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Abstract Singly charged oxygen ions, O+, energized by kinetic Alfvén wave eigenmode (KAWE) in the
plasma sheet boundary layer during dipolarizations of two intense substorms, 10:07 UT on 31 August 2004
and 18:24 UT on 14 September 2004, are investigated by Cluster spacecraft in the magnetotail. It is found
that after the beginning of the expansion phase of substorms, O+ ions are clearly energized in the direction
perpendicular to the magnetic field with energy larger than 1 keV in the near-Earth plasma sheet during
magnetic dipolarizations. The pitch angle distribution of these energetic O+ ions is significantly different from
that of O+ ions with energy less than 1 keV before substorm onset that is in the quasi-parallel direction
along the magnetic field. The KAWE with the large perpendicular unipolar electric field, Ez ~ �20 mV/m,
significantly accelerates O+ ions in the direction perpendicular to the background magnetic field. We present
good evidences that O+ ion origin from the ionosphere along the magnetic field line in the northward
lobe can be accelerated in the perpendicular direction during substorm dipolarizations. The change of the
move direction of O+ ions is useful for O+ transferring from the lobe into the central plasma sheet in the
magnetotail. Thus, KAWE can play an important role in O+ ion transfer process from the lobe into the plasma
sheet during intense substorms.

1. Introduction

O+ ions solely originating from the ionosphere play a key role in the energy and mass transfer during sub-
storms (e.g., Daglis et al., 1994; Duan et al., 2015; Keika et al., 2013; Kronberg et al., 2014; Liao et al., 2015;
Mouikis et al., 2010; Nilsson et al., 2016; Ohtani et al., 2011; Sauvaud et al., 2012; Seki et al., 2001; Welling
et al., 2015). Daglis et al. (1994) reported that the energy density of O+ ions in the near-Earth magnetotail
was correlated with substorm activity. Daglis and Axford (1996) suggested that the nightside auroral outflow
could provide a fast feeding of energetic O+ ions in the near-Earth magnetotail during substorms. Baker et al.
(1985) reported that the ionospheric oxygen ions could play an important role in the location and initiation of
plasma sheet instabilities during substorms.

It is well known that the ionosphere is the exclusive source of O+ ions. The dayside cusp and the nightside
auroral region are the main sources of O+ outflow (e.g., Liao et al., 2010; Yau & André, 1997; Yu & Ridley,
2013). The geomagnetic activity has significant effect on the outflow of O+ ions from the ionosphere (e.g.,
Peroomian et al., 2006; Yau et al., 1985). Lennartsson and Shelley (1986) found that the O+/H+ ratio increases
in positive relationship with high AE index around local midnight (AE~1,000 nT). Maggiolo and Kistler (2014)
reported that the geomagnetic activity had larger effect on O+ density than solar EUV flux in the Earth midtail
(~15–20 RE). The O

+ density increases significantly by a factor of ~10 during low geomagnetic activity and by
a factor of ~31 during high activity. While solar EUV flux has small effect on the O+ density. The O+ density
increases by a factor of ~3.5 during high solar activity.

O+ ions play a key role in the substorm processes, especially, in the expansion phase of substorms. Baker et al.
(1982) suggested that the enhancement of O+ ions in the plasma sheet would trigger substorm onset as O+

ions caused tearing mode instabilities. Daglis et al. (1994) pointed out that O+ energy density had a strong
correlation with the preonset electrojet activity, that is, AU index, in the near-Earth plasma sheet (NEPS). It
means that the ionospheric precipitation may be an effect of the driven component of substorms. And this
correlation implies that the acceleration of O+ ions from the ionosphere is at late growth phase of substorms.
There is a good correlation between the energy density of O+ ions and AE index (Daglis et al., 1994).
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Especially, O+ energy density explosively increases during the intense substorm expansion phase with AE
index larger than 500 nT (Daglis et al., 1994). Lennartsson and Shelley (1986) reported that O+ ion number
density sharply increases with the AE index larger than 500 nT. Daglis and Axford (1996) found that the rapid
enhancement of O+ ion energy fluxes occurred in the inner magnetotail after substorm onset. Winglee and
Harnett (2011) suggested that O+ ions provide almost 50% of the total energy density in NEPS just before
onset time.

O+ ion outflow from the ionosphere with very low energy ~ eV is transferred into the NEPS in the magnetotail
and energized to approximately tens of keV (e.g., Kistler, 2017; Yau et al., 1985, 2012). Geotail observations
present an evidence of ion mass-dependent energization in the range of 10 KeV/e to 210 KeV/e during
substorms in the NEPS (e.g., Kistler et al., 1990; Nosé et al., 2000). Kronberg et al. (2014) reported that themass
selective ion energization was possibly caused by the induced electric field as a result of the time variation of
the magnetic field during substorm dipolarization. Delcourt et al. (1990) pointed out that O+ ions with
gyroperiods comparable to the dipolarization timescale are energized by the induced electric field during
this nonadiabatic process. But proton with smaller gyroperiod may be transported adiabatically. Fok et al.
(2006) reported that O+ ion energy prompt enhancement during dipolarization was a result of nonadiabatic
heating of the low-energy O+ ions stored in the plasma sheet before substorms. Lindstedt et al. (2010) shown
that O+ ions are energized by intense localized electric field at the boundary between the lobe and the high-
altitude cusp.

The acceleration of O+ ions by low-frequency waves was observed in the PSBL (e.g., Grigorenko, Burinskaya,
et al., 2010; Grigorenko, Koleva et al., 2010; Grigorenko et al., 2011; Hirahara et al., 1994; Takada, Seki, Hirahara,
Fujimoto, et al., 2005; Takada, Seki, Hirahara, Terasawa, et al., 2005). The ions perpendicular acceleration was
caused by the E × B drift. This results in ions move from the lobe to the plasma sheet. The strong Ey compo-
nent and Bx component is useful for this drift mechanism. But the electric field is variable in the PSBL, espe-
cially, the Ez component is the dominant (Duan et al., 2016).

Kinetic Alfvén waves with strong electric fields (e.g., Chen et al., 2015; Chen et al., 2013; Klimushkin & Mager,
2014; Lee et al., 1994; Liang et al., 2016; Lin et al., 2012; Wu & Chen, 2013) are observed in the near-Earth
plasma sheet, especially in the plasma sheet boundary layer in the magnetotail during substorms (e.g.,
Duan et al., 2016; Keiling, 2009; Wygant et al., 2005). Duan et al. (2016) reported that kinetic Alfvén wave
eigenmode (i.e., KAWE) with unipolar pulse electric field, Ez ~ �30 mV/m, was firstly observed in the plasma
sheet boundary layer during magnetic dipolarizations. The generation of KAWE corresponds to the Hall effect
in the magnetic reconnection (Dai, 2009; Dai, Wang, Angelopoulos, 2015; Dai et al., 2017). KAWE consists of
strong out-of-plane magnetic field and electric field normal to the PSBL. This intense unipolar pulse electric
field of KAWE has potential to interact with ions from the lobe. Kronberg et al. (2014) also proposed that some
acceleration of O+ ions was at work in the direction perpendicular to the magnetic field in the boundary layer
with a strong electric field ~ 20 mV/m.

The transport pathway and energization mechanism of O+ ions from the ionosphere to the NEPS are interest-
ing subject that still remains to be understood. The purpose of this investigation is to provide evidence of a
new acceleration mechanism that transfers O+ ions from the lobe into the plasma sheet during intense
substorm dipolarization process. In section 2, we present two intense substorm events that provide detailed
observations of O+ ion energy flux and KAW eigenmode structure in the tail plasma sheet during the
substorm expansion phase. Then we describe the close relationship between KAW eigenmode and O+ ion
energization during intense substorm dipolarizations. Summary is presented in section 3.

2. Data Analysis

In this study we use Cluster data from the Cluster ion spectrometry/Composition and Distribution Function
(CIS/CODIF) (Rème et al., 2001), Fluxgate Magnetometer (FGM) (Balogh et al., 2001), and Electric Field and
Wave (EFW) (Gustafsson et al., 2001) instruments that obtained from Cluster Active Archive (Laakso et al.,
2010) to investigate the acceleration of O+ ions during two intense substorm dipolarizations. The Cluster
spacecraft was located in the midmagnetotail around X~ � 16 RE. The CIS/CODIF instrument measures the
3-D distributions of major ions, such as H+, He+, and O+ within the energy range from 40 eV/e to 40 keV/e
with temporal resolutions of 4–16 s (Rème et al., 2001). Cluster spacecraft provides a good chance to
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detect O+ ion energization during its tail seasons. Two intense substorms on 31 August 2004 and 14
September 2004 are presented in this investigation.

2.1. Event of 31 August 2004

Figure 1 presents the AU (black line), AL (blue line), and AE (red line) indices during the period from 09:00 UT
to 12:00 UT on 31 August 2004. The AL index decreases sharply at 10:00 UT, and the AE index increases gra-
dually from 350 nT at 10:07 UT and then AE index has multiple step increase. Thus, the substorm onset time is
identified at around 10:07 UT, as marked by the vertical red line in Figure 1. The AU index is high before
substorm onset. AU index maximum value is about 250 nT. AE index begins to be larger than 500 nT at
10:15 UT. The maximum value of AE index during the time intervals we focus on is about 750 nT. It implies
that this substorm is an intense one.

During this intense substorm expansion phase Cluster C1 was located at around (�15.1, �1.1, 4.8) RE and C4
located at around (�15.2,�1.2, 4.7) RE in the Earth magnetotail. These two spacecraft are located very closed

Figure 1. The AU, AL, and AE index on 31 August 2004. The first vertical dashed red line marks the substorm onset time. The
second and third vertical dashed lines mark two beginning time of this substorm enhancements.
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to each other with distance about 1,000 km. The plasma and electromagnetic field parameters from the
CIS/CODIF, FGM, and EFW instruments on Cluster spacecraft all indicate that Cluster SC crossed through
the lobe, plasma sheet boundary layer (PSBL), and into plasma sheet from 10:00 UT to 11:00 UT, which is
presented in Figure 2. The GSM coordinate systems are adopted.

The plasma and electromagnetic field data observed by Cluster C1 and C4 from 10:00 UT to 11:00 UT on 31
August 2004 are presented in Figures 2a and 2b, respectively. From top to bottom, the plots present ion (pro-
ton) number density, Nion (Np); ion (proton) temperature, Tion (Tp); plasma beta value, β; the electric field Ex
(blue), Ey (black), and Ez (red) components; the By component; the Bx (blue), Bz (red) and total magnitude of
magnetic field, Bt (black); and the magnetic field elevation angle, θ. EFW measures electric field in the space-
craft spin plane, and the third (not measured) component of E is computed using condition of zero parallel
electric field, E · B = 0 (scalar product) (Dai et al., 2013; Khotyaintsev et al., 2010).This method is good in
our event for the lager angle between themagnetic field and the spin plane. The first substorm enhancement
beginning time, ~ 10:15 UT, is marked by the vertical dotted purple line. The interval period between two
vertical dotted black lines is with the intense Ez and By disturbance and magnetic dipolarization. During

Figure 2. (Figure 2a) The plasma and electromagnetic field detected by Cluster C1 in the interval of 10:00 UT to 11:00 UT on 31 August 2004 in the magnetotail.
(a) Ion number density; (b) ion temperature; (c) plasma beta value, β; (d) the three components of the electric field Ex(blue), Ey (black), and Ez (red); (e) the By
component of the magnetic field, By; (f) the Bx (blue) and Bz (red) components and the total magnitude of magnetic field, Bt (black); and (g) the magnetic field
elevation angle, θ. The first vertical dashed red line marks the substorm first enhancement time. The second and third vertical dashed lines mark unipolar electric
filed interval time of this substorm. (Figure 2b) The plasma and electromagnetic field detected by Cluster C4 in the interval of 10:00 UT to 11:00 UT on 31 August
2004 in the magnetotail. (a) Proton number density; (b) proton temperature; (c) plasma beta value, β; (d) the three components of the electric field Ex (blue), Ey
(black), and Ez (red); (e) the By component of the magnetic field, By; (f) the Bx (blue) and Bz (red) components and the total magnitude of magnetic field, Bt (black);
and (g) the magnetic field elevation angle, θ.
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Figure 3. The O+ ion energy spectrogram flux obtained from CODIF (energy range is from 40 eV to 40 keV) and unipolar
electromagnetic field fluctuations observed by Cluster C1 during intense substorm on 31 August 2004. (a) O+ energy
spectrogram of omnidirectional flux. (b–d) O+ pitch angle distribution with energy in the range of 40 eV to 1 keV, 1 keV to
10 keV, and 10 keV to 40 keV, respectively. (e) The perturbations of the z component of the electric field; (f) the perturba-
tions of the y component of the magnetic field; (g) local Alfvén speed, VA (black), predicted propagation speed of KAW
eigenmode, VA

* (blue), and the ratio of the perturbation electric (δEz) to magnetic (δBy) fields, VδEB (red); (h) three
components of Poynting flux—Sx (blue), Sy (black), and Sz (red)—and the parallel Poynting flux along the magnetic field,
Spara (green). (i) The total and parallel Poynting flux: St (black) and Spara (green). Two vertical dashed lines mark unipolar
electric filed interval time of this substorm.
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this period the maximum value of the electromagnetic fluctuation of the �Ez and By is 20 mV/m and 15 nT,
respectively, as presented in Figures 2ad and 2bd, and 2ae and 2be.

At ~10:21 UT, the second substorm enhancement beginning time, a fast magnetic dipolarization was
observed by Cluster C1 and C4, marked by two vertical dashed black lines in Figures 2a and 2b. Around
10:21 UT, Cluster C1 and C4 were both in the PSBL, as indicated by the Bx (35 nT) and plasma beta (0.4).
The dipolarization can be clearly identified as the increase in the Bz and the elevation angle. In the NEPS,
the magnetic dipolarization is an indicator for a sudden collapse of the magnetotail (Baumjohann et al.,
1999; Dai et al., 2014; Dai, Wang, Duan, et al., 2015; Duan et al., 2011; Lui et al., 1999; Nagai, 1982;
Nakamura et al., 2009). Cluster C1 and C4 both observed a second dipolarization around 10:21 UT (the
first dipolarization around 10:15 UT). The plasma sheet began to expand after 10:21 UT. The β increased to
~ 0.5 from 0.1. It means that Cluster C1 and C4 go through PSBL resulting from this dipolarization. During
the second dipolarization, the significant electromagnetic pulses are observed. The pulses contain an intense
negative Ez component and positive By component. The intervals of pulses, from 10:21 UT to 10:25 UT, are
highlighted by two vertical dashed black lines.

2.2. Observations of O+ Ions Energized by KAWE During Dipolarization

During this intense substorm, the energy flux of O+ ions from Cluster C1 during the period of 10:00 UT to
10:30 UT on 31 August 2004 is presented in Figure 3a. Figures 3b–3d show the pitch angle distribution of
O+ ions with energy range from 40 eV to 1 keV, 1 keV to 10 keV, and 10 keV to 40 keV, respectively. The
low-energy O+ ion distribution changed from the quasi-parallel to quasi-perpendicular direction at the
first magnetic dipolarization time around 10:15 UT as shown in Figure 3b. In the interval time of 10:21
UT to 10:25 UT, energy flux of O+ ions with 1–40 keV increased significantly and these O+ ions were
mainly perpendicular pitch angle distribution, as presented in Figure 3c. As shown in Figures 2c and 2f,
the plasma beta is less than 0.5 and the x component of the magnetic field is around 30 nT, approaching
the total magnetic field value. These two parameters indicate that Cluster is located at the plasma sheet
boundary layer during the period of 10:21 UT to 10:25 UT. Within these intervals the intensive unipolar
electromagnetic fluctuation with negative Ez and positive By is observed, which is presented in Figures 3e
and 3f, respectively.

Figure 3e presents that the magnitude of electric field pulses δEz was�20 mV/m. The homologous magnetic
field δBy fluctuations are about 8 nT, as shown in Figure 3f. Figure 3g shows that the observed ratio δEz/δBy is
in the range from 1,000 km/s to 7,000 km/s, larger than vA (the local Alfvén speed) during this intense nega-
tive Ez intervals. The Poynting flux, as shown in Figures 3h and 3i, is mostly along the magnetic field toward
Earth, 0.08 erg cm�2 s�1. The δEz/δBy ratio and unipolar electromagnetic pulses both provide strong
evidences that these intense unipolar perturbations are KAWE (Duan et al., 2016).

During this intense substorm dipolarization, the similar observation results from Cluster C4 are presented in
Figure 4. Because of the distance from Cluster C4 to the plasma sheet is smaller than the distance from Cluster
C1, Cluster C4 first detected the PSBL at around 10:21 UT.

The unipolar pulse electric field of KAWE was both observed by C1 and C4 in the period of 10:21:00 UT to
10:24:40 UT in the PSBL, as shown in Figures 3e and 4e. During this period energetic O+ ions were energized
in the direction perpendicular to the background magnetic field, as presented in Figures 3c and 3d and
Figures 4c and 4d. Figures 5a and 5b show two examples of 2-D cuts (the vx-vy plane and vx-vz plane) through
the 3-D distributions of O+ ion velocity observed by C4 at 10:22:52 UT and 10:23:08 UT, which are marked by
the two vertical dotted lines in Figure 4, respectively. Similarly, Figures 5c and 5d present the O+ ion velocity
distributions by C1 at 10:22:54 UT and 10:23:11 UT, which are marked by the two vertical dotted lines in
Figure 3, respectively. These cuts indicate that energetic O+ ions (>1 keV) mainly flow in the southward direc-
tion with negative value of the vz component. It is coincident of the pitch angle distribution of O+ ions in the
direction perpendicular to the magnetic field, as marked by the two vertical dotted lines in Figures 3 and 4.
The increase in magnitude of �vz is from 200 km/s to 700 km/s. Then O+ ions can be transferred from PSBL
into the plasma sheet.

The intense unipolar electromagnetic pulses observed by Cluster C1 and C4 are identified as KAWE, as
shown in Figures 3e–3g and 4e–4g. During the intense KAWE period, O+ ions were accelerated in the
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direction perpendicular to the background magnetic field, as shown with perpendicular pitch angle
distribution of energetic O+ ions (>1 keV) in Figures 3c and 4c, and the magnitude of southward Vz
component enhancement in Figure 5. As a result, O+ ions can pass through the PSBL into the central
plasma sheet.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 4. The O+ ion energy spectrogram flux obtained from CODIF and unipolar electromagnetic field fluctuations
observed by Cluster C4 during intense substorm on 31 August 2004. The figure formation is the same as Figure 3.
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(c)

(d)

(a)

(b)

Figure 5. Two-dimensional cuts of the three-dimensional O+ ion velocity distributions obtained by CODIF/C1 at
10:22:54 UT and 10:23:11 UT, respectively, and by CODIF/C4 at 10:22:52 UT and 10:23:08 UT, respectively, as marked
by the two vertical dotted lines in Figures 3 and 4, respectively.
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2.3. Another Similar Event of 14 September 2004

Another similar event of O+ ions energized by KAWE is observed by Cluster spacecraft on 14 September 2004.
Figure 6 presents the AU, AL, and AE index of this event. The maximum value of AE index is around 1,200 nT.
The first vertical purple line marks the onset time of intense substorm expansion phase, 18:24 UT. On the
other hand, according to the auroral images from Imager for Magnetopause-to-Aurora Global Exploration
spacecraft, the onset time is 18:24:41 UT (Frey et al., 2004). The vertical dashed red line marks a substorm
enhancement at ~18:50 UT.

During this intense substorm expansion phase Cluster C1 is located at around (�16.4, 1.6, 2.1) RE and C4 is
located at around (�16.5, 1.5, 2.1) RE in the magnetotail. These two spacecraft are located very closed each
other with distance about 1,000 km. The plasma and electromagnetic field data from Cluster C1 and C4
are presented in Figure 7.

Figure 6. AE/AU/AL index in the interval of 17:00 UT to 20:00 UT on 14 September 2004. The purple vertical dashed line
marks the substorm onset time of expansion phase, 18:24 UT. The vertical dashed red line marks a substorm enhance-
ment at 18:50 UT.
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Figure 7 presents the plasma and electromagnetic field observed by Cluster C1 and C4 during the intense
substorm on 14 September 2004. The figure format is the same as Figure 2. The vertical dotted purple line
marks the beginning time of substorm expansion phase, ~ 18:24 UT. After this time, the ion number density
has a slight increase as shown in Figure 7a and the magnetic field magnitude Bt and the Bx component both
decrease, but the Bz component and the magnetic elevation angle both increase slightly. At the second
dipolarization, ~18:50 UT, a sharp increase in ion temperature, plasma beta value from 0.01 to 0.5, and
the magnetic elevation angle from 25° to 55° were observed by Cluster C1 and C4 during this enhancement
of the substorm expansion phase. At this time the By component is approaching to zero. Four minutes later,
at about 18:54 UT, the significant disturbance of the Ez and By components is detected, which is marked by
vertical dotted black line Figure 7. During the second dipolarization the maximum value of the fluctuation of
the �Ez and By is 25 mV/m and 20 nT. Cluster observed significant unipolar fluctuations in the PSBL
at ~18:54 UT.

The energy flux of O+ ions from Cluster C1 during the period of 18:00 UT to 19:00 UT on 14 September
2004 is presented in Figure 8a. The pitch angle distribution of O+ ions with energy range from 40 eV to
1 keV, 1 keV to 10 keV, and 10 keV to 40 keV is shown in Figures 8b–8d, respectively. The low-energy O+

ion distribution changed from the quasi-parallel to quasi-perpendicular direction at the first magnetic
dipolarization time around 18:24 UT as shown in Figure 8b. In the interval time of 18:50 UT to 18:56
UT, energy flux of O+ ions with 1–10 keV increased significantly and these O+ ions were mainly

(a)

(b)

 (c)

 (d)

(e)

(f)

(g)

(a)

  (b)

 (c)

 (d)

(e)

(f)

 (g)

Figure 7. The plasma and electromagnetic field detected by Cluster C1 and C4 in the interval of 18:00 UT to 19:00 UT on 14 September 2004 in the magnetotail. The
figure formation is the same as Figure 2.
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Figure 8. The O+ ion energy spectrogram flux obtained from CODIF and unipolar electromagnetic field fluctuations observed by Cluster C1 during intense substorm
on 14 September 2004. The figure formation is the same as Figure 3.
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perpendicular pitch angle distribution, as presented in Figure 8c. As shown in Figures 7c and 7f, the
plasma beta is less than 0.5 and the x component of the magnetic field is around 30 nT, approaching
the total magnetic field value. These two parameters indicate that SC located at the PSBL during the
period of 18:50 UT to 18:56 UT. Within this time interval the intensive unipolar electromagnetic
fluctuation with negative Ez and positive By is observed, which are presented in Figures 8e and
8f, respectively.

Figure 8e presents that the magnitude of electric field pluses δEz is �25 mV/m. The corresponding δBy fluc-
tuations are ~12 nT, as shown in Figure 8f. Figure 8g shows that the observed ratio δEz/δBy for intense pulses
is from 1,000 km/s to 5,800 km/s. This ratio δEz/δBy is larger than vA during this intense negative Ez intervals.
The Poynting flux, as shown in Figures 8h and 8i, is mostly along the magnetic field direction toward Earth,
0.2 erg cm�2 s�1. The δEz/δBy ratio and unipolar electromagnetic pulses also provide strong evidences that
these intense unipolar perturbations are KAWE (Duan et al., 2016).

During this intense substorm dipolarization, the similar observation results from Cluster C4 are presented in
Figure 9. Because of the distance from Cluster C4 to the plasma sheet is smaller than the distance from Cluster
C1, Cluster C4 first detected the PSBL at around 18:50 UT.

The unipolar pulse electric field of KAWE was both observed by C1 and C4 in the period of 18:53:50 UT to
18:55:00 UT in the PSBL, as shown in Figures 8e and 9e. During this period energetic O+ ions were accel-
erated in the direction perpendicular to the background magnetic field, as shown in Figures 8c and 8d,
and 9c and 9d, Figures 10a and 10b show two examples of 2-D cuts (the vx-vy plane and vx-vz plane)
through the 3-D distributions of O+ ion velocity observed by C4 at 18:54:43 UT and 18:54:51 UT, which
are marked by the vertical dotted lines in Figure 9. Similarly, Figures 10c and 10d present the O+ ion velo-
city distributions by C1 at 18:54:44 UT and 18:54:53 UT, which are marked by the vertical dotted lines in
Figure 8. These cuts display that energetic O+ ions (>1 keV) mainly flow in the southward direction with
negative value of the vz component. It is coincident of the pitch angle distribution of O+ ions in the direc-
tion perpendicular to the magnetic field, as marked by the vertical dotted lines in Figures 8 and 9. The
increase in magnitude of �vz is from 400 km/s to 700 km/s. Then O+ ions can be transferred from PSBL
into the plasma sheet.

The intense unipolar electromagnetic pulses observed by Cluster C1 and C4 are identified as KAWE, as shown
in Figures 8e–8g and 9e–9g. During the intense KAWE period, O+ ions were accelerated in the direction
perpendicular to the background magnetic field, as shown with perpendicular pitch angle distribution of
energetic O+ ions (>1 keV) in Figures 8c and 9c, and the magnitude of southward Vz component of O+ ion
enhancement in Figure 10. As a result, O+ ions can pass through the PSBL into the central plasma sheet.

2.4. Discussions on the Acceleration Mechanism for O+ Ions at PSBL

In the above section, we have shown O+ ions accelerated by KAWE at the PSBL in the magnetotail during
two intense substorms dipolarizations. The intense unipolar electric field fluctuation toward southward, that
is, Ez ~ � 20 mV/m and magnetic field fluctuations toward duskside are detected by Cluster C1 and C4, as
shown in Figures 3e and 3f, 4e and 4f, 8e and 8f, and 9e and 9f. This intense unipolar pulse electric field of
KAWE existing in the PSBL with thickness ~ 1,000 km is enough for O+ ions energized from 1 keV to several
tens keV in the direction perpendicular to the magnetic field, as presented in Figures 3, 4, 8, and 9.
Corresponding to the intense southward electric field of KAWE mode, the velocity Vz component of O+ ions
is very high and in the southward direction as shown in Figures 5 and 10. During 31 August 2004 substorm,
the value of the Z component electric field was about Ez ~ � 12 mV/m at ~10:23 UT in the PSBL as shown in
Figure 3e. For O+ passing through the PSBL, this field can provide energy of ~ 10�15 J. At this time we can find
that O+ ion velocity significantly enhanced from�Vz ~400 km/s to�Vz ~ 600 km/s as shown in Figures 5c and
5d. The energy of O+ ion increases with ~ 10�15 J. Similarly, during 14 September 2004 substorm, the value of
the Z component electric field was about Ez ~ � 10 mV/m at ~18:54 UT as shown in Figure 9e. We can also
find that O+ ion velocity significantly enhanced from Vz ~ � 500 km/s to Vz ~ � 600 km/s as shown in
Figures 10c and 10d. The quantity relationship between the wave electric energy and O+ ion increasing
kinetic energy provides confident evidence that KAWE can efficiently accelerate O+ ions in the PSBL
during intense substorm dipolarizations.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 9. The O+ ion energy spectrogram flux obtained from CODIF and unipolar electromagnetic field fluctuations
observed by Cluster C4 during intense substorm on 14 September 2004. The figure formation is the same as Figure 4.
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(c)

(d)

(a)

(b)

Figure 10. Two-dimensional cuts of the three-dimensional O+ ion velocity distributions obtained by CODIF/C1 at
18:54:44 UT and 18:54:53 UT, respectively, and by CODIF/C4 at 18:54:43 UT and 18:54:51 UT, respectively, as
marked by the vertical dotted line in Figures 8 and 9, respectively.
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On the other hand, the gyroradius of O+ ions with energy ~10 keV is comparable to the spatial scale of the
PSBL, that is, ~1,000 km. Thus, O+ ions can be energized by KAWE with the large perpendicular electric field,
Ez ~ �20 mV/m, at the PSBL in the magnetotail during intense substorm dipolarization as mentioned above.
This acceleration is very useful for O+ ions from the lobe passed through the PSBL into the center plasma
sheet in themagnetotail. Figure 11 provides a clear pathway of O+ ions accelerated by KAWE in the PSBL from
the lobe into the plasma sheet.

Several previous researches reported that ions perpendicular acceleration was caused by the E× B drift velo-
city increase in the PSBL (e.g.,Grigorenko, Burinskaya, et al., 2010; Grigorenko, Koleva, et al., 2010; Grigorenko
et al., 2011; Hirahara et al., 1994; Takada, Seki, Hirahara, Fujimoto, et al., 2005; Takada, Seki, Hirahara, Terasawa,
et al., 2005). This drift is the reason that ions transported from the lobe to the plasma sheet. The strong Ey and
Bx components are useful under this circumstance. But in our investigation, the electric field is dominantly in
the north-to-south direction (Ez). Then the E ×B drift cannot illustrate O+ ions transferring from the lobe to the
central plasma sheet. Lindstedt et al. (2010) reported that O+ ions can be accelerated by the strong perpen-
dicular electric field in localize size to several keV in the boundary between the high-latitude cusp and the
lobe. They pointed out that this intense electric field was related to a reconnection separatrix region. This
intense perpendicular electric field is similar to the strong electric field of KAWE.

As mentioned by Ono et al. (2009) and Fok et al. (2006), O+ ions can be accelerated during substorm dipolar-
ization because O+ ions have a gyoperiod in the NEPS comparable with the dipolarization period, that is, a
few minutes. But the induced electric field in substorm onset location is only intense at the inner edge of
plasma sheet, that is, in the vicinity of substorm onset location. For our observation, Cluster is located at
X~ � 16 RE in the midtail PSBL. O+ ions accelerated during substorm dipolarization is not by this intense
induced electric field near substorm onset location. It is by the strong unipolar electric field accompanied
by the KAWE in the PSBL (Duan et al., 2016). This result can be clear evidenced by our two events
presented above.

The substorms are of maximum value of AE index around ~1,000 nT and AU index larger than ~200 nT in the
later growth phase. Daglis et al. (1994) reported that energization of O+ ions in the near-Earth magnetotail
had a close correlation with the magnitude of AU index in the later growth phase. During the expansion
phase of these two intense substorms the energy flux of O+ ions increased, and the pitch angle distribution
of energetic O+ ions changed significantly when AE index larger than 500 nT, such as after 10:20 UT on 31
August 2004 and after 18:30 UT on 14 September 2004 in Figures 3 and 8, respectively. Our observation
results in the magnetotail are consistent with that of Daglis et al. (1994).

3. Summary

Using Cluster measurements, we provide evidence that O+ ions are energized by KAWE in the plasma sheet
boundary layer during intense substorm (with AE index larger than 500 nT) dipolarization. The thickness of
the PSBL during intense substorm is comparable for the gyroradius of energized O+ ions with tens of keV.
These O+ ions encountered unipolar electric field of the KAWE and are energized efficiently. The results of
our observations can be summarized as the following.

-20Re-10Re

Cluster
Poynting flux

Hall Ez

Hall By

S E B

O+ outflow

KAW eigenmode

Figure 11. A cartoon illustrates the O+ ion transfer and acceleration during substorm dipolarization in the NEPS.
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The energy flux of O+ ions with energy larger than 1 keV increases significantly during the dipolarization of
intense substorms, with the AE index usually larger than 500 nT, in the magnetotail plasma sheet. At the
beginning time of the first substorm dipolarization, the pitch angle distribution of these energetic oxygen
ions changes from the quasi-parallel direction to the quasi-perpendicular direction to the background
magnetic field.

O+ ions are energized by the KAWE mostly in the perpendicular direction to the background magnetic field
during the expansion phase of intense substorms. As a result of magnetic reconnection in the magnetotail
X~ � 20 RE, the KAWE with unipolar electric field directing to the center plasma sheet exists in the plasma
sheet boundary layer in the magnetotail (Dai, 2009; Dai et al., 2011; Duan et al., 2016). The intense unipolar
electric field, Ez~ � 20 mV/m, can efficiently accelerate O+ ions in the direction perpendicular to the
magnetic field.

KAWE can play an important role in O+ ion transfer process from the lobe and plasma sheet boundary layer
into the central plasma sheet during intense substorms. O+ ion origin from the cusp or auroral region can be
accelerated by the KAWE in the plasma sheet boundary layer and then directly enter into the central plasma
sheet with energy of tens of keV. This intense wave electric power can efficiently energize O+ ions with
energy of tens of keV.
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