
1.  Introduction
One of the most prominent phenomena discovered from ionosphere modification experiments is the stim-
ulated electromagnetic emission (SEE) generated by the ordinary (O-mode) polarized high power high fre-
quency (HF) radio waves (Thidé et al., 1982). A large number of SEE studies at different HF Heating facili-
ties located at high and middle latitudes have been summarized by Leyser (2001). The SEE spectra provide 
important diagnostic information about the ionosphere. Various spectral components in the SEE spectra 
have been observed in the frequency band of 200 kHz around the heater frequency. This is the so-called 
wideband stimulated electromagnetic emission (WSEE).

By a contrast to the “classic” WSEE, new intense spectral components within ±1 kHz of the heater fre-
quency were recently found at the High Frequency Active Auroral Research Program (HAARP) facility. 

Abstract  The distinctive features of the ion gyro-harmonic discrete structures in the narrowband 
stimulated electromagnetic emission (NSEE) spectra (within ±1 kHz of the heater frequency), excited by 
an extraordinary (X-mode) polarized high frequency (HF) pump wave in the F-region of the high latitude 
ionosphere, are reported. Results were obtained from three sets of experiments at the EISCAT (European 
incoherent Scatter) HF Heating facility at pump frequencies of 5.423, 6.77 and 7.953 MHz, which are 
below the fourth, fifth, and sixth electron gyro-harmonics. High power HF radio waves were radiated in 
the magnetic field-aligned direction with an effective radiated power of 238–740 MW. Discrete spectral 
features, ordered by the ion gyro frequency (for O+ ions), were recorded at a large distance (1,200 km) 
away from the Heating facility. Up to 10 downshifted discrete ion gyro-harmonic structures paired with 
the upshifted spectral components (Stokes and anti-Stokes modes) in the NSEE spectra have been excited 
in the course of these experiments. It was found that preconditioning effects have a significant impact on 
the temporal evolution of the discrete spectral structures. The ion gyro-harmonic structures coexisted with 
field-aligned artificial irregularities (FAIs). Comparing the NSEE and EISCAT incoherent scatter radar 
observational results, it was concluded that the electron accelerations along and across the geomagnetic 
field coexist during X-mode heating. The magnetized stimulated Brillouin scatter and stimulated ion 
Bernstein scatter are discussed as relevant processes for the observed multiple down- and upshifted ion 
gyro-harmonic structures in the NSEE spectra.

Plain Language Summary  Experiments in the Earth's ionosphere (part of the upper 
atmosphere) using high power high frequency (HF, or shortwave) radio waves may be used to study a 
wide variety of fundamental phenomena. We discuss recent advances in observations of stimulated radio 
emissions generated by a powerful HF radio transmitter at the European incoherent Scatter observatory 
in northern Norway. We found that the high power HF wave is able to generate radio emissions that 
can be observed more than one thousand kilometers away, in Saint Petersburg, Russia. We found and 
investigated distinctive frequencies of the radio emissions, and we believe, based on past results, that such 
emissions are not observable from locations close to the radio transmitter. The emissions we observed 
can be exploited for diagnostics of the Earth's environment, and they are similar to emissions seen in 
laser interactions with ionized gases such as occur in laser fusion experiments, and also in piezoelectric 
semiconductor devices, in fiber optics, and in many biological systems. This opens a window for utilizing 
our results to assist in these and other related areas.
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That artificial emission was named as the narrowband stimulated electromagnetic emission (NSEE). It 
was shown that an O-mode HF pump wave may decay into an electrostatic plasma wave and scattered 
electromagnetic (EM) waves involved in the process of Magnetized Stimulated Brillouin Scatter (MSBS) 
(Bernhardt et al., 2009, 2010; Mahmoudian, Scales, Bernhardt, Fu, et al., 2013; Norin et al., 2009). Excited 
electrostatic waves in the ionosphere source region could be either ion-acoustic (IA) or electrostatic ion 
cyclotron (EIC) waves, depending on the angle between the wave vector and the background magnetic 
field vector B. IA waves were excited in the interaction region along the magnetic field B and the EIC waves 
were dominant nearly perpendicular to B, that is consistent with the theoretical predictions (Bernhardt 
et al., 2010; Shukla & Stenflo, 2010). European incoherent Scatter (EISCAT) O-mode HF pumping exper-
iments with frequency stepping through the third 3fce and fourth 4fce electron gyro-harmonics (Borisova 
et al., 2014; H. Y. Fu et al., 2020) have demonstrated that MSBS IA lines were excited above and below elec-
tron gyro-harmonics and suppressed as the pump frequency approached close to 3fce and 4fce. NSEE spectra, 
recorded at pump frequencies in the vicinity of the second electron gyro-harmonic, have demonstrated the 
excitation of ion gyro-harmonic discrete structures ordered by the local ion gyro-frequency (for O+ ions) 
(Bernhardt et al., 2011; H. Fu et al., 2013; Mahmoudian, Scales, Bernhardt, Samimi, et al., 2013; Samimi 
et al., 2012, 2013, 2014). The observed ion gyro-harmonic structures were downshifted relative to the pump 
frequency (Samimi et al, 2012, 2013). According to the analytical model (Samimi et al., 2014), these discrete 
structures, so-called stimulated ion Bernstein scatter (SIBS), are excited due to the parametric decay of the 
pump field into an UH/ EB wave and neutralized ion Bernstein (IB) modes. As shown by Mahmoudian, 
Scales, Bernhardt, Samimi, et al. (2013), the SIBS feature has been observed simultaneously with the HF-in-
duced optical emission. Ion gyro-harmonic structures excited near the second electron gyro-harmonic may 
be able to play an important role in the creation of artificial ionization layers and potential applications 
(Mishin et al., 2016; Pedersen et al., 2010, 2011).

As a rule, for modification of the upper ionosphere (F region) the ordinary polarized (O-mode) HF pump 
waves are used. At HAARP the NSEE structures were only observed in the close vicinity of HF heater and 
only with O-mode HF transmissions. In none of the HAARP experiments, all with observations carried 
out in the vicinity of the HF heater, were IA and EIC emission lines observed to be excited by X-mode HF 
pump waves (Mahmoudian, Scales, Bernhardt, Fu, et al., 2013; Mahmoudian et al., 2014). At Sura heating 
facility (near N. Novgorod, Russia) observations of NSEE were not carried out at all. The nonlinear plasma 
processes, induced by extraodinary (X-mode) polarized HF pump wave, producing NSEE remain not well 
investigated and understood.

In early HF heating experiments at the EISCAT scientific association site Thidé et al. (1983) observed nar-
row peaks ordered by the ion gyro-frequency at about 50  Hz in the NSEE spectrum that formed band-
ed, upshifted structures relative to the pump frequency. These structures were recorded in the neighbor-
hood of the HF Heating facility at Tromsø, when the extraordinary polarized (X-mode) HF pump wave 
was vertically radiated at frequency in the vicinity of the local second electron gyro-harmonic frequency 
(fH = 2.759 MHz). However, the authors of this article could not “exclude instrumental effects” for these 
observations. In order to explain the observed spectral structures Sharma et al. (1994) have proposed the 
parametric decay instability of an X-mode HF pump wave into a high-frequency electron Bernstein wave 
and a low-frequency ion Bernstein wave.

Recent experiments at EISCAT have demonstrated for the first time that an X-mode HF pump wave is ca-
pable of exciting the NSEE (within ±1 kHz off the pump frequency) recorded at 1,200 km away from the 
Heating facility (Blagoveshchenskaya et al., 2015). Intense spectral structures associated with EIC, and mul-
tiple harmonics of EIC have been found in the NSEE spectra (Blagoveshchenskaya et al., 2015). It was sug-
gested that the parametric decay of the extraordinary polarized high power electromagnetic wave into the 
electron Bernstein and ion Bernstein plasma waves is responsible for the observed discrete spectral struc-
tures ordered by the local ion gyro-frequency (O+ ions). We have focused our attention on results obtained 
in the course of X-mode frequency stepping over the fifth electron gyro-harmonic (Blagoveshchenskaya 
et al., 2017). It was shown that the disappearance of the ion gyro-harmonic structures in the NSEE spectra 
occurred when the heater frequency reached the fifth electron gyro-harmonic frequency. This feature can 
provide a long distance determination of the local electron gyro-frequency over the Heating facility. The 
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multiple down- and upshifted ion gyro-harmonic structures did not reappear within about 150 kHz range 
above the electron gyro-harmonic frequency (Blagoveshchenskaya et al., 2017).

Field-aligned artificial irregularities (FAIs) play a key role for the NSEE observations on the ground. As 
for small-scale field-aligned irregularities induced by the ordinary (O-mode) polarized powerful HF radio 
waves (HF pump wave), they are intensively studied at all HF heating facilities in the world (see, for example, 
Gurevich, 2007; Robinson, 1989 and references therein). They are generated at the upper hybrid resonance 
height, which is several kilometers below the reflection altitude of the HF pump wave, through the thermal 
parametric (resonance) instability (Grach & Trakhtengerts, 1975; Vas'kov & Gurevich, 1976). Investigations 
of FAIs induced by extraordinary (X-mode) HF pump waves in the high latitude ionosphere F-region have 
been carried out during a large number of EISCAT HF pumping experiments (Blagoveshchenskaya, 2020; 
Blagoveshchenskaya et al., 2011, 2015, 2017, 2019, 2020). The features and behavior of the X-mode FAIs 
differ radically from O-mode effects. The X-mode FAIs, similar to the other X-mode phenomena, were only 
excited by HF pump waves radiated toward the magnetic zenith (Blagoveshchenskaya et al., 2015). They 
were excited at pump frequencies below and above the critical frequency of the F2 layer (fH ≤  foF2 and 
fH > foF2) (Blagoveshchenskaya, 2020; Blagoveshchenskaya et al., 2011, 2015, 2019). The generation of the 
X-mode FAIs occurs in two steps. At first the large scale field-aligned irregularities (l⊥ = 1–10 km) were ex-
cited, and then large-scale structures collapsed into the small-scale sizes (Blagoveshchenskaya et al., 2019).

The aim of the current study is to provide insight into new issues associated with the ion gyro-harmonic 
structures excited by an X-mode HF pump wave in the F-region of the high latitude ionosphere and ob-
served far away from the EISCAT/Heating facility (about 1,200 km). We report experimental results regard-
ing the distinctive features and behaviors of the ion gyro-harmonic discrete structures in the NSEE spectra 
within ± 1 kHz off the pump frequency at pump frequencies below the fourth, fifth and sixth electron gy-
ro-harmonics. Alternating O- and X-mode experiments were carried out under quiet geophysical conditions 
in the sunlight ionosphere. HF pumping was made into the magnetic zenith at different pump frequencies 
below the critical frequency of the F2 layer. This makes it possible to compare the X- and O-mode effects in 
the same geophysical conditions and heater details.

The study is organized as follows. Experimental setup is described in Section 2. Next, we present the experi-
mental results concerning the distinctive features of the ion gyro-harmonic structures excited by an X-mode 
HF pump wave at different frequencies below or near the critical frequency of the F2 layer (fH ≤  foF2) 
and observed at 1,200 km away from the EISCAT/Heating facility (Section 3). Preconditioning effects on 
the temporal evolution of the ion gyro-harmonic structures is considered in Section 3.1. Then, we present 
results related to the coexisting ion gyro-harmonic structures and small-scale artificial field-aligned irreg-
ularities (Section 3.2). Next, we have considered the impact of the ratio fH/ foF2 on the ion gyro-harmonic 
generation (Section 3.3). Finally, a discussion and summary are provided (Section 4).

2.  Experimental Setup
The modification of the high latitude ionosphere was produced by the EISCAT HF Heating facility in the 
vicinity of Tromsø, Norway (69.6°N, 19.2°E) (Rietveld et al., 2016). Three sets of experiments aimed toward 
the investigation of the NSEE in the high latitude upper (F-region) ionosphere were conducted in daylight 
hours on February 25, 2013 (Experiment 1), October 28, 2015 (Experiment 2), and October 25, 2013 (Experi-
ment 3), which were a part of Russian EISCAT heating campaigns. High power electromagnetic waves were 
radiated into the magnetic zenith (HF heater beam tilted by 12°S from the vertical pointing) under quiet 
geophysical conditions in the sunlight ionosphere. On February 25, 2013 concurrent O- and X-mode HF 
pumping was made at the pump frequency of 5.423 MHz with a 10 min on, 5 min off transmission scheme. 
During the second set of experiments on October 28, 2015 the concurrent O- and X-mode HF pump waves 
were radiated at frequencies of 6.77 MHz and then 5.423 with 10 min on, 5 min off transmission pulses. In 
the course of the third set on October 25, 2013 only the X-mode heating was made at frequencies of 5.423, 
6.2, 7.1, and 7.953 MHz with a 2.5 min on, 1 min off transmission scheme. In all experiments the pump fre-
quency was below or near the critical frequency of the F2 layer (fH ≤ foF2) enabling a comparison between 
the O- and X-mode effects for the first and second set of experiments. The width of the heater beam was 
5–6° (at the - 3 dB level). Effective radiated power changed between 238 and 740 MW in different experi-
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ments. The leakage of the ordinary polarized wave during the transmission of the extraordinary HF pump 
wave, as well as the leakage of extraordinary polarized wave in the course the O-mode HF pumping, did 
not exceed 5 MW.

The observations of NSEE have been carried out near St. Petersburg (60.27°N, 29.37°E) located at 1,200 km 
away from the Heating facility. HF heater signals were received on a double rhombic antenna directed 
over Tromsø. During the first set of experiments on February 25, 2013, HF signals were recorded by a SDR 
(Software Defined Radio) PERSEUS receiver with a dynamic range not worse than 90 dB. The fast Fourier 
transform was utilized to obtain spectrograms of the received signal. A frequency resolution of the power 
spectrum of 0.16 Hz and a temporal resolution of 3 s were used for processing data on February 25, 2013. 
During the second and third set of experiments on October 28, 2015, and October 25, 2013 HF heater signals 
were recorded by a digital spectrum-analyzer, the ICOM-R75 receiver with a 90 dB dynamic range. This 
allows us to obtain the spectral features in a band of 2.5 kHz. In the course of the second and third set of 
experiments, a frequency resolution of 0.42 Hz and a temporal resolution of 3 s were utilized.

FAIs were probed by the CUTLASS (Co-operative UK Twin Located Auroral Sounding System) HF coherent 
radar (Lester et al., 2004) located at Hankasalmi, Finland (62.3°N; 26.6°E). On October 28, 2015 CUTLASS 
run at six operational frequencies from about 10 to 20 MHz that monitored the FAI features and behaviors 
transverse to the magnetic field with sizes of l⊥ ≈ 7.5–15 m (l⊥ = c/2f, where f is the CUTLASS operational 
frequency). Three CUTLASS operational frequencies of 16, 18, and 20 MHz, related to the FAI size with 
l⊥ ≈ 9.2, 8.3, and 7.5 m, have been utilized in the course of the experiment on October 25, 2013. CUTLASS 
operated on a single beam 5 (beam width of ∼3.3°) directed over Tromsø with a range gate of 15 km and a 
temporal resolution of 3 s. NSEE observations in the vicinity of St. Petersburg were also carried out simul-
taneously with the EISCAT UHF incoherent scatter radar (933 MHz) (Rishbeth & van Eyken, 1993) meas-
urements at Tromsø, co-located with the HF heater. The UHF radar measured in the same direction as the 
pointing of the HF heater transmission. Processing EISCAT UHF radar data was done using the Grand Uni-
fied Incoherent Scatter Design and Analysis Package software (Guisdap) (Lehtinen & Huuskonen, 1996).

The status of the ionosphere above Tromsø in the course of HF pumping experiments was checked by the 
Tromsø dynasonde (Rietveld et al., 2008) and digisonde (Galkin et al., 2008).

3.  Results of Observations
3.1.  Preconditioning Effect on the Temporal Evolution of the Ion Gyro-Harmonic Structures

During the first set of experiments on February 25, 2013 an HF pump wave at fH = 5.423 MHz was radiat-
ed in the magnetic field-aligned direction with a zenith angle of 12°S from 15:42 to 17:12 UT with O- and 
X-mode polarization by cycles 10 min on, 5 min off with the effective radiated power ERP = 416 MW. The 
critical frequency of the F2 layer was about 5.6 MHz (fH/ foF2 = 0.97). Experimental observations of the 
NSEE spectral features are summarized in Figures 1–3.

Figure 1 presents the spectrogram of the NSEE in the frequency band of ± 700 Hz of the pump frequency 
recorded on February 25, 2013 from 16:00 to 16:42 UT near St. Petersburg at 1,200 km far away from the EI-
SCAT/Heating facility. The strong line in the center with zero frequency offset corresponds to the HF pump 
wave. As evident from Figure 1, only during the X-mode pulses (16:16–16:26 UT and 16:31–16:41 UT) are 
the discrete ion gyro-harmonic structures ordered by the ion gyro-frequency seen on the spectrogram, both 
down- and upshifted relative to the pump frequency. Weak and narrow multiple harmonics of 50 Hz, seen 
under the O-mode HF pumping, are power supply harmonic interference. We assume that the maximum 
error for the true range of the reflection altitude of the X-mode HF pump wave at fH = 5.423 MHz based 
upon the ionosonde measurements at Tromsø does not exceed 10 km (Galkin et al., 2008). By using the 
International Geomagnetic Reference Field (IGRF) model at the altitudes of 230 ÷ 220 km, the electron gy-
ro-frequency lied in the range fce = 1.359 ÷ 1.365 MHz and the ion gyro-frequency was fci = 46.6 ÷ 46.8 Hz. 
It corresponds that the pump frequency fH = 5.423 MHz was about (13 ÷ 37) kHz below the fourth electron 
gyro-harmonic (4fce = 5.436 ÷ 5.460 MHz). The additional argument in support of the heater frequency be-
low the electron gyro-harmonic is evident from recent results obtained in the course of X-mode frequency 
stepping over the fifth electron gyro-harmonic from below. Blagoveshchenskaya et al. (2017) have shown 
that the disappearance of the multiple ion gyro-harmonic structures in the NSEE spectra occurred when 
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the heater frequency reached the electron gyro-harmonic frequency. The multiple down- and upshifted ion 
gyro-harmonic structures did not re-appear within about 150 kHz band above the electron gyro-harmonic 
frequency. Thus, the presence of multiple down- and upshifted ion gyro-harmonic structures in the NSEE 
spectra indicate that the heater frequency is below the electron gyro-harmonics.

The downshifted (Stokes) spectral lines were paired with upshifted (anti-Stokes) spectral lines. Eleven 
down- and nine upshifted discrete spectral lines ordered by approximately the ion gyro-frequency (O+ ions) 
are clearly identified in spectrogram during the X-mode HF pump pulses. Among the ion gyro-harmonic 
structures with the maximum spectral power at (nfci), where n is the harmonic number, the downshifted 
spectral line at 0.5fci was also excited. In the course of the O-mode cycle from 16:01–16:11 UT, the discrete 
spectral structures did not occur. Only very weak and narrow power supply harmonic interference at mul-
tiples of 50 Hz can be seen during the O-mode transmission pulse.

The comparison between the temporal evolution of the X-mode pulse from the “cold” start (the first X-mode 
pulse from 16:16–16:26 UT following the O-mode one) and the second X-mode cycle (16:31–16:41 UT) ex-
hibit distinctions. It is clearly seen that from the “cold” start all spectral lines do not start to develop at the 
same time. With increasing harmonic number, the delay time from the heater turning on becomes longer, 
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Figure 1.  Experiment 1. The spectrogram of the narrowband stimulated electromagnetic emission (NSEE) at a pump frequency fH = 5.423 MHz in the 
frequency band of ±700 Hz off the pump frequency recorded on February 25, 2013 from 16:00 to 16:42 UT near St. Petersburg at 1,200 km away the EISCAT/
Heating facility. Alternating O- and X-mode high frequency (HF) pumping was made into the magnetic zenith with 10 min on, 5 min off cycles with the 
effective radiated power ERP = 416 MW. Weak and narrow multiple harmonics of 50 Hz, seen under the O-mode HF pumping, are power supply harmonic 
interference. Weak short-lived upshifted structures at about 0.5 fci, appearing and disappearing before and after the pump cycle from 16:16 to 16:26 UT, are 
interference. The pump pulses and polarization of the heater wave are shown on the time axis.
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Figure 2.  Experiment 1. The power spectra of narrowband stimulated electromagnetic emission (NSEE) obtained on February 25, 2013 at fH = 5.423 MHz in 
the frequency band of ±500 Hz taken over 3 s intervals for first 40 s after the high frequency (HF) heater is turned on. (a) Power spectra from the “cold” start 
from 16:16 to 16:26 UT. (b) Power spectra in the following X-mode pulse from 16:31 to 16:41 UT. Weak and narrow power supply harmonic interference at 
multiples of 50 Hz are seen in spectra from the “cold” start at 16:16:05–16:16:08 and 16:16:08–16:16:11 UT. The heater details are the same as in Figure 1.
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Figure 3.  Experiment 1. Power spectra of narrowband stimulated electromagnetic emission (NSEE) on February 25, 
2013 at fH = 5.423 MHz taken over 3 s intervals after about one minute of the pumping process for the O-mode pulse at 
16:02:04–16:02:07 UT and for the X-mode pulses at 16:17:04–16:17:07 UT and 16:32:04–16:32:07 UT. The spectrum for 
the O-mode pulse exhibits only weak and narrow multiple harmonics of the 50 Hz power supply. Digits on the X-mode 
spectra indicate the frequency offsets of the observed downshifted and upshifted spectral maxima which are close to the 
harmonics of the ion gyro-frequency for O+ ions. The heater details are the same as in Figure 1.
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the spectral line power decreases, and the spectral bandwidth grows, which implies a nonlinear cascading 
process.

Let's consider in more detail and compare the NSEE spectra recorded near St. Petersburg in the course of 
two consecutive X-mode heater pulses in which the first one is from the “cold” start. Figure 2 demonstrates 
the power spectra in a frequency band of ±500 Hz taken over 3 s intervals during first 40 s after the HF heat-
er is turned on. Figures 2a and 2b present the spectra recorded from the “cold” start during the heater pulse 
from 16:16–16:26 UT and in the following X-mode pulse from 16:31–16:41 UT, respectively. As seen from 
Figure 2a ion gyro-harmonic structures start to develop after ∼15 s (in the 3 s interval 16:16:14–16:16:17 
UT), while in the following X-mode cycle (see Figure 2b) they develop faster, about ∼6 s from the HF pump 
onset (in the 3 s interval 16:31:05–16:31:08 UT). Weak and narrow harmonics of the 50 Hz power supply 
are seen in the spectra of Figure 2a before 16:16:14 UT. Thus, the results obtained clearly demonstrate the 
preconditioning effects on the temporal evolution of the ion gyro-harmonic structures, induced by X-mode 
HF pumping.

Figure 3 illustrates spectra taken over 3 s intervals showing the discrete ion gyro-harmonic structures ob-
tained after about one minute of the X-mode heating process at 16:17:04–16:17:07 UT and 16:32:04–16:32:07 
UT in the course of the abovementioned pump pulses. For the comparison we also present the O-mode 
spectrum at 16:02:04–16:02:07 UT. It is evident from Figure 3 that both X-mode spectra are very similar after 
1 min of the heating process. The power of the spectral maxima drops by 30 dB for the downshifted side-
band and by 40 dB for the upshifted one from the first to the 8th harmonic of the ion gyro-frequency. In the 
same conditions the spectral width of discrete structures increased from 20 to 50 Hz. The O-mode spectrum 
at 16:02:04–16:02:07 UT exhibits only very narrow and weak multiple harmonics of the 50 Hz power supply.

3.2.  Coexisting Ion Gyro-Harmonic Structures and Small-Scale Artificial Field-Aligned 
Irregularities

In the course of the second set of experiments, the NSEE measurements were accompanied by CUTLASS 
observations. The experiment was carried out on October 28, 2015, in which the pump pulse was 10 min on, 
5 min off. Alternating X-/O-mode heating was carried out at pump frequency fH = 6.77 MHz from 14:16 to 
14:41 UT with an effective radiated power ERP = 480 MW. The critical frequency of the F2 layer was about 
was about 6.8 MHz (fH/ foF2 = 0.99). Then from 15:31 to 15:56 UT the alternating O-/X-mode heating was 
produced at fH = 5.423 MHz with an effective radiated power ERP = 238 MW. In this event the value of foF2 
was estimated to be about 5.5 MHz (fH/ foF2 = 0.99).

We assume that the maximum error for the true range of the reflection altitude of the X-mode HF 
pump wave at fH = 6.77 MHz based upon the ionosonde measurements does not exceed 10 km (Galkin 
et  al.,  2008). From the IGRF model at the altitudes 230  ÷  220  km the electron gyro-frequency changed 
in the range fce = 1.359 ÷ 1.365 MHz and the ion gyro-frequency was fci = 46.6 ÷ 46.8 Hz. It corresponds 
that the pump frequency fH  =  6.77  MHz was about (25  ÷  55) kHz below the fifth electron gyro-har-
monic (5fce = 6.795 ÷ 6.825 MHz). The HF pump wave at fH = 5.423 MHz was reflected at altitude be-
tween 225 and 215  km. From the IGRF model at these altitudes the electron gyro-frequency changed 
from fce = 1.362 ÷ 1.367 MHz and the ion gyro-frequency was fci = 46.7 ÷ 46.8 Hz. It corresponds that 
the pump frequency fH = 5.423 MHz was about (25 ÷ 45) kHz below the fourth electron gyro-harmonic 
(4fce = 5.448 ÷ 5.468 MHz).

The spectrogram of the NSEE in the frequency band of ±250  Hz off the pump frequency obtained 
near St. Petersburg on October 28, 2015 from 14:12 to 14:42 UT (fH = 6.77 MHz) and from 15:28–15:58 
UT (fH  =  5.423  MHz) is shown in Figure  4. Spectra demonstrating the ion gyro-harmonic structures at 
fH = 6.77 MHz and fH = 5.423 MHz are depicted in Figures 5 and 6 respectively. To consider the spectra in 
detail, Figures 4–6 illustrate only the first four harmonics, which were the most intense, while the number 
of detectable harmonics reached n = 8–9. Similar to the experiment on February 25, 2013, in the course 
of X-mode HF pumping at fH = 6.77 MHz and fH = 5.423 MHz on October 28, 2015, down- and upshifted 
discrete ion harmonic structures ordered by the ion gyro-frequency were also generated. Again, among with 
the spectral lines with the maximum at nfci, the downshifted spectral line at 0.5fci and occasionally even at 
1.5fci were also generated.
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The NSEE observations near St. Petersburg were accompanied by a CUTLASS radar run at Hankasalmi 
(Finland), which was operating the only beam (beam 5) oriented over Tromsø. Details of the CUTLASS 
measurements are the same as given by Blagoveshchenskaya et al.  (2014). CUTLASS run almost simul-
taneously at six frequencies in the range of about 10–20 MHz and was sensitive to FAIs with a size of l⊥ 
≈7.5–15 m transverse to the magnetic field. Figures 7a and 7b depict the backscatter power at the CUTLASS 
operational frequencies of 10, 11.5, 13.2, 16, 18, and 20 MHz on October 28, 2015 from 14:12–14:42 UT 
(under HF pumping at fH = 6.77 MHz) and from 15:28–15:53 UT at fH = 5.423 MHz respectively. As seen 
from Figure 7a, at fH = 6.77 MHz the backscatter from FAIs occurred at frequencies of 11.5, 13.2, 16.2, 18, 
and 20 MHz that corresponds to the FAI transverse size of l⊥ ≈ 13, 11.3, 9.2, 8.3, and 7.5 m. The most in-
tense backscatter from the X-mode FAIs was observed at 18 MHz (l⊥ ≈ 8.3 m), while under the O-mode HF 
pumping the backscatter was maximized at 20 MHz (l⊥ ≈ 7.5 m). HF heating process at fH = 5.423 MHz was 
also accompanied by the FAI generation (see Figure 7b). The strongest FAIs appeared at 16 and 18 MHz 
(l⊥ ≈ 9.2 m and l⊥ ≈ 8.3 m) for the X- and O-mode heating respectively. The spatial scale of artificially dis-
turbed region in the north-south direction occupied by FAIs peaked at about of 90 and 120 km for fH = 6.77 
and fH = 5.423 MHz respectively.

3.3.  The Impact of the Ratio fH/ foF2 on the Ion Gyro-Harmonic Generation

The first two sets of experiments were carried out at pump frequencies just below the critical frequency 
of the F2 layer (fH/ foF2 = 0.97–0.99) and lying below the fourth and fifth electron gyro-harmonics. In the 
course of the third set of experiments on October 25, 2013 an extraordinary (X-mode) polarized HF pump 
wave radiated from 13:16 UT at frequencies of 5.423, 6.2, 7.1, and 7.953 MHz with effective radiated powers 
ERP = 416, 548, 615, and 740 MW, respectively, with a 2.5 min on, 1 min off transmission pulse. In the 
course of the experiment the critical frequency of the F2 layer was estimated to be about foF2 = 9.8 MHz 
from the dynasonde measurements at Tromsø. In such a case the ratio of fH/ foF2 was significantly less than 
in the first two sets of experiments and estimated as fH/ foF2 = 0.55; 0.63; 0.71; 0.81 for corresponding pump 
frequencies of 5.423, 6.2, 7.1, and 7.953 MHz.
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Figure 4.  Experiment 2. The spectrogram of the narrowband stimulated electromagnetic emission (NSEE) on October 28, 2015 in the frequency band of 
±250 Hz off the pump frequency obtained near St. Petersburg at 1,200 km away from the EISCAT/Heating facility when high frequency (HF) pump wave was 
radiated into the magnetic zenith with 10 min on, 5 min off cycles. From 14:12 to 14:42 UT HF pumping was produced at frequency of fH = 6.77 MHz with 
an effective radiated ERP = 480 MW and from 15:28–15:58 UT at fH = 5.423 MHz with ERP = 238 MW. The pump pulses and polarization of heater wave are 
shown on the time axis. Weak and narrow multiple harmonics of 50 Hz are power supply harmonic interference. The pump pulses and polarization of the 
heater wave are shown on the time axis.
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Figure 8 shows the spectrogram of the NSEE in the frequency band ±250 Hz of the pump frequency taken 
on October 25, 2013 from 13:15 to 13:30 UT at a distance 1,200 km away from the EISCAT/Heating facility. 
As seen, only at fH = 7.953 MHz did the discrete ion gyro-harmonic structures ordered by the ion gyro-fre-
quency occur. The downshifted (Stokes) spectral lines were paired with upshifted (anti-Stokes) spectral 
lines.

The reflection altitude of the HF pump wave at fH = 7.953 MHz was between 222 ÷ 212 km assuming that 
the maximum error for the true range of the reflection altitude does not exceed 10 km(Galkin et al., 2008). 
From the IGRF model at the altitudes from 222  ÷  212  km the electron gyro-frequency changed in the 
range fce = 1.364 ÷ 1.369 MHz and the ion gyro-frequency was fci = 46.7 ÷ 46.9 Hz. It corresponds that 
the pump frequency fH = 7.953 MHz was about (230 ÷ 260) kHz below the sixth electron gyro-harmonic 
(6fce = 8.184 ÷ 8.214 MHz).

In parallel with the spectral lines maximized at nfci, where n is the harmonic number, the downshifted 
spectral lines at 0.5fci and 1.5fci were also generated. Figure 9 presents the NSEE spectra taken over 3  s 
intervals showing the discrete ion gyro-harmonic structures recorded at fH = 7.953 MHz. As a whole, the 
NSEE spectra observed at the pump frequencies below the fourth, fifth and sixth electron gyro-harmonics 
are very similar.

The backscatter power at the CUTLASS operational frequencies of 16, 18, and 20 MHz, corresponding to the 
X-mode FAI size across the geomagnetic field of 9.2, 8.3, and 7.5 m, on October 25, 2013 from 13:15–13:30 
UT is shown in Figure 10. The X-mode FAIs were generated throughout the experiment in four consec-
utive pump pulses, when the HF heater frequencies were changed in the sequence of 5.423, 6.2, 7.1, and 
7.953 MHz, The strongest backscatter was observed at 18 MHz (l⊥ ≈ 8.3 m). Nonetheless, the backscatter 
from FAIs was much weaker as compared with February 25, 2013 and October 28, 2015. The spatial size of 
artificially disturbed region occupied by FAIs at any pump frequency did not exceed 30 km, that is much 
less than in the first two sets of experiments. The ion gyro-harmonic structures were not excited at pump 
frequencies of 7.1 MHz, lying above the 5fce, and at 6.2 MHz, which is away from the nfce (see Figure 8). 
Because of that one would expect that under X-mode heating the ion-gyro-harmonic structures are only 
excited below electron gyro-harmonics (fH < nfce). However, on October 25, 2013 these structures were not 
excited at fH = 5.423 MHz, which was certainly lying below 4fce, despite them being observed in the first two 
sets of experiments at the same pump frequency and effective radiated power. The most likely significant 
difference between the experiments at fH = 5.423 MHz is the ratio of the pump frequency to the critical 
frequency of the F2 layer (fH/ foF2 = 0.97–0.99 in the first two sets of experiments and fH/ foF2 = 0.55 in the 
third one). Moreover, the experiment on October 25, 2013 was conducted in earlier daytime hours when the 
absorption is higher than in the evening hours.

4.  Discussion and Summary
We would like to emphasize that strong and unexpected phenomena induced by an X-mode wave in the 
high latitude ionospheric F-region were only excited when HF pumping was directed in the magnetic field-
aligned direction (magnetic zenith, MZ). By contrast to the O-mode, there were not any X-mode effects in 
the course of HF pumping in the vertical direction (see, for example, Blagoveshchenskaya, 2020; Blagove-
shchenskaya et al., 2014, 2015). Observational results reported in this study have clearly demonstrated that 
an X-mode HF pumping into the magnetic zenith at frequencies lying below the fourth, fifth and sixth 
electron gyro-harmonics by 13–260 kHz leads to the excitation of discrete components in the NSEE spectra 
within a ±1 kHz frequency band around the pump frequency. The ratio of the pump frequency to the crit-
ical frequency of the F2 layer was lying in the range fH/ foF2 = 0.81–0.99. An alternating O-/X-mode HF 
pumping during two consecutive pump pulses makes it evident that discrete structures in the NSEE spectra, 
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Figure 5.  Experiment 2. The power spectra of narrowband stimulated electromagnetic emission (NSEE) on October 28, 2015 at fH = 6.77 MHz in the frequency 
band of ±250 Hz taken over 3 s intervals in the course of the X-mode pulse from 14:16 to 14:26 UT. Digits on the X-mode spectrum taken at 14:16:15–14:16:18 
UT indicate the frequency offsets of the observed downshifted and upshifted spectral maxima which are close to the harmonics of the ion gyro-frequency for 
O+ ions. There are also spectral maxima, mostly pronounced in the downshifted sideband, corresponding to the values of 0.5 fci and even 1.5 fci for O+ ions (see 
spectrum taken at 14:16:21–14:16: 24 UT). Such spectral maxima correspond approximately to the ion gyro-frequency for NO+ ions and its third harmonic. The 
heater details are the same as in Figure 4.



Journal of Geophysical Research: Space Physics

KALISHIN ET AL.

10.1029/2020JA028989

12 of 22

Figure 6.



Journal of Geophysical Research: Space Physics

recorded far away from the EISCAT/Heating facility, occurred only in the course of X-mode HF pumping. 
Thus, during O-mode pulse the full O-mode effective radiated power (ERP = 240–480 MW) was not able to 
excite any ion gyro-harmonic discrete structures in the NSEE spectra. Because of that it is quite clear that 
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Figure 6.  Experiment 2. The power spectra of narrowband stimulated electromagnetic emission (NSEE) on October 28, 2015 at fH = 5.423 MHz in the 
frequency band of ±250 Hz taken over 3 s intervals in the course of the X-mode pulse from 15:46 to 15:56 UT. Digits on the X-mode spectrum taken at 15:46:15–
15:46:18 UT indicate the frequency offsets of the observed downshifted and upshifted spectral maxima. There are also spectral maxima, most pronounced in 
the downshifted sideband, corresponding to the values of 0.5fci and even 1.5fci for O+ ions. Such spectral maxima correspond approximately to the ion gyro-
frequency for NO+ ions and its third harmonic. The heater details are the same as in Figure 4.

Figure 7.  Experiment 2. The backscatter power from Co-operative UK Twin Located Auroral Sounding System (CUTLASS) Finland (SuperDARN) radar 
observations (beam 5) at operational frequencies of 10, 11.5, 13.2, 16, 18, and 20 MHz depending on the range gate and time in the course of O- and X-mode 
pumping on October 28, 2015. (a) High frequency (HF) pumping at fH = 6.77 MHz from 14:12–14:42 UT. (b) HF pumping at fH = 5.423 MHz from 15:28–15:53 
UT. The pump pulses and polarization of the heater wave are shown on the time axis. The heater details are the same as in Figure 4.
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the small part of the O-mode ERP (leakage of the O-mode) cannot certainly excite the spectral structures 
in the course of the X-mode HF pumping. On the other side, the leakage of the X-mode pump wave in the 
course of the O-mode pump pulse was not able to generate the ion gyro-harmonic structures. It means that 
the threshold of the excitation of the ion gyro-harmonic structures was higher than the X-mode leakage. 
Observations of the of X-mode ion gyro-harmonic structures in the NSEE spectra far away from the Heat-
ing facility provide new capabilities of investigations of the nonlinear plasma processes, producing NSEE, 
which are not realised under O-mode HF pumping in the close vicinity of the HF Heating facility.

Below we summarize the main features of the discrete spectral structures within ±1 kHz off the heater fre-
quency observed under X-mode HF pumping. They were ordered by approximately the ion gyro-frequency 
for O+ ions and observed simultaneously in the downshifted and upshifted sidebands of the NSEE spectra.

Multiple ion gyro-harmonic structures with the maximum spectral power at nfci, where n is the harmonic 
number, can be recognized in the spectrograms. As observations considered here have shown, the number 
of ion gyro-harmonic structures depends on the proximity of the HF pump wave to the electron gyro-har-
monic frequencies and the ratio of the pump frequency to the critical frequency of the F2 layer. The intensi-
ty of the first downshifted spectral peak was below the pump wave power by 15–30 dB and maximized in the 
frequency offset range of −(53.4–58.8) Hz in different experiments, while the power of the first upshifted 
ion gyro-harmonic structure was less than the pump wave power by 30–40 dB and peaked at +(51.1–56.3) 
Hz, that is just less than the first downshifted spectral maximum. With increase of the harmonic number 
the intensity of down- and upshifted spectral peaks gradually decayed and the spectral width of the discrete 
structures increased from 20 to 50 Hz, the latter is about the ion gyro-frequency fci for O+ ions. This leads us 
to believe that the generation of the ion gyro-harmonic structures is most likely a cascading process. As was 
shown by Samimi et al. (2013), more ion gyro-harmonic lines are typically associated with more electron 
acceleration perpendicular to the geomagnetic field.

There are, in addition, downshifted spectral lines at 0.5fci and occasionally even at 1.5fci, where fci is the ion 
gyro-frequency for O+ ions. The downshifted components at 0.5fci and 1.5fci can be paired with less pro-
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Figure 8.  Experiment 3. The spectrogram of the narrowband stimulated electromagnetic emission (NSEE) in the 
frequency band of ±250 Hz off the pump frequency taken on October 25, 2013 from 13:15 to 13;30 UT obtained near St. 
Petersburg at 1,200 km away the EISCAT/Heating facility. An extraordinary polarized high frequency (HF) pump wave 
radiated from 13:16 UT at frequencies of 5.423, 6.2, 7.1 and 7.953 MHz with the effective radiated power of ERP = 416, 
548, 615, and 740 MW respectively with a 2.5 min on, 1 min off transmission scheme. The pump pulses and pump 
frequencies are shown on the time axis.
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nounced upshifted spectral lines. The spectral structure at 0.5 fci peaked at frequency offsets about -(28.5–33) 
Hz. Actually, the reflection altitude of the X-mode pump wave varied between 212 and 230 km at different 
sets of experiments. The most intense downshifted structures at 0.5fci and 1.5fci paired with the upshifted 
lines were generated at the lowest reflection altitude of 212–222 km (on October 28, 2013 at fH = 7.953 MHz, 
see Figure 8). At higher reflection heights of 220–230 km (on February 25, 2013 at fH = 5.423 MHz and on 
October 28, 2015 at fH = 6.77 MHz, see Figures 1 and 4 accordingly) only downshifted spectral emissions 
at ∼ 0.5 fci were observed in the NSEE spectra.

The observed frequency offset corresponds approximately to the ion gyro-frequency for NO+ ions. From the 
IGRF model the ion gyro-harmonic frequency for NO+ ions is estimated to be 24.87–24.95 Hz in different 
sets of experiments. They can provide the essential input at altitudes of 200–220 km. This leads us to sug-
gest that the spectral structures, maximized at the frequency offset of (28.5–33) Hz, may be related to the 
ion gyro-frequency for NO+ ions. These emission lines should be more pronounced at lower altitudes as 
observed in our experiments. Moreover, as was shown by Bernhardt et al. (2010), upshifted emission lines 
are expected to be weaker than downshifted spectral lines. As a consequence, at high reflection altitudes 
the intensity of upshifted spectral lines for NO+ ions may drop below the noise level. It should be also noted 
that the ion gyro-frequency for NO+ ions is slightly higher than the value of 0.5 fci for O+ ions. The same was 
observed in our experiments, that is another argument in support of the generation the ion gyro-frequency 
for NO+ ions.
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Figure 9.  Experiment 3. The power spectra of narrowband stimulated electromagnetic emission (NSEE) on October 25, 2013 at fH = 7.953 MH in the frequency 
band of ±250 Hz taken over 3 s intervals in the course of the X-mode pulse from 13:26:30 to 13:29 UT. Digits on the spectrum taken at 13: 26:38–13:26:41 UT 
indicate the frequency offsets of the observed downshifted and upshifted spectral maxima which are close to the harmonics of the ion gyro-frequency for O+ 
ions. There are also spectral maxima, most pronounced in the downshifted sideband, corresponding to the values of 0.5 fci and even 1.5 fci for O+ ions. Such 
spectral maxima correspond approximately to the ion gyro-frequency for NO+ ions and its third harmonic. The heater details are given in Figure 8.
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As evident from the CUTLASS observations, both X- and O-mode pump pulses were accompanied by FAI 
generation (see Figure  7). However, the occurrence of the discrete ion gyro-harmonic structures in the 
NSEE spectra, recorded at a distance of 1,200 km from Tromsø, was only observed in the course of the 
X-mode HF pumping.

The ion gyro-harmonic structures start to appear 5–15 s after the X-mode pumping onset. It was found that 
the temporal evolution of the ion gyro-harmonic structures depends on the preconditioning effects. Com-
paring two consecutive the X-mode pulses, it is seen that from the "cold" start the ion gyro-harmonic struc-
tures appeared ∼5 s after the heater is turned on, while in the next X-mode pulse they already developed 
after 5 s (see Figures 1 and 2). Thus, the results obtained make it clear that the temporal evolution of the 
ion gyro-harmonic structures, induced by an X-mode HF pumping, depends on the preconditioning effects.

Our observational results have clearly demonstrated that multiple ion gyro-harmonic structures, observed 
at a large distance from the EISCAT/Heating facility, were only recorded with X-mode HF pumping. Let's 
consider the observational results of the emission lines in the NSEE spectra in the vicinity of EISCAT/
Heating facility. Until the present time the NSEE observations with an X-mode HF pump wave have not 
been carried out near the EISCAT/Heating facility. However, in the HAARP experiments the NSEE obser-
vations were all done in the vicinity of the HF heater, and in none of the HAARP experiments were excited 
IA and EIC lines observed during X-mode HF pumping (Mahmoudian, Scales, Bernhardt, Fu, et al., 2013; 
Mahmoudian et  al.,  2014). As for O-mode HF pumping at the EISCAT site, Borisova et  al.  (2014) have 
analyzed in detail results from multi-instrument observations, including NSEE measurements, during fre-
quency stepping experiments in the vicinity of the fourth electron gyro-harmonic, 4fce. These experiments, 
similar to our alternating O-/X-mode experiments below 4fce, have been carried out at pump frequencies 
just below the critical frequency of the F2 layer (fH/ foF2 ≤ 1). Down- and upshifted structures in the NSEE 
spectra, corresponding to the IA plasma waves, were observed at pump frequencies below and above the 
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Figure 10.  Experiment 3. The backscatter power from Co-operative UK Twin Located Auroral Sounding System 
(CUTLASS) Finland (SuperDARN) radar observations (beam 5) at operational frequencies of about 16, 18, and 20 MHz 
depending on the range gate and time in the course of X-mode pumping on October 25, 2013 from 13:15 to 13:30 UT. 
The pump frequencies and heater details are the same as in Figure 8. The pump pulses are shown on the time axis.
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forth electron gyro-harmonic and disappeared as the pump frequency approached close to 4fce. They were 
accompanied by intense FAIs and the downshifted maximum (DM) component in the wideband SEE 
(WSEE) spectra. Multiple ion gyro-harmonic discrete spectral structures were not observed in the NSEE 
spectra recorded near the EISCAT/Heating facility.

What is the generation mechanism for the discrete ion gyro-harmonic structures induced by the X-mode 
HF pumping? There is some analogy between discrete spectral structures ordered by the ion gyro-frequen-
cy (for O +ions) observed under X-mode HF pumping at a distance of 1,200 km from EISCAT/Heating at 
Tromsø and structures recorded at the HAARP facility under O-mode heating in the vicinity of the second 
harmonics of the electron gyro-frequency (Bernhardt et al., 2011; H. Fu et al., 2013; Mahmoudian, Scales, 
Bernhardt, Samimi, et al., 2013; Samimi et al., 2012, 2013, 2014). Samimi et al. (2013) proposed that the 
generation mechanism of the downshifted discrete spectral structures ordered by the ion gyro-harmonic 
frequency was via parametric decay of the pump electromagnetic field into an upper hybrid/or electron 
Bernstein wave and neutralized ion Bernstein modes SIBS.

Despite that the ion gyro-harmonic structures, generated by the X-mode HF pump wave at frequencies 
below the electron gyro-harmonics, have some similarity with the O-mode ion gyro-harmonic structures 
observed at HAARP, there are significant distinctions between them.

First of all, at HAARP the observed structures were only downshifted from the heater frequency and the 
maximum spectral power occurred for (n + 0.5)fci, where n is the harmonic number. In our X-mode exper-
iments, the downshifted (Stokes) spectral lines were paired with upshifted (anti-Stokes) spectral lines. In 
addition, the spectral maxima were observed for nfci, where fci is the ion gyro-harmonic frequency for O+ 
ions and n is the number of harmonic.

Under O-mode HF pumping at HAARP all spectral discrete structures start to develop at the same time, 
suggesting simultaneous excitation rather than a nonlinear cascading process (Samimi et al., 2013). A non-
linear cascading process is most likely to occur in the course of the X-mode HF pumping. It was especially 
pronounced on February 25, 2013 in the first X-mode pulse from 16:16 to 16:26 UT (see Figure 1), when the 
X-mode pump wave was radiated below the fourth electron gyro-harmonic.

Moreover, the generation mechanism of stimulated spectral lines in the NSEE spectra cannot principally 
be the same for the O- and X-mode pump waves. This is evident from alternating O/X-mode pumping 
when the discrete spectral structures were observed at a large distance from the EISCAT/Heating facility 
(1,200 km) only for X-mode pulses in spite of FAIs being generated both for O- and X-mode heating.

We assume that discrete spectral structures (within ±1  kHz off the heater frequency), generated by an 
X-mode HF pump wave and observed at a large distance (1,200  km) from the EISCAT/Heating, have a 
connection with a MSBS process, when the powerful electromagnetic wave directly decays into the low 
frequency electrostatic decay mode and a backscattered electromagnetic wave. As was shown by Bernhardt 
et al. (2010) in previous observations of the MSBS spectral structure, the low frequency decay mode is an 
EIC wave.

As we have shown, the downshifted and upshifted EIC harmonic waves were generated below the fourth, 
fifth, and sixth electron gyro-harmonic frequencies. We suggest, that in such a case a multiple MSBS process 
can be realized. At first the X-mode powerful electromagnetic wave (EM0) at the reflection altitude directly 
decays into an EIC wave and a backscattered electromagnetic wave (EM), EM0 → EIC1 + EM1. EIC harmon-
ic waves are generated due to next decays as follows:

 
 

1 2 2

2 3 3

EM EIC EM ,
EM EIC EM , etc.�

We suggest that the region in which the MSBS process developed is the reflection altitude of the extraordi-
nary polarized HF pump wave, having the wave vector and electric field perpendicular to the magnetic field. 
Therefore, under X-mode HF pumping toward MZ the wave vectors of the EIC and backscattered electro-
magnetic waves, similar to the wave vector of the X-mode wave, are perpendicular to B in the interaction 
region. We believe that backscattered electromagnetic waves are scattered from FAIs in the direction per-
pendicular to B and are able to propagate to a large distance from the heating facility. On the other hand, the 
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orientation of the wave vectors of the EIC and backscattered EM wave in the source region is precluiding 
seeing the same emission lines from a location close to the heating facility.

Besides the direct conversion of the extraordinary polarized electromagnetic pump wave (EM) into an EIC 
wave and a backscattered electromagnetic wave, we cannot rule out the possibility of the indirect conver-
sion of the X-mode EM wave. The wave vector of such EM wave, radiated toward the magnetic zenith, is 
perpendicular to the background magnetic field near the reflection altitude. Here an X-mode EM wave may 
decay into HF electron Bernstein wave and low frequency ion Bernstein wave, EM → EB + IB (Sharma 
et al., 1994). We assume that this "mother" EB wave can further decay into newly generated "daughter" EB 
wave and ion Bernstein wave, EB → EB1 + IB1. Next decays can also occur. In such a case a nonlinear cas-
cading process is developing, that leads to the excitation of discrete spectral structures ordered by the ion 
gyro-frequency for O+ ions through the SIBS process. As was shown by Samimi et al. (2014), the excitation 
of a larger number of the ion Bernstein modes is associated with more electron acceleration perpendicular 
to the geomagnetic field. FAIs play a key role for the NSEE occurrence at a large distance from the EISCAT/
Heating. The NSEE received on the ground is an electromagnetic wave generated in the source region near 
the reflection altitude, while the HF decay modes are electrostatic EB waves. Thus, these electrostatic waves 
should certainly convert back to the downward propagating electromagnetic waves. The HF electrostatic 
waves (EB) with the wave vector perpendicular to the magnetic field B, are scattered from field-aligned 
irregularities in the direction perpendicular to B and convert back into an EM wave which can be received 
on the ground.

As evident from CUTLASS observations, in the course of experiments FAIs were generated by X- and 
O-mode waves both. The radical difference between O- and X-mode pump wave near the reflection level is 
the direction of the wave vector relatively to the magnetic field, ko ǀǀ B for O-mode and kx ⊥ B for X-mode 
respectively. In accordance with the theoretical predictions (Bernhardt et al., 2010; Shukla & Stenflo, 2010), 
the IA waves are excited when the wave vector in the interaction region pointed along the magnetic field 
B, that in our experiments is realized for an O-mode pump wave. The EIC or IB waves are dominant nearly 
perpendicular to B that is realized in the course of X-mode HF pumping toward the magnetic zenith.

Therefore, the O- and X-mode HF pump waves radiated toward MZ excite different types of electrostatic 
waves – either IA, which are parallel to B, or EIC or IB which are perpendicular to B. As was shown by H. 
Y. Fu et al. (2020) and Borisova et al. (2014), in the course of EISCAT experiments toward MZ with the 
O-mode pumping only IA emission lines were observed in the NSEE spectra which were recorded in the 
close vicinity of EISCAT/Heating facility. In this connection we suggest that in our O-mode experiments 
IA waves can be excited near the reflection altitude. However, when the wave vectors of the IA and backs-
cattered electromagnetic waves are parallel to B, these waves are not able to be scattered from FAIs in the 
direction perpendicular to B and observed at a large distance from EISCAT/Heating facility.

By a contrast, in the course of the X-mode HF pumping toward MZ the ion gyro-harmonic structures (for 
O+ ions) and their multiple harmonics were observed in the NSEE spectra which were received at a large 
distance of 1,200 km far away from the EISCAT/Heating facility. We suggest that EIC or IB emission lines 
in NSEE spectra can be recorded on the ground at a distance from the interaction region up to ∼1,500–
1,700 km which corresponds to half of the length of one-hop propagation for the F2 layer due to scattering 
in the direction perpendicular to B.

We have considered the MSBS and SIBS as relevant processes for the observed multiple down- and upshift-
ed ion gyro-harmonic structures in the NSEE spectra. For choosing the preferential mechanism for the 
excitation of multiple ion gyro-harmonic structures, induced by an X-mode HF pumping toward MZ, the 
theoretical investigations and more experiments are called for.

Figure 11 presents the EISCAT UHF incoherent scatter radar (run at 933 MHz) observations of the electron 
density Ne, of electron temperature Te, raw electron density (backscattered power), and undecoded plasma 
lines in the course of the first set of experiments on February 25, 2013. The EISCAT UHF radar data were 
processed with 30  s integration time by using the Grand Unified Incoherent Scatter Design and Analy-
sis Package software (Guisdap) (Lehtinen & Huuskonen, 1996). The EISCAT UHF radar, co-located with 
the HF heating facility, provides direct observations of HF-induced plasma waves with near field-aligned 
propagation, Powerful electromagnetic wave (pump wave) decays into HF-induced Langmuir (L) wave and 
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Figure 11.
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HF-enhanced IA wave in the vicinity of the reflection altitude of the HF pump wave (Hagfors et al., 1983; 
Robinson, 1989). In the UHF radar spectra they appear as HF-induced plasma lines in the high-frequency 
measurement channel and HF-enhanced ion lines in the low-frequency measurement channel.

From Figure 11 it is clearly seen that strong electron temperature increases were observed in the first two 
O-mode pulses (15:46–15:56 and 16:01–16:11 UT). The Ne behavior did not exhibit significant changes as 
compared with the background values. It should be noted, that intense backscattered power from UHF ra-
dar measurements, corresponding to the excitation of the IA waves near the reflection altitude of the pump 
wave, prevents the correct estimation of Ne and Te at the same altitudes. Because of that, we did not use the 
altitude range of 200–250 km for Ne and Te estimations. As evident from Figure 11, strong Te increases were 
coexisting with the excitation of HF-induced ion -acoustic and plasma waves. Interesting behavior of the 
O-mode plasma lines was observed. After an initial overshoot, excited as an immediate response to the heat-
er turn-on, two outshifted plasma lines, excited at the heater frequency close to foF2 and below 4fce were 
observed in the course of O-mode pumping. As was shown by Borisova et al. (2019), two spectral maxima 
outshifted in frequency with respect to the pump frequency by Δ1 ≈ 0.19–0.28 MHz and Δ2 ≈ 0.30–0.45 MHz 
were observed at the altitudes of the upper-hybrid resonance and at the reflection altitudes of the pump 
wave, respectively. The excitation of the plasma line outshifted by 0.30–0.45 MHz was explained by the 
dispersion properties of the Langmuir wave in a plasma with allowance for the finite electron temperature 
(free mode) (see, for example, DuBois et al., 1993; Mishin et al., 1997; Rietveld et al., 2000). The excitation of 
plasma lines outshifted by 0.19–0.28 MHz was explained by the interaction of Bernstein waves, ionospheric 
plasma waves, and upper-hybrid waves excited due to the pump-wave transformation (Borisova et al., 2019).

By a contrast, during X-mode pumping the Te increases were not too large and did not exceed 30% above the 
background level. HF-induced plasma and ion lines were generated through the whole pump pulses, but 
outshifted plasma lines were not excited in the course of X-mode heating. The typical feature of the exper-
iment on February 25, 2013, similar to a large number of other X-mode experiments (Blagoveshchenskaya 
et al., 2011, 2013, 2014, 2015, 2020), is a strong Ne enhancement in a wide altitude range, observed only in 
a magnetic field-aligned direction for all X-mode pulses (see Figure 11). Such Ne increases can be produced 
by electron acceleration, as was found by Carlson et al. (1982, 2016). Moreover, the acceleration of electrons 
along the magnetic field line in the course of X-mode HF pumping is also confirmed by the excitation of 
strong optical emission in the red and green lines and high ratio of intensities of green to red line (Blagove-
shchenskaya et al., 2014).

Comparing the NSEE and EISCAT UHF radar observational results, we conclude that the electron acceler-
ations along and across the magnetic field coexist during X-mode heating at pump frequencies below the 
fourth, fifth and sixth electron gyro-harmonics

We have shown that an HF pump wave with an extraordinary polarization (X-mode), radiated into the F re-
gion of the high latitude ionosphere in the magnetic zenith direction at frequencies below the fourth, fifth, 
and sixth electron gyro-harmonics, is able to excite multiple downshifted discrete ion gyro-harmonic struc-
tures paired with the upshifted spectral components (Stokes and anti-Stokes modes) in the NSEE spectra 
within ±1 kHz around the pump frequency. They coexisted with FAIs and were recorded at a large distance 
(1,200 km) away from EISCAT/Heating. We suggest that the observed spectral structures ordered by the ion 
gyro-frequency have a connection with MSBS process, when the HF pump wave directly decays into the ion 
gyro-harmonic and a backscattered electromagnetic wave. There are a number of unanswered questions 
about the NSEE spectral features and more experiments are required. It is necessary to investigate in more 
detail the features of the X-mode NSEE spectra in the close vicinity of the Heating facility and to compare 
them with the O-mode spectral features, as well as with the X-mode NSEE spectral components observed 
far away from the Heating facility. Theoretical investigations for choosing the preferential mechanism for 
the excitation of multiple ion gyro-harmonic structures induced by an X-mode pump wave and more exper-
iments are called for. Taking into account that X-mode phenomena are excited when the pump frequency is 
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Figure 11.  Experiment 1. Temporal variations of the electron density Ne, electron temperature Te, raw electron density (backscattered power), and powers 
of the undecoded plasma lines from the EISCAT UHF radar measurements with 30 s integration time in the course of the first set of experiments at 
fH = 5.423 MHz on February 25, 2013 from 15:45 to 17:15 UT. The correct estimations of Ne and Te cannot be obtained in the altitude range of 200–250 km due 
to intense backscattered power, corresponding to the excitation of the IA waves near the reflection altitude of the pump wave. The heater details are the same as 
in Figure 1. The pump pulses and polarization of the heater wave are shown on the time axis.
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below as well above the critical frequency (fH ≤ foF2 and fH > foF2) (Blagoveshchenskaya et al., 2015, 2019), 
we plan to investigate the X-mode spectral structures under fH > foF2 and their connection with FAIs in 
future. The excitation threshold for X-mode discrete spectral structures in the NSEE spectra also remains 
an open question.
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