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Abstract A dipolarization front (DF) is known as the leading edge of an earthward high-speed flow with a
sharp enhancement in the northward magnetic field (Bz). Analysis of an event observed by Cluster shows
that the behavior of oxygen ions (O+) around the DF is very different from protons (H+). After the crossing of the
DF, the O+ density decreases more gradually than H+. The distance between the density minimum of O+

and the DF layer is ~4 times longer than that of H+, which is close to their gyroradii ratio with the same energy. A
flux dropout is observed in the O+ energy spectrum, whose energy dependence indicates that ions with
higher energies can reach locations farther tailward of the DF. Similar variations are also seen in studies of 22
events in which a common pattern of ion properties is obtained by performing a superposed epoch analysis.
Finally, using backward tracing test-particle simulations, we reproduce the characteristics of the flux dropout
and verify that the time dependence of the dropout is highly correlated with the gyromotion of different
energy O+ behind the DF. All these results provide a further understanding of ion dynamics associated with DFs
and suggest that the observed O+ ions are reflected within a half gyromotion in the central plasma sheet.

1. Introduction

Dipolarization fronts (DFs), often considered as the leading edges of earthward propagating plasma flows, are
magnetic structures with sharp enhancements in the northward magnetic field (Bz) in the magnetotail (e.g.,
S. Y. Fu et al., 2011; Nakamura et al., 2002; Runov et al., 2009). DFs can be interpreted as current layers that
separate the hot tenuous particle population in plasma flows from the cold dense population in the ambient
plasma sheet (e.g., Runov et al., 2011; Sergeev et al., 2009; Sun, Fu, Parks, et al., 2014). These current layers
have thicknesses estimated to be comparable to plasma sheet proton gyroradius (~500 to ~1,000 km; e.g.,
Liu et al., 2013; Runov et al., 2009; Sun, Fu, Pu, et al., 2014). They are also associated with kinetic features
(e.g., H. S. Fu et al., 2012; Sergeev et al., 2009; Sun, Fu, Pu, et al., 2014) and field-aligned currents (e.g., Liu
et al., 2013, 2015; Sun et al., 2013, Sun, Fu, Parks, et al., 2014) as well.

In the earthward propagation of DFs, precursor signatures that include gradual enhancements in plasma
density, velocity, and pressure are commonly detected ~20 to ~60 s prior to the sharp enhancement of Bz
(e.g., Ohtani et al., 2004; Zhao et al., 2016; Zhou et al., 2010, 2011). These signatures have been interpreted
as preexisting plasma sheet particles being accelerated and reflected by the approaching DF (Eastwood
et al., 2015; P. Wu & Shay, 2012; Zhou et al., 2010, 2011). Test particle (e.g., Zhou et al., 2010, 2011) as well
as particle-in-cell (PIC) (Eastwood et al., 2015) simulations have revealed that the pre-existing plasma sheet
ions can be reflected by performing a half gyromotion and be accelerated by the dawn-dusk electric field car-
ried by the DF. In addition to these precursor signatures, Bz can often decrease ahead of the DF (referred to as
Bz dips). The Bz dips could be a remnant feature of an earthward traveling flux rope, which is characterized by
a helical magnetic configuration (e.g., Slavin et al., 2003). And in recent studies, it has also been suggested
that this feature is associated with a dawnward current inside the dip region (Lu et al., 2016; Yao et al.,
2013, 2015; Zhou et al., 2014). Pan et al. (2015) proposed that the Bz dip could have resulted from the dawn-
ward diamagnetic currents formed by the DF-reflected ions. All of the features mentioned above can be
understood in the framework of a reflection process, but there have been no direct observations of the half
gyromotion during the reflection. Moreover, protons (H+) have been assumed to be the only ion species in all
the above studies. How the heavy ions (e.g., O+) behave have not been investigated.
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It is known that oxygen ions (O+) originating from the ionosphere could play an important role in the Earth’s
magnetospheric dynamics (e.g., S. Y. Fu et al., 2001; Seki et al., 2001; Shay & Swisdak, 2004). In the plasma
sheet, the O+ density is normally smaller than H+ density, and the motions of O+ ions are decoupled from
H+ ions (e.g., Kistler et al., 2005; Nilsson et al., 2016; T. Wu et al., 2016; Zelenyi et al., 2006). For example, in
bursty bulk flows, O+ move predominantly duskward while the H+ mainly drift earthward (Kistler et al.,
2005). Moreover, noting also that the O+ has a larger gyroradius, it is unlikely that O+ will be transported
and accelerated in the bursty bulk flows the same as protons, which are of limited spatial and temporal extent
(Nilsson et al., 2016).

In a recent test particle simulation, Greco et al. (2015) studied the acceleration of heavy ions (including O+ and
Na+) associated with DFs and found that when the ion species are initially cold, heavy ions could gain more
energy than H+ at local DFs, depending on their initial gyroradii. Liang et al. (2017) investigated the accelera-
tion of O+ with 2.5-D implicit PIC simulation and showedmultiple peaks in the O+ distribution function ahead
of the DF coming from the lobe and preexisting O+ ions. According to their results, the lobe oxygen ions can
be accelerated by the Hall electric field and enter the downstream outflow region; the preexisting current
sheet O+ ions are reflected by the earthward propagating DF and form a reflected beam.

Since the gyroradius of O+ is 4 times larger than that of H+ with the same energy, the response to the DF is
expected to be different. This has motivated us to investigate the O+ features around the DFs. In this study,
we will investigate the variations of O+ properties (i.e., density, energy flux) around DFs and compare O+ fea-
tures with that of H+ using both observations and test particle simulations. We first present a case study to
analyze the O+

flux dropout associated with a DF, in which the dropout boundary is observed to be energy
dependent. Accordingly, we study the O+ reflection process and discuss the distinct signatures between O+

and H+. We then expand our study to multiple events and show that backward tracing test-particle Liouville
simulations can reproduce the characteristics of O+ and H+ around DFs.

2. Observations

This study employs the data from Cluster (Escoubet et al., 2001). The magnetic field data are obtained from
the fluxgate magnetometer (FGM; Balogh et al., 2001) with full-time resolution (~22.5 Hz). The ion data are
provided by the ion composition and distribution function analyzer (CODIF), which is part of the ion spectro-
metry (CIS) experiment (Rème et al., 2001). CODIF can resolve H+, He2+, He+, and O+ ions and provide infor-
mation on the distribution functions in the energy range from ~25 eV to ~40 keV every spin of the spacecraft
(4 s). However, the calibrated data used are usually of lower time resolution (>4 s). All data are presented in
the Geocentric Solar Magnetospheric (GSM) coordinate system except otherwise noted.

2.1. Event Observed on 5 August 2001

Figure 1 shows a DF event observed by Cluster 1 (C1) on 5 August 2001. C1 was in the central plasma sheet
(β> 0.5, not shown) at XGSM ~�17 RE. In this figure, the DF is marked by the vertical black line at ~14:03:39 UT
(tDF), when the increase of Bz had the largest slope. Bz increased by ~15 nT in less than 10 s (Figure 1a), and
there were no large-amplitude (>5 nT) Bz disturbances in the 2-min time period before the DF was observed,
indicating that the ambient plasma sheet was fairly quiet. A proton number density (nH+) enhancement
(Figure 1c) accompanied by the proton velocity (VH+) increase (Figure 1f), was observed ~1 min prior to
the DF arrival (vertical dashed black line). Behind the DF, nH+ quickly dropped to a minimum and TH+
increased to a maximum in ~8 ± 4 s (vertical dashed blue line). Accordingly, flux depletion (flux dropout)
was observed in the energy spectrum after the DF crossing (Figure 1h).

The O+ ions also exhibited variations associated with this DF. Before the DF arrival, nO+ (Figure 1b) and VO+
(Figure 1e) increased almost simultaneously with those of H+, but the percentage was larger with increase
of nO+ about ~100% (from ~0.02 to ~0.04 cm�3, Figure 1b), while with nH+ it was only ~17.5% (from ~0.40
to ~0.47 cm�3, Figure 1c). After the DF crossing, nO+ was reduced to a minimum value within ~34 ± 4 s
(Figure 1b, vertical dashed red line), which was ~4 times longer than that of nH+ (~8 ± 4 s). The TO+ reached
amaximumwhen the nO+ decreased to its minimum (Figure 1d). Behind the DF, there was also a flux dropout
in the O+ energy spectrum (Figure 1g). The boundary (contour) is energy dependent, but it was not as clear in
H+ spectrum. Similar signatures were observed on C3 and C4 (not shown).
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2.2. Ion Flux Dropout

We now present a detailed analysis of the observed behavior of H+ and O+ energy spectra and velocity dis-
tribution functions. First to note is that during the DF crossing, the four Cluster spacecraft formed a regular
tetrahedron configuration with the elongation and planarity ~0.084 and ~0.099, respectively. We have esti-
mated the propagating velocity of the DF by applying multispacecraft timing method (e.g., Schwartz,
1998), in which the DF is assumed to be a quasi-planar structure. This timing method yielded a speed of

Figure 1. Overview of the magnetic field and ion observations from Cluster-C1 for the dipolarization front (DF) on 5 August
2001. (a) Magnetic field components, Bx (blue), By (green), and Bz (red); (b) O

+ density, nO+; (c) H
+ density, nH+; (d) ion

temperature, TO+ (red), TH+ (blue); (e) O+ velocity components, Vx (blue), Vy (green), and Vz (red); (f) H
+ velocity compo-

nents, Vx (blue), Vy (green), and Vz (red); (g) O
+; and (h) H+ energy spectrum for differential particle flux. The black dashed

vertical line marks the time when O+ and H+ observed density enhancements prior to the DF. The black vertical line
indicates the DF where Bz has the largest slope, and the blue and red dashed vertical lines indicate the minima of nH+ and
nO+ behind the DF, respectively. Note that the time resolution for ion moments from CODIF for this observation was 8 s.
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~190 km/s (VDF) with propagating direction k along ~(0.91, 0.37, �0.20). This speed is very similar to the
plasma bulk velocities around the DF observed by each spacecraft, indicating that the bulk speed was stable
during the four spacecraft crossing of the DF. This observation allows us to reconstruct the spatial structure of
the DF by transforming the time-dependent data into space-dependent data. The results are shown in
Figure 2, in which we define the horizontal axis as δx = (t� tDF) × VDF, to indicate the distance measured from
the DF at δx = 0 (marked by a black dotted line). Figures 2b and 2c show the energy spectra for O+ and H+,
respectively. The O+ spectrum shows a clear flux dropout behind the DF, which extends to larger distances at
higher energies. At the upper energy limit of CODIF (~40 keV), the O+

flux dropout appeared in the fourth
data point behind the DF (~5,000 km), which is the place where nO+ reached minimum (red dotted line in
Figure 1b). As noted earlier, the energy dependence of the H+

flux dropout was not clear, with the flux

Figure 2. Observations and analysis of the O+ and H+ flux dropout. (a) Magnetic field components; (b) O+ and (c) H+ energy
spectra of the differential particle flux; O+ pitch angle distributions in the energy range (d) from ~23.7 to ~38.3 keV,
(e) from ~14.6 to ~23.7 keV, and (f) from ~9.0 to ~14.6 keV. The black vertical dashed line marks δx = 0, that is, the time of
largest Bz slope. The red dotted line in (b) represents the distances that O+ can reach. The error bars in the x direction are
determined from the widths of the corresponding energy channels and pitch angles, and the error bars in the vertical
direction are the widths of energy channels.
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reaching a minimum only in one data point (blue dotted line in Figure 1c), consistent with nH+ variations
behind the DF.

In addition to the energy dependence of O+
flux dropout, the dropout is also pitch angle dependent as

shown in the pitch angle distributions of O+ (Figures 2d–2f, each panel contains two energy channels of
CODIF). The O+ ions were generally parallel or antiparallel to the magnetic field direction at the beginning
after crossing the DF. Subsequently, in the same energy channels, some perpendicular components gradually
appeared, indicating that particles with larger perpendicular velocities could reach further distance during
the reflection process. All these features shown in Figure 2 are correlated with particle gyromotion.

In the simulations of Zhou et al. (2010), the background plasma sheet ions are proposed to be accelerated
and reflected in a half gyroperiod after crossing the DF inside the dipolarization flux bundle (DFB). Hence,
based on the information of magnetic field and pitch angle, we have estimated the gyroradius of O+ with dif-
ferent energies to represent the distances that the ions can reach behind the DF. The results are shown as red
dots with error bars in Figure 2b. The width of the error bars in the x direction are determined from the energy

Figure 3. On the O+ and H+ reflections in the DF. (a) Schematic illustration of the O+ (red) and H+ (blue) trajectories during the DF encounters in the DF rest frame;
Vpara � Vperp1 and Vperp1 � Vperp2 cuts of the 3-D O+ distributions at the DF (b, c) and near the density minimum behind the DF (d, e); (f–i) O+ particle flux
distributions as a function of energy and pitch angle in four time ranges, corresponding to the purple segments in Figure 2a. The black arrows in (g)–(i) show the low
energy limit of flux dropouts increasing gradually.
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channels and pitch angles, and the error bars in the vertical direction are the widths of energy channels.
These red dots agree well with the contour of flux dropout, confirming the gyromotion reflection process
of O+. This feature is not clear for H+, because H+ with an energy of ~40 keV (upper energy limit of CODIF)
can only reach ~1,000 km behind the DF, and the time resolution of H+ spectrum from CODIF was not ade-
quate to observe this change.

Figure 3a schematically illustrates the equatorial trajectories of O+ and H+ during the reflection process in the
DF rest frame. The vertical black line indicates the DF layer. In an ideal situation, particles in the ambient
plasma sheet encounter the DF and perform a half gyromotion inside the DFB. The gyromotions of O+ and
H+ (blue and red solid lines) result in the flux dropouts shown in Figure 2. The results in the X displacement
between their density minima shown in Figure 1 are due to the fact that the gyroradius of O+ is ~4 times
larger than H+ with the same energy. Figures 3b and 3c represent the O+ distributions in Vpara � Vperp1
and Vperp1 � Vperp2 planes, respectively, recorded by C1 from 14:03:38 to 14:03:42 (near the DF). Similarly,
Figures 3d and 3e show the O+ distributions recorded by C1 from 14:03:46 to 14:03:50 (behind the DF).
The direction of Vperp2 is defined as the direction of B × V, where B is the magnetic field from FGM in GSE
coordinate and V is the velocity in GSE coordinate from the onboard moments. The Vperp1 is defined as the
direction of Vperp2 × B. During this period, Vperp1 is roughly earthward, and Vperp2 is roughly duskward.
These distributions (Figures 3b to 3e) are transformed into the rest frame of DF. Figures 3b and 3d show that
most ions enter into the DFB with higher parallel or anti-parallel components of velocity (as shown in
Figures 2d–2f) but due to their gyromotion in the DFB, the distributions include particles in the perpendicular
directions. Figure 3c shows an ion population in the earthward direction (+Vperp1) with high velocity
(~400 km/s). These ions will be those that have experienced acceleration and reflection in the DFB.
Figure 3e shows a pronounced population in the earthward direction (+Vperp1) with a duskward component
(+Vperp2), which agrees with the expected behavior of O+ that reach the furthest distance behind the DF.
However, the duskward deflected population was not observed in H+ observations because the reflection
process of H+ only occurs in less than one data point in CODIF observations (MMS observations, Burch
et al., 2015, which have a much higher time resolution than Cluster might reveal this effect).

Figures 3f to 3i represent the distributions of O+ particle flux as a function of energy and pitch angle around
the DF crossing with a time resolution of 8 s (corresponding to the purple segments in Figure 2a). It is clearly
shown that the energy limits of flux dropouts (marked by black arrows) increase gradually with time from
Figures 3f to 3i, and the total particle flux decreases successively especially in the parallel and antiparallel
directions. During this process, the particles are accelerated in the perpendicular direction by the
DFB-associated duskward electric field (P. Wu & Shay, 2012; Zhou et al., 2010). These figures also indicate that
there is a much higher oxygen flux in the parallel and antiparallel directions ahead of the DF. We propose that
these O+ ions are from the ionosphere. The upflowing O+ are mainly moving parallel or antiparallel to the
background magnetic field. The highest O+ particle flux is in the magnetic dip region (Figure 3f) compared
with the others. This feature is consistent with the observations in Figure 1 that nO+ in the magnetic dip
region was much higher than the densities in the ambient plasma sheet.

2.3. Superposed Epoch Analysis

To retrieve a common pattern of ion variations during the DFs crossing, we have performed a superposed
epoch analysis of the DF observations (Ohtani et al., 2004; Slavin et al., 2003). Using the same criteria as in
the previous studies (Sun et al., 2013; Yao et al., 2013), DF crossings were selected based on the following cri-
teria. (1) δBz> 10 nT in less than 30 s. (2) |Bx|< 10 nT during the interval |δt|< 30 s, and δt = t� tDF, where tDF
is the time when Bz increasing has the largest slope. (3) Large-amplitude (>5 nT) Bz variations are absent
within 2 min before DF crossing to ensure the background is relatively quiet. (4) The time resolutions of
CODIF data are equal to or smaller than 8 s. (5) DF should propagate in earthward direction. A total of 22
events was selected using the Cluster data from the years 2001 to 2004.

Figure 4 shows the variations of the magnetic field and ion parameters within ±120 s of t0, where t0 indicates
the onset of positive Bz variation (marked by black dashed line). Here we define the parameter
δNO = NO(t) � NO(tb) to reveal the variations more clearly, where tb = �120 s is the start time and NO is the
O+ density. We can obtain the variations of other parameters in a similar way. Moreover, the variations of
O+ and H+ density (δNO and δNH), and temperature (δTO and δTH) are normalized by the values at tb (mean
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value of three points around the tb is used to represent the background situation). The average values have
been calculated based on 22 events with themagnetic field (Bz) of 1-s time resolution and plasma parameters
8-s time resolution, shown as black points. In each panel, there is one solid line connecting these points
showing the average values, and the other two dotted lines indicating the standard deviations.

Figure 4a shows a typical asymmetric bipolar structure of Bz for a DF at t0, including the sharp enhancement
(~12 nT) and the low-amplitude Bz dip (~�2 nT). Behind the front, Bz returns to the quiet value Bz(tb) gradu-
ally. The O+ density first increases smoothly (up to a factor of 1.5) before the DF crossing, starting at t≈�80 s,
and then drops to ~0.5 of the initial value at t≈ 32 s (Figure 4b). Similarly, the H+ density increases by a factor
of ~1.2, starting at t≈�40 s, and then decreases rapidly to a factor of ~0.7 at t ≈ 8 s (Figure 4c). The O+ tem-
perature increases gradually by a factor of ~1.3 (Figure 4d), and the H+ temperature shows a steeper increase
by a factor of ~1.2 (Figure 4e). Comparing with H+, the increase of O+ density starts earlier and the average
increased percentage is much higher. After the DF crossing, O+ ions lasted ~4 times longer than H+ and
decreased to the lowest density level with the largest temperature value (red and blue dashed lines, respec-
tively). These statistical features of O+ during the DF crossing are shown here for the first time. The signatures

Figure 4. Superposed epoch analysis of the magnetic field (1-s sampling rate) and particle parameters (8-s sampling rate).
Mean value (thick solid lines) with standard deviation (dotted lines) of (a) magnetic field; (b) O+ and (c) H+ normalized
density variations; (d) O+ and (e) H+ normalized temperature variations; and x component of velocity for (f) O+ and (g) H+.
The front crossing time is marked by the black vertical dotted line. The lowest density with temperature maximum
of O+ and H+ behind the DF are marked by the red and blue dotted lines, respectively.
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behind the DF are consistent with the event on 5 August 2001 (see Figure 1). The Vx enhancement of O+ and
H+ behind the DF are also observed, with the mean values of ~150 km/s and ~200 km/s, respectively
(Figures 4f and 4g).

3. Simulations

To further investigate the process of O+ acceleration and reflection at DFs, we have used the backward tra-
cing test-particle simulations (Zhou et al., 2011, 2014). We start with the initial equilibrium ion distributions
f (ri, vi, ti) of modeled self-consistent kinetic plasma sheet (e.g., Harris, 1962; Pritchett & Coroniti, 1995). The
distributions f (r, v, t) at any time t is determined by tracing the ion trajectories backward in time to obtain
their locations ri and velocities vi at ti since the phase space density f (r, v, t) is equal to f (ri, vi, ti) according
to the Liouville’s theorem (e.g., Schwartz et al.,1998; Wanliss et al., 2002).

We applied the same initial equilibrium model previously used in Zhou et al. (2011, 2014) and calculated the
reflection process of H+ and O+ assuming that the density and thermal energy are similar as in the initial dis-
tributions. Other parameters included L, the plasma sheet half thickness, equal to 0.5 RE; Bn, the neutral sheet
Bz, equal to 2 nT. Although themodel can be refined to accommodate a higher Bz closer to the Earth similar to
the distribution of Earth’s dipole field (Zhou et al., 2012), here we only use a simple model without a dipole to
isolate the reflection process from the complications of the equatorial Bz gradient effect. The B0, the lobe
magnetic field strength at x0, equal to 30 nT, n0, the equatorial plasma density at x0, equal to 0.35 cm�3

(for both simulations of H+ and O+), and vT, the ion thermal velocity within the entire plasma sheet, equal
to 700 km/s and 250 km/s for H+ and O+, respectively. Furthermore, a cold (vT = 400 km/s for H+ and
vT = 100 km/s for O+), tenuous (n0 = 0.05 cm�3), and nondrifting population was superposed over the entire
plasma sheet to represent the background cold plasma and the lobe limit. Finally, we assumed that there
were no initial distributions behind the DF by setting f (ri, vi, ti) = 0 where xi was less than the initial x location
of DF. It should be mentioned that ions originating from the distant tail or lobe may also contribute to the
accelerated populations in the DFB and even to the precursor populations ahead of the DF, which have been
revealed in both PIC (Eastwood et al., 2015) and test particle (Birn et al., 2017) simulations. However, these
populations will not influence the reflection process of particles near the front. Therefore, we have excluded
these populations in the present study.

An earthward propagating DF-associated electromagnetic field was superimposed over the initial equili-
brium background, and the DF is assumed to be a plane with step-like enhancements of the magnetic and
electric fields. Then the magnetic perturbation is given by

ΔBz x; y; tð Þ ¼ Bf
2

1� tanh
x�

Lf

� �� �
exp � y2

Hf
2

� �
;

where x* = x � xf � vf(t � ti) describes the earthward propagation of DF at the speed of vf, which equals to
200 km/s in our simulations. Here Bf is the maximum Bz enhancement across the DF; xf is the initial x location
of DF at t = ti; Lf is the DF half thickness; and Hf is the half width of DF in y direction. For comparison with our
case study, the adopted parameters used are as follows: Bf = 18 nT, ti = 0 s, Lf = 0.1 RE, and Hf = 2 RE. There is
also a dawn-dusk electric field carried by the earthward propagating DF to satisfy the Faraday’s law

Ey x; y; tð Þ ¼ vfΔBz x; y; tð Þ;

that can be considered as a superposition of an induced static potential electric field (see more details in
Zhou et al., 2014).

Based on the model specified above, we then calculated the ion distributions at any arbitrary location by tra-
cing the ion trajectories backward in time. For this calculation, we placed a virtual spacecraft in the central
plasma sheet at (�10, 0, 0) RE, then simulated energy spectra of O+ and H+ at this location shown in
Figures 5a and 5c. The virtual spacecraft encounters the earthward propagating DF at t ~ 32 s. For purposes
of comparison, energy spectra of O+ and H+ on 5 August 2001 are also shown in Figures 5b and 5d. As before,
the horizontal axis has been plotted as spatial scale (section 2.2). Therefore, the horizontal axis δx indicate the
distances from the DF, and the DF crossing has been marked by a white vertical line at δx = 0.
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The flux dropouts are clearly observed in our simulated energy flux spectra (Figures 5a and 5c), which show
contours similar to observations (Figures 5b and 5d). We superposed the solid curves in each panel to show
the gyroradii of ions with different energies (as mentioned in Figure 2b). The solid curve is approximately con-
sistent with the flux dropout in each panel. To investigate the reflection process, we have compared the
orbits of those particles that contributed the most to the energy flux around the curves. Figures 6a–6d show
the typical orbits of O+ with different energies that contributed to the duskward beam around the furthest
locations away from the DF (corresponding to the black point marked by a–d respectively in Figure 5a).
The points a–c are selected along the solid curve and the particle orbits at these locations are plotted in
Figures 6a–6c. Obviously, we can find out that particles indeed experienced a half gyromotion after encoun-
tering the DF, with the encountering moments marked by the red stars, the moving directions marked by the
red arrows, and their gyroradii increase as they gain energy during the process.

Note that although themain populations cross the DF along the normal direction and perform a half gyromo-
tion in DFB because of the high-speed earthward propagation of DF, there are also some ions (e.g., ions
marked by d in Figure 5a) that spend more than a half period of gyration in the DFB depending on their spe-
cific incident angle. The corresponding typical orbits are shown in Figure 6d. Accordingly, Figure 6e schema-
tically illustrates an equatorial trajectory of the O+ that encounters the DF with a smaller incident angle
(marked by the dotted curve). These ions can reach a further distance during the reflection process than
those ions only performing a half gyromotion (marked by the solid curve in Figure 6e). Therefore, we recal-
culated the largest depth of the ions with different energy during their gyromotion behind the DF corre-
sponding to this situation (i.e., the incident angle is 45°, the typical orbit is corresponding to the dotted
trajectory illustrated in Figure 6e). The results are marked by dotted curves in Figures 5a–5d. In the O+ spectra
of both observation and simulation, the contours of dropouts indeed arrived to deeper locations near the
dotted curves in the high-energy range. It also indicates that O+ ions with higher velocities are easier to
deflect from the normal direction (incident angle ~90°) when they encounter the DF. For H+, some ions

Figure 5. Comparison between simulations and observations on the dropout. (a) Simulated and (b) observational for O+

energy flux; (c) simulated and (d) observational for H+ energy flux. In (a)–(d), the vertical solid line marks δx = 0, the
solid curves correspond to the distances that different energies O+ and H+ can reach with incidence the angle of 90°, the
dotted curves correspond to the distances that different energies O+ and H+ can reach with an incidence angle of 45°.
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gyrate beyond the curves and can arrive at deeper locations (Figure 5c), which are contributed by the species
that had a smaller incident angle (<45°).

4. Discussion

Our observations and simulations have provided a detailed understanding of the reflection process asso-
ciated with DFs. The DFB propagates earthward and encounters the ambient plasma sheet ions. These ions
penetrate into the DFB, and then accelerated and reflected by the DFB. During the reflection process, the
injected ions with different initial energies and pitch angles will reach different positions behind the DF.
For the same ion species with the same specific charge, particles with higher energy and closer to 90° pitch
angle can penetrate to further distances from the DF. Hence, the spacecraft would detect fewer particles as it
travels to deeper locations inside the DFB, leading to a gradual decrease in the ion density. This reflection pro-
cess is clearly visible in O+ properties in our case study, but not in H+. Taking into consideration that O+ and
H+ share the same energy upper limit of CODIF, the gyroradius of O+ with the highest energy would be
4 times larger than that of H+, producing the observational signature of the O+ density minimum that appears
~4 times later than that of H+ after the DF crossing.

We have shown statistically ion property variations during DF crossings (Figure 4). The H+ signatures in
Figure 4 are similar to the results (also statistical) in Runov et al. (2011; see their Figure 5). Similar to our results,
in Runov et al. (2011), the ion density increased gradually ahead of the front, starting at t ~ �40 s, and then
dropped rapidly to a factor of ~0.5. However, the ion temperature increased gradually to a factor of 1.6
behind the front, which is higher than that of the H+ in our events. The difference may be because the ion
moments used in Runov et al. (2011) are calculated for a much broader energy range (~5 eV to 1 MeV), while
the proton moments used in this study only included particles with energy lower than 40 keV. From Figure 4,
we also find that the precursor signatures of O+ are more prominent and appear earlier than that of H+.
Precursor signatures are explained in the picture of ion acceleration and reflection at DFs (e.g., Zhou et al.,
2010, 2011). Accordingly, these differences may also be caused by the larger gyroradii of O+. However, these
are not the main points in this paper, so more details will be revealed in the future work.

5. Conclusion

This paper has analyzed the Cluster data and together with test-particle simulations studied the variations of
O+ and H+ behavior around the DF in the Earth’s plasma sheet. Themain points can be summarized as follows:

Figure 6. Typical orbits of O+ around the dropout contour. (a–d) Typical orbits of O+ at the location corresponding to the
black point marked by (a)–(d), respectively in Figure 5a; (e) schematical illustration of the ion trajectories with an
incidence angle of 90° (solid curve) and 45° (dotted curve), respectively, during the DF encounters in the DF rest frame. In
Figures 6a–6d, the red star marks the DF encounters. The red arrow indicates the direction of O+ motion.
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1. After the crossing of a DF, the O+ density decreases more gradually than H+ density. And the distance
between the density minimum of O+ and the DF layer is ~4 times longer than that of H+.

2. The density minimum position in the DFB can be understood as the farthest position where the particles
performing gyromotions can reach. These particles have the highest energy and their pitch angle are
close to 90°. Hence, O+ can extend to a deeper position in the DFB due to its larger gyroradius than that
of H+ with the same energy.

3. The flux dropout in O+ energy spectrum is shown in both observations and simulations. The contour of
flux dropout is energy dependent and highly correlated with the gyroradii of O+ ions with different ener-
gies, which further supports that O+ is reflected in a half gyromotion in the DFB.
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