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Abstract. In this report we present the first results from the
Cluster wideband plasma wave investigation. The four Clus-
ter spacecraft were successfully placed in closely spaced,
high-inclination eccentric orbits around the Earth during two
separate launches in July – August 2000. Each spacecraft
includes a wideband plasma wave instrument designed to
provide high-resolution electric and magnetic field wave-
forms via both stored data and direct downlinks to the NASA
Deep Space Network. Results are presented for three com-
monly occurring magnetospheric plasma wave phenomena:
(1) whistlers, (2) chorus, and (3) auroral kilometric radiation.
Lightning-generated whistlers are frequently observed when
the spacecraft is inside the plasmasphere. Usually the same
whistler can be detected by all spacecraft, indicating that the
whistler wave packet extends over a spatial dimension at least
as large as the separation distances transverse to the magnetic
field, which during these observations were a few hundred
km. This is what would be expected for nonducted whis-
tler propagation. No case has been found in which a strong
whistler was detected at one spacecraft, with no signal at the
other spacecraft, which would indicate ducted propagation.
Whistler-mode chorus emissions are also observed in the in-
ner region of the magnetosphere. In contrast to lightning-
generated whistlers, the individual chorus elements seldom
show a one-to-one correspondence between the spacecraft,
indicating that a typical chorus wave packet has dimensions
transverse to the magnetic field of only a few hundred km
or less. In one case where a good one-to-one correspon-
dence existed, significant frequency variations were observed
between the spacecraft, indicating that the frequency of the
wave packet may be evolving as the wave propagates. Au-
roral kilometric radiation, which is an intense radio emis-
sion generated along the auroral field lines, is frequently ob-
served over the polar regions. The frequency-time structure
of this radiation usually shows a very good one-to-one cor-
respondence between the various spacecraft. By using the
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microsecond timing available at the NASA Deep Space Net-
work, very-long-baseline radio astronomy techniques have
been used to determine the source of the auroral kilometric
radiation. One event analyzed using this technique shows a
very good correspondence between the inferred source loca-
tion, which is assumed to be at the electron cyclotron fre-
quency, and a bright spot in the aurora along the magnetic
field line through the source.

Key words. Ionosphere (wave-particle interactions; wave
propagation) – Magnetospheric physics (plasma waves and
instabilities; instruments and techniques)

1 Introduction

This paper presents the first results from the Cluster wide-
band plasma wave investigation. The Cluster mission con-
sists of four spacecraft designed to study the fine-scale struc-
ture of magnetospheric and solar wind plasma phenomena.
The spacecraft were launched on two separate Soyuz-Fregat
rockets, the first on 16 July 2000, and the second on 9 Au-
gust 2000. After an initial series of maneuvers, the space-
craft were assembled into a closely spaced formation in high-
inclination eccentric orbits with perigee and apogee geocen-
tric radial distances of about 3.8 and 19.7 Earth radii (RE).
Typical inter-spacecraft separation distances during the early
phase of the mission ranged from a few hundred kilometers
to about one thousand km, and the orbit period was about
57 hours. A typical orbit is illustrated in Fig. 1, which shows
a magnetic meridian plane projection of the trajectory for a
two-day period from 27 November to 29 November 2000; the
perigee and apogee magnetic local times were about 6.5 and
18.4 hours. Since the orbital planes to first-order remain fixed
in inertial space, these local times advance at a rate of 2 hours
per month as the Earth revolves around the Sun. For further
information on the Cluster spacecraft and the scientific ob-
jectives of the Cluster mission, see Escoubet et al. (1997).
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Fig. 1. A typical trajectory of the Cluster spacecraft in magnetic
cylindrical coordinates. The coordinateZ is the distance above
the magnetic equatorial plane, and the coordinateρ is the distance
from the magnetic axis, both in Earth radii,RE . For the orbit
shown, which was on 27–29 November 2000, the spacecraft crossed
through the magnetic equator near perigee at about 6.5 hours Mag-
netic Local Time (MLT), and near apogee at about 18.6 hours MLT.
For reference, a dipole magnetic field line is shown atL = 4.

The wideband plasma wave investigation on Cluster is part
of the Wave Experiment Consortium (WEC), which consists
of five instruments specifically designed to study magneto-
spheric wave phenomena (Pedersen et al., 1997). The objec-
tive of the wideband plasma wave investigation is to provide
very high-time resolution measurements in order to resolve
the spatial and temporal structure of magnetospheric plasma
waves. The investigation consists of four instruments, one on
each spacecraft, called the Wideband (WBD) plasma wave
instruments. These instruments provide very high-rate digi-
tal samples of electric or magnetic field waveforms in three
frequency bands, 25 Hz to 9.5 kHz, 50 Hz to 19 kHz, and 1
to 77 kHz. Waveforms can also be sampled in three fre-
quency conversion modes that provide frequency offsets of
125, 250, and 500 kHz. The waveform data can either be
recorded onboard the spacecraft for later transmission to the
ground, or transmitted real-time to the NASA Deep Space
Network (DSN). The bit rate in the real time mode of op-
eration is 220 kbits s−1. Due to limitations of the onboard
solid state recorder, full resolution can only be achieved us-
ing real time transmission to the Deep Space Network, which
is the primary mode of operation. The bandwidths are re-
duced by about a factor of three when the onboard recorder is
used. Real time transmission to the Deep Space Network also
allows much better timing accuracy than is available from
the onboard spacecraft clock. A timing accuracy of about
one microsecond can be achieved via real time transmission

to the DSN, versus about one millisecond when using the
onboard storage system. Microsecond timing provides the
possibility of conducting a number of interesting studies of
terrestrial and extraterrestrial radio sources using the well-
known techniques of very-long-baseline radio interferome-
try. For a description of the Cluster wideband plasma wave
investigation, see Gurnett et al. (1997) and for a description
of various very-long-baseline-interferometry (VLBI) investi-
gations that can be performed, see Mutel et al. (2000).

Spacecraft post-launch operations were divided into two
phases: the commissioning phase, which lasted from launch
to 1 February 2001, and the mission operations phase, which
started on 1 February 2001. Two types of real time DSN
operations were carried out: single-spacecraft and multi-
spacecraft. The single-spacecraft wideband operations are
designed primarily to support the WEC by providing high-
resolution frequency-time spectrograms for the other WEC
investigators. The multi-spacecraft wideband operations are
intended to use the unique multi-spacecraft configuration of
Cluster to resolve the spatial and temporal structure of mag-
netospheric plasma waves and radio emissions. In this first
report, we concentrate on the analysis of data obtained us-
ing three or four spacecraft, since these data best utilize the
unique multi-point capabilities of Cluster and have the high-
est potential for producing new results. During the mission
operations phase, the commitment of the DSN is to provide
8 hours of single-spacecraft wideband data per orbit, and
1 hour of multi-spacecraft (3 or more spacecraft) wideband
data once a month. Since only a limited amount of multi-
spacecraft wideband data were obtained during the commis-
sioning phase, and since only a short time has elapsed since
the beginning of the mission operations phase, the amount of
wideband data available for analysis is quite limited. As of 8
March 2000, a total of seven passes are available for which
wideband data were obtained from three or more spacecraft
(typically for intervals of about one hour). Five of these in-
tervals were operated in the 25-Hz to 9.5-kHz mode for the
purpose of studying whistlers and whistler-mode emissions
in the inner region of the magnetosphere near perigee, and
two were operated in the frequency-conversion mode for the
purpose of studying auroral kilometric radiation at frequen-
cies of 125, 250 and 500 kHz. Three topics will be discussed
using these data: (1) whistlers, (2) chorus, and (3) auroral
kilometric radiation.

2 Whistlers

Whistlers are very low-frequency electromagnetic waves
produced by lightning that have a characteristic whistling
sound when converted to audio. These signals were first dis-
covered by Barkhausen (1919) using a rudimentary vacuum
tube amplifier, and the relationship to lightning was first sug-
gested by Eckersley (1935). The first comprehensive the-
ory of whistler propagation was developed by Storey (1953),
who showed that the signals could be explained if the wave
emitted by a lightning stroke propagated through the mag-
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netospheric plasma in a mode of propagation now called the
whistler mode (Stix, 1962). Storey showed that at low fre-
quencies, the propagation velocity increases with increasing
frequency, thereby causing the high frequency components
of the impulsive lightning signal to reach the receiver sooner
than the low frequency components, hence the whistling
tone. He also showed that the wave energy tends to be
guided along the magnetic field such that the wave packet
from a lightning stroke in one hemisphere travels approxi-
mately along a magnetic field line to the opposite hemisphere
where it can be detected as a whistler. Repeated bounces
can also occur from one hemisphere to the other along the
same magnetic field line. Two types of magnetic guiding are
thought to occur: the first is associated with the anisotropy
introduced by the Earth’s magnetic field, which causes the
wave packet to be guided approximately along a magnetic
field line; and the second is associated with magnetic field-
aligned density irregularities, which cause the wave packet
to be guided almost exactly along the magnetic field, as
in a light pipe (Helliwell, 1965). The first type of guid-
ing is called nonducted propagation, and the second type
is called ducted propagation. For nonducted propagation,
Storey showed that at very low frequencies, the wave energy
is confined within a cone that produces an angle of approx-
imately 19◦ with respect to the magnetic field. For exam-
ples of nonducted ray paths computed using a ray tracing
program, see Yabroff (1961). Ducted propagation is more
complicated since there is a limited range of wave normal
directions that can lead to trapping in a duct; once trapped,
the wave is guided almost exactly along the magnetic field
line. Ducted propagation accounts for whistlers that are ob-
served to repeatedly bounce back and forth along the same
magnetic field line from one hemisphere to the other. For
a discussion of the conditions required for ducted propaga-
tion, see Smith et al. (1960) and Helliwell (1965). Most
whistlers observed on the ground are believed to be caused
by ducted propagation, whereas most whistlers observed via
spacecraft are believed to be caused by nonducted propaga-
tion (Smith and Angerami, 1968; Edgar, 1976). Whistlers
observed on the ground are primarily due to ducted propaga-
tion because a ducted whistler arrives in the opposite hemi-
sphere with the wave vector nearly vertical, thereby allowing
it to be transmitted through the ionosphere to the ground. For
nonducted propagation, the whistler arrives in the opposite
hemisphere with a very large wave normal angle, thus lead-
ing to a magnetospheric reflection, typically before the wave
reaches the ionosphere. Such whistlers are called magneto-
spherically reflected (MR) whistlers (Smith and Angerami,
1968). Whistlers play an important role in radiation belt
physics because both ducted (Burgess and Inan, 1993) and
nonducted (Johnson et al., 1999) whistlers are known to pre-
cipitate energetic electrons via resonant wave-particle inter-
actions. Various modeling studies indicate that whistlers may
be important in determining the lifetimes of radiation belt
electrons in the inner belt and slot regions (Abel and Thorne,
1998).

Whistlers are frequently observed in the Cluster wideband
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Fig. 2. Expanded time scale spectrograms from the four Cluster
spacecraft showing the electric field intensities of a whistler de-
tected by all four spacecraft during a perigee pass on 4 February
2001. The frequency scale is in kHz and the time, labeled UT, is
the spacecraft event time in hours:minutes:seconds. The color scale
at the top of the illustration gives the electric field spectral density,
E2/1f , in Volt2 m−2 Hz−1, with red representing the most intense
and blue representing the least intense. In each case the electric field
measurements are from theY -axis electric dipole antenna. The co-
ordinates of all four spacecraft, labeled SC1 through SC4, are given
at the bottom of the plot for 13:49:33 UT.R is the geocentric radial
distance inRE , MLAT is the magnetic latitude in degrees, MLT
is the magnetic local time in hours, anL is the McIlwainL-shell
parameter (McIlwain, 1961).

data. Of the five multi-spacecraft passes through the inner
region of the magnetosphere for which real time WBD data
were received in the 25-Hz to 9.5-kHz mode, two had whis-
tlers. A total of about two hundred whistlers were detected
on these two passes, all located in the region near perigee. An
example of a strong whistler detected by Cluster at 13:49:37
Universal Time (UT) on 4 February 2001, is shown in Fig. 2.
Unless specifically identified as ground received time, UT
time in this paper refers to spacecraft event time. This il-
lustration shows frequency-time spectrograms of the electric
field spectral density detected by each of the four spacecraft
(labeled SC1 through SC4). The spacecraft at this time were
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Fig. 3. The relative geometry of
the four Cluster spacecraft in magnetic
field-aligned coordinates at the time of
the whistler in Fig. 2. The center of
the coordinate system is the average po-
sition of the four spacecraft (i.e. cen-
ter of mass), the1Z axis is parallel
to the magnetic fieldB, 1Y is in the
B×Rcm direction whereRcm is the ra-
dius vector from Earth to the center of
mass of the four spacecraft, and the1X

axis completes the right-hand coordi-
nate system. The magnetic field direc-
tion has been computed using the Tsy-
ganenko model for the Earth’s magnetic
field (Tsyganenko, 1989).

located very close to the magnetic equator at a radial dis-
tance of about 4RE . The coordinates of the four spacecraft
are given at the bottom of the illustration. Since the prop-
agation of whistlers is strongly controlled by the magnetic
field direction, the relative positions of the spacecraft in a
magnetic field-aligned coordinate system are shown in Fig. 3.
The center of this coordinate system is at the center of mass
of the four spacecraft, with the1Z axis parallel to the mag-
netic field B. The 1Y axis is in theB × Rcm direction,
whereRcm is the radius vector from the Earth to the center
of mass of the four spacecraft, and1X completes the right-
hand system. Note that the spacecraft are strung out in a line,
more-or-less along the magnetic field, with SC1 to the north
and SC4 to the south.

The whistler in Fig. 2 has a frequency-time shape that
closely resembles that of a “nose” whistler, which is a type
of whistler often observed on the ground (Carpenter and
Smith, 1964). Nose whistlers have a well-defined frequency
at which the travel time is a minimum, with the travel time
increasing both above and below this frequency (Helliwell,
1965). The increase in the travel time above the frequency of
minimum travel time is due to the decrease in the group ve-
locity as the frequency approaches the electron cyclotron fre-
quency. Using magnetic field measurements from the Clus-
ter magnetometers (Balogh et al., 1997), the local electron
cyclotron frequency at the time of this whistler was found
to range from about 13.5 kHz for spacecraft SC4 to about
14.0 kHz for spacecraft SC3. Since the whistler was detected
by all four spacecraft, with separation distances transverse
to the magnetic field line of as much as 800 km (see the
1X − 1Y panel of Fig. 3), it is clear that this whistler is
a nonducted whistler. Typical whistler ducts are thought to
have cross-sectional dimensions ranging from 50 to 500 km
(Smith and Angerami, 1968). Although the dispersion prop-
erties of nonducted whistlers are somewhat different than
ducted whistlers (Edgar, 1976), nose-like features, such as
in Fig. 2, occur whenever a nonducted whistler has crossed
the magnetic equator.

Careful measurements of the arrival times in Fig. 2 show
that the whistler arrived first at SC4 and last at SC1. The dif-
ference in the arrival times is about 0.2 seconds. Referring to
the1Z −1Y panel of Fig. 3, one can then see that the whis-
tler was propagating from south to north. At first glance, the
direction of propagation would appear to indicate a lightning
source in the southern hemisphere. However, previous stud-
ies of whistlers near the magnetic equator on similar L-shells
(Sonwalker and Inan, 1989; Gurnett and Inan, 1988) show
that the dispersion is too large for this whistler to have prop-
agated directly to the spacecraft from a source in the south-
ern hemisphere. Instead, we believe that the whistler orig-
inated from a lightning source in the northern hemisphere,
underwent a magnetospheric reflection at a lowerL-shell in
the southern hemisphere, and was subsequently detected by
Cluster on the second (south to north) pass through the mag-
netic equator. Further examination of panel 4 in Fig. 2 shows
that the whistler consists of two components separated by
a time delay of about 0.2 seconds. The two closely spaced
components are most likely caused by multiple path propa-
gation, although we cannot rule out the occurrence of two
closely spaced lightning strokes. The two components look
somewhat different at the various spacecraft. For example, at
SC2 and SC4, the two components can be clearly resolved,
whereas at SC1 and SC3, they cannot be resolved. Clearly
the propagation conditions are slightly different over the ray
paths to the various spacecraft. Another notable feature is the
enhanced background levels that exist for nearly 20 seconds
after the whistler has arrived. A poorly defined periodic-
ity can be seen in this diffuse background with a period of
about 2 seconds. Such diffuse reflections have been seen be-
fore at similarL-shells and have been interpreted as being
due to subsequent magnetospheric reflections of the origi-
nal whistler (Sonwalker and Inan, 1989). The diffuse char-
acter is believed to be due to the fact that the wave energy
enters the magnetosphere over a wide region after propagat-
ing long distances in the Earth-ionosphere waveguide. The
resulting broad source region at the base of the ionosphere
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Fig. 4. Frequency-time spectrograms from three of the four Clus-
ter spacecraft during the perigee pass on 27 November 2000. The
highly structured emission from about 5 to 8 kHz near the magnetic
equator, extending from about 13:12 to 13:32 UT, is chorus. The
coordinates given at the bottom of the plot are the average of the
coordinates of the three spacecraft (i.e. center of mass).

causes a wide range of propagation paths from the source
to the spacecraft, thereby producing a wide range of arrival
times. Scattering due to density irregularities in the iono-
sphere is also believed to be a contributing factor. Scattering
spreads the initial wave normal angles, thereby leading to a
large range of ray path lengths and travel times. Multiply re-
flecting whistlers have been proposed as a possible source of
plasmaspheric hiss, which is a common feature of the plas-
masphere (see Draganov et al., 1992). A steady band of plas-
maspheric hiss can be seen at frequencies below about 2 kHz
in Fig. 2.

The dispersion characteristics of the whistler in Fig. 2 are
typical of essentially all the whistlers detected by Cluster.
When the signal is sufficiently strong, the whistler is usually
detected at all the spacecraft for which wideband data are
available, indicating a predominance of nonducted propaga-
tion. We have yet to detect a strong whistler at one space-
craft, with no signal at the other spacecraft, which would be
a clear indication of ducted propagation. These observations
confirm the conclusion of Smith and Angerami (1968) that
ducted whistlers are quite rare.

3 Chorus

Chorus, also sometimes called “dawn chorus,” is a whistler-
mode emission that consists of narrowband tones usually ris-
ing in frequency on time scales of a few seconds. Storey
(1953) describes these signals as sounding like “a rookery
heard from a distance,” which refers to the sounds made by
birds in the morning, hence the term dawn chorus. Early
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Fig. 5. Expanded time scale spectrograms of the chorus emis-
sions in Fig. 4 starting at 13:13:15 UT, slightly south of the mag-
netic equator. The spacecraft coordinates are given at the bottom of
the plot for 13:13:15 UT. Note the excellent correlation between the
chorus elements.

spacecraft observations showed that chorus occurs overL

values ranging from about 3 to 8, with peak intensities at
aboutL ≈ 5 (Gurnett and O’Brien, 1964). The intensi-
ties of chorus are very high, with wave magnetic field am-
plitudes from 10 to 100 nT, which are among the most in-
tense in the Earth’s magnetosphere. It is now known that
chorus is generated by trapped radiation belt electrons via
a cyclotron resonance mechanism, as first discussed in de-
tail by Kennel and Petschek (1966). Typical resonant en-
ergies are on the order of 10 to 100 keV (Burtis and Helli-
well, 1975). Chorus thus interacts with ambient energetic
electrons, causing pitch-angle scattering and particle precip-
itation. Chorus emissions are thought to be produced via a
loss-cone anisotropy in the energetic (10 to 100 keV) electron
distribution within spatial regions which have minimal inho-
mogeneity in the static magnetic field (Kennel and Petschek,
1966; Burton and Holzer, 1974; Burton, 1976; Sazhin and
Hayakawa, 1992, and references therein). Field-aligned fo-
cusing of ray paths (by ducts or special features of the refrac-
tive index surface) are also thought to play an important role
(Burtis and Helliwell, 1975). Early evidence that chorus is
generated near the magnetic equator (Helliwell, 1969; Burtis
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Fig. 6. Expanded time scale spectrograms of the chorus emissions
in Fig. 4 starting at 13:18:05 UT, slightly north of the magnetic
equator. The spacecraft coordinates are given at the bottom of the
plot for 13:18:05 UT. Note the change in the frequency-time struc-
ture compared to Fig. 5, and the poor correlation between the chorus
elements at the three spacecraft.

and Helliwell, 1969) has now been confirmed by Poynting
flux measurements (LeDocq et al., 1998), which show that
the source is located very close to the magnetic equator. The
exact reason for the highly coherent discrete frequency-time
structure is poorly understood, although the frequency vari-
ations are likely to be due to a combination of the inhomo-
geneous nature of the medium and the nonlinear interaction
that arises when resonant electrons are trapped by the mag-
netic field of the wave (Brice, 1962, 1964; Helliwell, 1967;
Nunn et al., 1997). Chorus emissions are thought to drive
electron precipitation in the subauroral regions outside the
plasmapause and are sometimes directly controlled by the
solar wind dynamic pressure (Lauben et al., 1998; Salvati
et al., 2000).

Since chorus is known to be generated very close to the
magnetic equator, considerable emphasis was placed on ob-
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Fig. 7. Expanded time scale spectrogram of the chorus emissions in
Fig. 4 starting at 13:31:48 UT, well north of the magnetic equator.
The spacecraft coordinates are given at the bottom of the plot for
13:31:48 UT. Again, note the change in the frequency-time struc-
ture compared to Fig. 6, and the good correlation between the three
spacecraft from about 13:31:50 to 13:31:53 UT.

taining multi-spacecraft wideband observations during peri-
gee passes through the magnetic equator. Of the five passes
through this region involving three or more spacecraft in the
25-Hz to 9.5-kHz mode, only one on 27 November 2000, had
chorus of sufficient duration and intensity to warrant analy-
sis. This pass occurred in the local morning, at a magnetic lo-
cal time of about 6.5 hours and a geocentric radial distance of
about 3.8RE . The trajectory is shown in Fig. 1. The paucity
of suitable chorus observations is due to the fact that during
perigee passes, the spacecraft are often inside the plasmas-
phere at the magnetic equator. Chorus usually occurs out-
side the plasmasphere, and it is weak or nonexistent in the
plasmasphere. Since the plasmasphere is typically located at
L = 4 to 5, and moves inward only during periods of en-
hanced magnetic activity (Carpenter and Anderson, 1992), it
was only during magnetically active periods that Cluster had
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Fig. 8. The relative locations of space-
craft SC1, SC2 and SC3 in magnetic
field-aligned coordinates at 13:13 UT
on 27 November 2000, using the Tsy-
ganenko model for the Earth’s magnetic
field (Tsyganenko, 1989). At this time,
the spacecraft were slightly south of the
magnetic equator. Note the small sep-
aration of the three spacecraft in the
1X −1Y plane, transverse to the mag-
netic field.

Fig. 9. The relative locations of space-
craft SC1, SC2 and SC3 in magnetic
field-aligned coordinates at 13:19 UT
on 27 November 2000, using the Tsy-
ganenko model for the Earth’s magnetic
field (Tsyganenko, 1989). At this time,
the spacecraft were slightly north of the
magnetic equator. Note that the relative
separation in the1X−1Y plane, trans-
verse to the magnetic field, is compara-
ble to Fig. 8.

a good chance of detecting chorus. The 27 November pass is
one such case. The global magnetic disturbance index,Kp,
reached a peak of 6+ a few hours before this event and had
a value of 4 at the time of the magnetic equator crossing.
The lack of chorus events during other later perigee passes
could also be due to the fact that after 27 November, the lo-
cal time was gradually shifting into the local midnight and
local evening regions where chorus is much less common.

During the 27 November pass, real time WBD data were
received for 38 minutes, from 13:12 UT to 13:50 UT. Fre-
quency-time spectrograms of the electric field spectral den-
sities obtained during this time interval are shown in Fig. 4.
The spacecraft coordinates given at the bottom of the spec-
trogram are averages of the coordinates of the three space-
craft (i.e. center of mass position). The magnetic equa-
tor crossing for the three spacecraft combination occurs at
13:16:54 UT. Strong chorus emissions with well-defined dis-
crete structure are observed at frequencies from about 5 to
8 kHz during the entire interval around the magnetic equator
crossing. These emissions are marked as “chorus” in Fig. 4.

Hiss-like emissions, similar to what is commonly called plas-
maspheric hiss, are observed during the entire pass at fre-
quencies below about 4 kHz. Since plasmaspheric hiss usu-
ally occurs inside the plasmasphere, the presence of these
hiss-like emissions suggests that the spacecraft was probably
very close to, but just outside, the plasmapause.

Electric field spectrograms showing the detailed
frequency-time structure of the chorus emissions on a
greatly expanded (5 second) time scale are given in Figs. 5,
6, and 7. These spectrograms start at 13:13:15 UT, slightly
south of the magnetic equator, at 13:18:05 UT, just north of
the magnetic equator, and at 13:31:48 UT, well north of the
equator. The corresponding spacecraft locations in magnetic
field-aligned coordinates are shown in Figs. 8, 9 and 10. The
L value over this interval remained nearly constant, varying
only from 3.80 to 3.92. Using the onboard magnetic field
measurements, the local electron cyclotron frequency varied
from a minimum of 12.2 kHz for SC4 at 13:13:15 UT, to a
maximum of 13.9 kHz for SC3 at 13:31:48 UT.

Unfortunately, near the beginning of the pass, no data were
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Fig. 10.The relative geometry of space-
craft SC1, SC2 and SC3 in magnetic
field-aligned coordinates at 13:31 UT
on 27 November 2000, using the Tsy-
ganenko model for the Earth’s magnetic
field (Tsyganenko, 1989). At this time,
the spacecraft were well north of the
magnetic equator. Note that the rela-
tive separation in the1X − 1Y plane,
transverse to the magnetic field, has
increased compared to Figs. 8 and 9.
This trend is caused by the downward
tilt of the magnetic field in the mag-
netic meridian plane as the spacecraft
move northward away from the mag-
netic equator.

Fig. 11. The cross-correlation between
the three spacecraft as a function of
time delay for a selected time interval
from the spectrogram in Fig. 7. The fre-
quency and time ranges over which the
cross-correlation was performed were
5.47 to 8.15 kHz and 13:31:51.33 to
13:31:52.91 UT. A positive time delay
indicates that the signal arrives first at
the spacecraft listed first in the identi-
fier for each panel (i.e. SC2 in the bot-
tom panel, etc.).

received from SC3. Thus, for the spectrograms in Fig. 5, data
are only available from SC1 and SC2. Nevertheless, these
spectrograms are very interesting, since there is a very clear
one-to-one correspondence between the chorus elements de-
tected by the two spacecraft. Note that although the cho-
rus elements look similar at the two spacecraft, the frequen-
cies at SC1 are shifted upward by about 1 kHz relative to
SC2. Although it appears that the chorus elements arrive
at SC2 before SC1, if one compares the arrival times at a
fixed frequency, for example at 8.5 kHz for the chorus ele-
ment at 13:13:15.8 UT, one can clearly see that the signal
arrives at SC1 before SC2. Referring to the1Y − 1Z panel
of Fig. 8, one can see that the chorus wave packet is propa-
gating southward, away from the magnetic equator, which is
consistent with the Poynting flux measurements of LeDocq

et al. (1998) who showed that the source of chorus emissions
is located very close to the magnetic equator. From the trans-
verse1X −1Y plot in Fig. 8, one can see that SC1 and SC2
are very nearly on the same magnetic field line at this time.
The separation distance perpendicular to the magnetic field
is only about 200 km. Since the whistler-mode energy prop-
agates very nearly along the magnetic field lines, the small
transverse separation relative to the magnetic field is most
likely the reason that there is such a good one-to-one corre-
spondence between the chorus elements at this time.

Over the next few minutes, as the spacecraft approach
the magnetic equator, the clear one-to-one correlation ev-
ident at 13:13:15 UT in Fig. 5 gradually deteriorates. By
13:18:06 UT in Fig. 6, very close to the magnetic equator,
a one-to-one correspondence between the chorus elements
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Fig. 12. AKR spectra recorded on spacecraft SC1, SC3, and SC4
on 11 January 2001 between 20:55:30 and 20:56:00 UT. The upper
panel is an enlargement of the five-second time range 20:55:37 to
20:55:42. The box labeled “1” is the frequency-time segment used
to calculate the cross-correlations shown in Fig. 14.

can no longer be discerned between any of the three space-
craft. Note that in the1X − 1Y plot of Fig. 9, the trans-
verse distances perpendicular to the magnetic field are still
quite small, less than 300 km. The one-to-one correspon-
dence continues to remain poor as the spacecraft proceed
northward away from the magnetic equator. However, oc-
casionally short periods exist where a clear one-to-one corre-
spondence can be found. For example, in Fig. 7 from about
13:31:50 to 13:31:53 UT, a one-to-one correspondence can
be seen between all three spacecraft, although the intensities
are distinctly lower at SC1. The correspondence between
the individual chorus elements is particularly good between
SC2 and SC3. Note that there is no evidence of a frequency
shift comparable to what was observed in Fig. 5. The differ-
ences in the arrival times are very small and cannot be easily
measured by visually comparing the spectrograms. To an-
alyze the difference in the arrival times, we have computed
the cross-correlations between the spectrums as a function of
time delay for frequencies from 5.47 to 8.15 kHz and times
from 13:31:51.33 to 13:31:52.91 UT. The results are shown
in Fig. 11. As can be seen in the figure, the cross-correlations
have peaks for negative time delays of about 10 millisec-
onds for the SC1–SC2 and SC1–SC3 cross-correlations, and
a peak for a positive time delay of about 20 milliseconds for
the SC2–SC3 cross-correlation. The negative time delay be-
tween SC1 and SC2 means that the signals arrived at SC2
before SC1, and the negative time delay between SC1 and

A B
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Fig. 13. (a) Two-second spectrum of AKR emission from SC3
on 11 January 2001 between 20:55:40 and 20:55:42 UT. Note the
two narrowband, drifting AKR sources labeled A and B. Cross-
correlation analysis of both events were performed with similar
measured delays. The cross-correlations shown in Fig. 14 were cal-
culated using a 300-msec time window near the end of the source B
track. (b) Five-second spectrum showing the nearby AKR activity
at the time of events A and B.

SC3 means that the signals arrived at SC3 before SC1. Sim-
ilarly, the positive time delay between SC2 and SC3 means
that the signals arrived at SC2 before SC3. Referring to the
1Y − 1Z panel of Fig. 10, one can see that these time de-
lays show that the chorus is propagating northward (toward
positive1Z). Since the spacecraft are now north of the mag-
netic equator, the direction of propagation indicates the cho-
rus is propagating away from the magnetic equator, which
is again consistent with the Poynting flux measurements of
LeDocq et al. (1998). Note that the direction of energy prop-
agation has reversed as the spacecraft crossed the magnetic
equator. In addition, there is no evidence in Fig. 11 of chorus
elements propagating toward the magnetic equator, which is
again consistent with the result of LeDocq et al. (1998) who
showed that there is little evidence of reflected waves return-
ing along the same magnetic field lines. From the transverse
1X − 1Y plot in Fig. 10, one can see that by 13:31 UT the
separation distance perpendicular to the magnetic field has
increased markedly, to a maximum of about 500 km. The
increased transverse separation is due to the downward tilt
of the magnetic field as the spacecraft move northward away
from the magnetic equator. After about this time, the one-to-
one correspondence between the chorus elements at the vari-
ous spacecraft deteriorates markedly, as the transverse sepa-
ration distance continues to increase. Thus, 500 km appears
to be approximately the outer limit for the dimensions of the
chorus wave packets transverse to the magnetic field.
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Fig. 14. Cross-correlation amplitude versus delay for AKR source
on 11 January 2001 at 20:55:42 UT for baselines SC1-SC3, SC1-
SC4, and SC3-SC4. The observed delay maximums are used to
determine source location by triangulation.

Prior to these observations, the typical size of a chorus
wave packet was essentially unknown. The only known con-
straint was that it had to be substantially larger than the
wavelength, i.e. greater than a few kilometers. These ob-
servations show that the largest transverse1X − 1Y dis-
tance, perpendicular to the magnetic field, at which an easily
identifiable inter-spacecraft correlation can be identified is
about 500 km (see Fig. 8). This distance is apparently near
the outer limit for the transverse dimensions of the chorus
wave packets, since a good one-to-one correspondence be-
tween the chorus elements was not always present at this
separation distance. The direction of propagation observed
during the 27 November pass also showed the expected re-
versal near the magnetic equator, with the chorus elements
propagating away from the magnetic equator, and with little
or no evidence of the wave reflecting back along the same
magnetic field line. In the region within a few degrees of the
magnetic equator, presumably in or near the source region,
the situation was very confused, with very little evidence of
a one-to-one correspondence between the chorus elements,
even though the minimum transverse separation distance be-
tween the spacecraft was quite small, less than 300 km. Fi-
nally, it is interesting to note the highly unusual frequency
shift for the chorus element observed by SC1 and SC2 in
Fig. 5. Clearly, the two spacecraft are detecting the same
chorus wave packets, since they occur in a one-to-one cor-
respondence and have very similar frequency-time shapes.
However, the frequencies of the wave packets detected by
SC1 are shifted upward relative to those detected by SC2.
Such a frequency shift could either indicate (1) that the fre-
quency of the packet has evolved in the process of propagat-
ing from SC1 to SC2, or (2) that the two spacecraft are sam-
pling different regions of the same wave packet, possibly due
to the frequency dependence of the ray paths from the source
region to the spacecraft. Temporal evolution of the chorus el-

ements is expected as the wave packet evolves in the source
region (Helliwell, 1967). Ground-based observations of dis-
crete chorus elements with rising and falling frequency-time
signatures (Helliwell, 1965) indicate that frequency varia-
tions are inherent in the source mechanism. Whether the
observed frequency shifts are an example of such a tempo-
ral evolution, or whether they can be explained by relatively
simple propagation effects remains to be determined. In prin-
cipal, these two possibilities could be resolved if simultane-
ous wave vector measurements had been available. Unfortu-
nately, in this case, the frequencies of the chorus elements are
above the 4-kHz upper frequency limit of the STAFF instru-
ment, which can provide wave vector measurements (Cornil-
leau et al., 1997). Perhaps in the future, some chorus events
can be found where such comparisons will be possible.

4 Auroral Kilometric Radiation

During the mid 1960s and early 1970s an intense radio emis-
sion was detected escaping from the Earth in the frequency
range from about 50 to 500 kHz. The first observations of
this radiation were by Benediktov et al. (1968) who detected
a radio emission of unknown origin escaping from the Earth
at frequencies of 725 and 1100 kHz that was correlated with
the Kp planetary magnetic disturbance index. Dunckel et
al. (1970) also observed what they termed high-pass noise,
primarily due to the low frequency part of the spectrum be-
low about 100 kHz. A few years later, Gurnett (1974) showed
that the radiation had its peak intensity in the frequency range
from about 100 to 500 kHz, that it was very intense, ap-
proximately 109 Watts of total radiated power, and that it
was closely correlated with the occurrence of discrete auroral
arcs. Since electromagnetic radiation in this frequency range
has wavelengths in the kilometer range, and since there is a
close association with the aurora, this radiation is now called
auroral kilometric radiation, often abbreviated AKR. Subse-
quent studies have shown that AKR is generated along the
nighttime auroral field lines (Kurth et al., 1975) at radial dis-
tances from about 2 to 4RE (Gallagher and Gurnett, 1979),
and is primarily generated in the right-hand polarized mode
(Shawhan and Gurnett, 1982) at frequencies very close to
the electron cyclotron frequency (Huff et al., 1988). Gurnett
et al. (1979) also showed that the AKR spectrum is highly
structured and consists of many narrowband emissions with
rapidly varying center frequencies. Individual elements of
the spectrum can have bandwidths as narrow as 100 Hz and
time scales of a fraction of one second. Based on these re-
sults, it is now believed that auroral kilometric radiation is
generated by a mechanism known as the cyclotron maser
(Wu and Lee, 1979). In this mechanism, electrons are quasi-
trapped by the magnetic mirror force and the electric field
(Louarn et al., 1990; Roux et al., 1993; Ergun et al., 1998;
Delory et al., 1998). The cyclotron maser mechanism is also
believed to be responsible for the intense radio emissions that
have been observed from Jupiter, Saturn, Uranus, and Nep-
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tune. For a recent review of planetary radio emissions, see
Zarka (1998).

One of the primary objectives of the Cluster WBD inves-
tigation is to use the unique four-spacecraft configuration of
Cluster to conduct very-long-baseline interferometry (VLBI)
investigations of AKR. VLBI measurements can provide
much better angular resolution measurements of the AKR
source than can be achieved with any other technique, and
may be able to give highly detailed measurements of source
sizes and motions (Mutel et al., 2000). Since Cluster can
view the entire auroral oval when the spacecraft are at high
altitudes over the polar regions, VLBI measurements have
the potential of giving a global image of the AKR source dis-
tribution that is not possible with any other technique. The
possibility of using VLBI techniques for the study of AKR
has already been demonstrated by Baumback et al. (1986)
who showed, by using measurements from the ISEE 1 and 2
spacecraft, that AKR interference fringes could be obtained
for baseline separations as large as 3800 km. These mea-
surements showed that the source of the individual elements
of the AKR spectrum was as small 20 km. Since only two
spacecraft were available no information could be obtained
on source positions or motions using the ISEE data.

Figure 12 illustrates sample spectrums detected on space-
craft SC1, SC3 and SC4 in a 30-second interval starting at
20:55:30 UT on 11 January 2001. The times in these spec-
trograms are ground received times. These data were ob-
tained in the frequency conversion mode over the nighttime
polar region at a geocentric radial distance of 5.9RE . The
frequency range was from 250.0 to 259.5 kHz, roughly in
the middle of the most intense part of the AKR emission
band. The spectrums show several individual short dura-
tion AKR emission features, with the typical drifting fine-
structure characteristic of AKR. The spectral features are
clearly highly correlated between the three spacecraft.

In “normal” VLBI observations of radio-astronomical
sources (Thompson et al., 1986), the emission frequency is
stable and typically has a much broader bandwidth than the
bandwidth of the receiving system. Hence, the width of the
correlation delay function is given by the reciprocal of the
receiver bandwidth, typically under one microsecond. How-
ever, the AKR emission has a very narrow bandwidth (typ-
ically 1f < 1 kHz) and varies rapidly both in time and
frequency (see Fig. 12). This means that the uncertainty in
the measured time delay is determined by the instantaneous
bandwidth of the AKR signal, which varies from event to
event. In order to determine the source angular size and di-
rection of arrival, we cross-correlated the waveforms from
pairs of spacecraft. The amplitude of the peak correlation
is a measure of the angular size, while the differential time
delays between pairs of spacecraft can be used to find the
source position by “triangulation”. In order to compute the
cross-correlation versus time delay for an individual AKR
feature, we must first isolate the feature both spectrally and
temporally. To do this, we applied digital filters to the raw
waveform. The drifting AKR features labeled A and B in
Fig. 13 were selected by applying a moving frequency band-

Fig. 15. Geometry of AKR source location scheme. The source is
constrained to locations in a ring 1.8RE from the Earth’s center and
projected outward along magnetic field lines traversing the auroral
oval imaged at the time of the observed AKR emission.

pass filter (shown as the black boxes), and then computing a
cross-correlation every 300 msec.

The resulting cross-correlation for the AKR source labeled
B on 11 January 2001 at 20:55:42 UT is shown in Fig. 14.
The box marked “1” in Fig. 12 shows the actual 300 msec
sample used to compute the cross-correlation in Fig. 14. The
maximum cross-correlation amplitude varies from 0.6 to 0.9.
Since the correlation amplitude does not appear to depend
on the sky-projected baseline length (e.g. 60 km for SC1–
SC3 vs. 1064 km for SC1–SC4), it suggests that the source
is unresolved, and the observed reduction from perfect corre-
lation is caused by the addition of uncorrelated background
noise in the bandpass signal. We tentatively conclude that the
Gaussian-equivalent source angular size is less than 4 arcmin
(42 km at a distance∼ 5RE).

The measurement of source position is determined by tri-
angulation using the observed baseline differential delays.
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Fig. 16.The delay difference (observed minus calculated) for base-
lines SC1–SC3, SC1–SC4, and SC3–SC4 versus ring longitude for
the AKR emission event of 11 January 2001 at 20:55:42 UT. The
light blue strips are longitudes of auroral bright spots as seen on the
Polar UVI image; the boxes are the allowed regions constrained by
the observed delays and their uncertainties. There are two allowed
longitude ranges, but only one (near−20◦ longitude) is along a
magnetic field line connected to a bright auroral spot. The AKR
source is believed to be located within this region.

For a baseline connecting spacecraft a and b, the observed
delay can be written

τab =
1

c
· (| sb − r | + | tb − sb | − | sa − r | − | ta − sa |(1)

wheres are (geocentric) position vectors to spacecraft (a) and
(b), t are position vectors to the downlink telescopes, andr

is the source position vector. We have assumed that there
are negligible clock synchronization errors among the down-
link telescopes and that the differences in instrumental de-
lays are also negligible. For observations using n spacecraft,
there aren(n − 1)/2 independent baselines with only three
unknowns, namely the Cartesian components of the source
position r. Therefore, in principle, a source position can
be uniquely determined for observations using three or more
spacecraft. In practice, this is only true if the path length
difference between the arrival of the signal at either end of
a given baseline satisfies of1` > cδτ , whereδτ is the de-
lay uncertainty in the correlation peak. Inspection of Fig. 14
shows that delay maximums can be determined to an uncer-
tainty δτ ∼ 150µsec, so that the path length differences on
each baseline must be larger than1` ∼ 45 km. This was
only true for two of the three baselines for the event of 11
January 2001, so we imposed a constrained source position
locus as described below. As the Cluster configuration ex-
pands to longer baselines, it will be much easier to solve for
source position without ancillary assumptions.

In order to solve for the AKR source position for the 11
January 2001 event, we made two a priori assumptions. The
first was that the source was radiating at the local electron
cyclotron frequency (Gurnett, 1974; Huff et al., 1988) where

fc(MHz) = 2.8 Bgauss (2)

For the examples discussed below, the observed frequency
varied from 250− 262 kHz. Hence, the ambient magnetic
field in the source region isB ∼ 0.09 gauss. Second,
we assumed that the AKR emission arises from magnetic
field lines connecting regions of auroral activity (Huff et al.,
1988). For a dipole field approximation, the magnetic field
strength at radial distanceR and magnetic latitudeλm is

B(R, λm) =
0.3 gauss

R3
· (3sin2λm + 1)1/2 (3)

In order to determine the distribution of auroral emissions
at the time of observation, we downloaded Polar UVI im-
ages (http://uvisun.msfc.nasa.gov) of the northern hemi-
sphere (kindly provided by G. Parks and colleagues). By
knowing the geomagnetic latitude of the auroral oval at the
time of the observations and the ambient magnetic field of
the AKR source, we can solve for the radial distance of the
AKR source. For example, for the event analyzed in this
paper (epoch 2001, 11 January 2001 at 20:55:40 UT), the au-
roral oval was at geomagnetic latitudeλm ∼ +70◦, implying
a geocentric radial distanceR ∼ 11 800 km (1.8RE). Hence,
the locus of possible AKR source locations is a circular an-
nulus at a geocentric distanceR = 1.8RE projected along
a cone with vertex at the Earth’s center and passing through
the auroral oval (see Fig. 15).

In order to determine the source location in this oval for a
given AKR event, we calculated the expected differential de-
lays on all available baselines for sources located everywhere
on the source annulus and compared them with the observed
delays. An example is shown in Fig. 16, where we have plot-
ted the difference between the observed and expected delay
for each of three baselines (SC1–SC3, SC1–SC4, and SC3–
SC4) as a function of geomagnetic longitude. Also shown
as shaded vertical regions are the geomagnetic longitudes of
the three bright points evident in the UVI auroral image. The
delay differences are nearly zero for geomagnetic longitude
ranges−180◦

± 20◦ and 0◦ ± 20◦. The bright auroral patch
marked with an arrow in Fig. 16 encompasses the second
range and is likely to be the origin of the AKR emission.

Note that for the Cluster configuration during this obser-
vation, the baseline SC1–SC3 was very insensitive to the
transverse source position shift, since its projection in the sky
plane was very small (60 km), compared with baselines SC1–
SC4 and SC3–SC4 (814 and 867 km, respectively). Also
note that we have not (yet) corrected for refractive ray bend-
ing or the deviation of magnetic field lines from the radial
direction in this preliminary calculation. (For the event ana-
lyzed, the Cluster spacecraft were within 8◦ of the magnetic
pole at a distance of 5.9RE , so that the refractive effects are
small.) Finally, we are investigating more sophisticated al-
gorithms for determining delay centroids (e.g. wavelets) to
reduce the cross-correlation delay uncertainty. All of these
issues will be incorporated in a more complete analysis in a
future publication. Nevertheless, we are confident that the
position determined is accurate to± 20◦ in geomagnetic lon-
gitude and provides the first direct confirmation that AKR
sources are located above bright points on the auroral oval.
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We are now analyzing the position of several other AKR
bursts at several epochs. The delay-locus technique works
optimally for Cluster configurations with large projected
baselines in the sky plane. It would also benefit enormously
from real time downlinks from all four spacecraft, since
the number of independent differential delays is doubled
(6 vs. 3). As the Cluster configuration expands and baselines
approach ten times the present configuration, we anticipate
determining AKR source positions with an uncertainty un-
der one hundred km.

5 Conclusions

These results provide just an initial sample of the types of
studies that are possible with the Cluster wideband plasma
wave investigation. At present, due to the limited amount
of data that have been collected via the NASA Deep Space
Network, the range of phenomena that can be investigated
is quite limited. However, as time evolves, it will be pos-
sible to obtain high-resolution waveform measurements of
plasma waves from all of the important regions of the mag-
netosphere. These will include (1) further measurements of
whistlers and whistler-mode chorus emissions near the mag-
netic equator in the inner region of the magnetosphere, (2)
measurements of auroral hiss and other auroral plasma waves
along the auroral field lines, (3) measurements of various
types of plasma waves in the polar cusp, magnetosheath,
and plasma sheet, and (4) very-long-baseline studies of vari-
ous types of magnetospheric radio emissions, such as auroral
kilometric radiation and terrestrial continuum radiation.
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