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Abstract Dynamic ion spectral features in the inner magnetosphere are the observational signatures of
ion acceleration, transport, and loss in the global magnetosphere. We report “trunk-like” ion structures
observed by the Van Allen Probes on 2 November 2012. This new type of ion structure looks like an elephant’s
trunk on an energy-time spectrogram, with the energy of the peak flux decreasing Earthward. The trunks are
present in He+ and O+ ions but not in H+. During the event, ion energies in the He+ trunk, located at L=3.6–2.6,
magnetic local time (MLT) = 9.1–10.5, and magnetic latitude (MLAT) =�2.4–0.09°, vary monotonically
from 3.5 to 0.04 keV. The values at the two end points of the O+ trunk are energy=4.5–0.7 keV, L=3.6–2.5,
MLT=9.1–10.7, andMLAT=�2.4–0.4°. Results frombackward ion drift path tracings indicate that the trunks are
likely due to (1) a gap in the nightside ion source or (2) greatly enhanced impulsive electric fields associated
with elevated geomagnetic activity. Different ion loss lifetimes cause the trunks to differ among ion species.

1. Introduction

Particles that originate in the solar wind or ionosphere are injected from the plasma sheet freshly into the inner
magnetosphere during magnetic storms and substorms. The injection of the particles into the inner magneto-
sphere results in a toroid-shaped ring current at radial distances of ~2–7 RE. The current is carried primarily by
~1–200 keV ions (mainly H+, O+, and He+) and electrons, which azimuthally drift around the Earth [Gonzalez
et al., 1994; Daglis et al., 1999]. Particles in the ring current are lost via dayside flow out the magnetopause,
as well as by charge exchange, Coulomb collisions, and wave-particle interactions [e.g., Kistler et al., 1989; Fok
et al., 1991; Jordanova et al., 1996; Kozyra et al., 1998; Liemohn et al., 1999, 2001].

The inner magnetosphere is a highly dynamic region where multiple populations, including the cold plasma-
sphere, energetic ring current, and relativistic radiation belt particles, overlap and interact with each other.
The dynamics of these particle populations are controlled by the time-varying magnetic and electric fields
in this region. Conversely, the particle populations also generate currents that affect both the magnetic field
and the electric field [Gonzalez et al., 1994; Daglis et al., 1999].

Several spacecraft missions have detected various ion spectral features in the inner magnetosphere. These
include “nose-like” structures [e.g., Smith and Hoffman, 1974; Ejiri et al., 1980; Shirai et al., 1997; Fennell
et al., 1998; Peterson et al., 1998; Li et al., 2000; Ganushkina et al., 2001; Buzulukova et al., 2003; Ebihara
et al., 2004; Vallat et al., 2007], “wedge-like” dispersions [e.g., Ebihara et al., 2001; Yamauchi et al., 2006], ion
gaps [e.g., Kovrazhkin et al., 1999], and stagnation dips [e.g., Lennartsson et al., 1979]. These ion structures
are named after the characteristic shapes of energy bands or gaps in the energy-time spectrograms of in situ
measured ion fluxes. They constitute the observational signatures of ion acceleration, transport, and loss in
the global magnetosphere. The ion structures are attributed to the single or combined effect of several
factors governing ion access to the inner magnetosphere: convection, corotation, magnetic gradient and
curvature drifts, ion losses, and changes in the convection electric field and/or the ion source population.
In the inner magnetosphere, keV ions are characterized by more complex spectral structures than electrons.
The main reason is that the directions of the corotation and magnetic gradient/curvature drift are opposite
for ions but the same for electrons. Near the inner boundary of the plasma sheet where the corotation electric
field becomes more important than the large-scale dawn-to-dusk convection electric field, a net ion drift
direction can be either eastward or westward, but electrons normally drift eastward.
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In this study, we report a new type of ion structure observed by the Helium, Oxygen, Proton, and Electron
(HOPE) mass spectrometer in the Radiation Belt Storm Probes - Energetic Particle Composition and Thermal
Plasma (RBSP-ECT) suite on board the Van Allen Probes. The spectral feature of the new ion structures is similar
to an elephant’s nose, i.e., “trunk-like”. This paper is organized as follows: after section 1 (current section), we
describe the instrumentation of the Van Allen Probes in section 2. Section 3 presents the observations of the
trunk-like ion structures, solar wind and geomagnetic conditions, and trunk simulations. Discussion and conclu-
sions from the work follow in section 4.

2. Instrumentation

The Van Allen Probes mission, formerly known as the Radiation Belt Storm Probes (RBSP) mission [Kessel et al.,
2013;Mauk et al., 2013], consists of two spacecraft in almost the same highly elliptical, low-inclination (10°) orbit
with a perigee of 1.1 Earth radii (RE), an apogee of 5.8 RE, and a period of ~9h. The perigee-apogee line, i.e., the
line of apsides, precesses in local time at a rate of ~210° per year. The orbits of the two probes are slightly differ-
ent, and one probe laps the other every ~2.5months. As a result, the interspacecraft distance periodically varies
between ∼0.1 to ~5 RE and resampling times for a specific region change fromminutes to 4.5 h. A comprehen-
sive suite of instruments, identical on the two Van Allen Probes (�A and�B), measures a variety of parameters
in particles (electrons, ions, and ion composition), magnetic field (B), electric field (E), and waves (δE and δB).

HOPE [Funsten et al., 2013] is the low-energy instrument of the RBSP-ECT instrument suite [Spence et al., 2013].
Using an electrostatic top-hat analyzer and the time-of-flight technology, the HOPE mass spectrometer
measures electrons and ions in the energy range of ~1eV–52 keV and distinguishes composition of threemajor
ion species, H+, He+, and O+. The measurement methodology and design of the HOPE instrument are intended
for the reduction of the intense radiation background induced by relativistic particles and for valid plasma
measurements in the harsh environment of the Earth’s radiation belts.

3. Observations and Simulations
3.1. Trunk-Like Ion Structures

Figure 1 shows H+, He+, and O+ energy-time flux spectrograms from HOPE on the Van Allen Probe-A for a full
9 h orbit from 1320 to 2220UT on 2 November 2012. HOPE data presented here are spin averaged from

Figure 1. RBSP-ECT HOPE H+, He+, and O+ spectrograms on the Van Allen Probe-A during an entire orbit, centered at
perigee, on 2 November 2012. At the bottom is the ephemeris information of the Van Allen Probe: L (= L_TS04), magnetic
local time (MLT, hours), magnetic latitude (MLAT, degrees), invariant latitude (ILAT, degrees), X, Y, and Z (RE) in the GSE
coordinate system, distance from the center of the Earth (DIST, RE), and universal time (UT, hours). (a–c) The vertical red dashed
line denotes the time of the perigee.
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Release 2 of the ECT data set. For the purpose of comparison, the fluxes of different ion species are plotted in
the same range. Several ephemeris parameters of the spacecraft are included at the bottom of the figure. The
L value (=L_TS04) is computed with the Tsyganenko and Sitnov empirical magnetic field model (TS04)
[Tsyganenko and Sitnov, 2005]. While the inclination of the spacecraft orbit is fixed at 10°, its magnetic latitude
(MLAT) can vary in the range of �21° to 21° due to the tilt of the geomagnetic axis and the precession of the
line of apsides [Mauk et al., 2013]. The plotting period is centered at perigee and extends for an entire orbit,
i.e., 8.98 h. The perigee, marked by the vertical red dashed line, is at the time when the radial distance (DIST) is
the minimum.

While nose-like and wedge-like spectral features are present in the spectrogram plots of all the three ion
species, trunk-like structures are clearly displayed only in those of heavy He+ and O+ ions on the inbound
perigee pass. HOPE electron spectra (not shown) do not exhibit trunk features. The He+ trunk (Figure 1b)
extends to a much lower energy than the O+ trunk (Figure 1c), i.e., to 43 eV in He+ compared to 723 eV in
O+. At higher and lower energy compared to the base of the trunks, nose-like spectral features are present;
the lower energy feature is more like a secondary trunk (also see Figure 2b). These trunk structures differ from
the well-known nose structures. Noses are observed at a single energy across a range of L; the energy of the
peak flux within a trunk shows a strong dependence on L. Table 1 lists several properties of the main He+

Figure 2. Similar format to Figure 1 but only for HOPE He+ spectrograms on (a, b, and d) three consecutive orbits of the Van
Allen Probe-B and (a) one orbit of the Van Allen Probe-A. Figure 2c is identical to Figure 1b.

Table 1. Properties of the Heavy Ion Trunk Structures

UT He+ E (keV) O+ E (keV) L MLT MLAT (°)

1627:20 3.5 4.5 3.6 9.1 �2.4
1653:20 1 2.5 2.8 10.0 �0.7
1659:00 0.1 1.8 2.7 10.4 �0.04
1700:40 0.04 1.5 2.6 10.5 0.09
1703:40 - 0.7 2.5 10.7 0.4
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trunk and the O+ trunk as shown in Figures 1b and 1c. The six columns show the values of UT, He+ energy, O+

energy, L, magnetic local time (MLT), and magnetic latitude (MLAT) at several sample points along the central
line of the trunk structures, respectively. The first and fourth rows indicate the values at the two end points
of the He+ trunk (Figure 1b): energy = 3.5–0.04 keV, L= 3.6–2.6, MLT = 9.1–10.5, and MLAT=�2.4–0.09°.
The values at the two end points of the O+ trunk (Figure 1c) shown in the first and fifth rows are
energy = 4.5–0.7 keV, L=3.6–2.5, MLT= 9.1–10.7, and MLAT=�2.4–0.4°.

No trunk-like structure exists on the outbound perigee pass. The inner edge of lower L shell access in each
species, i.e., the lowest penetration boundary of convecting ions, is deeper than that on the inbound pass.
The difference in the lowest injection L value between the inbound and outbound passes is 0.6 (0.8) for H+

(He+ and O+). This is due to the dependence of the location of the inner injection boundary on MLT [Ejiri
et al., 1980].

Figure 2 illustrates He+ spectral features observed by the HOPE instrument on three consecutive orbits of the
Van Allen Probe-B (a, b, and d) and one orbit of the Van Allen Probe-A (c). Figure 2c is the same as Figure 1b.
He+ spectrograms before and after the trunk orbit of the Van Allen Probe-A (Figure 2c) are not shown
because they are almost identical to their counterparts on the Van Allen Probe-B (Figures 2a and 2d). The
spectrograms of He+, as well as those of H+ and O+ (not shown), from the two spacecraft in the same orbit
with a temporal separation of 50min are comparable. The trunk on the Van Allen Probe-A has a slightly wider
spatial extent than that on the Van Allen Probe-B. Trunk structures were not detected on the inbound passes
of the orbits right before and after the trunk orbit (Figures 2a and 2d). As for the outbound passes of the four
orbits (Figures 2a–2d), no trunk is present at all, but in Figure 2d a broad energy band appears on the out-
bound pass over the energy range of the trunk and extends to a low L shell, where L= 2.3, MLT = 1.0,
and MLAT= 9.8°.

3.2. Solar Wind and Geomagnetic Conditions

Figure 3 shows 1min solar wind plasma number density N, bulk flow speed V, dynamic pressure Pdyn, IMF By
and Bz in the GSM coordinates, polar cap potential drop (PCP), Kp, and the Sym-H index during the moderate
storm occurring from 31 October to 3 November 2012. The high-resolution solar wind measurements are
from the online OMNIWeb Plus data set [Papitashvili and King, 2006]. There is an ~8 h gap in the solar wind
data close to the end of the plotting period. PCP, a proxy for the convection electric field intensity, is given
by PCP= 57.6Pdyn

1/3E/(Pdyn
1/2 + 0.43E) + 10�4V2, where PCP is in kV, Pdyn in nPa, solar wind electric field E in

mV/m, and V in km/s. E= 0 for northward IMF and V∣Bz∣ for southward. The first term in the PCP formula is
given by Siscoe et al. [2002], and the second is a viscous term from Boyle et al. [1997]. The solar wind and
PCP data are shifted backward by 10min to align the solar wind shock with the storm sudden commence-
ment (SSC) at 1540UT, 31 October 2012. The 10min time shift is within expected aberrations when solar wind
data are propagated from a satellite (e.g., around the first Lagrange point L1) to the Earth for the creation of
the OMNIWeb database [Weimer et al., 2003; Weimer and King, 2008]. The first vertical red dashed line marks
the arrival time of the solar wind shock. The two vertical magenta dash-dotted (dotted) lines indicate the time
period of the trunk observed by the Van Allen Probe-B (A), i.e., 1537:20–1612:20 (1627:20–1700:40) UT,
2 November 2012. In Figures 3d and 3g, the horizontal black dashed line marks the zero value.

The moderate storm, during which minimum Sym-H is equal to�68 nT at 2001UT on 1 November 2012, was
driven by a magnetic cloud (MC) with an extended sheath region [Burlaga et al., 1981; Zhang et al., 2004]. The
three vertical red dashed lines in Figure 3 denote both of the sheath and MC regions. Further solar wind
disturbances behind the MC event may be due to the eroded MC flux rope, which results from magnetic
reconnection at the boundary between the sheath and MC [Ruffenach et al., 2012]. The trunks occurred in
the middle recovery phase of the geomagnetic storm.

3.3. Backward Ion Drift Path Tracings

Figure 4 demonstrates total drift time results from the backward tracings of ion drift trajectories from given
probe positions for 50 h or until the ions reach the assumed tailward injection boundary at L= 10. Tracing
results under different conditions (see below) are presented. The particle tracing technique has been
previously utilized [e.g., Buzulukova et al., 2002; Ebihara et al., 2008]. The tracing simulations are performed
with the Weimer96 convection electric field [Weimer, 1996], a corotational electric field, and a dipole mag-
netic field. Charge exchange is assumed to be the only ion loss process along the drift paths. For the charge
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exchange loss calculations, equatorial neutral hydrogen number density is inferred from a model derived by
Hodges [1994] and charge exchange cross sections are given by Smith and Bewtra [1978a].

Figures 4a and 4b show the drift time from L= 10 to the observation location with the specified time-
dependent electric fields using the standard Weimer96 settings. Only the color bars are different between
the nominal tracing results (Figures 4a and 4b). This is to emphasize the difference in the drift time in the iso-
lated low-energy region, the “island”, in Figure 4b. If a trajectory never reaches L= 10 in the 50 tracing hours,
meaning that either the drift path is closed or the particle drifts very slowly, then white is shown. As can be
seen, with a steady tail source, an island structure is formed and has an outer boundary featuring a trunk-like
shape at the lower L end. Therefore, one way that the trunk could be formed (Case #1) is with a time-
dependent variation in the source, where the injection of ions in the island with shorter drift time (≤34.0 h)
than trunk ions is halted. The resulting drift time spectrum, computed assuming no source population if
the total drift time is in the range of 29.2–34.0 h, is shown in Figure 4c. The choice of the temporal gap in
the source is roughly determined by the realism of the observed trunk spectral features shown in
Figure 1b, especially the trunk thickness. This threshold would depend on the specifics of a particular event.

The disappearance of the ions in the island spans ~5 h in UT. It would rotate eastward (see the green line in
Figure 6a) and form a cold ion gap along the drift path, i.e., for several hours in MLT. This localized structure
might be the reason that the trunk was not detected by the Van Allen Probe-B at the same MLT location

Figure 3. Solar wind plasma and interplanetary magnetic field (IMF) parameters, polar cap potential drop (PCP), Kp, and
Sym-H from 0600 UT, 31 October to 1200 UT, 3 November 2012.
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during the next orbit (Figure 2d), and there was a disappearance of cold ions (<~200 eV) on the outbound
pass of the Van Allen Probe-B at ~2MLT from 0240–0350UT on 3 November 2012 (Figure 2d).

The effect of a second mechanism to form the trunk (Case #2) is shown in Figure 4d. In this case, a modified
solar wind condition (i.e., Weimer96 input IMF Bz is subtracted by 40 nT from 0900 to 2200UT on 1 November
2012) is simulated. Surprisingly, particle tracing within these fields directly yields a trunk (the low L side of the
arch structure) in the accessibility to particles from the presumed L= 10 injection region. The peak value and
duration of the made-up southward IMF Bz are too “extreme” to exist in reality. This tracing run is for the pur-
pose of experiment. Still, the modification to IMF Bz aims to create a cumulative effect on ion drift of greatly
enhanced impulsive electric fields associated with elevated geomagnetic activity, which are lacking in the
empirical Weimer96 model. A set of peak values and durations of IMF Bz have been tested. It turns out that
a “decent” arch structure (Figure 4d) can be created with the input modification above.

Note that the observed He+ trunk (Figure 1b) and the simulated trunks (Figures 4c and 4d) differ in several
aspects, e.g., in ion energy and occurrence UT. The separate island, which is formed in the simulations with
the standard Weimer96 (Figure 4b), is not evident in the observations. The reason for the island, and why
it might not be observed in this case, is discussed below. The observations show that the trunk feature con-
nects smoothly to structures in the ion spectra. For example, in Figures 1b and 1c, there is a peak in the H+

and O+ (clearer) fluxes at around 4 keV near 1600UT, which is blended with the observed trunk feature.
However, the simulated trunks are not connected to other spectral structures at all; this simulation result
yet implies that the trunk ion populations are different from the nontrunk populations (difficult to be identi-
fied in the observations, though). The data-model discrepancies may be due to the fact that the empirical
Weimer96 electric field model, combined with the simple dipole magnetic field model, cannot accurately

Figure 4. Calculated total ion backward drift time (negative) from the positions of the Van Allen Probe-A to the assumed ion
source at L= 10 under different conditions: nominal tracing results with the color scale adjusted for (a and b) two levels,
(c) assuming an ion source gap, (d) under made-up extreme solar wind conditions (d), and (e) using constant model inputs.
The plotting time period is the same as that in Figure 1. The vertical red dashed line denotes the time of the perigee, the
vertical black dotted line indicates the time of 1635 UT, and the horizontal dotted lines mark the energy values of 0.1, 0.5,
and 10 keV.
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reproduce particular ion spectral features but can still indicate the trends. While being able to fairly well
reproduce the large-scale dawn-to-dusk convection electric field, Weimer96 does not include impulsive, loca-
lized electric fields associated with substorm injections [e.g., Zhang et al., 2008, 2009]. The small-scale electric
fields can cause diffusion, which may be effective enough tomake the spectral structures blur into each other
[Gkioulidou et al., 2014; Yang et al., 2014]. In addition, we only consider the ion source region from the outer
boundary (assumed at L= 10) and do not include any other ion source or pre-existing particles in the trunk
region. This can also result in much simpler or more idealized spectral features in the simulation results than
those in the observations.

Wedges are not reproduced at all, because no variation is applied to the distribution function of the tailward
ion source [Ebihara et al., 2001]. Noses are reasonably well reproduced with Weimer96 and the dipole mag-
netic field. The fine spectral features in noses, i.e., multiple horizontal gaps in the higher-energy ions, are asso-
ciated with the variations in solar wind (see Figure 3). Another run with constant inputs to Weimer96 is
performed to evaluate the effects of the solar wind variations. The model inputs include Earth’s dipole tilt
angle, solar wind N and V, and IMF By and Bz [Weimer, 1996]. The fixed input values are those at 0600UT,
31 October 2012, i.e., the plot start time of Figure 3. As shown in Figure 4e, when inputs to Weimer96 are
fixed, only one main nose is present. The nose is basically formed with more deeply injected ions when
the magnitudes of their E×B drift and magnetic gradient/curvature drift are comparable. The “canceled”
net ion drift (due to the opposite directions of the two types of drifts) allows those ions to move more inward
instead of around the Earth in either the eastward or westward direction. The variations in the solar wind
parameters, affecting ion drift magnitudes, change the energy of those nose ions and thus result in the multi-
ple spectral bands in the nose energy range [Buzulukova and Vovchenko, 2008].

Figure 5 shows the fraction of the initial flux remaining (f/f0) after charge exchange losses along the drift path
for the species H+, He+, and O+, computed with the same halted ion source as in Figure 4c. Because the
charge exchange loss rates depend on the ion species and energy, and how deeply the trajectory penetrates
in L value [Smith and Bewtra, 1978b], these losses can create spectral gaps and features that appear differently
for different species. There are clearly different depletion levels among H+, He+, and O+. The differences are
more distinct at lower L shells and in higher energies. Since H+ has the shortest charge exchange lifetime, H+

f/f0 in the upper energy trunk is almost 0, while He+ is barely depleted. Thus, the species dependence
observed is consistent with the model that the trunk is caused by ions on drift paths with long drift time.
The pitch angle distribution of trunk ions is centered around 90° (not shown), which is also consistent with
the effect of charge exchange on drifting particles, i.e., becoming more anisotropic over time [Goldstein
et al., 2012]. Coulomb collisions with cold plasma in the plasmasphere [Fok et al., 1991] are perhaps the other
loss process that could further deplete ions and even wipe out H+ and O+ in the lower energy trunk as shown

Figure 5. Calculated ratios of H+ (a), He+ (b), andO+ (c) fluxes at the locations of the Van Allen Probe-A and in the assumed ion
source at L= 10. The plotting time period is the same as Figure 1. The vertical red dashed line denotes the time of the perigee.
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in Figure 1. For the trunk energy range, H+ still has the shortest Coulomb collision lifetime among the three
ion species [Fok et al., 1991].

Figure 6 shows 50h backward tracing of drift paths for three singly charged ions with energies of 0.1, 0.5, and
10 keV (see the horizontal dotted lines in Figure 4) at 1635UT for the cases indicated in Figure 4b (left: Case
#1), the Weimer96 electric field, and Figure 4d (right: Case #2), the extreme electric field. The 0.5 keV ion trajec-
tory corresponds to the trunk. The ion trajectories last for either 50hrs or end at L~10 when the ions reach the
boundary. The 10.0 keV ion drifts very slowly on a closed drift path in Case #1, but it is on an open drift path and
has access to the tailward ion source in Case #2. Before reaching L=10, the 0.5 keV trunk ion drifts an extra circle
around the Earth in both cases. The 0.1 keV ion has a similar trajectory to the 0.5 keV ion in Case #1, but it is
trapped on a closed drift trajectory in Case #2. More ion tracings indicate that all the trunk ions are from a source
region with a narrowMLT range. For example, the ion source at L=10 for the trunk ions in Figure 4c is in theMLT
range of 21.6–22.8. In addition, in Case #1, amajority of the trunk ions have a total drift time just over 34.0 h. They
were injected at L=10 at ~0600UT on 1 November 2012, which is in the middle of the stormmain phase. If the
injection of those ions under the trunk arch which have total drift time from 29.2 to 34.0 h and MLT at L=10

from 22.2 to 22.9 (e.g., the green line in
Figure 6a) is halted, a trunk would be formed
from Figure 4b, as shown in Figure 4c. It is
not expected to suspend the ion source for
almost 5 h in UT during the main phase of
the moderate storm. However, the source
suspension is required only in low energies
(i.e., <~800 eV in the trunk region), and the
total drift time of the suspended ions seems
to dominate a shorter time range (i.e.,
~30–31h), as shown in Figure 4b. In reality,
the temporal gap of the ion source could be
much narrower. The cause of the source gap
might be associated with a variation in the
cold ion source [e.g., Ebihara et al., 2001] or
the activity of a “depleted channel” or “plasma
bubble” during the storm, which is characteris-
tic of Earthward-traveling low-entropy flux
tubes [e.g., Sergeev and Lennartsson, 1988;
Zhang et al., 2008, 2009].

Another figure, Figure 7, is intended to high-
light the drift path differences between ions

Figure 6. Fifty hour backward tracing of drift paths for singly charged ions (PA = 90°) at 1635 UT, 2 November 2012, corre-
sponding to the cases indicated in Figures 4b (a, left) and 4d (b, right). All backward drifting ions start from the position of
the Van Allen Probe-A at the time point, i.e., from L = 3.4 and MLT = 9.4. The solid tracing trajectories are plotted every 30 s
unless they reach the model boundaries at L = 10. The symbols, i.e., red squares, blue stars, or green triangles, are plotted
every 5 h until L = 10.

Figure 7. Similar to Figure 6a but for 0.5 and 2.0 keV singly charged
ions at 1600 UT, 2 November 2012, starting from L = 4.2 and
MLT = 8.4. The trajectory symbols are plotted every 3 h until L = 10.
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inside and outside the island (Figures 4a and 4b). The particle tracing setup for Figure 7 is the same as
Figure 6a but for 0.5 and 2.0 keV singly charged ions at 1600UT, 2 November 2012. The backward-traced ions
start from the spacecraft location at the time, i.e., from L= 4.2 and MLT= 8.4. At the time point, the particle
energies are just below and above the spectral gap that separates the island from its surrounding spectral
features. Consistent with the results in Figure 6a, the island ion (0.5 keV) drifts around the Earth almost a full
circle more than the nonisland ion (2.0 keV). The spectral gap (Figures 4a and 4b) is thus caused by the
distinct differences in the drift time and paths between the island and nonisland ions. Note that the
2.0 keV ion in Figure 7 drifts eastward but the 10.0 keV ion in Figure 6a goes westward. The reason is that their
dominant drift component is different, i.e., E×B drift for the former but gradient-curvature drift for the latter.

4. Discussion and Conclusions

We report a new type of ion spectral feature in the inner magnetosphere—trunk-like ion structure. The trunk
structures, observed in situ by the RBSP-ECT HOPE instrument on board the two Van Allen Probes on 2
November 2012, are present in the spectrograms of He+ and O+ ions but not in those of H+. For the particular
event, ion energies in the He+ trunk, which is located at L= 3.6–2.6, MLT = 9.1–10.5, and MLAT=�2.4–0.09°,
vary monotonically from 3.5 to 0.04 keV. The values at the two end points of the O+ trunk are
energy = 4.5–0.7 keV, L= 3.6–2.5, MLT= 9.1–10.7, and MLAT=�2.4–0.4°. Possible reasons that the trunk has
been observed by the Van Allen Probes and not by earlier space missions, such as Cluster and THEMIS,
include (1) more frequent crossings of the inner edge of the plasma sheet and (2) higher-fidelity measure-
ments of plasma sheet ion fluxes and composition by the HOPE instrument in the harsh radiation
belt environment.

The trunk-like structures are different from previously reported nose-like and wedge-like ion structures and
require a new formationmechanism. Noses are characterized by narrow bands in energy, which extend down
to low L shells but are nearly constant in energy [e.g., Smith and Hoffman, 1974; Ejiri, 1978]. They are normally
due to the deeper injection of ions with a specific energy when the westward and eastward components of
the E×B and gradient-curvature drifts of the ions become comparable in magnitude. Ebihara et al. [2001]
suggested that a wedge-like structure, containing sub-keV ions, should result from the energy-dependent
Earthward drift of ions in the plasma sheet when the distribution function of the ion source changes in time
and space. The ion source variation can be related to a substorm injection and/or an ion flow channel in the
tail. Although the outer layer of a wedge [e.g., Ebihara et al., 2001; Yamauchi et al., 2006; Ebihara et al., 2008]
looks similar to a trunk structure, the change of the structure thickness in energy and L is opposite between a
trunk and a wedge: the higher the ion energy or the L, the wider the trunk but the thinner the wedge. The
time scale of an observed wedge is also much smaller than a trunk, typically ~10 versus ~30 min on the
Van Allen Probes. While noses and wedges often display multiple ion energy bands, the trunks we have
reported only exist as a single, narrow structure on the inner ion penetration boundary. Another distinct
difference between trunks and other ion structures is in occurrence frequency. Noses and wedges (predomi-
nantly on the dayside [Ebihara et al., 2001]) occur frequently close to the inner edge of the plasma sheet.
However, the trunks apparently occur only rarely. Visual inspection of HOPE ion spectra for ~2months, i.e.,
26 October 2012–31 December 2012, reveals only two more well-structured trunk structures in both He+

and O+ on each probe on 4 and 14 November, respectively. The two clear trunk events were also observed
in the morning sector with an MLT range of ~8–10. Moreover, they occurred in the recovery phase of a mag-
netic storm as well. The former occurred in the late recovery phase of the 1 November 2012 moderate storm,
and the latter was present in the middle recover phase of an intense storm (minimum Sym-H=�117 nT at
0725UT on 14 November 2012). Collecting and examining more trunks to obtain their occurrence frequency,
location, and conditions will be a topic for future work.

To gain insight into how trunks are formed, we perform backward tracings of ion drift paths from one-whole-
orbit probe positions to the ion source region (L=10) while considering the effect of the charge exchange
loss. While there are several puzzling features in the trunks, the most significant one is their relative spectral
narrowness. Our tracing results show that the source location for the trunk ions is small and the particles are
initially injected over a short time. These most likely account for the narrowness of the trunk feature. The
trunk ions are also found to have prolonged total drift time from L=10 to the observation location, circling
the Earth an extra time before reaching the observation points. The drift time is long enough to allow charge
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exchange and Coulomb collisions to take effect and cause the trunk feature differences among ion species
due to their different loss lifetimes. In particular, because H+ has the shortest lifetime, it is completely
depleted by the time it arrives at the region where a trunk would form. As a result, the trunks are present only
in heavy ions. It is indicated that a trunk can be formed in two possible ways: (1) a gap in the nightside ion
source or (2) greatly enhanced impulsive electric fields associated with elevated geomagnetic activity.
Similar variation in the distribution function of the ion source has been used to explain the spectral gaps
between wedges [Ebihara et al., 2001]. However, an experimental run with the made-up solar wind condition
implies that a trunk may also be formed from large impulsive electric fields that are often present during
substorms/storms [Zhang et al., 2008, 2009]. Further investigation is required to evaluate the relative
importance of the two different mechanisms for the formation of a trunk.
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