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Key Points:
« Ring current ions with low magnetic moment values can penetrate deeper into the magnetosphere than those with high magnetic
moment values during a storm main phase
+ Both satellite observations and theoretical calculation show the efficiency of the radial transport for RC ions into the deep inner
magnetosphere caused by drift-bounce resonance interactions, meets (0*) > 5(He*) > n(H*)
+ In the recovery phase of a moderate storm, the observed decay rates for different RC ions meet the relationship: R(O+) > R(He*) >
R(H*)
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Abstract: In this paper, we present evolutions of the phase space density (PSD) spectra of ring current (RC) ions based on observations
made by Van Allen Probe B during a geomagnetic storm on 23-24 August 2016. By analyzing PSD spectra ratios from the initial phase to
the main phase of the storm, we find that during the main phase, RC ions with low magnetic moment x values can penetrate deeper into
the magnetosphere than can those with high u values, and that the x range of PSD enhancement meets the relationship: S(O*) >S(He")
>S(H*). Based on simultaneously observed ULF waves, theoretical calculation suggests that the radial transport of RC ions into the deep
inner magnetosphere is caused by drift-bounce resonance interactions, and the efficiency of these resonance interactions satisfies the
relationship: 7(0*) > n(He*) > n(H*), leading to the differences in u range of PSD enhancement for different RC ions. In the recovery phase,

the observed decay rates for different RC ions meet the relationship: R(O*) > R(He*) > R(H*), in accordance with previous theoretical
calculations, i.e., the charge exchange lifetime of O* is shorter than those of H* and He*.
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1. Introduction

Ring current (RC) consists of plasma ions with energy from 1 keV
to several hundred keV that are trapped by the Earth’s magnetic
field (Daglis et al., 1999). Its main positive ions are of hydrogen,
helium, and oxygen. In quiet times, the ring current is composed
primarily of hydrogen ions; during storm times, the proportion of
oxygen ions becomes considerable and in very intense magnetic
storms may become the dominant ion species in the ring current
(e.g., Gloeckler et al., 1985; Hamilton et al., 1988; Greenspan and
Hamilton, 2002; Keika et al., 2013; Yue C et al., 2018, 2019). In gen-
eral, the near-Earth plasma sheet contains mixed particles from
the ionosphere (H*, O*, He*) and solar wind (H*, Het, He*+), which
is generally considered to be a direct source of ring current ions
(Daglis, 2006).

The ULF (Ultra-Low-Frequency) wave range, also known as the
range of geomagnetic pulsation, is defined to be from 1 Hz to
1 mHz. Many studies have been made of ULF wave generation
and effects (e.g. Liu ZY et al,, 2019; Zong Q-G et al., 2009, 2012).
The sources of ULF waves in the Earth's magnetosphere are gen-
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erally thought to be external solar wind disturbances and internal
plasma instabilities (Liu W et al., 2013). Solar wind pressure pulses
are considered to be an important external source of ULF wave
excitation (Shi QQ et al., 2013, 2014). Positive solar wind pressure
pulses, i.e., sudden increases in solar wind pressure, can compress
the magnetosphere. The interaction between the geomagnetic
field and positive solar wind pressure pulses has been shown to
excite ULF waves in the inner magnetosphere (Zhang XY et al,,
2010; Liu W et al.,, 2013). Other important sources of ULF waves in-
clude Kelvin-Helmholtz instability, interplanetary shock, fore-
shock transients, and so on (Claudepierre et al., 2008; Zong Q-G et
al., 2009, 2012; Hartinger et al., 2013).

ULF waves with periods close to the drift and bounce motion
cycles of energetic particles can affect the dynamics of ring cur-
rent ions by drift or drift-bounce resonance (Dai L et al., 2013;
Zong Q-G et al., 2017). This process involves adiabatic accelera-
tion of inner magnetosphere ions and significant enhancements
of their radial diffusion (Elkington et al., 2003; Loto'aniu et al.,
2006). Oxygen ions with energies from 10 keV to 500 keV are more
likely to resonate with ULF waves than hydrogen ions (Zong Q-G
et al., 2012), which may lead to the radial diffusion of oxygen ions.
Mitani et al., (2018) have proposed that drift-bounce resonance
can facilitate the penetration of O* ions from the plasma sheet in-
to the deep inner magnetosphere. Yang B et al. (2011) reported
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the acceleration of 10-25 keV O+ and deceleration of 4-8 keV O+
through drift-bounce resonance. However, there have been few
comprehensive studies of the interaction of ULF waves with differ-
ent kinds of energetic ions (H*, He*, O*) in the ring current region;
the transport mechanism of ring current ions entering the deep
inner magnetosphere is not clear. In addition, previous studies
have observed a more rapid loss of O* ions than of H* ions in the
recovery phase of super magnetic storms (Hamilton et al., 1988;
Daglis 1997). During the recovery phase of the moderate magnet-
ic storm studied in this paper, we observe the same phenomenon.

In this paper, we will study the transport process by analyzing the
phase space density (PSD) of RC ions in the radial range L ~ 3-5
and magnetic moment range p ~ 0.1-2.0 keV/nT during storm
times, so as to reveal the control mechanism of ring current ion
evolution during the different phases of geomagnetic storms.

2. Observation

The RBSP (Radiation Belt Storm Probes) mission contains two
functionally equivalent spacecrafts: RBSP-A and RBSP-B. Their
near-equatorial orbits have a period of ~9 hours, an apogee alti-
tude of ~5.8R¢, a perigee altitude of ~600 km, and an inclination of
~10°, Each satellite has five nearly identical instrument suites that
measure particles over a wide range of energy and species, as well
as electromagnetic fields over a wide range of frequencies (Mauk
et al., 2013). In this study, we used ion flux data from the Radi-

ation Belt Storm Probes lon Composition Experiment (RBSPICE)
(Mitchell et al., 2013) and magnetic field data from the Electric and
Magnetic Field Instrument Suite and Integrated Science (EMFISIS)
project (Kletzing et al., 2013) on board the RBSP-B satellite. The
RBSPICE is a plasma spectrometer that detects the energy range
of ~50-600 keV in 14 energy channels for protons, ~60-870 keV in
11 energy channels for Helium ions, and 140-870 keV in 8 energy
channels for oxygen ions. The EMFISIS suite includes magnetic
field and wave detectors with different time resolutions. We se-
lect the magnetic field data with 1 second time resolution. Solar
wind information and geomagnetic index are obtained from
OMNI data with 1 min time resolution.

In this study, we conducted an investigation of the magnetic
storm on 23-24 August 2016, with observations from RBSP-B.
Figure 1 displays an overview of the event. The first four panels
(a-d) show the AE (Auroral Electrojet) index, the SYM-H (Symmet-
ric Horizontal component of geomagnetic disturbance) index, IMF
B, in GSM coordinate (z component of interplanetary magnetic
field) and Pressure (dynamic pressure of solar wind). As shown in
panel (b), the magnetic storm began at approximately 11:35 UT
on 23 August. The red vertical solid lines on the panels (a)-(d) di-
vide the magnetic storm into three stages, i.e., the initial phase,
the main phase, and the recovery phase. The three intervals de-
noted by pink vertical dashed lines on the flux panel correspond
to the satellite orbits of L ~ 3-5 in the three stages of the geomag-
netic storm. Between the two vertical pink solid lines, the SYM-H
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Figure 1. Overview of magnetic storm events that occurred from 23-24 August 2016 : (a) AE index, (b) SYM-H index, (c) IMF B, (d) Solar wind
dynamic pressure from OMNI data set; (e, f, g) Omnidirectional flux of hydrogen, helium, and oxygen ions detected by RBSPICE; the three black
solid lines on flux panels represent i = 0.3 keV/nT, 0.6 keV/nT, 1 keV/nT from bottom to top; (h, i) Electron number density and L-Mcllwain value.
The red solid interval on the Dst index panel indicates the main phase, the pink vertical dotted lines denote the interval of L ~ 3-5 on Orbit 3864
in the initial phase, Orbit 3865 in the main phase, and Orbit 3866 in the recovery phase, respectively.
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index dropped from 16 nT to -23 nT, then slowly reverted to -17
nT, thereafter dropping to the minimum point, -83 nT, at ~21:18
UT, indicating a moderate magnetic storm (Kamide et al., 1998).
During the main phase, the AE index displays strong enhance-
ments, implying strong injections of plasma sheet ions into the in-
ner magnetosphere. IMF B, is southward (i.e., negative) in the
main phase. The solar wind dynamic pressure gradually increases
to ~7 nPa, leading to the excitation of ULF waves, as shown be-
low. These solar wind conditions meet the characteristics of a
corotating interaction region-driven (CIR-driven) storm (e.g.,
Borovsky and Denton, 2006; Kamide et al., 1998). The next three
flux panels show the omnidirectional flux of hydrogen ions, heli-
um ions, and oxygen ions, respectively. The three black solid lines
on each flux panel mark the magnetic moments of 0.3, 0.6, and 1.2
keV/nT, respectively. The actual calculation is for 0.1, 0.2, ..., 2.0
keV/nT ions with intervals of 0.1 keV/nT. Panels (h) and (i) show
the electron number density Ne and satellite’s position given the
Mcllwain-L value. Here we focus on Orbits 3684 in L ~ 3-5 (the ini-
tial phase) and 3685 in L ~ 3-5 (the main phase). For convenience,
the pink dotted line interval is replaced with the orbit number. As
shown in Figure 1e, during the main phase (Orbit 3685 in L ~ 3-5),
only low-energy (<60 keV) hydrogen ion flux was enhanced in the
inner magnetosphere. During the recovery phase (Orbit 3686 in L
~ 3-5), the flux of high-energy (>100 keV) hydrogen ions also was
enhanced. In contrast, as shown in Figures 1(f-g), the fluxes of
both low-energy (<150 keV) and high-energy (>150 keV) heavy
ions (He*, O*) were enhanced in the inner magnetosphere during
the main phase (Orbit 3685 in L ~ 3-5). The difference in behavior
between heavy ions (He*, O*) and hydrogen ions (H*) in the main
phase indicates that high-energy heavy ions can be effectively in-
jected into the inner magnetosphere.

To further study the adiabatic diffusion process of RC ions during
magnetic storms, we calculated the phase space density (PSD) of
RC ions in the radial range L ~ 3-5 and magnetic moment range u
~ 0.1-2.0 keV/nT during the magnetic storm (from Orbit 3684 to
3686), shown in Figure 2(a-i). The radial ranges L ~ 3-5 of Orbits
3684, 3685, 3686 correspond to the initial phase, the main phase,
and the recovery phase, respectively. Note that the PSD spectra
versus L and p is converted by flux data as well as magnetic field
data. The PSD spectra in L-u space can allow us to trace the evolu-
tion of RC ions during the magnetic storms. We select particles
with a pitch angle of ~90° (the actually measured pitch angle
range of the particles is 85°-95°). Next, PSD, or f| , is calculated for
each energy channel by

fL=a-, (1)
where f| is the perpendicular PSD, j | is the ions differential flux
with 90° pitch angle, E is the midpoint energy of the ion energy
channel, and the A is the conversion factor that is used to convert
Jj 1 (units of cm=2s71-sr-1-keV-T) into f (units of s3/km®) for energy E
(units of keV). The values of A for hydrogen, helium, and oxygen
ions are 5.449x10-31, 8.7185x1073% and 1.3950x10-28, respectively
(Lyons and Williams., 1984). We first calculate the PSD of all en-
ergy channels at L ~3-5, and then filter out the ion PSD corres-
ponding to the specific magnetic moment (u = 0.1, 0.2, ..., 2.0
keV/nT). As a result, the PSD spectra in L-u space can be obtained.
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Figure 2 shows phase space density spectra of RC ions (u ~ 0.1-2.0
keV/nT) during the magnetic storm, corresponding to Orbits 3684,
3685, and 3686 in L ~ 3-5, respectively. Figures 3(a-c), (d-f) and
(g-i) are for hydrogen ions, helium ions, and oxygen ions. The PSD
spectra reflect the evolution of RC ions with different u values: one
group with lower PSD values (<~103 s3/km¢ for H*, <~102 s3/km®
for Het, O*) shows the pre-existing ring current ions, and another
group with higher PSD values (>~103 s3/km6 for H*, >~102 s3/km®
for He*, O*) shows the ions injected from the plasma sheet. For
ions with a specific magnetic moment value, when phase space
density starts to increase significantly, we define the correspond-
ing L value as the inner edge position. In order to better identify
the inner edge position of RC ions with different y values during
storm times, we adopt the ion PSD ratio of Orbit 3685 to Orbit
3684, which is shown in Figures 2(j-I). During the main phase of
the magnetic storm, the inner edge of RC ions with lower u value
(<0.3 keV/nT for H*, <0.6 keV/nT for He*, <1.0 keV/nT for O*) can
be observed obviously moving into L < 4.4. As shown in Figures
2(j-1), from the initial phase to the main phase (from Orbit 3684 to
Orbit 3685), the u ranges (S) of PSD enhancement for RC ions are
satisfied: S(O*) > S(He*) > S(H*). As ions penetrate deeper into the
inner magnetosphere, the magnitude of PSD enhancement de-
creases gradually. As shown in Figures 2(m-o0), from the main
phase to the recovery phase (from Orbit 3685 to Orbit 3686), the
flux of hydrogen ions with lower u values seemed to penetrate
deeper while the heavy ion flux decreased (i.e., indicating decay of
RC heavy ions).

3. Discussion

The interaction between ULF waves and inner-magnetosphere RC
ions is considered an effective mechanism for the radial diffusion
of energetic RC ions (Elkington et al. 2003; Loto’aniu et al. 2006;
Zong Q-G et al., 2012; Mitani et al., 2018). In order to check wheth-
er RCions are transported into the inner magnetosphere by inter-
acting with the ULF waves, we examined the magnetic fluctu-
ations in these orbits and found that there were few obvious signs
of ULF fluctuations during Orbit 3684 in L ~ 3-5 (initial phase), but
very strong ULF fluctuations were observed during Orbit 3685 in L
~ 3-5 (main phase), indicating that enhancements of ULF fluctu-
ations occurred in the main phase. At the same time, as shown in
Figures 2(j-I), the phase space density ratios of Orbit 3685 and Or-
bit 3684 also indicate that RC ion PSDs were enhanced during the
main phase. The comparison of the two enhanced activities im-
plies that the enhancement of RC ion PSDs may be related to the
enhancement of ULF fluctuations during magnetic storms.

Figure 3 displays the power spectra density of magnetic field fluc-
tuations in the first, second, and third pink intervals shown in
Figure 1, corresponding to the initial phase (Orbit 3684 in L ~ 3-5),
the main phase (Orbit 3685 in L ~ 3-5), and the recovery phase
(Orbit 3686 in L ~ 3-5), respectively. From top to bottom, three
panels represent the poloidal, toroidal, and compressional com-
ponent of magnetic field fluctuations, abbreviated by ABpq), ABor,
ABcom. In particular, the poloidal component of magnetic fluctu-
ations can induce toroidal electric oscillation, thus facilitating
wave-particle interaction (Mitani et al., 2018). Comparing those on
Orbit 3684 and Orbit 3685, the poloidal component of magnetic
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Figure 2. The PSD spectra of RC ions in L-u space (u ~ 0-2 keV/nT, L ~ 3-5) on Orbits 3684, 3685 and 3686, respectively. (a-c) PSD spectra for
hydrogen ions; (d-f) PSD spectra for Helium ions; (g-i) PSD spectra for Oxygen ions; (j, k, I) PSD ratio spectra of Orbit 3685 and Orbit 3684 for RC
ions. (m, n, o) PSD ratio spectra of Orbit 3686 and Orbit 3685 for RC ions. The black dotted lines plotted on panels (j, k, I) with various frequencies,
satisfy drift-bounce resonance conditions N = 1, m = 5. ULF waves frequencies for black lines are 20, 26, 33, 37, 42, and 48 mHz from bottom to

top, respectively.

field fluctuation shows significant enhancement, while the com-
pressional component of magnetic field fluctuation is the most
significant among the three components. On Orbit 3685 in L > 4.1,
the magnetic field fluctuations with frequencies from several mHz
to several tens of mHz are enhanced, while in L ~ 4.1-3.5, the
magnetic field fluctuations are concentrated mainly in the 1-50
mHz range.

Figure 4 shows the resonance region theoretically calculated in
the resonance condition when RC ions interact with ULF waves by
drift-bounce resonance. The left, middle, and right two columns
are for H*, He*, O*, respectively. The drift-bounce resonance con-

dition of energetic particles is expressed as (Southwood et al.,
1969)

w — mwq = Nwp, (2)

where w is the wave frequency, m is the azimuthal mode number,
wy is the ion drift frequency, N is an integer which depends on the
wave harmonics, and wy, is the ion bounce frequency, respectively.
In a dipole magnetic field, the frequencies wy and wy about ion
bounce and drift motion can be numerically approximated by

(Baumjohann and Treumann, 1997)
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(w/m)"/ o
wp = T(3.7 - 1.6siNaeq)” (3)
Wy = LW (0.35 +0.15sinaeq) , (4)
2 q
anERE

where W is the ion energy, m; is the ion mass, L is the dipole field
L-shell parameter, Re is the radius of the Earth, aeq is the pitch
angle at the geomagnetic equator, B is the equatorial magnetic
field on the Earth’s surface, and g is the ion charge. Both drift fre-
quency and bounce frequency depend on particle energy W, L,
and equatorial pitch angle aeq. Given the assumption aeq = 90°, we
have W= W, so that wy, wq can be converted into a function of u
and L. After inserting Equations (3) and (4) into Equation (2), we
obtain a function about u and L, once parameters w, m, and N are
specified. So far we have theoretically established a link between
RC ions and ULF waves to perform the drift-bounce resonance.
Figure 4 reveals how the wave frequency, ion species, azimuthal
mode number, and resonance harmonics affect the efficiency of
drift-bounce resonance interactions.

As shown in Figure 4, for a specific ion, when N (or m) is a definite
value, the resonance range in u-L space decreases as m (or N) in-
creases; N has a stonger influence on the resonance region than
m. For different kinds of ions, under the same m and N the reson-
ance range (or interaction efficiency, n) in u-L space meets: n(O*)
> n(He*) > n(H*). Therefore it can be explained why the low-en-
ergy (<~60 keV) hydrogen ion flux in Figure 1e was enhanced,
while the high-energy (>~100 keV) hydrogen ion flux was not sig-
nificantly enhanced in the main phase of the geomagnetic storm;
that is, only hydrogen ions of lower u values interact with ULF
waves, resulting in PSD enhancement of hydrogen ions with
lower u values, which is shown in Figure 2j; in comparison, Fig-
ures 1(f, g) show that fluxes of both low and high-energy heavy
ions (Het, Of) were significantly enhanced, which is consistent
with a larger resonance u range when the heavy ions interact with
ULF wave, shown in Figures 2(k, l). Combined with the PSD ratio
spectra of Figures 2(j-I), it can be found that the resonance region
calculated by N = 1, m < 25 is most consistent with the observed
PSD enhancement. The black solid lines in the PSD ratio spectra of
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Figures 2(j-I) represents a series of (L, u) values meeting the drift-
bounce condition with N = 1, m = 5, and ULF waves with 20, 26,
33, 37,42, and 48 mHz. At the same time, the RBSP-B satellite also
observed enhancements of magnetic field fluctuations with fre-
quencies of 10-50 mHz for L < 4.4 during the main phase, further
confirming that the radial injection of RC ions into the deep inner
magnetosphere is caused by drift-bounce resonance.

Drift resonance (N = 0) is not considered here since the velocity of
ExB drift does not depend on the ion mass, so the penetration
depth through ExB drift alone should be the same for different
kinds of RC ions with same y; i.e., the u range of PSD enhance-
ment for each kind of RC ion should be the same. However, al-
though the three main ions of the ring current have been ob-
served to penetrate into the deep inner magnetosphere, the u
range of PSD enhancement is more expanded as the ion mass be-
comes heavier. Thus, drift-bounce resonance is considered to ex-
plain the y range discrepancies for different RC ions.

The fiux increase of O* ions in the magnetosphere affects not only
the enhancement of the ring current in the main phase, but also
affects the decay rate of the ring current in the recovery phase,
because for ring current energies above 40 keV the charge ex-
change lifetime of O* ions is much shorter than the lifetime of H*
ions (Smith and Bewtra, 1978; Kozyra et al., 1997). In this study,
from the main phase to the recovery phase (from Orbit 3685 to
Orbit 3686), the decay rates for different components of RC ions
meet: R(O*) > R(He*) > R(H*), which is shown in Figures 2(m-o).
This result illustrates that the decay rate for different RC ions in a
moderate magnetic storm also satisfies the above relationship.

4. Summary

Based on observations made on satellite RBSP-B during the mag-
netic storm on 23-24 August 2016, the evolution of equatorial
ring current ions in the different phases of the magnetic storm is
studied. The main results are as follows:

(1) When a magnetic storm occurs, the u ranges of PSD enhance-
ment for different ring current ions meets: S(O*) > S(He+) > S(H*).
For all kinds of RC ions, it is almost satisfied that ions of lower u
values can penetrate further into the inner-magnetosphere (min-
imum L ~ 3.6) than can those of higher p values. As ions penetrate
deeper into the inner magnetosphere, the magnitude of PSD en-
hancement decreases gradually.

(2) There were few obvious signs of ULF fluctuations in the initial
phase, while very strong ULF fluctuations with frequencies of 1-50
mHz were simultaneously observed in the radial ranges of PSD en-
hancement during the main phase.

(3) Using the resonance equation, the resonance region of the in-
teraction between observed ULF wave and RC ions in the L-u
space (u ~ 0.1-2.0 keV/nT, L ~ 3-5) is calculated under the condi-
tion of dipole magnetic field. The calculated resonance region im-
plies that the resonance efficiency of RC ions meets: n(O*) >
n(He*) > n(H*), demonstrating that the u range difference of PSD
enhancement among RC ions is caused by the difference in reson-
ance efficiency between RC ions and ULF waves.

(4) In the recovery phase, the decay rates for different compon-

ents of RC ions meet: R(O*) > R(He*) > R(H*), i.e., the charge ex-
change lifetime of O* is shorter than those of He+ and H*.

Ring current is an important part of the magnetosphere. By study-
ing evolutions of the radial distribution of the main ions in differ-
ent stages of a magnetic storm, we find that ring current ions can
penetrate the deep inner magnetosphere through drift-bounce
resonance, and that differences in resonance efficiency are ob-
served among the three kinds of main ions. We conclude that the
1-50 mHz ULF waves can play an important role in the supply of
lower y RC ions injected into the inner magnetosphere during
storm times. At the same time, we have also confirmed the differ-
ence in decay rates caused by differences in charge exchange life-
times among RC ions.
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