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Abstract

We present a statistical study of 714 ion conic events detected by the Fast Auroral Snapshot Explorer (FAST)
from September 1996 to February 1997. Ninety-nine percent of the events found are associated with either broad-

band extremely low frequency (BBELF) emissions or electromagnetic ion cyclotron (EMIC) waves. Lower hybrid
waves are much less important in transverse ion acceleration above 2000 km. The BBELF events are more
numerous, comprising some 84% of ion conic events identi®ed, and occur at all local times, with a peak near noon
and a minimum near dusk. The EMIC events are concentrated in the dusk to midnight sector and are more likely to

occur at lower latitudes compared to the BBELF events. The occurrence rate of EMIC conics has an apparent local
minimum at 2000±2500 km, while the BBELF conic occurrence rate varies only slowly between 2000 km and the
FAST apogee of 4200 km. The occurrence rate of EMIC conics is more strongly correlated with Kp than the

BBELF conic occurrence rate. These results are consistent with previous studies of ion conics at lower altitudes. The
correlation of both BBELF and EMIC ion conics with phenomena that are associated with parallel electric ®elds
suggests that parallel electric ®elds play a signi®cant role in transverse ion heating in the aurora. 7 2000 Elsevier

Science Ltd. All rights reserved.

1. Introduction

In the years since Sharp et al. (1977) ®rst deduced

the existence of a mechanism that accelerates ions

transversely to the magnetic ®eld at auroral latitudes,

ion conics have come to be recognized as a ubiquitous
feature of the aurora. A large number of rocket (Wha-
len et al., 1978; Yau et al., 1983; Kintner et al., 1986;

Lynch et al., 1996) and satellite (Gorney et al., 1981;
Klumpar et al., 1984; Miyake et al., 1991, 1996; Knud-
sen et al., 1998a; AndreÂ et al., 1998) studies have

attempted to elucidate the mechanisms which produce
transverse ion acceleration.
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In recent years, three types of wave emissions

have been found in association with ion conics at
altitudes below 2000 km. The most common is a
broad-band extremely low frequency (BBELF) emis-

sion which is correlated with ®eld-aligned suprather-
mal electron bursts in the downward current region
(Knudsen et al., 1998a and references therein). The

wave mode or modes which produce these emissions
have not been conclusively identi®ed; suggested can-

didates include inhomogeneous energy±density driven
instability (Amatucci et al., 1998; Koepke et al.,
1999), solitary kinetic AlfveÂ n waves (Knudsen and

Wahlund, 1998), ion acoustic waves (Wahlund et
al., 1998), electron acoustic waves (Cattell et al.,

1998), and electrostatic solitary waves (Ergun et al.,
1998). There is evidence that BBELF emissions are
often AlfveÂ nic at the lowest frequencies and electro-

static near and above the oxygen gyrofrequency
(Heppner et al., 1993; AndreÂ et al., 1998). The
other two types of wave emissions, electromagnetic

ion cyclotron (EMIC) waves (Erlandson et al.,
1994) and lower hybrid (LH) waves (Kintner et al.,

1986), are associated with ®eld-aligned electrons
occurring within ``inverted-V'' structures. A recent
statistical survey of the Freja data con®rms that

these three wave emissions account for nearly all of
the ion conics seen near 1700 km (AndreÂ et al.,
1998).

When EMIC waves accompany an ion conic,
He+ is found to be energized more e�ciently than

other species (Lund et al., 1998), and O+ is preferen-
tially accelerated over H+ (Erlandson et al., 1994; Vai-
vads et al., 1999). The He+ ions are apparently

accelerated by a cyclotron resonant interaction with
the waves near the altitude where their frequency

equals the helium gyrofrequency fcHe. Such a preferen-
tial acceleration is needed to explain the observed He+

¯uxes in a large fraction of the ion conics studied by

Collin et al. (1988). The X-type He+ distributions seen
in the equatorial magnetosphere result from a similar
process (Anderson and Fuselier, 1994; Horne and

Thorne, 1997), and this mechanism is similar to a
mechanism that has been proposed to account for

anomalously high 3He abundances in impulsive solar
¯ares (Temerin and Roth, 1992; Roth and Temerin,
1997).

In the next section we show examples of the data
from the Fast Auroral Snapshot Explorer (FAST). We

then a present a statistical study of ion conics ident-
i®ed during September 1996±February 1997 and dis-
cuss some implications of our results. The present

study is intended to complement the AndreÂ et al.
(1998) study by extending their analysis to the bottom
of the potential drop in the upward current region and

to comparable altitudes in the return current region. A
case study of passes in which transverse ion accelera-

tion by both BBELF and EMIC waves occurs is pre-
sented elsewhere (Lund et al., 1999).

2. Examples of data

The FAST was launched on August 21, 1996, into a
4200 � 350 km orbit with 838 inclination. An overview

of the mission is given by Carlson et al. (1998a). The
FAST carries the Time-of-¯ight Energy Angle Mass
Spectrograph (TEAMS), which simultaneously

measures 3D distributions of H+, He2+, He+, and
O+ at 0.001±12 keV and also provides a mass spec-
trum over the range 1±60 AMU/q (MoÈ bius et al.,
1998).

Fig. 1. Overview of the BBELF ion conic event from the day-

side on orbit 1760. From top to bottom: electron energy spec-

trogram; ion pitch angle spectrogram (all species); energy

spectrograms for H+, He+, and O+; average energy (energy

¯ux divided by number ¯ux); and ELF electric and magnetic

®eld frequency spectrograms. The z-axis units are eV/(cm2 s sr

eV) for the particle data, dB (V/m)2/Hz for the electric ®eld

spectrogram, and dB (nT)2/Hz at 1 kHz for the magnetic ®eld

spectrogram, which has been multiplied by f 2 to reduce the

dynamic range needed to display the data.

E.J. Lund et al. / Journal of Atmospheric and Solar-Terrestrial Physics 62 (2000) 467±475468



As the statistical study described below shows,
almost all of the ion conic events seen by FAST are as-

sociated with either BBELF emissions or EMIC waves.
Many of these events are also associated with other
wave modes, in particular LH waves and electrostatic

ion cyclotron (EIC) waves, but the correlation between
the occurrence of LH or EIC waves and ion conics is
not as good on shorter time scales as the correlation

between BBELF or EMIC waves and ion conics. Simi-
lar associations between waves and ion conics have
been found at lower altitudes (AndreÂ et al., 1998).

An example of transverse ion heating by BBELF
waves is shown in Fig. 1, which shows 3 min of data
from a pass through the aurora near 09 MLT during a
period of moderate geomagnetic activity �Kp � 3).

Although most of the BBELF emissions that occur on
this pass are electrostatic, the emissions at 04:51:30±
04:52:00, which coincide with the most intense ion

heating, have a signi®cant magnetic component at fre-
quencies up to fcO115 Hz. The electrons are highly
®eld-aligned (not shown), as is typical of the return

current region (Carlson et al., 1998b). The character-

istic energies (the energy ¯ux of each species divided
by the number ¯ux for that species) at 04:51:39 UT are

1140 eV for H+, 442 eV for He+, and 403 eV for O+;
the energy ranges of the ions in the conic are approxi-
mately 50±3000 eV for all three species. The character-

istic energy of H+ may be apparently enhanced by the
presence of plasma sheet protons, which dominate the
total ¯ux. We have attempted to separate the plasma

sheet population from the conic population by setting
the upper energy limit of the ¯ux integrations to the
energy above 100 eV with the fewest total counts, but

because the lower energy limit of the plasma sheet var-
ies, the plasma sheet population is not easily separated
from the conic by an automated procedure. Through-
out the event, the ion conic energies are positively cor-

related with the intensity of the BBELF waves.
Fig. 2 shows an example of transverse ion heating

by EMIC waves. The data are taken from a pass near

22 MLT. This pass was geomagnetically quiet
�Kp � 1ÿ). The VLF portion of the wave spectrum
shows evidence of a particularly low plasma density on

this pass (Strangeway et al., 1998). The ion conic event
occurs at 06:44:44±58, between two ion beams; many
of the EMIC conics occur at the edge of an ion beam.

The EMIC waves occur in the presence of secondary
electrons, which are the leading candidate for generat-
ing the waves (Lund and LaBelle, 1997 and references
therein). The characteristic energies at 06:44:52 are

1000 eV for He+, 531 eV for O+, and 86.2 eV for
H+. This ordering of energies is typical of EMIC ion
conics. Note that while H+ and O+ have extended

tails, He+ is bulk heated.

3. Statistical results

For this paper we have examined 714 ion conic

events which occurred between September 1996 and
February 1997. Events were counted only if (1) the ion
conic was clearly visible in H+, He+, and O+ at the

same time and (2) the spacecraft potential was within
its output range (within approximately 250 V) during
the event. The latter condition was imposed because

severe spacecraft charging precludes electric ®eld
measurements at frequencies below 1100 Hz. A maxi-
mum of one event of each type was counted on each
inbound and each outbound pass through the auroral

oval (a maximum of two BBELF and two EMIC
events per hemisphere); where more than one event of
a given type occurred on one pass, the event with the

highest ion energies was used. For each event, the
energy range covered by each ion in the conic was esti-
mated by eye from the spectrogram, and the location,

Kp index, and wave emissions were also recorded. For
purposes of normalization, the total number of passes
available at a given MLT, altitude, or Kp was obtained

Fig. 2. Overview of the EMIC ion conic event from the night-

side on orbit 1761. The format is the same as for Fig. 1.
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from a database of crossings of 708 invariant latitude,

which represents the average latitude of the auroral
oval (the oval is equatorward of 708 on the nightside
and poleward of 708 on the dayside), and a list of

passes during which the TEAMS instrument was on
and operating at the correct post-acceleration voltage

for the lookup table in memory. The bin sizes used
were 3 h in MLT, 28 in invariant latitude, 500 km in
altitude, and nearest integer Kp: The orbital coverage

by MLT and altitude is shown in Table 1.
The most common emission in our database is

BBELF, which accounts for 601 of the events (84%).
BBELF emissions are frequently seen in combination
with VLF saucers (209 events) or lower hybrid emis-

sions (237 events), but BBELF also occur alone (171
events) or with EIC waves (20 events). (These numbers

include cases where more than one of the other three
emissions is observed.) In all cases the BBELF emis-
sions are best correlated with the ion heating. The var-

ious EMIC modes account for 106 of the events (15%)
in our database. The proton cyclotron wave is

observed in most of these events, either singly (90
events) or in combination with O+ EMIC waves (13
events). Occasionally the He+ cyclotron mode is seen

(5 events, including 2 where the proton mode is not
observed). Lower hybrid waves are also seen in 52 of

these events.
Of the remaining events in our database, 6 are ac-

companied by LH waves, including one that is also as-
sociated with EIC waves. The last is associated with
EIC waves and a saucer. The LH events include 4 of

the 13 events at altitudes below 1600 km. In some of
the LH events, the heating may actually be done by

electrostatic BBELF waves, which do not propagate to
the satellite altitude or by EMIC waves generated
below the satellite altitude. In a detailed study of LH

ion conics observed with Freja, Knudsen et al. (1998b)
concluded that ``the net e�ect [of LH cavitons] on the

ambient ion populations is small'' (p. 4248). Because
the number of such events in our database is too small

for meaningful statistics, we will not consider these

events further in this paper.
The distribution of events in latitude and magnetic

local time is shown in Fig. 3. We see that the BBELF

conics (top) occur most frequently in the pre-noon sec-
tor, while EMIC conics (bottom) occur primarily in

the pre-midnight sector. This point is illustrated in
greater detail in Fig. 4, which shows normalized occur-
rence probabilities of BBELF and EMIC conics as a

function of magnetic local time. EMIC conics are most
common in the pre-midnight sector and rarely found

near dawn; this distribution is consistent with the mag-
netic local time distribution that has been observed for
EMIC waves alone (Saito et al., 1987; Erlandson and

Zanetti, 1998). Fig. 4 also shows that the lack of
BBELF events on the duskside is real and not merely

the result of sampling bias. In fact, while BBELF
events are about six times more numerous than EMIC
events overall, in the 18±21 MLT sector the occurrence

rate of EMIC conics is the same as for BBELF conics.
The MLT distributions in Fig. 4 are qualitatively simi-

lar to the unnormalized distributions shown in Fig. 16
of AndreÂ et al. (1998).

Fig. 5 shows the distribution of ion conic events
with altitude. The distribution of BBELF events is
steady above 2000 km; the portion of the distri-

bution at lower altitudes is dominated by samples
near dawn (03±09 MLT), which comprise 346 of

the 373 available passes. We attempt to separate
altitude and MLT e�ects in the BBELF occurrence
rate in Table 2. Here we ®nd that the altitude

dependence changes with local time: the occurrence
rate of BBELF heating rises with altitude near

dawn, falls with altitude in the noon and dusk sec-
tors, and is steady (within statistical uncertainties)
near midnight. A more complete sample at lower

altitudes would likely ¯atten the distribution in
Fig. 5; such an altitude pro®le is consistent with

the result of Miyake et al. (1996) that continuous
heating up to at least 10,000 km is necessary to

Table 1

Available passes by altitude and magnetic local time

Altitude (km) 00±03 03±06 06±09 09±12 12±15 15±18 18±21 21±24 Total

r4000 117 0 34 90 116 0 76 233 666

3500±4000 105 10 74 104 81 29 76 179 658

3000±3500 55 50 75 55 40 52 66 78 471

2500±3000 29 80 81 21 25 52 36 32 356

2000±2500 10 123 92 16 10 46 5 2 304

1500±2000 6 98 131 0 0 10 0 0 245

1000±1500 2 29 81 0 0 0 0 0 112

500±1000 0 0 6 4 2 0 1 0 13

< 500 0 0 1 0 0 0 0 2 3

Total 324 390 575 290 274 189 260 526 2828
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account for the observed cone angles in ion conic

distributions. The altitude distribution of our EMIC

events has a local minimum just above 2000 km.

This altitude distribution di�ers somewhat from the

distribution of EMIC waves reported by Saito et al.

(1987), which peaks below 2000 km and continues

to decline at higher altitudes. This discrepancy may

be due to the over-representation of the pre-mid-

night sector, where EMIC such on occurrence is

highest, among our high altitude samples and the

lack of available passes at 1000±2000 km in this

local time sector.

Fig. 6 shows the distribution of both types of ion
conics with Kp: The trend towards a higher occurrence

rate of EMIC conics as Kp increases from 0 to 4,
agrees with the conclusion of Saito et al. (1987) that
EMIC waves are more prevalent at higher Kp: The

occurrence probability of BBELF events rises much
more slowly with Kp: This result is consistent with an
earlier study of DE 1 data (Yau et al., 1985), which

found that the probability of intense up¯owing ion
events depended much more strongly on solar activity
as measured by the F10.7 radio ¯ux than on Kp:
The BBELF ion conic events tend to occur at higher

invariant latitudes (an average of 73.58) than the
EMIC events (an average of 70.78), as expected from
the di�ering local time distributions. As Fig. 7 shows,

Fig. 3. Distribution of ion conic events in this study over

invariant latitude and magnetic local time: (top) BBELF

events, and (bottom) EMIC events.

Fig. 4. Normalized occurrence probabilities of BBELF (red)

and EMIC (green) ion conics as a function of magnetic local

time. The error bars represent bin width in the horizontal

direction and Poisson statistical errors in the vertical direc-

tion.

Fig. 5. Normalized occurrence probabilities of BBELF (red)

and EMIC (green) ion conics as a function of altitude. The

error bars have the same meaning as in Fig. 4.
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the distribution of BBELF events during active times
�Kpr4ÿ� is shifted about 28 equatorward from the dis-
tribution of BBELF events during quiet times

�KpR1�). This shift is consistent with expansion of the
auroral oval during periods of enhanced geomagnetic
activity.

That BBELF waves and EMIC waves have di�erent
e�ects on the ambient ions is shown in Fig. 8, which
shows the ratios of maximum energies EHe/EH (top)

and EHe/EO (bottom) for the two wave modes as histo-
grams. The bar heights are normalized to the total
number of events of each type. About 95% of the ion
conics with BBELF waves have 0.4 < EHe/EH < 2.5,

and about 85% have 0.7 < EHe/EH < 1.4, whereas for
the events with EMIC waves, the median value of EHe/
EH is about 5. The distributions for EHe/EO and EO/

EH (not shown) show less drastic but qualitatively
similar trends. These results show that the EMIC
waves, which are narrow-banded, select the He+ ions,

presumably by a cyclotron resonant interaction, while
BBELF waves have similar e�ects on all ion species.
The lack of mass dependence of the maximum

observed energy for BBELF events is consistent with
previous observations (Knudsen et al., 1994; Norqvist
et al., 1996).

4. Discussion

At one time lower hybrid waves were thought to be

the waves responsible for most of the transverse ion
heating in the auroral region (Kintner et al., 1986).
However, we have found that the role of lower hybrid

waves is essentially negligible at altitudes above 2000
km. There are two probable reasons for this discre-
pancy. One is an altitude e�ect: lower hybrid waves

may produce core ion heating to a few eV at low alti-
tudes, and BBELF and EMIC waves then heat the
ions more strongly at higher altitudes; this scenario
would explain why H+ is heated at all in EMIC ion

conics even though we have previously shown that
protons show little or no response to EMIC waves
(Lund et al., 1998). The other reason is a selection

bias: most of the evidence for ion heating by lower
hybrid waves comes from sounding rocket data, and
almost all auroral sounding rockets are launched into

active aurorae rather than under the quiet conditions
which predominate at solar minimum. More recent
sounding rocket observations (Lynch et al., 1996) do

show that BBELF waves are more directly correlated
with ion heating than lower hybrid waves.

Fig. 6. Normalized occurrence probabilities of BBELF (red)

and EMIC (green) ion conics as a function of Kp: The error

bars have the same meaning as in Fig. 4.

Fig. 7. Invariant latitude distribution of BBELF ion conics

under quiet �KpR1�� (red), unsettled �2ÿRKpR3�� (blue),
and active �Kpr4ÿ� (green) conditions. The error bars have

the same meaning as in Fig. 4.

Table 2

Occurrence probabilities of BBELF conics by altitude and magnetic local time

Altitude (km) 03±09 09±15 15±21 21±03

r4000 0.47120.118 0.30620.039 0.07920.032 0.22920.026

3000±4000 0.33020.040 0.26420.031 0.13020.024 0.26620.025

2000±3000 0.12520.018 0.50020.083 0.22320.040 0.17820.049

< 2000 0.06120.013 0.83320.167 No events No events
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The MLT distribution of BBELF ion conics agrees
well with the MLT distribution of ion conics associ-

ated with ``electrostatic shocks'' in the S3-3 data (Red-
sun et al., 1985). Since electrostatic shocks often imply
parallel electric ®elds (Temerin et al., 1981), this result

implies that BBELF ion conics are associated with par-
allel electric ®elds, as suggested by Gorney et al.
(1985). A recent simulation of transverse proton heat-

ing by BBELF waves in the presence of a parallel elec-
tric ®eld reproduced a typical observed ion conic
distribution (Jasperse, 1998). We will investigate the

role of parallel electric ®elds in BBELF ion conics in a
future study.
The distribution of EMIC ion conics over MLT and

invariant latitude is similar to that of ion beams (Gor-

ney et al., 1981; Redsun et al., 1985). In fact, ion
beams frequently occur at one or both edges of an
EMIC ion conic. This association leads us to speculate

that the change in altitude of the bottom of the poten-
tial drop with horizontal position may play a role in
generating the EMIC waves; this conjecture could

resolve the discrepancy noted by Lund and LaBelle
(1997) (and references therein) that the growth rates of
the traditionally assumed beam generation mechanism

(Temerin and Lysak, 1984) are too low to account for
the observed waves.

5. Conclusion

Our study has shown that 99% of ion conics at the
altitudes sampled by FAST are associated with one of
two types of emissions: BBELF emissions, which

account for 84% of the events, and EMIC waves,
which account for 15% of the events. Lower hybrid
waves are nearly irrelevant in transverse ion accelera-

tion above 2000 km. Our results generalize to higher
altitudes the statistical results of AndreÂ et al. (1998) at
1400±1750 km. The distribution of EMIC ion conics is

similar to that of auroral EMIC waves alone (Saito et
al., 1987). The similarity of our BBELF ion conic dis-
tribution to the distribution of ``electrostatic shocks''
associated with ion conics (Redsun et al., 1985)

suggests that the parallel electric ®eld in the return cur-
rent region is a signi®cant factor in BBELF ion conics.
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