observation, vO is ~400 km/s and vH is ~550 km/s in this event. Substituting these numbers
in the above equation, we get

dsc
dH

≈5:5a−4:

For some magnetopause reconnection events, dsc can be estimated pretty reliably using the maximum mag-
netic shear model (Petrinec et al., 2016; Trattner et al., 2007). However, it is usually difficult to determine the
value of dsc and dH for the magnetotail reconnection events, unless the spacecraft happened to cross the
reconnection separatrix or the neutral line (Xiao et al., 2007). For our event, we are unfortunately not able
to further determine the value of dsc and dH. In addition, due to the limited energy resolution of the
CODIF instrument, the values of vO and vH might be imprecise as well. Nevertheless, the above formula
can be treated as a remote‐sensing method to estimate the spatial scale ratio between O+ and H+ diffusion
regions and the distance from the spacecraft to the center of the reconnection region, when either of them
is known.

4. Summary

In this study, we reported the D‐shaped velocity distribution and the ToF effect of O+ ions in themagnetotail
reconnection exhaust, which can be treated as direct evidence that ionospheric O+ ions can participate in the
magnetotail reconnection process. The observed cutoff velocity of O+ ions is smaller than that of H+ ions at
the same time, which is different from the previous theoretical prediction. We suggested that the difference
between the two cutoff velocities is probably due to O+ ions having a larger reconnection diffusion region
than H+ ions. We also demonstrated a remote‐sensing method to estimate the spatial scale ratio between
the O+ and H+ diffusion regions and the distance from the observation site to the center of the magnetotail
reconnection region.

Figure 3. Schematic plot of the spacecraft trajectory from 16:22 UT to 16:30 UT relative to the reconnection region.
Red and blue lines show the trajectories of O+ and H+ ions with their corresponding cutoff velocity that are observed
by the spacecraft. See text for details.
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