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We show how the secondary escaping radiation, also known as stimulated electromagnetic emission
(SEE), from the ionosphere irradiated by a high-intensity radio beam, can be used to study both reflection
altitude ponderomotive parametric instabilities and upper-hybrid altitude thermal parametric instabilities.
This has allowed us to observe the transfer of energy from smaller to higher sideband frequency offsets
and to identify a new transient SEE feature.
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It was discovered experimentally already in 1981 that
when a narrow-band high-frequency (hf) radio beam of
high intensity irradiates the ionosphere at a frequency f0

which is close to the local ionospheric plasma frequency
fp, a structured, wide-band secondary radiation escapes
from the interaction region [1], a phenomenon now known
as stimulated electromagnetic emission (SEE) [2–21]. By
varying the injected hf beam systematically in terms of
frequency, intensity, and duty cycle and analyzing the
secondary radiation, and hence the associated hf radio
beam-excited ionospheric plasma turbulence and wave
conversion processes, we have been able to study the
competition between the effects due to ponderomotive
parametric instabilities (PPI) [22–24] and those due to
thermal parametric instabilities (TPI) [25,26].

The dynamics of the secondary radiation has been
studied earlier [2,4,8,10,11,16–18,21]. However, due to
instrumental shortcomings, these studies often had resolu-
tion limitations in time �t or in frequency ��. The use of
an HP3587S 23 bit baseband signal analysis system with a
maximum sampling rate of 20 Msamples=s allowed us to
perform the measurements reported here, carried out at
the purpose-built space radio research facility Sura near
Nizhniy Novgorod, Russia (geographical coordinates
56.13 �N, 46.10 �E), with sufficient resolution, limited
only by the fundamental relation �t�� � 1.

The general physical scenario is as follows: during the
first few milliseconds after the arrival of the leading edge
of a strong hf radio beam injected into the unperturbed
overhead ionosphere, the PPI develop in a region a few
hundred meters below the hf reflection point z0 at which
fp�z0� � f0, typically in the 3–10 MHz range. Since at z0

the hf pump field E0 is parallel to the geomagnetic field,
Langmuir modes in this region are launched predominantly
along this direction. During the period 0.5–10 s, the TPI
develop typically some 2–5 km below z0, near the upper-
hybrid (UH) altitude zUH, at which fp�zUH� � �f2

0 �

f2
ce�zUH��

1=2 and fce is the local ionospheric electron cy-
clotron frequency. Here E0 has a considerable component
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perpendicular to the geomagnetic field and excites upper-
hybrid waves propagating mainly across the magnetic
field, and therefore also across the small-scale geomag-
netic field-aligned irregularities of plasma density (stria-
tions) which are concurrently being formed through the ac-
tion of TPI near zUH. Since different plasma mode inter-
actions produce distinctive features in the secondary radia-
tion, the SEE method allows systematic stimulus-response
studies of ionospheric turbulence without the need of addi-
tional probing radio waves, scatter radars, or in situ space-
craft probes.

A secondary radiation component known to be directly
related to the PPI excitation near z0 is the redshifted
ponderomotive narrow continuum feature NCp [18,21].
The TPI associated radiation generated near zUH has a
much richer, yet systematic and reproducible spectral
structure [3–11,13,14,16–20]. Several distinctive spectral
features such as the down-shifted, up-shifted, and broad
up-shifted maxima (DM, UM, and BUM, respectively),
and the narrow thermal and broad continua (NCth and
BC, respectively), have been identified in the secondary
radiation. These features are linked to specific plasma pro-
cesses and exhibit a dramatic dependence on the relation
between f0 and electron cyclotron harmonics sfce�zUH�,
s � 3, 4, 5, 6, 7 [see Refs. [3,5,9,14,16–18,20] ]. In par-
ticular, a coincidence of f0 with sfce is identified by the
suppression of the down-shifted maximum (DM) spectral
feature, generated by the nonlinear interaction between hf-
excited upper-hybrid modes, lower hybrid modes, and
striations [5,6,8].

The excitation of striations and concomitant anomalous
absorption (AA) near zUH, caused by a scattering of the hf
pump wave (PW) off the striations into UH waves [25] are
suppressed for f0 � sfce�zUH� [9,27]. This allowed us to
step f0 in a systematic manner from 5fce�zUH� � 30 kHz
to 5fce�zUH� 	 80 kHz, where fce�zUH� varied naturally
between 1.329 MHz and 1.356 MHz, to suppress or en-
hance the UH-associated secondary radiation. Likewise,
selecting an interpulse period (IPP) of 2 s while varying
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the pulse length from 300 �s to 500 ms, it was possible
to excite ionospheric turbulence under conditions from
‘‘cold start’’ to ‘‘preconditioned’’ thus having control
over the level of TPI and, consequently, striations and
AA. In addition, this experimental technique allowed us
to integrate over subsequent pulses for improved statistics
and enhancement of systematic features. The effective
radiated pump power P (transmitter output power

23 dB antenna gain) in the experiments ranged from 80
to 180 MW thus producing an initial jE0�z0�j ranging from
3–5 V=m to 4:5–6 V=m, well above the 0:2–0:3 V=m
parametric instability threshold even if linear absorption
is accounted for.

In Fig. 1, the average of two data sets on the temporal
evolution of the SEE spectra and the intensity of the
reflected PW at f0 � 6778 kHz � 5fce�zUH� are dis-
played. The two sets consist of 12 consecutive runs, the
first with 20 ms hf pulses and the second with 200 ms
pulses. For f0 � sfce and IPP � 2 s, such short pulses do
not give rise to any significant striation formation, AA, or
any other UH-related phenomena. Hence, Fig. 1 represents
PPI radiation phenomena near z0. The initial periodic
intensity peaks are due to multiple sky-ground hops of
the leading edge of the PW pulse; the spectral lines seen
at �f � f� f0 � 20 kHz and �30 kHz are caused by
radio station interference and hf pump transmitter effects.
For t� 1:3–1:5 ms the NCp feature grows while the re-
flected PW decreases up to 20 dB. For t� 1:5–2:0 ms the
NCp has maximum intensity for about �f � �10 kHz to
0 kHz. As t increases, the radiation intensity near f0 di-
minishes simultaneously with a growth further out in the
lower sideband. For t � 5 ms the spectrum width attains a
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FIG. 1 (color online). SEE spectra ��5�–20 ms (left) and 20–
200 ms (right) after hf pump turn-on. The early period spectral
resolution is �� � 1 kHz with 50 �s between subsequent spec-
tra. For the late period �� � 0:5 kHz with 500 �s between
spectra. The line labeled PW depicts the temporal evolution of
the reflected pump wave. September 26, 1998, 14:52–15:26 LT;
f0 � 6778 kHz � 5fce; P � 180 MW.
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maximum value of about 30 kHz. Later, the SEE intensity
decreases for all frequencies in correlation with a 10 dB
increase of PW intensity until t � ts � 50 ms. Following
this, the PW intensity decreases and exhibits damped qua-
siperiodical oscillations or ‘‘spikes’’ [4], while the NCp

intensity continues to decrease. At this time, a weak spec-
tral maximum at �6 kHz< �f <�4 kHz appears in the
background of the decreasing NCp. This is seen in the
right-hand part of Fig. 1 for t > 50 ms. We call this feature
NCM, the narrow continuum maximum.

The NCM spectral feature was observed for f0 in a range
�30 kHz around 5fce, and its initial temporal behavior
was similar to that for f0 � 5fce. This is illustrated in
Fig. 2 which shows an example of the temporal evolution
of the SEE spectra for a cold start with P � 80 MW at
f0 � 5fce (left-hand panel) and at f0 � 5fce–10 kHz
(right-hand panel). For both pump frequencies the behavior
until t� 3–4 s is similar to the one described above for
P � 180 MW, but with a longer time scale. For t �
4:5–5 s and f0 < 5fce the DM feature appears and its
intensity equals that of the NCM; later, after a noticeable
growth of the UH-associated DM and BC spectral features,
the NCM is not distinguished in the SEE spectrum. For
f0 � 5fce the DM and BC do not exist, and the NCM
remains in the spectrum until the stationary stage, although
a decrease of the NCM intensity with t is correlated with a
growth of the UH-associated UM and BUM features.

Figure 3 displays a set of stationary SEE spectra for
different gyroharmonic frequency mismatches �f � f0 �
5fce. The NCM is seen only in the spectrum denoted �f�
0 kHz which also exhibits the weakest DM. In the spec-
trum denoted �f� 0 kHz (AA) with the same DM inten-
sity, the NCM can hardly be distinguished. The latter
spectrum was obtained for a rather well-developed anoma-
lous absorption. A reanalysis of earlier experimental data
−20 −10 0 10 20
−105

−95

−85

−75

−65

−55

∆ f, kHz

m
Bd ,re

wo
P

−30 −20 −10 0 10
−105

−95

−85

−75

−65

−55

∆ f, kHz

30−80 ms
330−380 ms
1430−1480 ms
4630−4680 ms
59230−59280 ms

30−80 ms
330−380 ms
1430−1480 ms
4730−4780 ms
59630− 59680 ms

NC

UM

BUM

DM

 BC

NC

FIG. 2 (color online). Temporal evolution of secondary radia-
tion (SEE) spectra after PW turn-on for f0 � 6645 kHz � 5fce

(left panel) and f0�6635 kHz�5fce–10 kHz (right panel). Sep-
tember 24, 1998, 17:22–17:26 LT; ���0:5 kHz; P � 80 MW.
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FIG. 4. SEE decay after PW turn-off for �f � �8 kHz (�� �
4 kHz, black lines) and �f � �30 kHz (�� � 2:5 kHz, gray
lines) for PW pulse lengths � � 5, 50, and 500 ms. For clarity,
sharp periodic peaks caused by multiple reflections of the trail-
ing edges of the PW pulses have been removed. The times and
dates are the same as for Fig. 1.
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FIG. 3 (color online). Stationary SEE spectra for different
gyroharmonic frequency mismatches �f � f0 � 5fce. Septem-
ber 23–24, 1998, 14:50–17:20 LT; �� � 100 Hz; P � 80 MW.
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shows that the NCM can be sporadically distinguished in
stationary spectra also for f0 � 4fce and f0 � 6fce. When
f0 is not close to a gyroharmonic, the NCM is seen in the
radiation spectra before the development of the BC and
DM takes over. Notice that the NCM frequency shift
�fNCM � f0 � fNCM increases with pump power P and
time t; see the left-hand panel of Fig. 2.

For a preconditioned ionosphere, when striations and
AA do not disappear completely between successive hf
pump pulses, the UH-related features develop much faster
after a pump turn-on than for a cold start. In this case
neither NCp nor NCM are observed. For �fDM < �f < 0
SEE develops concurrently with the DM. Furthermore, for
f0 > 5fce the slopes of the stationary SEE spectrum in this
frequency range and at the lower frequency flank of the
DM are very close and narrow down as f0 approaches 5fce.
This is seen in Fig. 3 for �f * 20 kHz and for �f� 0 kHz
(AA). This shows that for a preconditioned ionosphere the
secondary radiation in the NC frequency range is closely
related to the presence of striations and is generated in the
UH region due to a TPI process. Therefore, we denote it
NCth (‘‘thermal’’ in contrast to ‘‘ponderomotive’’). For
small mismatches �f � 5–10 kHz, as well as for �f �
0 kHz, the UH turbulence is suppressed, and the NCp

(NCM) radiation dominates over the NCth. In fact, in the
mismatch range �10 kHz & �f & �5 kHz, the SEE in
the NC frequency range behaves like a part of the BC
feature; see Figs. 2 and 3. Most probably, this is due to
the involvement of electron Bernstein modes in the SEE
generation [28,29], which again is related to TPI. Notice
that a slow joint NC and DM development was observed
previously only for f0 far from sfce and near the PPI
threshold [13]; the narrowing of the NCth when f0 ap-
proaches sfce was pointed out in Ref. [13] and has been
observed earlier for f0 � 4fce [20].
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Figure 4 shows the decay of the intensity of SEE in the
NC frequency range after pump turn-offs for different hf
pump pulse lengths �, corresponding to different stages of
the SEE development, for �f � �8 kHz and �30 kHz;
effects related to the trailing edge of the PW pulse pre-
vented a measurement of the SEE decay for smaller j�fj.
For short-duration pumping (� � 5 or 10 ms), when the
NCp is strongest and widest, the decay of the NCp at �f �
�8 kHz appears immediately after the PW turn-off, while
at the low-frequency flank of the spectrum the decay
appears after a time delay of about 1.5–2 ms. The SEE
e-folding decay time of about 0.8–1.0 ms, which is the
same for all �f, is much shorter than the collisional damp-
ing time of Langmuir waves ��1

e � 2:5 ms. This differ-
ence between the observed decay time and the expected
collisional damping time is most likely related to collision-
less damping of Langmuir waves on suprathermal elec-
trons (photoelectrons) in the ionosphere. For pulse lengths
� * 50 ms the delay disappears and the NCp decay is a
two-step process. For � � 500 ms the first step e-folding
decay time is 0.20–0.26 ms but in the second step it is
much longer and close to the collisional damping time. A
presence of a second collisional step in the SEE relaxation
is typical for Langmuir and UH turbulence of weak inten-
sity [17].

The experiments show that the temporal evolution of the
secondary radiation proceeds in three stages: an initial, an
intermediate, and an UH-related stage. During the initial
and intermediate stages the SEE features (NCp and NCM)
do not depend on the mismatch between f0 and 5fce. This
means that these features are associated with Langmuir
waves propagating mainly along the geomagnetic field
near z0. During the first few milliseconds of hf pumping
(initial stage) the NCp is the only feature in the SEE
spectrum. The flattening and widening of the NCp, as
well as the delay of the start of the decay, indicate a
Langmuir turbulence energy transfer in the spectrum to-
wards lower frequencies. Such a transfer is typical for
weak turbulence regimes of PPI [10,16,23], also known
as the parametric decay instability (PDI), and was previ-
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ously observed only for the relaxation of the SEE BC
feature [10,14]. Because of the swelling of the electric
field of the pump wave in the region immediately be-
low z0 [30], the PDI develops rapidly in this region. The
rather wide NCp spectrum of approximately 30 kHz
during this stage shows that the radiation must be gener-
ated a few hundred meters below z0. Otherwise the sec-
ondary radiation would not escape from the ionosphere. On
the other hand, near z0 strong turbulence is expected to
occur [24]. We did not find any clear evidence of SEE at
�f > 0, corresponding to so-called ‘‘free mode’’ of
Langmuir waves [31,32]. SEE with a spectral shape as
described in [12] were observed only when pump pulse
edges happened to leak into our Fourier analysis time
window.

During the intermediate stage, concurrent with an NCp

decrease and PW spikes, the NCM appears in the spectra
against the NCp background. We interpret this NCM ap-
pearance as a further downward displacement of the Lang-
muir related SEE source. The increase in �fNCM with t and
P is an additional evidence for such a displacement. In
particular, the predicted PDI maximum in the Langmuir
wave spectrum should appear at �f � �f0�me=mi�

1=2


��z=H�1=2, where me=mi is the electron-to-ion mass ratio,
H the ionospheric scale height, and �z the distance from
the hf reflection point [22]. If we attribute NCM to the PDI,
the j�fNCMj increase would be related to a growth in �z.
The latter is conditioned by a downward expansion, with P
or t, of the region in which the PDI develops. Such an
interpretation requires, however, further theoretical studies
of the spatiotemporal behavior of the PPI in the ionosphere.
A downward motion of the pump-driven Langmuir turbu-
lence with a formation of a spectral maximum was ob-
served with the Arecibo incoherent scatter radar [32,33].
For P small but still exceeding the PDI threshold, the NCp

and NCM survive longer in the SEE spectrum because of
the longer time needed for AA to develop.

For long-duration pumping at f0 � sfce, a further de-
crease in the NCp intensity occurs concurrently with a
growth of the DM, NCth, and other features related to the
excitation of UH waves and striations during the TPI
processes (third stage). For a preconditioned ionosphere,
the NCp does not show up at all in the SEE spectra. This is
due to energy losses of the PW and the secondary radiation
on UH modes caused by AA or, in other words, by a strong
shielding of the NCp generation region due to striations.
For f0 � sfce, the UH turbulence is suppressed or totally
quenched, which means that NCp dominates in the SEE
spectra even during the stationary stage. The position of the
NCM in the stationary SEE spectrum is close to that of the
down-shifted peak (DP) feature, [3,9,18], but the identity
of the DP and NCM requires further proof.
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