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Abstract: Cluster satellites observed three successive outflowing ion beams on 28 March, 2001. It is generally accepted that these ion
beams, composed of H*, Het, and O* ions, with three inverted-V structures in their energy spectra, are produced by acceleration through
U-shaped potential structures. By eliminating the background ion population and employing Maxwelling fitting, we find that ions
coming from the center of the potential structure have higher temperature than those from the flanks. Higher temperature of O and He*
compared to that of H* indicates that heavy ions are preferentially heated; we further infer that the heating efficiencies of O* and He*
ions differ between the center and edges of the U-shaped potential structures. Estimation based on pitch angle observations shows that
heating may also occur at an altitude above the upper boundary of the auroral acceleration region (AAR), where these beams are

generally thought to be formed.
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1. Introduction

lons from the ionosphere are widely observed in the magneto-
sphere. Their kinetic energy and temperature are much higher in
the magnetosphere than in the ionosphere, indicating that they
are significantly accelerated and heated during upflow processes
(e.g., Moore et al., 1999).

The upflow regions include the polar caps, the auroral region, and
the low/middle latitudes (e.g., Kronberg et al., 2014). The auroral
region is generally regarded as the major source of ionospheric
particles reaching the plasma sheet. It is believed that upflowing
ion beams can be accelerated up to a few keV by quasi-static U-
shaped electric potential structures between the ionosphere and
the magnetosphere (e.g., Ergun et al., 1998; Marklund, 2009;
Marklund et al,, 2011), forming inverted-V structures in the ion en-
ergy spectra. The auroral acceleration region (AAR) is usually con-
sidered to have a lower boundary between ~2,000 to ~4,000 km
(Shelley et al., 1976; Gorney et al., 1981; Morioka et al., 2009) and
an upper boundary between 8,000 to 12,000 km (Paschmann et
al., 2003; Cui YB et al.,, 2016). Over the past 50 years, a variety of
mechanisms have been proposed to try to explain the existence
and maintenance of the parallel electric fields in the AAR, includ-
ing strong double layers (Block, 1972; Ergun et al,, 2004), weak
double layers (Temerin et al., 1982), anomalous resistivity (Hud-
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son and Mozer, 1978), Alfvén waves (Song and Lysak, 2001), and
magnetic mirror supported fields (Chiu and Schulz, 1978).
However, the exact mechanism remains under debate.

The energies of outflowing H* and O™ are closely related to solar
activity. At least during solar minima, the heavier ions tend to
reach higher energies (Mobius et al., 1998), which is not consist-
ent with simple acceleration through a potential drop. An earlier
study with DE (e.g. Collin et al., 1987) also showed that the ions in
the beams were nominally at the same energy during solar max-
ima, but the energy of O* was higher during solar minima. It has
been found that solar wind dynamic pressure may play an import-
ant role in ionospheric ion outflows. Echer et al. (2008) presented
observations of O* ions from the ionosphere that were closely re-
lated to solar wind dynamic pressure pulses during the initial
phase of a magnetic storm. Zong Q-G et al. (2008) have shown
that ionospheric O* ions could dominate in the magnetotail
plasma sheet during very intense magnetic storms. Korth et al.
(2004) suggest that H* and O* ions have been accelerated to the
same velocity possibly in the vicinity of a reconnection region.
These observational facts are indirect evidence for preferential en-
ergization of ionospheric O* ions.

It is also believed that there is a heating process for ion beams
moving from ionosphere to magnetosphere, during which the ion
temperature increases significantly. This heating is usually con-
sidered to be a result of wave-particle resonance in the auroral re-
gion, where broadband low-frequency electromagnetic waves
(Bonnell et al, 1996; Wahlund et al., 1998), lower hybrid waves
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(Lynch et al., 1996), and electromagnetic ion cyclotron (EMIC)
waves (Mobius et al., 1998) are usually observed. For broadband
low-frequency electromagnetic waves, the heating efficiency is in-
dependent of ion mass (Knudsen et al., 1994; Norqyvist et al., 1996).
In contrast, the interaction between outflowing ions and EMIC
waves shows higher heating efficiency for ions heavier than H*
(Erlandson et al., 1994; Lund et al., 1998). For lower hybrid waves,
the O* ions may be heated to higher energies than H* and He*
(Lynch et al., 1999). However, lower hybrid waves may be respons-
ible for ion heating mainly at altitudes below 2,000 km, giving ion
energies of perhaps only a few eV (Kintner et al., 1992; Lynch et al.,
1996).

Studies of ion heating mechanisms above the AAR are relatively
rare. Cui YB et al. (2014) examined the properties of several ion
beams with inverted-V structures above the AAR. They found that
the parallel temperature of the ion beams tended to be higher at
the energy peak of an inverted-V structure than on the flanks.
However, the heating processes are still insufficiently understood,
especially for different species. In this paper, we present observa-
tions of three successive ion beams with clear inverted-V struc-
tures in their energy spectrograms, and discuss the mechanisms
responsible for differences in heating efficiency among H*, He*,
and O*.
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2. Observation

Data from the Cluster mission (Escoubet et al, 2001)are em-
ployed in this study, including magnetic field data from the Fluxg-
ate Magnetometer (FGM) (Balogh et al., 1997), ion composition
measurements from the Composition and Distribution Function
(CODIF) analyzer of the Cluster lon Spectrometry (CIS) plasma ex-
periment (Reme et al,, 2001), and electromagnetic field power
spectral densities from Spatio-Temporal Analysis of Field Fluctu-
ations (STAFF) (Cornilleau-Wehrlin et al., 2003).

At ~23:00 UT on 28 March 2001, a series of inverted-V structures
were detected by Cluster satellites SC1, SC3, and SC4 when they
crossed the Northern Hemisphere high latitude plasma sheet
boundary layer (PSBL). Figures 1a to 1c show the energy spectro-
grams of the H*, He*, and O* ions, respectively. At ~22:52 UT
(marked by the black vertical dashed line in Figure 1), SC1 moved
out from the central plasma sheet (CPS) and entered the PSBL, in-
dicated by changes of ion populations from homogeneously
thermalized distributions to non-homogeneous ones. Four
minutes later, three successive inverted-V structures were ob-
served at an altitude of ~21,000 km (marked by the red vertical
dashed lines in panels (a)-(f)). These events are marked as ‘T, ‘IT,
and III' in Figure 1c. The peak energy of the inverted-V struc-
tures reached several keV, while the energy of the ions on both
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(a)-(c) Energy flux-time spectrograms for differential particle fluxes of H*, He* and O* ions, as observed by Cluster SC1 between 22:45
(f) H*, He* and O* ion pitch angles in the energy range 21.5 eV to 38.4 keV over the same period.
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flanks was only tens of eV.

Figures 1d to 1f present pitch angle distributions of the H*, Het,
and Ot ions, respectively, with an energy range from 21.5 eV to
38.4 keV. A particularly notable result is that particles were mainly
distributed in the pitch angle range from 123.75° to 180°. Consid-
ering that the satellite was located in the Northern Hemisphere,
we imply that these were outflowing ionospheric ions. At the
same time, SC3 traveled through the PSBL in the Northern Hemi-
sphere and observed three similar inverted-V structures at an alti-
tude of ~20,000 km. About two minutes later, SC4 also detected
three such structures at an altitude of ~20,000 km. The H*, He*,
and O* observed by SC3 and SC4 were mainly distributed in the
pitch angle range from ~150° to 180°. The range of pitch angles
will be further discussed in Figure 4a.

Figures 2a to 2c presents the energy spectrograms of H*, He*, and
O* with pitch angles ranging from 157.5° to 180°. The back-
ground population, which was assumed to have an isotropic dis-
tribution, was removed by subtracting an average differential flux

of the ions with pitch angles ranging from 0° to 135°. The three in-
verted-V structures (labeled I, IT and III) can be clearly observed
in the energy spectrograms for all three ion species (compared to
Figure 1a to 1c). There were intense electrostatic emissions at the
energy peak of each inverted-V structure, and concentrated
mainly below the lower hybrid frequency (~370 Hz, indicated by
the horizontal black line in Figure 2d). SC3 and SC4 observed sim-
ilar intense emissions (not shown). The magnetic power spectral
densities in Figure 2e reveal that the magnetic fluctuations were
enhanced at the center of inverted-V Structure I, with frequen-
cies ranging from 7.76 to 40 Hz (the lowest frequency channel was
between 7.76 and 9.78 Hz and the local cyclotron frequency for H*
was ~8.65 Hz). These magnetic fluctuations were not observed by
SC3 and SC4 in the same region. Positive gradients can be seen in
the residual magnetic field (including dB, and dB,), indicating that
there existed an upward current inside each inverted-V structure
(Figure 2f).

Previous studies have attributed the inverted-V structures to ions
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Figure 2. (a)-(c) Energy flux-time spectrograms for differential particle fluxes of H*, He*, and O* ions with pitch angles of between 157.5° and
180° observed by Cluster SC1 from 22:55 UT to 23:10 UT on 28 March 2001. The background population has been removed by subtracting the
average differential particle flux of the ions with pitch angles of between 0° and 135°. (d) and (e) show the electric power spectral densities and
magnetic power spectral densities in relation to frequency and time from STAFF. (f) shows the residual magnetic field component in the GSE,
calculated by deducting the prediction of the T96 model from the magnetic field measured by SC1. (g) and (h) show the electric field component
(Ey) along the satellite orbit and the potential (@) obtained by integrating the electric field component along the SC1 orbit. (i) shows the
streaming velocities (blue for H*, green for He*, and red for O*) of the three outflowing beams.
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accelerated by a quasi-static parallel electric field inside a U-po-
tential drop (e.g., Marklund, 2009; Marklund et al., 2011; Sadeghi
etal., 2011). In order to verify this scenario, we followed the meth-
od provided by Block and Falthammar (1990) to obtain the elec-
trical potential (&) by integrating E;; from the beginning of the in-
verted-V structure to the end. The E, and potential are shown in
Figures 2g and 2h. It can be seen in Figure 2g, that £, changed
from positive (red) to negative (green) values at the peak of inver-
ted-V Structures I and III, which is consistent with the model of
the electric field strength of U-potential structures. Moreover,
Figure 2h shows that the potential drops reached a maximum
~2.5 and ~1.1 kV inside inverted-V Structures I and III, respect-
ively, which is almost the same value as the peak energy of the
corresponding ion beams. This strongly supports the idea that the
inverted-V structures of events I and III resulted from accelera-
tion by a symmetrical U-shaped potential below the satellite. It is
worth noting that the potential variation of Structure II might be
asymmetric. The E, changed from positive (red) to negative
(green) twice, at II" and II” (indicated by the second and third
black vertical dashed lines from left to right), corresponding to the
two energy peaks of inverted-V Structure II.

To study how the ion beams evolve along the magnetic field lines,
we used a shifted Maxwellian distribution function to fit them and
obtained the streaming velocity (v,) and T, of the beams. The shif-
ted Maxwellian distribution function can be written as follows:

—m(v—vl,)2

3/2
— L 2ksT
o= SR n

where n;, denotes the number density, T, is the parallel temperat-
ure, m is the ion mass, kg is the Boltzmann constant, and v,, is the
streaming velocity.

Figure 2i displays the fitting results for the streaming velocity (v;,)
of the three outflowing beams. The streaming velocities of the H*,
He*, and O* beams at the energy peak of inverted-V Structure I
were ~400 + 29.1 km/s, ~200 + 23.7 km/s and ~100 + 8.8 km/s, re-
spectively, at a ratio of roughly 4:2:1. For Structure III, the ratio is
also about 4:1 for velocities of the H* and O* beams at the energy
peak. If all ion species experienced the same potential drop, they
would gain the same amount of energy per charge. Therefore, the
beam velocities of the different ion species should depend only
on the charge-mass ratio, assuming that the thermal energy of the
initial ionospheric particles is ignored. The comparable velocity ra-
tios indicate that the H*, Het, and O* inside Structure I experi-
enced the same potential drop, the same being largely the case
for Structure III. However, for II-IT', the velocity ratio of the H*
(~335 km/s) to Ot (~111 km/s) was around 3:1.

Figure 3 presents 1D cuts through the distribution function in the
parallel direcition with the background removed to emphasize
the beams of inverted-V Structure I for SC1. Figure 3b shows that
the T), of the H*, He*, and O* beams at the energy peak of Struc-
ture 1, as observed by SC1, were 92.8 + 10.9 eV, 115.0 + 23.6 eV,
and 146.5 £ 12.9 eV, respectively, which for all ion species were
higher than those on the flanks. Note that the T, for the He* and
Ot ions were higher than those for the H*. In addition, the O*
beams had the highest parallel temperature among the three spe-
cies at the energy peak of Structure I (see Figure 3b), while the
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He*ionsshowedthehighestparalleltemperatureonbothflanks (see
Figures 3a and 3c). These observations indicate that the heating
efficiency of O+ and He* ions may differ between the center and
the flanks of inverted-V Structure L.

Figure 4a shows the differential fluxes of O+ at different pitch
angles observed by SC1 (red), SC3 (green) and SC4 (blue) at the
peaks of the inverted-V Structure L. It is clear that the differential
particle flux detected by SC1 was significantly enhanced in the
range from 123.75° to 180°. If only the mirror force is considered,
the pitch angle will decrease when particles upflow to a higher
altitude. Assuming that the ions were heated instantaneously at a
fixed height, the pitch angles observed by SC1 would be related
only to the original heating location where the pitch angles were
supposed to be close to 90°. Therefore, by using the ion pitch
angle distributions observed by SC1 and the magnetic field mod-
el, we can estimate the altitude of the heating region where ions
were probably perpendicularly heated.

In Figure 4b, the blue lines indicate the maximum pitch angles of
ions reaching SC1 if the heating occurs at a fixed height (the X-ax-
is in this figure). Enhancement of the ions was concentrated in the
pitch angle range from 123.75° to 180°. If the pitch angles of the
ions were heated to the bin ranged from 123.75° to 135° the
calculated altitude where ions were heated should be above
~15,600 km, corresponding to 135° (marked as the third dashed
green line from the left in Figure 4b). This means that, if the heat-
ing occurred exclusively below 15,600 km, the ions’ pitch angle at
this satellite altitude could not reach 135° and the enhancement
of ions in this bin (123.75° to 135°) would not be observed by SC1.
The observations from SC3 and SC4 indicate that the ion pitch
angles closest to the perpendicular direction were 157.5° and
168.25°, respectively, meaning that the ions were heated at alti-
tudes above ~8,600 and ~3,400 km. It is generally believed that
the typical altitude of the upper boundary of the AAR does not ex-
ceed 12,000 km (Paschmann et al., 2003; Cui YB et al., 2016). Our
results suggest that the ion beams present in inverted-V Struc-
ture I observed by SC1 may have been heated in a region above
the upper boundary of the AAR.

3. Discussion and Summary

Three ion beams with inverted-V structures in the energy spectra
were observed when Cluster SC1, SC3, and SC4 were travelling in
the northern PSBL on March 28, 2001. The electric potential de-
rived from the electric measurements and the ratios of parallel ve-
locities of H+, He+, and O* (Structures I and III) suggest that these
ions had been accelerated through a U-shaped potential drop be-
fore they were detected by the satellites.

It is well known that the acceleration of ions by electric potential
may not change the ion temperature. However, the observations
show that the T, of the H*, He*, and O* ions was ~100 eV (from
SC1), which is significantly higher than the common upflowing
ion temperature (several eVs) in the ionosphere (Lu et al., 1992).
Therefore, there should be an additional heating process for these
ions during the upflowing process. Heating mechanisms are
mostly in the perpendicular direction and may change the sub-
sequent perpendicular temperature. Observations have demon-
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Figure 3. (a)—(c) 1D cuts of 3D velocity space distributions of H*, He*, and O* beams over three time periods observed by Cluster SC1, including
the left flank of inverted-V Structure I during the time interval 22:57:43 to 22:58:06 UT, at Structure I's energy peak during the time interval
22:58:07 to 22:58:15 UT, and on its right flank during the time interval 22:58:23 to 22:58:55 UT. The background fluxes have been removed by
adopting the same method used for Figure 2(a—c), with the best Maxwellian fit being shown on top of the distribution.

strated that the heating process in the auroral region commonly
involves electromagnetic waves, such as those in the broadband
low-frequency range (Bonnell et al., 1996; Wahlund et al., 1998),
lower hybrid waves (Lynch et al., 1996) and EMIC waves (Mobius
et al., 1998; Lund et al., 1998). EMIC waves with frequencies be-
low the gyro-frequency of heavy ions will eventually become
gyro-resonant with the ions (Temerin and Roth, 1986). Previous
work indicates that such energization by EMIC waves often oc-
curs below 4,200 km (Erlandson et al., 1994; Lund et al., 1998). Tak-
ing account of the structure of the Earth’s magnetic field, it is reas-
onable to assume that part of the perpendicular energy in a lower
altitude in the auroral region could be adiabatically transferred in-
to parallel energy at a higher altitude. Referring to the calculation
results shown in Figure 4b, if the heating occurred at ~4,000 km in

the perpendicular direction, the pitch angles would be changed
to not less than 157.5° by the mirror force when the ions reached
the location of SC1. It also means the change of ions distributions
by EMIC waves at ~4,000 km will eventually influence the T, for
ions in this event. Previous studies show that the heating of heavy
ions by EMIC waves is more efficient than of H* ions (Mobius et al.,
1998). Our observations show that the T, of He* and O* ions were
higher than those of H*, which is consistent with the prediction
based on the earlier scenario. Previous research also demon-
strated that auroral EMIC waves are observed at frequencies
between fye+r and fiy+ with their heating of He* being the most pro-
nounced (Lund et al,, 1998), and at frequencies below fo+ giving a
preferential acceleration to O* (Erlandson et al., 1994). We found
that the T, of the O* ions was the highest among the three spe-
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Figure 4. (a) The differential particle flux of O* ions at the energy peak of the inverted-V Structure I observed by the satellites SC1 (red), SC3
(green), and SC4 (blue). (b) The relationship between the pitch angles of the O* ions in the inverted-V Structure I observed by SC1 at 22:58:15 UT
and their corresponding source altitudes. The dashed red lines denote each pitch angle channel acquired by the CODIF instrument, i.e. 168.75°,
157.5°,145.25° 135°, and 123.75°, from bottom to top. The dashed green lines denote the heating altitudes corresponding to the pitch angle

channel closest to 90° observed by SC1, SC3, and SC4 (from right to left).

cies at the energy peak of inverted-V Structure I, while the T, of
the He* beams was the highest on the flanks. The fact that this
heating mechanism shows mass dependence at the center and
edges of the U-shaped potential structures suggests that EMIC
waves participating in the wave-particle interaction may have dif-
ferent frequencies at different locations relative to the potential.
In addition, ions of different masses at the same energy will travel
at different velocities, possibly leading to development of a two-
stream instability that will transfer energy from lighter to heavier
ions (Mobius et al., 1998). Particle simulations for mixed H*, He*,
and O* beams by Winglee et al. (1989) have confirmed that this
scenario is viable.

The other prominent point needing to be mentioned is that SC1
observed a wide pitch angle coverage (123.75° to 180°) at the en-
ergy peak of Structure I, which can not be explained solely by
heating within the AAR; if the heating occurred below 15,600 km,
the ions observed at this satellite altitude should be mostly in the
parallel direction and their pitch angle could not reach 135°. The
observed data suggest that after being energized by the parallel
electric field and EMIC waves inside the AAR, extra heating oc-
curred above the upper boundary of the AAR. The magnetic field
data from STAFF show enhanced fluctuations between ~8 Hz (the
lower limit of the instrument) and 40 Hz around the energy peak.
This frequency range covers the local cyclotron frequency of H*
(~8.65 Hz), which means that broadband low-frequency electro-
magnetic waves may be playing a role in extra heating above the
AAR through wave-particle resonance (Chang et al., 1986; Lund et
al., 1999). However, the weak intensity limits our analysis of these
waves; thus, other possibilities cannot be ruled out at this time. It
is worth noting that similar fluctuations in the magnetic field were
not captured by SC4. As SC4 observed a lower and longer dura-
tion of the peak energy value than SC1, it is likely that SC4 went

through the edge of the U-shaped potential structures, while the
trajectory of SC1 may have cut through the center. One implica-
tionis that the electromagnetic waves involved in this phe-
nomenon may be highly localized above the center of the U-
shaped structure.

Our main conclusions are summarized as follows:

(1) The electric potentials derived from the electric measurements
and parallel velocity ratios for H*, He*, and O* (Structures I and III)
suggest that the ions in the inverted-V structures were acceler-
ated by symmetric U-shaped potentials. In addition, ions coming
from the center of the potential structure have higher temperat-
ure than those from the flanks.

(2) O* and Het* ions are preferentially heated. We found that the
T, of the O* ions was the highest among the three species at the
energy peak of the inverted-V Structure I, while the T, of the He*
ions was the highest on the flanks. We infer that the heating effi-
ciencies of O* and He* ions vary between the center and edges of
the U-shaped potential structures.

(3) The range of the ion pitch angles for the energy peak of the in-
verted-V Structure I observed by SC1 was from 123.75° to 180°.
Estimation based on the pitch angle observations shows that the
ions in Structure I were heated above ~ 15,600 km, which is above
the upper boundary of the AAR.
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