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Abstract: We present the observations of the artificial ionospheric heating experiment of EISCAT
(European Incoherent Scatter Scientific Association) on 22 February 2012 in Tromsø, Norway. When
the pump is operating near the fourth electron gyrofrequency, the UHF radar observation shows
some strong enhancements in electron temperature, electron density, ion line, and the outshifted
plasma lines. Based on some existing theories, we find the following: first, Langmuir waves scattering
off lower hybrid density fluctuations and strong Langmuir turbulence (SLT) in the Zakharov model
cannot completely explain the outshifted plasma lines, but the data suggest that this phenomenon is
related to the cascade of the pump wave and should be researched further; second, the spatiotemporal
consistency between the enhancement in electron density/electron temperature reaches up to three
to four times that of the undisturbed state and HF-enhanced ion lines (HFILs) suggest that SLT
excited by parametric instability plays a significant role in superthermal electron formation and
electron acceleration; third, some enhancements in HFILs and HF-induced plasma lines (HFPLs) are
generated by parametric decay instability (PDI) during underdense heating in the third cycle, we
suggest that this is due to the existence of a second cut-off in the upper hybrid dispersion relation as
derived from a kinetic description.

Keywords: heating ionosphere; plasma line; electron temperature; electron density

1. Introduction

The interaction of high-power high-frequency (HF) waves (usually termed as a pump)
with the ionosphere can excite a series of complex phenomena due to parametric instability.
According to the different excitation height, parametric instability can be divided into
Langmuir parametric instability and thermal (resonance) parametric instability (TPI). In the
process of TPI, the maximum wave-plasma interaction occurs in the double resonance
regime, and double resonance exists in the ionosphere when the heating frequency fHF, the
upper hybrid frequency fUH and the electron gyrofrequency match the following condition:
fHF = fUH = n fce (n = 2, 3, 4, 5, 6, and even greater, depending on the maximum electron
concentration in this layer),where fUH =

√
f 2
plasma + f 2

ce, fplasma is the ionospheric plasma

frequency and fce is the electron gyrofrequency at the altitude of the upper hybrid resonance
hUH [1,2]. Brodin and Stenflo [3] researched the resonant interaction between one upper
hybrid wave and two electron Bernstein waves (with frequencies ' 2 fce) in a uniform
electron plasma. They used kinetic theory to calculate the coupling coefficient and growth
rate in the process of three-wave interaction. The results showed that the coupling is
especially strong in the plasma layer where fce/ fplasma = 1/

√
15. As the high-power HF

O-mode radio waves reach the regions of their resonant interactions, complex phenomena
arise, e.g., HF-enhanced ion lines (HFILs) and HF-induced plasma lines (HFPLs), an
increase in electron temperature, and the perturbation of electron density. Many heating
experiments have been conducted to research the effect of the pump frequency near a
frequency that is a multiple of the electron gyrofrequency. Mjolhus et al. predicted that
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the effect of ionospheric heating should be suppressed when the pump frequency was
slightly below a harmonic of the electron gyrofrequency [4]. Honary et al. [5] found that
the pump could not excite the small-scale field-aligned irregularities as pump frequencies
approached the third electron gyrofrequency but induce very small-scale irregularities,
which were responsible for the production of fast electrons and the ionized patches. The
results given by Robinson et al. [6] indicate that there are strong minima in the responses of
both anomalous absorption and electron temperature when pump frequency is operating
in the vicinity of the third and fourth electron gyrofrequencies and that anomalous electron
heating in the presence of small scale field aligned plasma irregularities dominates over
collisional heating at high latitudes. Borisova et al. [7] also found that the small-scale
field-aligned irregularities are suppressed near the fourth electron gyrofrequency. This
effect is a typical feature for electron temperature during frequency-stepping experiments
around n fce, and Mjolhus et al. proposed that this feature is related to the second cut-off in
the upper hybrid dispersion relation as derived from a kinetic description [4].

In addition, the High-frequency Active Auroral Research Program (HAARP) heating
facility near Gakona provides sufficient power to produce artificial ionospheric ioniza-
tion [8]. The creation of artificial plasma layers near 2 fce is optimized for fHF slightly
below the double resonance 2 fce = fUH . Sergeev et al. observed that descending layers
(DL) appear only during injections along the magnetic field at fHF > 4 fce at the nominal
interaction altitude in the background ionosphere at the HAARP facility [9]. For the same
circumstances, Dhillon and Robinson reported descending ion line echoes when fHF > 5 fce
at EISCAT [10]. However, Ashrafi et al. and Mishin et al. reported on DL generation
for heating both above and below 3 fce and 4 fce at different beam angles with distinct
differences in descent speed and amplitude of the ionization layer power [11,12]. Kuo et al.
reported that energetic electrons cause impact ionizations and descend to form artificial
ionization layers at the bottom of the ionospheric F region [13]. Mishin et al. indicated
that the generation of an artificial ionospheric layer may be related to strong Langmuir
turbulence (SLT) [12]. Borisova et al. presented data of the pump frequency near the
fifth electron gyrofrequency, including (1) electron temperature and electron density that
vary with pump frequency; (2) a weak suppression of artificial ionospheric irregularities
with transverse scales of 7.5–9.0 m during heating at a frequency near the fifth electron
gyroharmonic; and (3) plasma lines (HFPL2) excited at a frequency 150–250 kHz higher
than the pump possibly as a result of the four-wave interaction [14]. The results given
by Wu et al. indicated that the four-wave interaction proposed by Borisova et al. cannot
quantitatively explain HFLP2 and that the outshifted plasma line occurred at frequencies
slightly above the pump frequency around the reflection altitude of the pump, and the
behaviour of the electron temperature and electron density as a function of the pump
frequency which was near the fifth electron gyrofrequency [15].

In this article, we present some further research deduced from EISCAT UHF observa-
tions during ionospheric heating experiments using the EISCAT heater operated in O-mode
polarization and at frequencies sweeping near the fourth electron gyrofrequency on 22
February 2012. Further, we analyze in detail the distinctive features in the behavior of
ionospheric plasma parameters, particularly the electron density, electron temperature,
HFILs and HFPLs. Finally, we give reasonable explanations for some special phenomena.

2. Experimental Setup

Experiments on the modification of the high-latitude ionosphere were carried out on
22 February 2012, using the EISCAT heater located in Tromsø, Norway (69.6◦ N, 19.2◦ E),
and this facility radiated high-power, high-frequency O-mode radio waves in the mag-
netic zenith direction (the antenna pattern is inclined 12◦ southward from the vertical)
at frequencies near 4 fce [7]. The EISCAT heater radiated radio waves from the 0th to the
18th and from the 30th to the 48th minute of each hour (18 min heating—12 min pause
regime). Phased antenna array No. 1, which had a 7◦ beam width and an effective ra-
diated power Peff of approximately 600 MW at a frequency of 5.423 MHz, was used in



Universe 2021, 7, 191 3 of 13

the experiments. For the first two minutes of each cycle, heating was performed at the
frequency fHF = 5300 kHz, and then, the frequency fHF increased up to 5600 kHz (by
3.125 kHz every 10 s). In addition, to measure the effect induced by the pump for each step
of frequency, the data were analysed using an integration time of 10 s by version 9.0 of
GUISDAP (Grand United Incoherent Scatter Design and Analysis Package) software [16]
and RTG software (Real Time Graphic). The reliability of the data used in the analysis was
confirmed by the value of the residual <2 parameter [16].

During the whole experiment, the earth’s magnetic field was in a quiet state, the three-
hour Kp indices were 1.5, and the Dst indices were −10 nT. The total magnetic strength on
the ground varied in the interval of [53411 nT, 53423 nT] provided by Tromsø Geophysical
Observatory, UiT, the Arctic University of Norway at an altitude from 200 km to 250 km and
varied in the interval of (48063.9 nT, 49056.6 nT) as calculated by the International Geomag-
netic Reference Field (IGRF). Thus, the corresponding fourth electron gyrofrequency at an
altitude of 200 km to 250 km should be in the interval of [4382.6 kHz, 49056.6 kHz], which
lies exactly in the interval of pump frequency fHF [5.3 MHz, 5.6 MHz]. However, due to
the small turbulence in the magnetic field, the fourth electron gyrofrequency will also vary
slightly. To facilitate the subsequent description and discussion, it is necessary to divide
the pump frequency band into three bands, i.e., a low-frequency band (LB): [5.3 MHz,
5.375 MHz], middle-frequency band (MB): [5.375 MHz, 5.4875 MHz) and high-frequency
band (HB): [5.4875 MHz, 5.6 MHz], and each band is six minutes. In fact, Borisova et al.
gave the resonant interaction times tR = 15:09:10, 15:37:40, and 16:06 UT at frequencies
fHF = 5431, 5400, and 5375 kHz, respectively [7].

The ionosonde in Tromsø received vertical sounding ionograms once every 15 min,
Figure 1 shows variations in the critical frequency of F2 layer f0F2 (curve a), and these
variations were measured by the altitude sounding station in Tromsø from 15:00 to 16:30
UT on 22 February 2012. The calculated upper hybrid frequency ( fUH)max corresponds to
the cut-off frequency of the F2 layer (curve b). The cut-off frequency of the F2 layer was
measured by incoherent scattering radar (curve c). Curve d is the pump frequency. At ap-
proximately 16:00 (UT), the f0F2 values measured by both the ionosonde and incoherent
scattering radar are slightly lower than the pump frequency. Therefore, it is safe to say that
at the beginning of the third cycle, the heating mode is underdense heating.

Figure 1. Cut-off frequency ( f0F2) measured by the altitude sounding station in Tromsø (curve a) and incoherent scattering
radar (curve c), the upper hybrid frequency (curve b) calculated by curve a, and the pump frequency (curve d) corresponding
to experiments on 22 February 2012, respectively.
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3. Observations
3.1. ISR Spectrum

Figure 2 shows the ion lines at frequencies of −20 kHz to 20 kHz at different altitudes.
Since the background electron density profile decreases with time, the heights of the HFILs
observed in each cycle are different. The most prominent features are the significant
‘spikes’ in the centre of the ion line spectrum and the significant ‘shoulders’ at ~10.7 kHz
around the reflection altitude, and these features represent the confirmation of parametric
decay instability (PDI) and oscillation two-stream instability (OTSI), respectively [17,18].
In addition, the phenomenon that the altitudes of the HFILs sustained declines in all three
cycles, which is also called descending layers (DLs), was also recorded in other heating
experiments, i.e., Mishin et al. reported that the enhanced ion line (IL) backscatter from
the EISCAT UHF radar descends by 15–20 km from the initial interaction altitude [12].
Pedersen et al. used the HAARP ionosonde to reveal that DLs are patches of newly ionized
plasma [8,19,20]. Sergeev et al. explored DLs using concurrent measurements of SEE,
reflected probing signals, and modular UHF incoherent scatter radar (MUIR) plasma line
(PL) backscatter during frequency-stepping experiments at approximately 4 fce [9]. The DLs
also associated optical emissions at ≈732 nm and 427.8 nm (the blue line) indicating
electron acceleration above the ionization energies [19,21].

Figure 2. The ion lines from –20 kHz to 20 kHz at different altitudes.

The previous observations at EISCAT showed that the altitude of ion line was about
3–5 km higher than the altitude of plasma line [17,18]. Therefore, considering the above al-
titude difference, the downshifted plasma lines within the frequency range from −5.5 MHz
to −6.5 MHz in the altitude range 209.5–253.5 km are shown in Figure 3. When recording
the HFPLs, the HFPL excitation frequencies fHFPL were close to the pump frequencies of
the EISCAT heater [14]. There are some declines in the plasma line spectrum caused by
the individual normalization of a plasma line at a particular moment that do not imply a
real decrease in the plasma line and any unusual response. We can see from Figure 3 that
there are two types of plasma lines; the first is called the ‘decay line’, whose frequency is
fulfilled as fHF − fia, from parametric decay instability excited by the pump, where fia is
the frequency of the ion acoustic wave and is ~10.7 kHz here. The second type of plasma
line shows a frequency upshifted of several hundred kilohertz from the pump frequency
and a frequency spread of ~70 kHz to ~350 kHz. Here we give two examples of the
outshifted plasma lines in the first cycle, one is that the enhancement of the plasma-wave
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powers at frequencies upshifted from the pump frequency fHF by 350–380 kHz in the
MB from 15:05 to 15:09 UT at the altitudes of 221.9 km and 224.9 km, the other is that
the enhancement of the plasma-wave powers at frequencies upshifted from the pump
frequency fHF by 270–520 kHz in the HB from 15:14 to 15:18 UT at the altitude of 219.0 km.
It was also shown the simultaneous excitation of several plasma lines at frequencies close
to the pump frequency and at frequencies upshifted by 0.15 to 0.45 MHz for the experiment
on 22 February 2012 [22]. This kind of plasma line has also been recorded in [18,23].

Figure 3. The downshifted plasma lines from −5.5 MHz to −6.5 MHz at different altitudes.

3.2. Electron Temperature

Figure 4 shows that the electron temperature varies with time and altitude. tR When
the heater switched on, some strong enhancements in electron temperature, which appeared
independent of altitude and extended up to ~500 km, were observed, and when the heater
switched off, this kind of enhancement returned to an undisturbed state within 10 seconds.
Another significant phenomenon is the enhancement of electron temperature up to 5000 K,
which occasionally happened in the MB and HB in the vicinity of the reflection altitude
in the second and third cycles. We also found that the strengthening of the electron
temperature is suppressed when the pump frequency is in the vicinity of the MB in the
third cycle, and this finding is a typical feature in frequency-stepping experiments around
n fce. Moreover, the enhancement of the electron temperature in the LB is less than that
in the HB, which is opposite to the result found in the heating frequency near the fifth
electron gyrofrequency [15].
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Figure 4. Electron temperature varies with time (t) and altitude (h) when heating.

3.3. Electron Density

Figure 5 shows the variation in the electron density profile during the whole exper-
iment. Comparing the three undisturbed profiles when the heater switched off, we can
deduce that the electron density profile decreases with time, which is consistent with the
result measured by the altitude sounding station in Tromsø. During heating, the most
prominent feature of the electron density is that the electron density increases suddenly up
to ~5 × 1011, which is consistent with an electron temperature increase up to ~5000 K both
in time and altitude. Therefore, this enhancement in electron temperature and electron
density may be caused by the same mechanism.

Figure 5. Electron density varies with time (t) and altitude (h) when heating.

4. Discussion
4.1. Plasma Line

In the experiments of high-power HF O-mode radio waves heating the ionosphere,
the HFILs and HFPLs, which are caused by PDI and OTSI, can be observed by incoherent

scattering radar. Regarding PDI, if the pump wave
(

ω0,
→
k 0

)
is strong enough, it can
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decay into a Langmuir wave
(

ω1,
→
k 1

)
and an ion acoustic wave

(
ω2,

→
k 2

)
, where the

wave parameters satisfy the matching conditions, ω0 = ω1 + ω2 and
→
k 0 =

→
k 1 +

→
k 2.

Considering that PDI occurs near the reflection height, the vector of the pump wave

tends to be zero; hence,
→
k 1 = −

→
k 2. In addition to the OTSI, the pump interacts with a

Langmuir wave of equal frequency together with an ion acoustic wave that is spatially
period but has zero frequency; namely, ω2 = 0. In Figure 2, the ‘spike’ in the centre
of the ion line spectrum represents the nonshifted maximum in the ion-line spectrum
(nonshifted ion line), which indicates the development of oscillation two-stream instability
(OTSI). The significant ‘shoulders’ at ~10.7 kHz around the reflection altitude indicate the
excitation of ion-acoustic, which is direct indication that parametric decay instability (PDI)
develops at altitudes near the reflection of a high-power high-frequency radio wave in the
ionosphere [22]. In Figure 3, the first type of plasma line lies at frequency fHF − 10.7kHz
and is caused by PDI. In Figures 2 and 3, the ion lines and plasma lines descend in altitude,
and these DLs are patches of newly ionized plasma [8,19,20]. Notably, by comparing
Figures 1–3, we find that the HFPLs and HFILs caused by PDI and OTSI are also observed
in the third cycle, which is the underdense heating mode. Theoretically, underdense
heating is only associated with the wave-particle interaction, and wave-wave interaction
cannot occur in this mode; thus, how the PDI and OTSI processes occur in the third cycle is
discussed in Section 4.2 in this article.

In Figure 3, the outshifted plasma line, whose frequency is higher than the pump
frequency by several hundred kilohertz, cannot be explained by PDI and OTSI, and there
are two existing theories trying to explain this phenomenon. The first was proposed by Kuo

and Lee [24], who reported that the Langmuir wave
(

ω1,
→
k 1

)
, which propagates parallel

to the geomagnetic field direction and is generated by PDI excited by the pump near the

reflection altitude, scatters into two oblique propagating Langmuir waves
(

ω3,
→
k 3

)
and(

ω4,
→
k 4

)
from the background lower hybrid density fluctuations

(
ω5,

→
k 5

)
propagating

in a direction perpendicular to the magnetic field and generated by parametric excited
Langmuir waves near the reflection height [25]; the wave frequency and wave vector match
the following conditions:

ω1 = ω3 + ω5 = ω4 −ω5

→
k 1 =

→
k 3 +

→
k 5 =

→
k 4 −

→
k 5 (1)

where ω3 and ω4 correspond to the downshifted and upshifted plasma frequency, re-
spectively; EISCAT UHF radar allows to provide measurements of downshifted plasma
line only, so only ω3 is discussed. If the cascade process of the pump wave occurs sev-
eral times, the oblique propagating Langmuir waves are superimposed over one another;
in this way, the outshifted plasma line may be observed in the plasma spectrum. Con-

sidering the Langmuir waves
(

ω1,
→
k 1

)
and

(
ω3,

→
k 3

)
are observed by the incoherent

scattering radar,
→
k 1 and

→
k 3 should satisfy the radar’s Bragg scattering conditions as

follows: k =

∣∣∣∣2→k r

∣∣∣∣ ≈ 39m−1, where
→
k r denotes the wave number of the radar wave

with a value of 19.6 m−1; thus, the wave number
→
k 1 =

→
k 3, which implies that

→
k 5 = 0.

Here, we take the observation at 15:42:00 UT in Figure 3 as an example. The reflection
altitude was approximately 230 km, and the total magnetic strength was obtained from
IGRF by extrapolating the measurements on the ground recorded at 15:42:00 UT by Tromsø
Geophysical Observatory, UiT, the Arctic University of Norway at an altitude of 230 km
as approximately 48486 nT, so the electron gyrofrequency is fce ≈ 1.356MHz and the
plasma frequency is fpe ≈ 5.889MHz. The most common ion species in the F2 layer
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is atomic oxygen, but for numerical efficiency, we use the proton-to-electron mass ra-
tio mi/me ≈ 1836, fci ≈ 3.4× 10−5 fce, fpi ≈ 0.006 fpe, and the lower hybrid oscillation
frequency fLH ≈ 7.91kHz is obtained by the following formula [26]:

f 2
LH =

f 2
pi fce fci

f 2
pi + fce fci

(2)

where mi, me, fci and fpi are the ion mass, electron mass, ion gyrofrequency, and ion plasma
frequency, respectively. Therefore, it is clear that this theory cannot quantitatively explain
the outshifted plasma lines. In addition, the frequency of the outshifted plasma lines
slightly increase with the increase of the pump frequency, which can be seen in the MB and
HB of the first and second cycle in Figure 3; this finding is contrary to the conclusion given
by Kuo and Lee that the amount of upshifted frequency is inversely proportional to the
pump frequency [24].

With regard to the parametric decay instability, the pump wave
(

fh,
→
k h

)
decays

into a Langmuir wave
(

fL,
→
k L

)
and an ion acoustic wave

(
fia,
→
k ia

)
, where the wave

parameters satisfy the matching conditions: fh = fL + fia,
→
k h =

→
k L +

→
k ia. Since the

pump wave is much longer (order of hundred meters) than the other waves considered

(<1 m),
→
k h can be assumed to be ~ 0, therefore,

→
k ia = −

→
k L = 2

→
k R,where

→
k R is the

radar vector. The Langmuir wave
(

fL,
→
k L

)
excited by PDI will grow continuously, and

when it reaches a certain level, it will decay into a new Langmuir wave
(

f ∗L ,
→
k
∗
L

)
and

an ion acoustic wave
(

f ∗ia,
→
k
∗
ia

)
, since the Langmuir wave

(
f ∗L ,
→
k
∗
L

)
can be observed by

the radar, so
→
k
∗
L=2

→
k R = −

→
k L, and

→
k
∗
ia=
→
k L −

→
k
∗
L = 2

→
k L, further, f ∗ia=

∣∣∣∣→k ∗iaCS

∣∣∣∣= 2 fia, and

thus f ∗L = f ∗h − 3 f ∗ia. With the same principle, Langmuir wave
(

f ∗L ,
→
k
∗
L

)
can act as pump

and decay into Langmuir wave
(

f ∗∗L ,
→
k
∗∗
L

)
and an ion acoustic wave

(
f ∗∗ia ,

→
k
∗∗
ia

)
, where

f ∗∗ia = fh − 5 fia. This is called cascade process. Kuo et al. [25,27] reported that the cascade
process may play a role in the outshifted plasma lines. This finding also agrees well with
the observation shown in Figure 3; that is, taking the second cycle as an example, as the
frequency of the pump wave increases, the bandwidth of the spread of the plasma line also
increases, as if the higher the pump frequency is, the more the cascade process occurs and
further widens the spectrum of the plasma lines.

Another theory involves the strong Langmuir turbulence (SLT) based on the Zakharov
model proposed by DuBois et al. [23,28–30]. Near the reflection altitude of the pump wave,
if the power of the pump is slightly higher than the threshold of parametric instability, SLT
may be excited by the ponderomotive force containing a zero-frequency component. That
is, the zero-frequency component of the ponderomotive force can force an electron from a
high electric field to regions with a low electric field; thus, a cavity in electron density exists,
which can trap Langmuir waves. As the cavity becomes deeper, the pressure gradient of
the plasma becomes steeper and compresses the cavity. Finally, the cavity burns out and
induces super thermal electrons, which further increase the local electron temperature. In
addition, the dispersion relation of the free Langmuir wave is shown below:

ω2
f = ω2

pe + 3k2v2
e + (2π fcesinα)2 (3)

where k is the wave number and α is the angle between the magnetic field and the Langmuir
wave. Therefore, the enhancement in local electron temperature can increase the electron
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thermal velocity ve = 2
√

kBTe/me, further increasing ω f , where kB is the Boltzmann con-
stant. Thus, a free Langmuir wave at ω f that is larger than the pump frequency by an
order of several kilohertz may be observed as the outshifted plasma line. Moreover, super-
imposing the free Langmuir waves from the various altitudes or the altitude integration
results in the spread of the plasma line. Here, we also take the observation at 15:42:00 UT in
Figure 3 as an example. Because the plasma line is observed by the radar, its wave number

should match the relation: k =

∣∣∣∣2→k r

∣∣∣∣ ≈ 39m−1, the electron Te is approximately 4300 K,

and f f − fHF ≈ 1.653MHZ is obtained, where f f = ω f /2π. It is obvious that this result
does not agree with our observations in Figure 3. In fact, when the wave propagates in a
nonuniform plasma medium, its frequency remains constant while its wave number varies
with the plasma density, i.e., if the density of the plasma increases, the wave number will
decrease, but DuBois et al. neglect the change in the wave number k and argues that the
outshifted plasma line is only due to the enhancement in electron temperature.

Mishin et al. proposed that the generation of strong Langmuir turbulence with the
oscillating two-stream instability (OTSI) of upper hybrid waves as the primary source of
Langmuir waves when f0F2 dropped below the pump frequency [31]. At the beginning of
the third cycle (which is an underdense heating process), the pump frequency fHF matches
the following condition: foF2 < fHF < ( fUH)max, which means the pump cannot excite
Langmuir waves but can excite the upper hybrid resonance, this is the reason why the
outshifted plasma line occurs with upper hybrid waves as the primary source of Langmuir
waves. In fact, the upper hybrid wave, which propagates perpendicular to the magnetic

field, can generate Langmuir waves [32]. The upper hybrid wave
(

ωuh,
→
k uh

)
can decay

into two obliquely propagating Langmuir waves
(

ωL1,
→
k L1

)
and

(
ωL2,

→
k L2

)
and an ion

mode
(

ωs,
→
k s

)
that is either a purely growing mode or an ion acoustic mode and is parallel

to the magnetic field; the frequency and wave vector match the following conditions:

ωuh = ωL1 + ωs = ωL2 −ωs and
→
k uh =

→
k L1 +

→
k s =

→
k L2 −

→
k s (4)

where the Langmuir waves
(

ωL1,
→
k L1

)
and

(
ωL2,

→
k L2

)
denote the down-shifted and up-

shifted Langmuir waves, respectively. Thus, here, we take
(

ωL2,
→
k L2

)
into consideration.

In addition, Mishin et al. reported that SLT can also develop in upper hybrid altitudes even
at low power. First, the above process can excite oblique short-scale Langmuir waves [30].
These waves are transferred into long scales via parametric interactions, e.g., induced
scattering on ions. The resulting wave condensate is subjected to modulational instability
(also known as OTSI), leading to the SLT regime, albeit weaker than that of the near
reflection altitude in the overdense ionosphere.

4.2. Electron Temperature and Electron Density

Comparing Figure 4 with Figure 5, it is clear that there are three distinct variations in
electron temperature and electron density as follows: (1) when the heater is operated, both
the electron density and electron temperature increase substantially, but the variation in
electron density occurs near the reflection altitude of the pump wave, while the enhance-
ment in electron temperature occurs in a wide altitude range from ~200 km to ~500 km.
(2) The electron density is synced with the electron temperature increases to three to four
times the background value, and this effect can be seen in the MB and HB in the second
and third cycles. (3) At the beginning of the third cycle, there is a slight decrease in electron
density from ~230 km to ~300 km, and then the electron temperature is enhanced as a
function of the pump frequency.
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The first type of variation in electron temperature and electron density is the universal
phenomenon that occurs in the O-mode heating experiment. During heating, the enhance-
ment in electron temperature is mainly caused by two physical mechanisms. The first is
the direct ohmic coupling between the pump and ionospheric plasma, and the second is as-
sociated with artificial small-scale irregularities and anomalous absorption [33,34]. Mantas
et al. also found the induced enhancement in electron temperature by pump spread over a
broader altitude range, for which heat conduction was responsible [35]. Stocker reported
that measurements of the electron density revealed both enhancements and depletions in
the vicinity of the heater reflection height [36]. These differences are indicative of variations
in the balance between the transport and chemical effects.

The second type of variation in electron density and electron temperature occurred
only in the second and third cycles, where fHF > 4 fce, but not in the first cycle. By compar-
ing Figures 2, 4 and 5, we find another feature of this kind of variation in electron density
and electron temperature that is synced with the HFILs. Thus, Langmuir turbulence excited
by parametric instability may be responsible for this effect; that is, Langmuir turbulence
generated superthermal electrons to exceed the ionization threshold (such ions are O+:
13.6 eV and N+

2 : 15.5 eV) and further increase the electron density. However, in this
experiment, the maximum electron temperature is 6700 K at 15:47:40, which corresponds to
approximately 0.575 eV; therefore, the heated bulk plasma temperature is not high enough
to ionize these species. This finding may be because the incoherent scatter radar is only
capable of measuring the electron temperature by assuming a uniform thermal plasma in
the scattering volume. Hence, the temperature measurements from radar data in such cir-
cumstances would be the weighted average of plasma temperatures within the radar beam.
In the first cycle, there is no significant enhancement in the ion line in the HB, so it can be
inferred that the parametric decay instability does not occur. This effect may be caused by
the pump energy being strongly dissipated by parametric upper hybrid interactions, which
further make the pump wave unable to reach the reflection altitude. Therefore, why does
this kind of variation only happen in the second and third cycles, rather than the first cycle?
The background ionospheric conditions may provide a clue to this question since the only
significant difference between the first cycle and the second/third cycles is f0F2 > fHF.

As for the third type, due to the absence of data in the first and second cycles, we only
discuss the third cycle. Figure 1 shows that at the beginning of the third cycle, which is
underdense heating, the relationship f0F2 < fHF < ( fUH)max is fulfilled, i.e., the pump
wave cannot reach the reflection height, but it can reach the upper hybrid resonance
altitude, where the pump can excite the upper hybrid resonance. Therefore, it is reasonable
to say that a slight decrease in the electron density should be a result of the trapping of the
upper hybrid wave excited by the pump at the upper hybrid resonance altitude [4]. During
heating, the O-mode pump can couple into an upper hybrid wave at the upper hybrid
resonance altitude through either a pre-existing or artificially induced irregularity [4,37,38],
and the pump matches the following condition:

fHF = fUH =
√

f 2
pe + f 2

ce (5)

where fUH is the upper hybrid frequency. That is, at the upper hybrid resonance altitude,
the pump may excite the upper hybrid resonance in the background ionosphere, which
may be linearly converted into the upper hybrid wave at the edge of the irregularity and
propagate into the irregularity along the gradient of electron density. Then, the upper
hybrid wave propagates in a direction perpendicular to the magnetic field and dissipates
energy through ohmic loss. Furthermore, this wave heats electrons and finally leads to
an effect of reducing the electron density due to thermal electron transport. Hence, at the
beginning of the third cycle, a slight decrease in electron density and an enhancement in
electron temperature were observed. As the pump frequency increases near the fourth
electron gyrofrequency, the electron temperature begins to decrease, and when fHF > 4 fce,
the electron temperature increases again. This result is a typical feature of the electron
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temperature variation with the pump frequency near the gyrofrequency recorded by
Borisova et al. and Wu Jun et al., and this phenomenon is related to the second cut-off
frequency in the upper hybrid dispersion relation [7,14,15].

Here, we assume an individual small-scale irregularity with constant initial electron
density N1, whose upper hybrid frequency is ω1

UH and second cut-off frequency is ω1
max [4],

and the background ionospheric plasma N0 has the upper hybrid frequency ω0
UH . Because

the electron density decrease at the beginning of the third cycle, it is reasonable to assume
that N1 < N0 and further that ω1

UH < ω0
UH . When the pump is operated at a particular

frequency between ω1
UH and ω1

max, the upper hybrid resonance ω1
UH will be excited in

N0. At the edge of N1, those upper hybrid resonances will be linearly converted into the
upper hybrid wave and propagate into N1 and be trapped by N1, furthermore, this wave
dissipates energy through ohmic loss and heats electrons in N1, and the escape of thermal
electrons from N1 will make the electron density of N1 further decrease [15]. When the
pump is operated at a higher frequency that is closer to the fourth gyrofrequency, the
upper hybrid wave excited by the pump in N0 is reflected on the surface of N1 and cannot
propagate into N1. Thus, upper hybrid waves will not be trapped in N1, and N1 will not
grow. When the pump frequency is higher than the fourth gyrofrequency, the dispersion
curve of the upper hybrid wave in N0 almost coincides with that of the fourth harmonic of
the Bernstein wave in N1 for a small wave number; thus, the trapping of the upper hybrid
wave should be poor.

In addition, the existence of a second cut-off in the upper hybrid dispersion relation
may provide an explanation for the question proposed in the first paragraph in Section 4.1;
this explanation describes why the plasma line and ion line generated by PDI and OTSI
were observed during underdense heating in the third cycle. That is, at the beginning of
the third cycle, a small-scale irregularity traps the upper hybrid wave and dissipates its
energy to heat the electron. When the pump frequency is near the fourth gyrofrequency,
the heating in the electron should be suppressed due to the second cut-off frequency, which
means that the electron density will increase due to the thermal pressure and further makes
the ionospheric critical frequency increase so that the pump frequency may be temporarily
below the critical frequency of the ionosphere. In this situation, the PDI and OSTI may be
excited by the pump, which provides a necessary condition to generate SLT.

5. Conclusions

This paper reports experimental observations from pumping near the fourth electron
gyrofrequency on 22 February 2012 at the EISCAT Tromsø site in northern Norway.

The outshifted plasma lines around the reflection altitude of the pump at frequencies
several hundred kilohertz above the pump frequency were observed by the UHF incoherent
scatter radar, and the results of analysis indicate that both Langmuir wave scattering off
the lower hybrid density fluctuations and SLT in the Zakharov model suggested by Kuo
et al. and DuBois et al., respectively, cannot quantitatively explain the outshifted plasma
lines [23,24,28–30]. The observations are contrary to the conclusion given by Kuo and Lee
that the amount of up-shifted frequencies is inversely proportional to the pump frequency.
However, they advocated another idea that the cascade process plays an important role in
the outshifted plasma lines, which agrees well with the observations in this experiment [24].
In addition, at the beginning of the third cycle, when the pump frequency matches the
relation f0F2 < fHF < ( fUH)max, which indicates that the pump cannot excite the Langmuir
wave, the theory in this situation is that the upper hybrid wave can decay into two obliquely
propagating Langmuir waves, and an ion mode advocated by Kuo et al. can generate the
source of the Langmuir wave for the outshifted plasma lines [31].

The spatiotemporal consistency between the enhancement in electron density /elec-
tron temperature is three to four times that of the undisturbed state and HFILs suggest
that SLT excited by parametric instability plays a significant role in superthermal electron
formation and electron acceleration.
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Furthermore, we first propose that some enhancements in HFILs and HFPLs generated
by parametric decay instability (PDI) during underdense heating in the third cycle are due
to the existence of a second cut-off frequency in the upper hybrid dispersion relation as
derived from a kinetic description.
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