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Abstract. The ion composition experiment on Cluster mea-
sures 3-D distributions in one spin of the spacecraft (4 ).
These distributions often measure field-aligned ion beams
(HT, Het and OT) accelerated out of the ionosphere. The
standard model of these beams relies on a quasi-static U-
shaped potential model. The beams contain important infor-
mation about the structure and distribution of the U-shaped
potential structures. For example, a simple beam with a nar-
row velocity range tells us that the particles are accelerated
going through a quasi-static U-shaped potential structure lo-
calized in space. A more complex beam with a large range
of velocities varying smoothly (a few tens of kilometers per
second to > 100 kms~1) tells us that the potential structure
is extended and distributed along the magnetic field. The
Cluster experiment has now revealed new features about the
beams. Some beams are broken into many individual struc-
tures each with their own velocity. The U-shaped potential
model would interpret the new features in terms of parti-
cles accelerated by narrow isolated potential structures main-
tained over an extended region of the magnetic field. Another
interpretation is that these features arise as Cluster traverses
toward the center of a small-scale U-shaped potential region
detecting particles accelerated on different equipotential con-
tours. The estimate of the distance of the adjacent contours is
~590-610m at a Cluster height of ~ 3.5 Rg. The observed
dimensions map to ~ 295-305m in the ionosphere, suggest-
ing Cluster has measured the potential structure of an auroral
arc.

Keywords. lonosphere (auroral ionosphere; particle accel-
eration) — magnetospheric physics (auroral phenomena)

1 Introduction

The electric field parallel to magnetic field direction (E}|)
is fundamentally important for accelerating laboratory, space
and astrophysical plasmas. The best-documented observa-
tions of E}; come from Earth’s aurora. The first evidence of
E) was obtained by satellite observations of auroral elec-
tron and ion beams that were accelerated in opposite direc-
tions along the magnetic field (Shelley et al., 1972). Satel-
lites traversing the auroral acceleration region have since
shown that the auroral beams of different energies form an
inverted-V shape when the particle flux is plotted against
time (Heikkila, 1970; Frank and Ackerson, 1971; Carlson
et al., 1998; Marklund et al., 2011; Cui et al., 2014). The
standard interpretation of how the inverted-V feature arises
is that particles are accelerated in a quasi-steady U-shaped
auroral potential structure (Carlgvist and Bostrom, 1970). In
U-shaped potential structures, the equipotential surfaces are
assumed to be symmetric and parallel to the magnetic field
direction and the potential drop A® at any altitude is at a
maximum at the center and decreases monotonically toward
the sides. A detector moving across such a potential structure
will thus detect electrons and ions with increasing energy to-
ward the center before the maximum and with decreasing en-
ergy after the maximum, producing an inverted-V feature in
energy—time spectrogram plots. In a negative potential struc-
ture, ions are accelerated upward and electrons downward
(to produce the auroral emissions) and the electric field con-
verges at the bottom of the flow shear zone; the equipotential
contours form a characteristic U-shaped contour (Carlson et
al., 1998; Marklund et al., 2011; Cui et al., 2014).
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There is a puzzle of why the dimensions of inverted-
V structures measured by satellites and rockets are differ-
ent from typical auroral dimensions. Satellite measurements
have shown that the inverted-V structures have dimensions
of a few hundred kilometers in latitude, and rocket measure-
ments have shown that they are several kilometers (Heikkila,
1970; Frank and Ackerson, 1971; Arnoldy, 1974; Bosqued
et al., 1985; Carlson et al., 1998). Recently, 5 years of the
Fast Auroral SnapshoT Explorer (FAST) data have shown
that the usual width of an inverted-V varies from 20 to
40 km, which is comparable to the peak value of the typical
mesoscale auroral arc width of 10-20 km (Partamies et al.,
2008). From Freja and Cluster observations, the scale sizes
of auroral electric field structures were reported to be ~ 1—
5km (Karlsson and Marklund, 1996; Johansson et al., 2007).
However, these dimensions are much larger than the dimen-
sions of a typical aurora. Various forms of auroras optically
determined from a ground-based orthicon television camera
(Davis, 1966) showed that the auroral dimensions can be as
small as ~ 70 m, and most of the auroral structures have di-
mensions less than ~1km (Maggs and Davis, 1968). Ob-
servations by Maggs and Davis (1968) have also established
that the dimensions of the aurora when not measured along
the magnetic zenith direction are much larger than the actual
dimensions.

Information about the U-shaped potential structure is con-
tained in the different types of field-aligned beams. Field-
aligned auroral ion beams (H*, He™ and O™) are frequently
measured accelerated out of the auroral ionosphere. The es-
caping beams can be narrow in velocity space or more ex-
tended with a continuous range of velocities. Narrow veloc-
ity beams indicate that the particles have been accelerated
by a potential localized in space, and beams with a wider
continuous velocity range indicate that ions have been accel-
erated over an extended potential structure distributed along
the magnetic field.

In this study, we present a new feature of the upward flow-
ing ionospheric ion beams in the auroral region observed by
the Cluster ion spectrometry (CIS) experiment (Escoubet et
al., 2001; Réme et al., 2001). The new feature is that the up-
ward flowing HT, He™ and O beams can include multiple
discrete structures, each with a narrow velocity range but ex-
tending over a wide velocity range. These multiple discrete
beams are not easily interpreted using the standard auroral
potential model because they would require the existence of
as many narrow isolated potential structures as the number
of beams along the magnetic field. There are no models or
theories that can explain how the multiple discrete potential
structures can be formed and maintained. We suggest that
the multiple discrete beams are accelerated on the different
equipotential contours, which have small spatial scales, when
Cluster crossed an auroral potential structure at a height of
3.5 Re. This new measurement will resolve why the dimen-
sion of inverted-V structures obtained by satellites and rock-
ets is different from the dimensions of typical auroras.
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Figure 1. A summary plot of the ion measurements on Cluster 1.
Panels (a)—(c) show the differential number flux spectrogram of
HT, HeT, and O, while panels (d)—(f) show the pitch-angle distri-
butions of these ions. The inverted-V features appeared sporadically
in all ion species. The position of the spacecraft is shown at the bot-
tom. The spacecraft was traversing the Southern Hemisphere just
after local midnight.

2 Observations

lon beams leaving the ionosphere are frequently observed
by Cluster. We have examined about 30 different days when
inverted-V structures were observed. In this article we show
examples from 14 February 2001 to illustrate the new fea-
tures. Figure 1 shows a summary plot from 14 February
2001, during which field-aligned ion beams associated with
inverted V-feature were observed streaming out of the iono-
sphere. The inverted-V structure was observed just after mag-
netic local midnight. The four Cluster satellites were passing
through the perigee at geocentric distance of ~4.8 Rgc. The
ion data were obtained by the composition and distribution
function (CODIF) experiment on Cluster 1 (C1), 3 (C3), and
4 (C4) (Réme et al., 2001), which measures ion species — H™,
He™, and O — from Earth’s ionosphere and distinguishes
them from the He™ ™ ions of the solar wind. These beams are
measured within the spin-time resolution of 4 s 3-D distribu-
tions. This experiment includes a time of flight (TOF) detec-
tor and obtains 3-D distributions of the different ion species
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Figure 2. Keogram of global auroral images during the observations of ion beams flowing out of the ionosphere. The top panel shows the
aurora in geomagnetic latitude as a function of universal time and the bottom panel shows magnetic local time vs. universal time. The right
color bar shows the intensity of the aurora in rayleighs. The black lines are footprints of the satellite using several different models (caveat:
Cluster was in the Southern Hemisphere, while the auroral picture comes from the Northern Hemisphere).

from ~21eV to 38keV ions. The experiment has eight de-
tectors aligned along the polar direction separated by 22.5°,
and the high voltage (HV) sweeps over the energy range from
~21eV to 38 keV 32 times as the spacecraft spins, produc-
ing 2-D distributions with a time resolution of 0.125s.

The top three panels of Fig. 1 show differential number
flux spectrograms of H*, He™ and O from C1. On the
basis of different plasma properties, the interval has been
divided into three separate regions: lobe (00:30-00:44 UT),
plasma sheet boundary layer (PSBL) (00:44-01:10 UT) and
plasma sheet (after 01:10 UT). The pitch-angle spectrograms
of the ions in the PSBL (bottom three panels) show that
the ions are field-aligned, and all measurements come from
the pitch-angle bins closest to the magnetic field direc-
tion. Important features on this day include time-dispersed
ion injections observed in all ion species beginning around
00:44 UT, previously studied by Keiling et al. (2004), who
showed that the injection included four to five “beamlets”
separated by ~ 100s. Injections of the lower-energy ions of
~ 1keV occurred in coincidence with these beamlets. As the
spacecraft entered into the inner boundary of the PSBL (af-
ter 00:55 UT), higher-energy ions and inverted-V structures
were observed; see Cui et al. (2014) for further discussion of
these inverted-V events.

The keograms covering the same period, constructed from
the individual Wideband Imaging Camera (WIC) far ultravi-
olet (FUV) auroral images (Mende et al., 2000), are shown
in Fig. 2. In each keogram, the top panel shows the auro-
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ral intensity as a function of magnetic latitude (MLat), and
the second panel shows it as a function of magnetic local
time (MLT). The solid black lines are footprints of C1 in
the Southern Hemisphere, using different models including
the Tsyganenko 89 (T89) and Tsyganenko 96 (T96) (Tsy-
ganenko and Stern, 1996) models (the two models essen-
tially gave the same results). The keograms come from au-
roras in the Northern Hemisphere, and the magnetic field
of the Southern Hemisphere was mapped to the Northern
Hemisphere using the procedure from the Satellite Situa-
tion Center (http://sscweb.gsfc.nasa.gov/). It uses the Inter-
national Geomagnetic Reference Field (IGRF) with the Tsy-
ganenko 89c model with Kp = 3. It starts with the spacecraft
position and follows the modeled field line in both directions.
It stops when the field line reaches an altitude of 100 km (that
is, the foot point) or an altitude of 70 Rg (considered open).
This way, it gives both the northern and southern footpoints
simultaneously (assuming that they both exist).

We now focus on the low-energy ion beams beginning
around 00:45UT. The keogram shows that the spacecraft
passed through close to magnetic local midnight. Figure 3
shows examples of H*, He™ and O ions plotted in the ve-
locity space. These plots are 2-D cuts of 3-D distributions
obtained with a time resolution of 4 s (every spin). The phase
space densities are plotted in the plane defined by the veloc-
ity parallel (V};) and perpendicular (V) to the direction of
the magnetic field in the spacecraft frame of reference. The
first row shows H™ ions for three times, the second row He™
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Figure 3. Four types of field-aligned velocity distributions observed by Cluster. These are the 2-D cuts of the 3-D distributions obtained
with spin-time resolutions of 4s. The top row shows H* distribution, the middle row He™, and the bottom row O*. The three columns
are observations from Cluster 1, 3, and 4. Four types of beams (beams with narrow velocity range; a more complex distribution with larger
velocity range; multiple discrete beams each with different velocity; and beams off the magnetic field axis, possibly ion conics) are observed
for all ion species and all Cluster spacecraft. Note that the velocity scales of the plots are different.

ions and the bottom row O™ ions. The three columns show
data from C1, 3 and 4. The four Cluster spacecraft were in the
Southern Hemisphere, and thus positive V}; corresponds to
ions moving upward along the magnetic field direction leav-
ing the southern auroral ionosphere. (Note that the sampling
times onboard the different spacecraft when the distributions
were obtained are slightly different).

These plots show three types of field-aligned beams
(FABs). The first is an isolated beam with a narrow ve-
locity range (for example, H™ with Vv ~75km s71, at
00:52:35 UT; top left on C1). The second is a FAB with
a wider range of V; values (V}; from ~50-110kms~1 at
00:52:41 UT; top middle panel, C3) and the third multi-
ple discrete beams each with its own Vj; (V} at ~25 and
50kms—1 for Het at 00:52:35 UT; middle right panel, C4).
These multiple beams have been observed for all ion species
— H*, He™ and O*. Multiple discrete beams are also seen
sometimes in beams at larger pitch angles, some of which
may be identified as ion conics (Temerin et al., 1982). A
survey of several hundred FAB events of upward flowing
ions indicates that the multiple discrete beams occur regu-
larly throughout the upward flowing beams. They are seen
on all spacecraft, and the multiple beams appear randomly.

Ann. Geophys., 33, 1263-1269, 2015

No specific local plasma conditions could be associated with
their presence.

To interpret the features of the beams, note that the energy
per charge of an ion that has gone through a potential drop
A¢ measured by CODIF is mv2/2q = (Wi /q) + A¢, where
Whn is the thermal energy. The thermal energy of the ambient
ionospheric plasma is <1eV; hence, we assume it is much
less than the potential drop (Wi < g Ag). If so, the peak of
the ion beam distribution in velocity space will correspond to
the energy gained going through the potential drop. A sim-
ple H* beam with a velocity of 75km s~ (top left) indicates
that the ions have undergone a potential drop of ~ 30V along
the magnetic field (after correcting for the spacecraft poten-
tial). For beams with a larger velocity range, which smoothly
varies (top right), it is argued that the potential is extended
along B and the higher-velocity ions correspond to ions start-
ing at lower altitudes that have gone through a larger poten-
tial drop, gaining more energy. For example, for velocities
varying from 60 to 150kms~1, the potential drops corre-
spond to ~20-120V. Note that later in the PSBL, follow-
ing the breakup of the aurora at ~ 00:55 UT (not shown), the
peak inverted-V structures reached ~ 6 keV.

Field-aligned beams with as many as five discrete beams
have been observed, with each having a different velocity. An

www.ann-geophys.net/33/1263/2015/
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estimate of the distance traveled between consecutive FABs
can be obtained by using information from 2-D distributions,
sampled every 125ms. Multiplying the spacecraft velocity
of ~4.7-4.9km s~ with the sampling time of 0.125s shows
that the spacecraft has traveled ~ 590-610 m. This distance
mapped to the ionosphere using the T96 model indicates that
the footprint of Cluster has moved ~ 295-305m. This dis-
tance is very typical of the auroral arc dimensions measured
by Maggs and Davis (1968). Thus, our suggestion is that the
discrete beams measured by Cluster represent the separation
distance between the equipotential contours in auroral arcs.

We can also examine whether the different ion species
have gone through the same or a different amount of po-
tential drops. The plots in the right column show that the
lowest measured velocity of the H beam at 00:52:35 UT is
~75kms~1, that of the He™ beam is ~35kms~1 and that
of the O beam is ~ 18 kms~. These beams come from the
same C4, and the measured ratio of beam velocities of O™
to H* is ~0.24 and that of He™ to H* is ~ 0.47. These val-
ues are within the uncertainties of the theoretical ratios of the
beam velocities of O and He™ to H™ if all of the ions have
gone through the same potential drop: Vyy = 2Vhet and
Ve = 4Vo4. Thus, our observations indicate that these ions
originated from nearly the same height and each ion has gone
through ~ 30-40 Volts of potential drop. For a Maxwellian
distribution, the temperature of the beams can be estimated
from the width of the distribution. The estimated tempera-
tures of H*, Het and O ions (in units of kT where k is the
Boltzmann constant) are ~ 50, 75 and 100 eV, respectively,
indicating that the temperature of O™ is larger than that of
H* or He™. Mass-dependent heating has been previously ob-
served not only in Earth’s auroras but also on the Sun (Reiff
et al., 1988; Collin et al., 1987; Mdbius et al., 1998; Cui et
al., 2014; Cranmer et al., 1999; Marsch et al., 2004).

3 Discussion

In this paper, we have presented a new feature in outflowing
auroral ion beams, which can be used to obtain information
about the U-shaped potential structure. The new feature is
that auroral ion beams consist of multiple discrete beams,
each with a different velocity. This has not been discussed
previously although a careful examination of figures previ-
ously published of beams indicates the presence of multiple
beam structures (see Fig. 3 of McFadden et al., 1998, Fig. 1
of Lund et al., 1998 and Fig. 1 of Mobius et al., 1998). The
new feature has been interpreted in terms of a small-scale
potential structure and indicates that Cluster was measuring
particles accelerated by different potential contours. Figure 4
shows an illustration of the potential structure in the acceler-
ation region. The large-scale U-shaped potential structure ex-
ists, encompassing the whole inverted-V structure and mul-
tiple small-scale potential structures, each of which, produc-
ing beams with different energies, are embedded within the

www.ann-geophys.net/33/1263/2015/
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Figure 4. An illustration of the potential structure showing equipo-
tential contours (blue lines) in the auroral acceleration region. Mag-
netic field lines (orange lines) and outflowing ions (red arrows) are
also shown. Cluster was passing through such a structure at a height
of ~3.5Rg.

large-scale structure. Based on these beam features, the dis-
tances of the adjacent small-scale potential structures have
been estimated. The small distances of a few hundred me-
ters lend support to the idea that Cluster was measuring the
potentials of auroral arcs. Our observations clarify the puz-
zle of why the dimensions of inverted-V structures measured
by satellites and rockets are different from the dimensions of
typical auroras.

A qualitative new picture that is now emerging from our
study is that low-energy ionospheric ion beams are contin-
ually escaping from the polar regions of Earth during both
quiet and disturbed geomagnetic times. These beams include
the polar wind, upwelling ions from the cusps and polar caps,
and ion beams accelerated in the aurora by electric field par-
allel to the magnetic field direction. These ions are a signifi-
cant plasma source for the lobes and the plasma sheet regions
in the geomagnetic tail (Parks et al. (2015) and references
therein).

A recent investigation of the behavior of ion beams in
inverted-V structures consisting of H*, He™, and O showed
that the ions are heated while accelerated along the magnetic
field direction (Cui et al., 2014). The He™ and O ions are
generally hotter than HT confirming the results from previ-
ous studies (Collin et al., 1981; Reiff et al., 1988; Md&bius et
al., 1998). However, the results of Cui et al. (2014) show that
the ion beam density §ny and temperature 7); increase as the
streaming velocity Vj increases in the inverted-V structure.
The parallel temperature Tj; starts out a few tens of eV in the
beginning, where the beam density is small (8np/nr < 0.1),
and increases to a few hundred eV at the peak, where the

Ann. Geophys., 33, 1263-1269, 2015
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beam density reaches maximum (6np/ny > 0.3). These re-
sults interpreted in terms of a U-shaped potential structure
indicate that the hottest ions come from the central region,
where the potential difference is at a maximum. Preferential
heating of heavier masses has also been observed in the solar
corona (Kohl et al., 1998). Several suggested heating mecha-
nisms include wave-particle resonance interactions and mul-
tistream instabilities (e.g., Hudson et al., 1983; Kaufmann
et al., 1986; Dusenbery et al., 1988; Bergmann and Lotko,
1986; Malkki et al., 1989; Cranmer et al., 1999; Marsch,
2006). However, which of these mechanisms is active re-
mains unknown and needs further study.
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