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Abstract

The Auroral Kilometric Radiation (AKR) was investigated on measurements in
the POLRAD experiment on the INTERBALL-2 satellite. It was revealed ”low-
frequency” radiation with specific features in a spectrum on a polar edge of the
auroral region. We have obtained that a series of narrow-band splashes are ob-
served at frequencies between 35 and 70 kHz with the period modulation some tens
seconds and bow-shaped envelope. Possible interpretation of emission generation
with a specific spectrum is discussed. We suppose that increase of intensity at
small frequencies is interpreted as crossing by the satellite of the source region and
observation of waveguide modes within it.

1 Introduction

The AKR is very intensive radio emission in a frequency range from ~ 30 to ~ 700 kHz
with the peak intensity around 100-300 kHz. AKR is generated in regions with low plasma
density near the local electron cyclotron frequency at altitudes between 2000 and 10000
km above the auroral region. The mechanism of AKR generation is the cyclotron maser
instability [Wu and Lee, 1979] according to which in an unbounded medium the maximum
radiation flux should be directed from the Earth at an angle 80° — 60° in relation to a
magnetic field. However the scheme of AKR generation in the limited source has been
offered recently. It was accepted that the angle of radiation cone is defined by dimensions
of the source which borders form a waveguide where waveguide modes propagate [Louarn
and Le Queau, 1996; Burinskaya and Rauch, 2007]. The role of the source borders can
play either a gradient of distribution of background plasma across an external magnetic
field, or borders of an energetic electron beams, injected from magnetosphere tail into the
internal region. Observations of AKR from the four-spacecraft Cluster have allowed to
determine the AKR narrow angular beaming pattern [Mutel et al., 2008]. This implies
that an observer located above the polar cap can detect AKR emission only from a small
fraction of the auroral oval at a given location.
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In this paper we show results of the LF-AKR measurements in the POLRAD experiment
on the INTERBALL-2satellite [Hanasz et al., 1998] which can be interpreted as obser-
vation of waveguide modes in the generation source of radiation. Statistical observation
of the LF-AKR have been described by Olsson et al. [2004], we consider certain cases in
more details.

2 Measurements and the Analysis

In the present work we have analyzed measurements received from the POLRAD radio-
frequency spectrometer in the frequency range from 4 kHz to 1 MHz since October, 1996
till February, 1997. During the given period the satellite moved for a long time along
polar border of the auroral region. Spacecraft velocity in the direction to the pole (~
50-200 m/s) was negligibly small in comparison with velocity of the polar border in the
same direction (~ 7-10 km/s). For our analysis we have selected data including intervals
of measurements near to the AKR source. A proximity to the source was defined on
the lower frequency boundary of radiation - we chose those cases when lower frequency
boundary was close to the local electron cyclotron frequency.

The bottom panel (Fig. 1) shows a quick - look spectrogram received on December, 1st,
1996 with the antenna Y ' (perpendicular to the spin axis of the spacecraft) in midnight
sector of the magnetosphere. The horizontal time axis corresponds to 1 hour of data
taking. The vertical frequency axis varies from 4 kHz to 1 MHz. The spectral intensity
of radiation is coded in black. The steady-state AKR in the frequency range f = 150 -
600 kHz is observed during time interval from 16:14 to 16:45 UT. In this spectrogram the
low-frequency (LF) narrow-band electromagnetic radiation occurs at frequencies ~ 35-70
kHz between 16:16 and 16:22 UT. An enlarged view of the LF - structure is presented
in the upper panel (Fig.1). The horizontal time axis corresponds to 25 minutes and
the vertical frequency axis spans the frequency range 4 kHz - 200 kHz. The frequency-
time spectrum is divided into two parts by the electron gyrofrequency line (black dotted
line).For the same period of time the local gyrofrequencies of electrons determined by the
onboard magnetometer vary from 33 to 27,5 kHz. Below the gyrofrequency line VLF -
waves are observed (in our paper we don’t consider such emissions). The LF - structure of
4 quasi-periodic splashes with bow-shaped envelope is observed above the gyrofrequency
line during 6 minutes of measurements (16:16 -16:22 UT) between 35 and 70 kHz. These
splashes have following features: 1) the characteristic period is ~ 40 - 60 s; 2) the frequency
width is ~ 10 - 20 kHz. The first splash occurred at 16:16 UT at the frequency ~ 50
kHz, when the altitude of the AKR source was 14620 km above Earth’s surface. At that
time the satellite was located at 23.6 MLT (Magnetic Local Time) and 71,7° invariant
latitude; the altitude was ~ 17216 km above Earth’s surface. The subsequent splashes
have been observed approximately at 16:17:20, 16:19:20 and 16:21 UT. During this time
the spacecraft traveled ~ 350 km.

Figure 2 shows the AKR spectra in the frequency range from 4 kHz to 300 kHz for two
cases (A - 27.01.97, B - 02.02.97). The signal below 20-30 kHz is the whistler mode, which
is not discussed in this paper. In two cases dotted curves (1) correspond to the steady-state
AKR spectra in which decrease of the AKR intensity is observed at frequency decreasing
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ALT 16344 16761 17144 17492 17807 18089 18339 18556 18741 18895 19018
LAT INV 71.2 71.6 71.7 71.8 71.9 71.9 71.9 71.8 71.6 71.4 71.1
MLT 23.1 233 23.6 23.8 0.1 0.3 0.5 0.7 0.9 1.1 1.3
LONG 99.8 1032 106.6 109.8 1129 1158 118.6 121.2 123.6 1258 1278

Figure 1: The dynamic srectrum of the AKR obtained with the POLRAD instrument on the
1st of December, 1996. A quick - look 1 h spectrogram received with the antenna Y’ (bottom
panel). Zoom of the same spectrogram showing the detailed spectrum in time interval from
16:05 to 16:25 UT and in the frequency range from 4 kHz to 200 kHz (upper panel). The dotted
line is the electron gyrofrequency. The horizontal lines are interference lines.

(increasing of the signal at 25 kHz, 50 kHz, 75 kHz etc are onboard interferences). When
the low AKR frequency is close to the local gyrofrequency (the dotted vertical line) the
signal increasing near low - frequency cutoff is observed (see solid curves (2)).

Figure 3 shows sketch of the AKR spectrograms near to the polar border of the auroral
region, investigated in the given work. All considered spectra have been divided into 2
types (I type is presented on the left, IT type - on the right). The spectrograms of I type
were observed more often.

On the Fig.3 the horizontal axis corresponds to variation of time (UT) and the vertical
axis - frequency change (kHz). The steady-state AKR spectrum is presented by fill area,
and the dotted curve is LF - radiation. The analysis of such spectra has shown that the
difference between upper (f1) and lower (fy) frequencies of bow-shaped envelope makes
Af ~ 10-20 kHz that corresponds to height shift AH ~ 1500-3000 km.



256

[. Moiseenko et al.

101

10

10"

10

107

Lg (W), W/(n’ Hz)

10

10

102

T

AL R L

100 200 300
£ kHz

10

Lg (W), W/(n'Hz)

102

0 100 200 300
f, kHz

Figure 2: The AKR spectra in the frequency range from 4 kHz to 300 kHz for two cases (A -
27.01.97, B - 02.02.97). In two cases dotted curves (1) represent the steady-state AKR spectra,
solid curves (2) - the AKR spectra, when the LF - structures were observed. The dotted vertical
line is the electron gyrofrequency.
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Figure 3: Sketch of the AKR spectrograms near to the polar border of the auroral region,
observed on the INTERBALL-2 satellite.

Now we can summarize general observational results of radiation and discuss them further
below. During expansion phase of geomagnetic substorms on the polar boundary of
auroral zone narrowband LF - AKR with following characteristics was observed:

(1) The frequency width of splashes is ~ 10 - 20 kHz.

(2) Signal increasing from antenna in ~ 20 - 70 times at low - frequency cutoff is observed.

(3) The difference between the lower frequency limits of LF - radiation and the local
electron gyrofrequency is ~ 8 - 20 kHz.

(4) Only in some cases amplitude modulation with a period of time ~ 40 - 60 s is observed.
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3 Discussion

The system of POLRAD antennas included two dipoles in total length of 22 meters that
was much less than the wavelength of electromagnetic radiation in free space. In this
case we can use the approximation of a short dipole. Figure 4 shows a comparison of the
efficiency of such dipole during observation of long (A;) and short-wavelength radiation

(A2).

Y

Figure 4: Sketch of the antenna efficiency. A\ is the AKR wavelength, Ao is the observed
short-wavelength. Uy and Us are induced potential on the antenna (Uy > Uy ).

The antenna is more efficient for short-wavelength emissions and it induces more potential
than for the long-wavelength radiation (Us > U;). Thus, a significant increase of the
AKR intensity at low frequencies could be related to the observation of short-wavelength
radiation. This situation is typical for wave propagation in the waveguide where the
waveguide modes propagate more slowly than in free space.

The results of measurements on Viking satellite [Louarn and Le Queau, 1996] detected
regions with low density of cold plasma, which indicate the existence of the waveguides
extending along the magnetic field line (Fig. 5). The transverse width of such regions
varies from a few kilometers to several tens of kilometers. These regions are filled by a hot
and tenuous plasma (n, < 1 cm™3), separated from the surrounding denser and colder
plasma (n, > 5 cm™3) by sharp density gradients, which form waveguide borders. Also
borders of an energetic electron beams (a few keV), injected from magnetosphere tail into
the auroral region can make waveguide borders.

Dimensions of the waveguide along the magnetic field line (Ah) can be estimated by
the difference between the lower frequency of AKR splashes and the local electron gy-
rofrequency, which in our experiment was 8 - 20 kHz. Tracing the satellite position along
magnetic field lines at the height of the AKR generation was carried out using the CADR-
2 program [Galperin et al., 1980]. The results of calculations showed that the waveguide
dimension along the magnetic field line is 1000 - 3000 km.

Observation of amplitude modulation with the period of time ~40 - 60 s at low frequen-
cies can be result of an interference inside the AKR source (waveguide) which borders are
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Figure 5: Sketch of the AKR limited source. Fill area (f = f..) is the generation region, where
the cyclotron maser instability develops. The dotted line (n.) is a density profile inside and
outside the source. B is a magnetic field line. Downright arrows are energetic electron beams (a
few keV), injected from magnetosphere tail. WG modes are waveguide modes, which propagate
inside the AKR source. EM modes are electromagnetic radiation, which escapes from source.
Ah is the waveguide size along the magnetic field line.

modulated by hydromagnetic waves (on condition that length of the hydromagnetic wave-
length is longer than the wavelength of waveguide modes). On the other hand, amplitude
modulation can be connected with a temporal effect, such as source amplitude oscilla-
tions. However simultaneous measurements of electron beams and optical observations
have shown that the border of the auroral region passed through the satellite location
only once. It implies that the satellite couldn’t intercept source regions many times.

4 Conclusion

The AKR observations in the POLRAD experiment on the INTERBALL-2 satellite
demonstrate waveguide modes in the source radiation. It implies that density distribution
inside the AKR source is not uniform, inhomogeneities are extended along magnetic field
lines and form the waveguide which defines characteristics of the diagram of the radiation.
The waveguide size along the magnetic field line is several thousand kilometers that agrees
quite well with earlier published theoretical models.
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