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Observations of electromagnetic emission stimulated by a high-frequency radio wave injected into the
ionosphere from a ground-based powerful transmitter operated near harmonics of the ionospheric elec-
tron cyclotron frequency are reported. Significant changes in the spectrum of the stimulated elec-
tromagnetic radiation were obtained as the injected frequency was varied in small steps around these
harmonics. The experimental results are attributed to nonlinear wave interactions involving electrostatic
wave modes perpendicular to the local geomagnetic field.

PACS numbers: 52.35.Mw, 52.25.Sw, 94.20.Bb

A powerful high-frequency (hf) electromagnetic (em)
wave in the ordinary mode, launched from the ground
into the ionosphere, stimulates secondary em radiation in
the sidebands of the reflected primary wave.!~> The spec-
tra of these emissions depend on the ionospheric condi-
tions as well as the frequency of the primary hf (pump)
wave, fo, but exhibit in the general case a clear asym-
metry as expected for parametric three-wave decay pro-
cesses. If, however, f( is near a harmonic of the electron
cyclotron frequency, f., in the F region of the iono-
sphere, the spectral structure of the stimulated elec-
tromagnetic emission (SEE) is different and strongly
dependent on f as described in this Letter.

We present experimental results from the ionospheric
modification facility Heating near Tromsé, Norway, ob-
tained by varying the pump frequency in steps of 20 kHz
between 5.343 and 5.483 MHz, which is near 4f... The
pump wave was transmitted continuously for a few
minutes on each frequency and the observed SEE spec-
tra, as they appear a few seconds after the onset of the
pump, persisted throughout this period. The effective ra-
diated power of the vertically launched pump wave was
250 MW. The corresponding energy flux at 200-km alti-
tude is approximately 0.5 mW/m?, neglecting ionospher-
ic absorption. The angle between the geomagnetic field
and the downward vertical is approximately 13°.

Figures 1(a)-1(c) display three 200-kHz-wide spectra
around the pump frequencies of 5.443, 5.403, and 5.383
MHz, respectively. In Fig. 1(a) two distinct features,
the “downshifted maximum” (DM) and “broad upshift-
ed maximum” (BUM), can be seen at Afpm= —9 kHz
and Afpym = +35 kHz, respectively. The DM feature,
which is commonly observed for a wide range of pump
frequencies,? is absent in Fig. 1(b) and Afgum= +15
kHz, whereas in Fig. 1(c) Afpm= —9 kHz and the
BUM is absent. The strong spectral dependence on f is
typical and systematic and has been observed in several
experiments with fo=nf., n=3,4,5. As seen from

Figs. 1(a) and 1(b), Afpum also depends strongly on fo.
This dependency is summarized in Fig. 2.

We suggest that the pump excites upper hybrid waves
through linear conversion facilitated by pump-induced
geomagnetic field-aligned density striations,%® that are
commonly detected during ionospheric modification ex-
periments at Tromsd.® These striations have a growth
time of a few seconds, consistent with the rise time of the
BUM and DM features. Also, it has been observed? that
the SEE are strong whenever radar backscatter from
striations are strong.

In order to study possible wave interactions involving
upper hybrid waves, the general dispersion equation of
linear waves in a homogeneous, magnetized plasma was
solved numerically by using a kinetic-theory computer
code.!%-!2  Although density striations are present and
may have a significant propagational effect on the
waves,!>1* the plasma is assumed to be locally homo-
geneous so that our numerical model gives adequate in-
formation on the dispersion properties of the waves. Fig-
ure 3 displays the dispersion curves obtained for the
upper hybrid (curves 1 and 3) and electron Bernstein
modes (curves 2 and 4) for two choices of upper hybrid
frequencies fun = (f2 +£2)'2 near 4f,, corresponding
to two different altitudes in the ionosphere; f,. is the
electron plasma frequency. Curves 1 and 2 are for
Sun/fee=3.80. Curves 3 and 4 are for fun/fee=3.95.
For fo<4f,, say fo=3.8f., there is a range of the
perpendicular wave-vector component in which the per-
pendicular group velocity of the electrostatic waves is al-
most zero. The waves will therefore stay inside the
field-aligned striations for a relatively long time and are
thus susceptible to the largest enhancement by the hf
wave. For fo=4f,., resonant enhancement is weak be-
cause of strong cyclotron damping.'>'¢ For fo> 4f..,
both the electron Bernstein mode for a wide range of
electron plasma frequencies and the upper hybrid mode
can be resonantly enhanced by the hf wave.
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FIG. 1. Spectra of stimulated em emission for (a) fo=5.443
MHz, (b) 5.403 MHz, and (c) 5.383 MHz. The spectra were
recorded at Tromsg on 12 May 1988. The narrow features at
== —47, —53, and —57 kHz relative to fo in (b), and the cor-
responding features in (c), are interferences from nearby hf
transmitters.

The enhanced upper hybrid wave (f1,k;) decays into
an em wave (f,k;) in the ordinary mode and a lower
hybrid wave (f3,k;). The em wave, with a frequency
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FIG. 2. The offset of the BUM feature, Afsum =fBUM — fo
(in kHz) vs fo near 4f.. The two dashed lines are given by

Sfeum=2fo—4f.., where f..=1.350 and 1.353 MHz, respec-
tively.
f22=f1—f3> fpe, can escape from the ionosphere and

be detected on the ground. It must be in the ordinary
mode since the extraordinary mode is evanescent at the
upper hybrid resonance, where f 2= fun. This paramet-
ric instability has been suggested to explain narrow-band
radio-wave emission in the magnetosphere.!”'® Taking
k; parallel to the geomagnetic field and applying formula
(42) of Ref. 18 to conditions in the F region yields a low
instability threshold (<1 V/m). We suggest that this
parametric process can explain hitherto unexplained
properties of the commonly observed DM feature in the
SEE spectra. The growth rate for the lower hybrid wave
is highest (and the threshold lowest) at the lower hybrid
frequency, which is approximately 8 kHz in the F region
above Troms¢. This is consistent with the steep edge of
the DM at 8 kHz below the pump [Figs. 1(a) and 1(c)].
The parametric interaction suggested here is also con-
sistent with the lack of correlation between the DM
feature and measurements of incoherent scatter using
the EISCAT-UHF facility, 19 since the radar line of sight
was approximately parallel to the geomagnetic field
prohibiting the detection of electrostatic waves having
wave vectors perpendicular to the geomagnetic field.
Further, just at the electron cyclotron harmonics the
upper hybrid waves are strongly damped, which is con-
sistent with the disappearance of the DM feature for cer-
tain hf frequencies. Assuming that f=5.403 MHz, for
which the DM did not develop [Fig. 1(b)], is exactly at
the fourth harmonic, we obtain f.. =1.35 MHz. For the
experiments at the third and fifth harmonics we obtain
fee =1.36 and 1.35 MHz, respectively. These values are
in good agreement with models of the geomagnetic field
in the F region above Tromsd.

The data points in Fig. 2 closely follow the relation
SfBUM =2f0—4fc., or 2fo=fBUMt4fc, Where fpum is
the frequency of the BUM. This empirical relation sug-
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FIG. 3. Dispersion curves for the upper hybrid mode (curves
1 and 3) and the electron Bernstein mode (curves 2 and 4) for
ki=10"*m ™", f, =1.350 MHz, T. =1600 K, and 7; =800 K
for the O™ ions; p, is the thermal electron gyroradius. Curves
1 and 2 are for fun/fce=3.80 and curves 3 and 4 for
Sun/fee =3.95.

gests that the BUM feature is generated through a four-
wave interaction, involving two pump photons or upper
hybrid plasmons, a decay mode at 4f,., and the stimulat-
ed radiation at fgym. Assuming that the BUM feature
is generated exactly at nf,., the spectral width can be
used to estimate the altitude range in which the emis-
sions are generated. With a spectral width of approxi-
mately 20 kHz [Fig. 1(a)] at the fourth cyclotron har-
monic the range in electron cyclotron frequency is 5
kHz. This corresponds to an altitude range of approxi-
mately 5 km.

In conclusion, our experiments suggest that nonlinear
interactions between wave modes perpendicular to the
geomagnetic field stimulate em emission during high-
frequency ionospheric modification experiments. The ex-
periments reveal a high sensitivity of some spectral
features of the SEE on the pump frequency. These
significant changes in the stimulated radiation spectrum
are associated with the pump frequency being close to, or
at, harmonics of the electron cyclotron frequency in the
ionospheric F region. We suggest that the ordinary
mode pump wave excites upper hybrid waves through
linear conversion facilitated by the presence of pump-
induced density striations in the upper hybrid resonance

region. The stimulated em radiation can be be used to
determine the magnitude of the geomagnetic field where
the upper hybrid frequency matches electron cyclotron
harmonics in the ionosphere.
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