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Abstract: We present the observations of the artificial ionospheric modification experiment of EISCAT
on 18 October 2012 in Tromsø, Norway. When the pump of alternating O mode and X mode is
switched on, the UHF radar observation shows some strong enhancements in electron density, ion
lines and plasma lines. Based on some existing theories, we find the following: First, during the
experiment, the frequency of plasma line ( fL), ion line ( fia) and pump ( fh) matches fL = fh − 3 fia

and = fh − 5 fia occasionally demonstrated that the cascade process occurred. Second, through
quantitative calculation, we found that the O-mode component mixed in X-mode wave satisfies the
thresholds of the parametric decay instability and the oscillation two-stream instability, from which
we infer that the HF-induced plasma lines (HFPLs) and HF-enhanced ion lines (HFILs) observed in
X-mode pulse could have been caused by the O-mode component mixed in X-mode wave. Third,
the UHF radar observation shows some apparent enhancements over a wide altitude range (from
approximately the reflection altitude to ~670 km) in electron density during X-mode pulse, which
also does not, in fact, correspond to a true increase in electron density, but due to the enhancement in
ion line or the enhancement in radar backscatter induced by some unknown mechanism.

Keywords: ionospheric modification; plasma line; ion line; electron density

1. Introduction

When high-power (HF) radio waves are incident on the ionosphere, a series of com-
plex wave–particle and wave–wave interactions will occur. The theory for wave–wave and
wave–particle interactions was basically developed in the 1960s. This was a prerequisite for
further understanding of nonlinear phenomena in space plasmas [1]. A series of physical
phenomena occur when powerful radio waves (usually termed as a pump) are injected into
the ionosphere, such as Artificial Airglow [2], Anomalous Absorption [3], Stimulated Elec-
tromagnetic Emission [4] and small-scale field-aligned irregularity [5]. These phenomena,
which are all caused by the O-mode pump, are closely related to parametric instabil-
ity. According to the different excitation heights, parametric instability mainly includes
Langmuir parametric instability and upper hybrid parametric instability. Additionally,
Langmuir parametric instability can be divided into parametric decay instability (PDI) and
oscillating two-stream instability (OTSI). During the ionospheric heating experiment, the
most direct evidence of the excitation of Langmuir parametric instability is the HF-induced
plasma lines (HFPLs), and HF-enhanced ion lines (HFILs) observed in incoherent scattering
radar. When the wave vectors of plasma wave and ion-acoustic wave satisfy the Bragg
condition of the incoherent scattering radar, then they can be observed. The frequency
of the plasma line, ion line and pump does not simply satisfy the frequency matching
relationship of PDI. In historical observations, HFILs and HFPLs caused by ionospheric
modification have abundant spectral structures, e.g., (1) Westman et al. [6] observed up
to five cascade lines in addition to the decay line in the Tromsø HF-induced plasma line
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(HFPL) and well-developed cascade type plasma lines for the first time; (2) Wu Jun et al. [7]
and Borisova et al. [8] observed the plasma lines (HFPLs) excited at a frequency higher
(150–250 kHz) than the pump during artificial ionospheric modification near the fifth elec-
tron gyrofrequency in EISCAT; (3) Robert et al. [9] observed the frequency of HFPLs were
lower than pump frequency, about 3 fia in the Arecibo artificial ionospheric modification
experiment.

Stocker et al. [10] found that electron density depletion and increases were both about
10% in EISCAT artificial ionospheric modification experiment; these changes in electron den-
sity are thermally driven. Pedersen et al. [11,12] observed large increases in electron density
in ionograms when using the High-Frequency Active Auroral Research Program (HAARP)
facility. These increases were associated with strong thermospheric optical emissions and
were attributed to ionization by electrons accelerated by plasma turbulence. In all these ex-
periments, the pump wave was polarized in the O-mode. Blagoveshchenskaya et al. [13,14]
presented EISCAT UHF radar observations of large (up to 30%) electron density enhance-
ments during X-mode pumping. The enhancements were detectable over a wide altitude
region of ~125 km. Senior et al. [15] showed that the apparent large electron density
enhancements over a wide altitude range (only observed in X-mode pumping) do not,
in fact, correspond to the true increase in electron density and may be due to some un-
known mechanism enhanced the ion line spectrum. The same feature in electron density
enhancements was reported by Wu Jun et al. [7] and Borisova et al. [8] during an artificial
ionospheric modification experiment near the fifth electron gyrofrequency in EISCAT by
O-mode pumping.

In this article, we present some further research deduced from EISCAT UHF obser-
vations during artificial ionospheric modification experiments using the EISCAT heater
operated both in O-mode and X-mode on 18 October 2012. First, we quantitatively explain
the HFILs and HFPLs whose frequency does not satisfy the PDI. Second, the inversion of
ion spectra provides direct evidence that electron density enhancements near the reflection
altitude are caused by PDI and do not correspond to the true increase in electron density.
Third, we verify by quantitative calculation that several existing theories cannot explain
the phenomenon of the enhancement in electron density over a wide altitude range and
should be researched further.

2. Experimental Setup

Experiments on the modification of the high-latitude ionosphere were carried out on
18 October 2012, using the EISCAT/Heating facility located in Tromsø, Norway (69.6◦ N,
19.2◦ E). The facility can radiate a high-frequency (HF) radio wave in the frequency range
4–8 MHz with an effective radiated power (ERP) of up to ~1 GW. The beam may be
steered up to about 30◦ away from the zenith in the north–south plane. Arbitrary elliptical
polarization is possible, including the circular ionospheric O- and X-modes. From 13:10 to
14:50 UT on 18 October 2012, the HF facility was operated on 7.953 MHz with the beam
directed field-aligned (actually 12◦ south of the zenith). The pump wave was pulsed 5 min
on, 5 min off, making an overall cycle of 10 min, and the pump wave polarization changed
between O- and X-mode on successive pulses. Thus, the first and third pulse is O-mode
pumping, and the second and fourth pulse is X-mode pumping. During each pump pulse,
the UHF radar beam was pointed field-aligned for the first 2 min, then sequentially 1◦

higher and lower in elevation than field-aligned for 1 min each and finally returning to
field-aligned for 1 min before the end of the pulse. The beam then remained field-aligned
while the pump was off. During the whole experiment, the background ionosphere was
quiet. The critical frequency for O-mode was about 8.75 MHz which was measured by the
ionosonde in Tromsø. The reflection altitude of the O-mode wave is higher than that of the
X-mode; hence the critical frequency for X-mode is higher than 8.75 MHz. Therefore, the
whole artificial ionospheric modification experiment is over-dense heating.

The behavior of electron density, ion lines and plasma lines was mainly studied based
on the incoherent scatter radar operating at 930 MHz [16]. During the experiments, the
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radar measurements were performed in a distance range of 90 to 600 km with a minimum
distance resolution of 1.5 km and a minimum time resolution of 5 s. The radar beam and
the direction of radiation of a high-power HF radio wave were aligned with the Earth’s
magnetic field line. Then the radar measurement results are presented as functions of the
altitude above the Earth’s surface converted from distances along the Earth’s magnetic
field: h = Rangl cos(12◦) [17]. The ionospheric plasma parameters were measured, such as
the electron density Ne and the electron temperature Te, as well as spectral powers SPL of
the HF-induced plasma lines (HFPLs) in the high-frequency channel of radar measurement
and the spectral powers SIL of HF-enhanced ion lines (HFILs) in the low-frequency channel.
The primary data of these measurements were processed using a constant altitude step of
3 km and an integration time of 30 s by version 9.0 of GUISDAP (Grand United Incoherent
Scatter Design and Analysis Package) software [18] and RTG (Real Time Graphs) software.
The reliability of the data used in the analysis was confirmed by the value of the Residual
<2 parameter [18].

3. Observations

As some examples, the ion lines within the interval of −20 kHz to 20 kHz at altitudes
of 215.4 km, 218.3 km, 221.3 km, 224.2 km, 227.1 km, 230.1 km, 233.0 km and 235.9 km are
given in Figure 1, respectively (the altitudes are given by the data processed by GUISDAP
software, and the altitude resolution is ~2.9 km). The most prominent features in Figure 1
are the significant ‘spikes’ in the center of the ion line spectrum occurring at altitudes of
221.3 km and 224.2 km, which are the manifestation of the OTSI or the purely growing
instability, and the significant ‘shoulders’ at ~10.7 kHz occurring at altitudes of 215.4 km,
218.3 km, 221.3 km, 224.2 km, 230.1 km and 230.0 km, which are the confirmation of
PDI [19,20].

Figure 1. The ion lines from −20 kHz to 20 kHz at the altitude of 215.4 km, 218.3 km, 221.3 km, 224.2 km, 227.1 km, 230.1
km, 233.0 km, 235.9 km, respectively. The time is from 13:10 to 13:50 UT, in which 0~5 min, 20~25 min are O-mode pumping,
10~15 min, 30~35 min are X-mode pumping, and the rest of the time is off.

The previous observations at EISCAT showed that the altitude of the ion line was
about 3–5 km higher than the altitude of the plasma line [19,20]. Therefore, considering
the above altitude difference, the downshifted plasma lines within the frequency range
from −7.2 MHz to −8.4 MHz at the altitude of 210.2 km, 213.1 km, 216.1 km, 219.0 km,
221.9 km, 224.9 km, 227.8 km and 230.7 km, respectively, are shown in Figure 2. When
the heater is switched on, plasma lines show some gaps or weakening intervals at those
heights. They are caused by the normalization to the strongest value of the plasma line
at any particular time and do not imply a real decrease in the plasma line or any unusual
response. When the heater is on, the plasma spectra show that HFPLs are excited in a
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wide range of pump-wave frequency variations fh, as is expected from the parametric
decay instability.

Figure 2. The plasma lines from −7.2 MHz to −8.4 MHz at the altitude of 210.2 km, 213.1 km, 216.1 km, 219.0 km, 221.9 km,
224.9 km, 227.8 km, 230.7 km, respectively. The time is from 13:10 to 13:50 UT, in which 0~5 min, 20~25 min are O-mode
pumping, 10~15 min, 30~35 min are X-mode pumping, and the rest of the time is off.

Figure 3 is the altitude profile of the ratios of electron density Ne to the undisturbed
background value of Ne0 as a function of time, where Ne0 is taken from the median of the
profile of electron density taken from the final 3 min of the pump-off period before the
X-mode pulse. In a narrow region around 214 km, it can be seen that those enhancements
in Ne/Ne0 in all of the cycles are up to ~1.5. During the X-mode pulses, there is a strong
enhancement of Ne, which extends from approximately the reflection altitude of the pump
to the limit of the radar’s measurement above 600 km. The enhancement does not occur
immediately but has a delay of ~30 s and reaches a level of Ne/Ne0 ≈ 1.6, which appears to
be approximately independent of altitude. After the pump is switched off, the enhancement
decays to the undisturbed level within about 90 s. It is also apparent that the enhancement
is greatly reduced when the radar beam is pointed 1◦ in elevation away from field-aligned,
falling to a level of Ne/Ne0 ≈ 1.2.

Figure 3. The ratio of the electron density to its undisturbed varies with time and altitude based on the data processed
by GUISDAP software. The pump wave polarization is indicated by ‘O’ and ‘X’ as appropriate. The periods where the
radar beam was pointed 1◦ higher and lower in elevation than the magnetic field-aligned direction is denoted by ‘+’ and
‘−’, respectively.
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4. Discussion
4.1. Ion Line and Plasma Line

During the artificial ionospheric modification experiment, the enhancements in plasma
line and ion line are regularly observable by UHF radar and attributed to the parametric
decay instability and the oscillation two-stream instability excited by the pump. With

regard to the parametric decay instability, the pump wave ( fh,
→
k h) decay 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 wavelength 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. In order to

verify whether the ion line and plasma line frequencies in Figures 1 and 2 satisfy the PDI,
Figure 4 shows the plasma line and ion line in the 2nd and 22nd min for O-mode, which
show more details in frequency. When t = 22 min, the plasma line was enhanced at the
frequency of about fL1 ≈ −7.941 MHz and fL2 ≈ −7.902 MHz, when t = 2 min, the plasma
line was enhanced at the frequency of about fL3 ≈ −7.921 MHz. However, ion lines at
these two moments were enhanced at the frequency fia ≈ −10.7 kHz. Due to the Doppler
frequency resolutions of plasma and ion spectra are 1.6 kHz and 1.19 kHz, respectively,
so within the resolution range, only fL1, fia and fh satisfy the matching condition of

PDI. Actually, 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 = fh − 3 fia. With the same principle, the 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 also called cascade phenomenon, so fL3 and fL2 are the result of the
second and third cascade processes. Westman et al. [6] observed up to five cascade lines
in addition to the decay line in the Tromsø HF-induced plasma line and well-developed
cascade type plasma lines for the first time, and Perkins et al. [21] also found the HFPLs
lies at the frequency 3 fia lower than pump frequency in Arecibo.

Figure 4. Plasma line and ion line in the 2nd and 22nd min for O-mode pumping during modification.

In Figures 1 and 2, HFILs and HFPLs are also observed in the second and fourth
cycles, which is the X-mode pumping. In fact, the EISCAT Heating facility cannot isolate
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the O-mode wave and the X-mode wave completely; the leakage of X-mode power to
O-mode is feasible. Existing observations and theories show that X-mode also can excite
PDI and OTSI processes [13,14,22]. Although we cannot separate the HFILs and HFPLs
excited by the O- or X-mode in the spectrum due to the power leakage problem, we can
still distinguish the parametric instability excited by O-/X-mode waves according to the
different excitation heights [13,14,22]. The reflection altitude of the pump wave where are
f 2
P = f 2

h cos2(α) for the O-mode wave and f 2
P = fh( fh − fce)cos2(α) for X-mode wave [23],

where fP is the local electron plasma frequency, fce is the electron gyrofrequency and
α = 12◦ is the complement of the local dip angle. Hence, the reflection altitude for O-mode
in the second and fourth cycle is 225.2 km and 233.3 km, respectively, and 219.5 km and
225.5 km for the X-mode. The height of HFILs is higher than the X-mode reflection altitude
both in the second and fourth cycle and approximately equal to the O-mode reflection
altitude indicate that the HFILs and HFPLs observed in the second and fourth cycle are
excited by O-mode pumping. However, the intensity of the pump for O-mode has to
exceed the thresholds of the parametric decay instability and the oscillation two-stream
instability, respectively [24,25]:

E2
PDI =

4Ne0kBTiυ

ωpε0Bmax
. E2

OTSI =
4(Te + Ti)

Ti

Ne0kBTiυ

ωpε0

to overcome such damping processes as collision, where Ti, υ, and kB are the ion tem-
perature, electron collision frequency and the Boltzmann constant, Bmax is a function of
Te/Ti and with a value of ~0.56 for Te/Ti = 2 [4]. Here, Ti, Te/Ti and υ are ~2000 K, ~2.2,
and ~10 Hz, respectively, which are the mean measurements of the UHF radar within the
time interval of 13:10 UT, 13:30 UT. Then, EPDI ≈ 0.15 V/m and EOTSI ≈ 0.19 V/m can be
obtained. During the daytime, D-region absorption is usually nonzero. For the pump in
free space, the electric field E(V/m) at a range R(km) from a transmitter with ERP(kW),
which was reduced due to D region absorption, is given by: E = 0.25

√
ERP/R, where ERP

is the effective radiated power and R is the distance [26]. According to the effective radiated
power (ERP) model of EISCAT, in addition to the wanted X-mode wave, a weaker O-mode
component with an ERP of ~6 × 104 kW was present [15]. The ERP quoted here was
estimated using a model based on the NEC2 code, assuming a perfectly conducting ground.
Hence, the electric field E should be ~0.286 V/m at the altitude of R ≈ 214 km. It is obvious
that the O-mode component satisfies the thresholds of the parametric decay instability
and the oscillation two-stream instability; that is to say, HFPLs and HFILs observed in the
X-mode pulse could have been caused by the O-mode component mixed in X-mode wave.

4.2. Electron Density

The change in electron density induced by a powerful pump is difficult to measure for
the following reasons. The density is much more variable both in time and space, and the
artificial density change is relatively small [27]. Thus, are those apparent enhancements in
Ne/Ne0 shown in Figure 3 the true increases in electron density? The principle of inversion
of electron density is based on the Incoherent Scattering Radar, i.e., the integral of the ion
spectrum is proportional to the electron density; Figure 5 shows the inversion of electron
density using ion spectra calculated by RTG software. As shown in Figure 3, the strong
enhancement in electron density also appears at the height of 214 km to 230 km in Figure 5,
and it is consistent with the behavior of the ion line shown in Figure 1. Thus, the apparent
enhancements in Ne/Ne0 around reflection altitude should be the result of an enhancement
of ion line excited by oscillating two-stream instability and parametric decay instability
around the reflection altitude [19].
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Figure 5. Electron density inversion based on ion spectrums.

In addition, Figure 5 also shows that the strong enhancement in electron density
extending over a wide altitude (from approximately the reflection altitude to ~670 km) is
consistent with Figure 3. In order to verify whether this kind of enhancement in Ne/Ne0
represents a real increase in electron density, we compared the calculated results of electron
density from GUISDAP with the inversion results of plasma line spectrum at 322 km
and 345 km altitudes, respectively, which are shown in Figure 6. As can be seen from
Figure 6, electron density calculated by GUISDAP shows some enhancement during X-
mode pumping, but the inversion results of the plasma spectrum show no apparent increase
in electron density. Therefore, it is safe to conclude that this kind of enhancement in electron
density is also caused by the enhancement of the ion line and does not correspond to the
true increase in electron density. Senior et al. [15] also came to this conclusion that according
to the full dispersion relation by assuming electrostatic waves and parallel propagation,
changes in the plasma frequency would be expected to produce corresponding changes in
the plasma line frequency unless they were compensated by changes in the shape of the
electron distribution function through the integral term, but there is no evidence to support
this claim. However, which mechanism should be responsible for the enhancement of the
ion line with wide altitude extents above the reflection altitude?

Figure 6. Electron density varies with time at the altitude of 322 km (top) and 345 km (bottom), the black curve is calculated
by GUISDAP, the dashed black curve is derived from the inversion of the plasma line spectrums.

Actually, the apparent electron density enhancements in the magnetic field-aligned di-
rection in a wide altitude range up to the upper limit of UHF radar measurements (600 km)
were also recorded by Blagoveshchenskaya et al. [28]. The EISCAT heater was operated in
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X mode at frequencies of 6.2 and 7.1 MHz in the experiment of Blagoveshchenskaya et al.
They also found that the X-mode radio-induced optical emissions coexisted with HFILs and
HFPLs and strong artificial field-aligned irregularities and Ne enhancement throughout
the whole heater pulse. Additionally, they suggested that the Langmuir turbulence excited
by an X-mode HF pump wave could produce fluxes of accelerated electrons that, in turn,
lead to the enhanced production of ionization. The inconsistency between this theory and
the above analysis is that if the apparent electron density enhancements in the magnetic
field-aligned direction in a wide altitude range are caused by ionization, then both ion
line and plasma line frequency should be enhanced; however, we did not observe the
enhancement of plasma line at these altitudes. Hence, this hypothesis should be ruled out.

Rietveld and Senior [29] suggested a hypothesis where the medium- to large-scale
HF-induced field-aligned irregularities, which are much larger than the radar wavelength
and perhaps with the scale size of tens to hundreds of meters, cause radar waves near
grazing incidence to be reflected. If the irregularities are extended long enough along
the field line, multiple reflections can occur so that the region of irregularities acts as a
duct where the overall decrease in the radar’s field strength with distance falls off more
slowly than r2, where r is the propagating distance. It is this slighter decrease in the radar
wave with distance than the free space falloff as r2 assumed in the normal incoherent
scatter analysis that causes apparent stronger backscatter from all ranges above the ducting
region of irregularities. Thus, an apparent enhancement in electron density can be obtained
by the standard analysis of the incoherent scattering spectrum. They proposed that the
irregularities are excited by both O- and, preferentially, X-mode pump waves. Then
irregularities can also be excited by O-mode pump waves during alternating O/X-mode
heating experiments. However, this kind of increase in electron density was not observed
during the first and third cycles of O-mode pumping in our experiment, and it is only
observed in X-mode pumping. Rietveld and Senior’s hypothesis is wrong. How can density
irregularities duct UHF radar pulses under the condition f p

2/f radar
2 < 10−4? Moreover,

the duct will not affect the incoherent backscattering spectral intensity much. If the radar
pulse is focused on increasing the intensity, the cross-section area of the incoherent scatter
is reduced proportionally; thus, the two effects cancel each other. In radar theory with a
fixed target (i.e., a fixed scattering cross area), the return intensity is proportional to the
1/r4. However, in the incoherent backscattering, the cross-section area is proportional to r2,
so the backscattering spectral intensity is proportional to 1/r2. The difference is because
the incoherent backscatter cross-section area is proportional to the cross-section area of the
radar pulse.

The enhancements in Ne/Ne0 presented above were just observed in the X-mode pump-
ing. Actually, O-mode pumping can also cause similar changes in Ne/Ne0 presented by Wu
Jun et al. [7] and Borisova et al. [8] during an artificial ionospheric modification experiment
near the fifth electron gyrofrequency in EISCAT, and they only observed this feature in a
high-frequency band (a little higher than the fifth electron gyrofrequency). Additionally,
we note that there are many similarities between electron density enhancement in a wide
altitude range caused by X-mode wave and O-mode HF heater wave. In the first place, they
extend from the reflection altitude to the limit of the radar’s measurement. Second, they
appear to be approximately independent of altitude. Third, after the pump is switched
on, they do not occur immediately but have a delay of ~30 s. Fourth, after the pump is
switched off, the enhancement decays to the undisturbed level within tens of seconds.
Fifth, they are not correlated with the incoherent scatter plasma line but only involve the
enhancement in the ion line. Thus far, we are unable to offer a physical explanation of
this phenomenon.

5. Conclusions

This paper reports experimental observations from an artificial ionospheric modifi-
cation experiment by alternating O-/X-mode waves on 18 October 2012 at the EISCAT
Tromsø site in northern Norway.
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During both O-mode and X-mode HF heater waves, HFILs were observed in the
vicinity of O-mode reflection altitude and above X-mode reflection altitude, which indicates
that the HFILs caused by PDI and OTSI are also the result of O-mode HF heater wave
mixed in X-mode wave. During X-mode pulse, a weaker O-mode component with an
effective radiated power (ERP) of ~4 MW exceeds the thresholds of the parametric decay
instability and the oscillation two-stream instability. The frequency of plasma line ( fL), ion
line ( fia) and pump ( fh) matches fL = fh − 3 fia and = fh − 5 fia, we note that this is caused
by the cascade process of PDI.

Through quantitative calculation, we find that the O-mode component mixed in X-
mode wave satisfies the thresholds of the parametric decay instability and the oscillation
two-stream instability, from which we first proposed that the HFPLs and HFILs observed in
X-mode pulse could have been caused by the O-mode component mixed in X-mode wave.

We can draw a conclusion from Figures 5 and 6 that those enhancements in Ne/Ne0
over a wide altitude range are not confirmed by the incoherent scatter plasma line but
are only associated with the enhancement in the ion line. We provide the evidence that
the theory, where the Langmuir turbulence excited by an X-mode HF pump wave could
produce fluxes of accelerated electrons that, in turn, lead to the enhanced production of
ionization proposed by Blagoveshchenskaya et al. [28], cannot explain this phenomenon.
The theory reported by Rietveld and Senior [29] is incorrect because (1) it contradicts the
basic radar theory, and (2) f p

2/f radar
2 < 10−4.
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