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Electromagnetic sideband spectra induced by a strong monochromatic high-frequency
radio wave in an overdense ionosphere have been observed for the first time by means of
a new direct observational technique. The observed asymmetry of the spectra, a charac-
teristic feature of stimulated scattering, is tentatively attributed to parametric and lin-
ear-mode-conversion processes occurring in the irradiated ionospheric-plasma volume,

PACS numbers: 52.35.Mw, 94.20.Bb

We wish to report what appear to be the first
direct observations of typical stimulated scatter -
ing spectra obtained as a result of the interaction
between a vertically incident strong monochroma-
tic high-frequency radio wave and an overdense
ionospheric plasma. The observations were di-
rect in the sense that the emitted and ionospher-
ically reflected signals, including the induced
sidebands, were monitored directly on the ground
with a spectrum analyzer connected to a receiving
antenna and, hence, no diagnostic radar with its
Bragg-condition constraints was utilized. The
strong radio wave in question was transmitted
from the powerful ionospheric modification facility
HEATING at Ramfjordmoen near Tromsg, Nor-
way (geographical coordinates 69.58° N, 19.21° E),
which has been built by the Max-Planck-Institut
fir Aeronomie, Federal Republic of Germany, in
cooperation with the University of Tromsg. The
HEATING transmitters and antenna arrays are
designed to operate in the 2.5~-8 MHz range with
a maximum effective radiated power (ERP) of
360 MW, yielding a maximum electric field
strength of roughly 1 V/m at 100 km height; for
a more detailed description of the HEATING facil-
ity see Stubbe and Kopka.'

During the experimental period (31 August—6
September 1981) the monitoring equipment was
moved and set up at three different geographical
locations, viz., Lavangsdalen (=15 km SSW of
the HEATING site), Skibotn (=50 km SE), and
Kiruna (=200 km SSE), where the received spec-
tra were analyzed and recorded on photographs.
Some of these photographs are shown in Figs.
2-5. For reference purposes, the transmitter
output was spectrum analyzed at the HEATING
site by connecting the analyzer to a very short
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pickup antenna a few hundred meters away from
the transmitting antenna array where the ground
wave dominates. The spectrum displayed in Fig.
1, which was obtained with =280 MW ERP, shows
that the transmitted strong radio wave has a very
high spectral purity.

Figure 2 shows the signal received at Lavangs-
dalen, where the ionospherically reflected sky
wave dominates, on 31 August when transmission
was at a frequency that was lower than critical.

A broad, skewed noise spectrum extending from
=~ -15 to =+10 kHz relative to the HEATING car-
rier (center peak) is clearly seen to emerge
from the ubiquitous background noise, the narrow
peaks at =-18 and = +16 kHz being interfering
short-wave radio stations. Beyond any doubt this
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FIG. 1. Transmitter output reference spectrum for
= 280 MW ERP in ordinary (0) wave polarization mode.
HEATING frequency (center frequency): wy/2m = 5423
kHz. Frequency span: 2|Af|=100 kHz. Amplitude
resolution: 10 dB/division. The intensity is given in
dBm (0 dBm=1 mW at 50 Q).
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FIG. 2. Received spectrum at Lavangsdalen for
=~ 280 MW ERP in O mode. HEATING frequency (cen-
ter frequency): 4040 kHz. Frequency span: 100 kHz.
Note the strong, induced asymmetric noise spectrum
from Af = —20 kHz to Af =+ 10 kHz from the HEATING
carrier reaching a maximum close-in intensity almost
40 dB above the background noise level. The two nar-
row sideband spikes are interfering radio stations.

skewed spectrum of electromagnetic type is in-
duced by the strong radio wave in the ionospheric
plasma. As is seen in Fig. 2 the spectrum is
quite strong, the maximum of the received power
at —80 dBm being only 50 dB lower than the ordi-
narily reflected HEATING signal itself. Estimat-
ing the effective length of our (uncalibrated) re-
ceiving antenna to 50 m, we find that the stimu-
lated sideband emission produces a maximum
electric field strength on the ground of the order
of 10® V/m, Hence, the effect is strong and
easy to detect.

At Kiruna the spectra observed were consis-
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FIG. 4. Same as Fig. 3 but with a change from O to
X mode at Af= — 10 kHz. At this changeover point the
intensity of the induced spectrum immediately drops
by = 15 dB.
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FIG. 3. Received spectrum at Kiruna for = 280 MW
ERP in O mode. HEATING frequency (center frequen-
cy): 5423 kHz. Frequency span: 100 kHz. Note the
strongly asymmetric spectrum from Af=— 50 kHz to
Af=+5 kHz with a maximum intensity of =20 dB above
the noise level at Af=—12 kHz.

tently more asymmetric in shape and wider in fre-
quency to the lower-sideband side. Figure 3
shows such a spectrum obtained on 2 September.
Later that day the analyzer sweep shown in Fig.

4 was recorded. During this sweep, which took
93.8 s to run, the mode of wave polarization of
HEATING was changed from ordinary (O) to (al-
most) extraordinary (X) after =38 s, correspond-
ing to a frequency offset of =-10 kHz. The al-
most complete disappearance of the induced
broad sideband spectrum at this changeover point
is clearly seen (cf. Fig. 3), despite the large
number of interfering radio stations. Figure 5
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FIG. 5. Higher-resolution spectrum at Kiruna for
= 280 MW ERP in O mode. HEATING frequency (cen-
ter frequency): 5423 kHz. Frequency span: 50 kHz.
Amplitude resolution: 5 dB/division. The induced
asymmetric spectrum from Af = — 20 kHz to Af=+ 10
kHz shows some peak structure with the strongest peak
at Af=—10 kHz being almost 15 dB stronger than the
background noise.



VoOLUME 49, NUMBER 21

PHYSICAL REVIEW LETTERS

22 NOVEMBER 1982

shows, with higher resolution, one of several
similar spectra obtained at Kiruna on 5 Septem-
ber. A general feature of these spectra is the
occurrence of a pronounced peak structure, espe-
cially in the lower sideband some 8-10 kHz be-
low the HEATING frequency.

In earlier ionospheric modification experi-
ments®~® incoherent radar has been used as a
diagnostic tool. For a modifier wave of (angular)
frequency w, below the ionospheric critical fre-
quency, ion and plasma line enhancement have
been observed. The plasma line enhancement,
with a spectral width of <40 kHz, was partly
attributed to a parametric decay instability™®
where the pump wave decays into an ion acoustic
wave of low frequency w; and an electron plasma
(Langmuir) wave with a downshifted frequency w,
satisfying the condition w,=w, - w; and the cor-
responding wave-vector -matching condition Ee
=K, -K,, with |K,| < |K;|=~|K,|. Recently, Fejer
and Kopka® performed an experiment in which the
time history of the amplitude of the ionospherical-
ly reflected HEATING wave was recorded at
Lavangsdalen. Their results also lend support
to the idea that in the case of an overdense iono-
sphere the parametric decay instability comes
into play.

As is seen from Figs. 2-5 a prominent feature
of our spectra is an asymmetry in the induced
sidebands with a clear tendency for the lower
sideband to contain more energy than the upper
one. In the present Letter we shall not try to
give a detailed theoretical interpretation of this
observational fact. We find it tempting, however,
to tentatively attribute this asymmetry to para-
metric processes taking place in the ionosphere.
The above-described parametric decay instability,
with the strong HEATING wave acting as pump,
would result in a Langmuir wave that is down-
shifted by the ion acoustic frequency. The Lang-
muir wave can propagate only in a comparatively
narrow height range near the critical point. How-
ever, it is a well-known fact that in a plasma con-
taining inhomogeneities, Langmuir waves may
undergo a linear (direct) mode conversion into
radio waves which may escape from the plasma.™
The reverse process may also be at work, yield-
ing Langmuir waves from radio waves incident
on plasma inhomogeneities.! If sufficiently
strong, such a Langmuir wave will act as a pump
in a modified parametric instability.’® The re-
sult of these parametric and linear-mode-conver -
sion processes would be a generation of an asym-
metric Langmuir wave spectrum which, because

of scattering by stationary (zero-frequency) in-
homogeneities and/or striations, would yield an
induced lower sideband of the monochromatic
HEATING wave. Scattering by damped ion acoust-
ic waves of nonzero frequency would result in

a mixing in of weak spectral components also in
the upper sideband. The shape of such induced
electromagnetic sideband spectra would thus be
in agreement with the ones actually observed.
Crude theoretical estimates of sideband intensi-
ties were made and provide a semiquantitative
support to our tentative conjectures; the result
of the theoretical analysis will be published else-
where.

Assuming for simplicity that the electron Lang-
muir waves (we,ﬁe) satisfy the Bohm-Gross dis-
persion law w,®=(1+3k,%/kp? w,,% where kp
is the inverse electron Debye length, and that
the ion acoustic waves (w;, k;) satisfy the dis-
persion law w;?=w,;%k?/kp® (w,, and w,; de-
note the electron and ion plasma frequencies,
respectively), and recalling the fact that k,2/kp?
~pk.2/kp® <1, one finds values of the width of the
induced Langmuir and electromagnetic sideband
spectra (a few tens of kilohertz or less) that
compare rather nicely to those observed in in-
coherent radar measurements®™® and in our ex-
periments. Another feature that also speaks in
favor of our conjectures is the O/X mode de-
pendence (Fig. 4) which is in agreement with
theory.” Furthermore, the more asymmetric
shape of the spectra obtained when looking at the
modified volume under larger angles to the ver-
tical could be related to the spectral differences
exhibited by Langmuir waves propagating at dif -
ferent angles to the magnetic field.® Other proc-
esses than the parametric decay instability, in-
cluding higher-order parametric and nonlinear
ones, may very well account for the finer details
of the observed spectra.

In conclusion, we have discovered experimental-
ly that electromagnetic spectra induced by a
strong monochromatic electromagnetic wave in
an overdense ionospheric plasma may be re-
ceived and analyzed with good frequency and in-
tensity resolution directly on the ground, and
that their skewness may tentatively be attributed
to parametric processes hitherto only observed
by means of diagnostic radars. Further investi-
gations of directly observed sideband spectra are -
in progress.
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FIG. 1. Transmitter output reference spectrum for
= 280 MW ERP in ordinary (0) wave polarization mode,
HEATING frequency (center frequency): w,/2n = 5423
kHz. Frequency span: 2|Af|=100 kHz. Amplitude
resolution: 10 dB/division. The intensity is given in
dBm (0 dBm=1 mW at 50 Q).
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FIG. 2. Received spectrum at Lavangsdalen for
= 280 MW ERP in O mode. HEATING frequency (cen-
ter frequency): 4040 kHz. Frequency span: 100 kHz.
Note the strong, induced asymmetric noise spectrum
from Af = —20 kHz to Af =+ 10 kHz from the HEATING
carrier reaching a maximum close-in intensity almost
40 dB above the background noise level. The two nar-
row sideband spikes are interfering radio stations.
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FIG. 3. Received spectrum at Kiruna for = 280 MW
ERP in O mode. HEATING frequency (center frequen-
cy): 5423 kHz. Frequency span: 100 kHz. Note the
strongly asymmetric spectrum from Af=- 50 kHz to
Af=+5 kHz with a maximum intensity of =20 dB above
the noise level at Af=—12 kHz.
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FIG. 4. Same as Fig. 3 but with a change from O to
X mode at Af= - 10 kHz., At this changeover point the
intensity of the induced spectrum immediately drops
by = 15 dB.
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FIG. 5. Higher-resolution spectrum at Kiruna for
= 280 MW ERP in O mode. HEATING frequency (cen-
ter frequency): 5423 kHz. Frequency span: 50 kHz.
Amplitude resolution: 5 dB/division. The induced
asymmetric spectrum from Af = — 20 kHz to Af=+ 10
kHz shows some peak structure with the strongest peak

at Af=—10 kHz being almost 15 dB stronger than the
background noise.



