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Abstract

We compare observations of stimulated electromagnetic
emission (SEE) during ionospheric modification experi-
ments using ground-based high-power high-frequency (HF)
radio waves at both the High Frequency Active Auroral
Research Program (HAARP) and the European Incoher-
ent scatter (EISCAT). The combined simultaneous obser-
vations of SEEs, field-aligned irregularities and electron
temperature provides evidence that it is more efficient for
electron temperature enhancement and plasma irregularity
generation at frequency slightly above the third electron
gyro-harmonic 3 fee. This study shows the utility of utiliz-
ing SEE, SuperDARN HF radar and UHF incoherent radar
simultaneously to investigate electron heating mechanisms
during ionospheric modification experiments.

1 Introduction

The interaction between high-power electromagnetic waves
and plasmas in the ionosphere can produce stimulated elec-
tromagnetic emissions (SEEs), first reported by Thidé€ et al.
[1] and reviewed by Leyser [2]. Stimulated electromag-
netic emission (SEE) spectral lines in the scattered wave
can be utilized to remotely probe the properties of the iono-
sphere as well as actively study radio pump-induced phe-
nomenon such as artificial airglow during modification of
the ionosphere [3, 4]. Historically, wide-band SEEs within
~ 100kHz of the pump frequency, have been studied exten-
sively for several decades at EISCAT. Due to updates of the
HAARP facility in 2007, new SEE spectral lines have been
observed at HAARP, including stimulated Brillouin scatter-
ing(SBS), stimulated ion Bernstein scattering (SIBS) and
broad downshifted emission [5, 6, 7, 8, 9]. These new spec-
tral lines exist within a narrow frequency band of the pump
wave. For example, SBS during electron gyro-harmonic
heating is well within 100 Hz of the pump frequency at EIS-
CAT [10].

The  EISCAT  (69.6°N,19.2°E) and HAARP
(62.4°N,145.2°W) HF heating facilities are located at
high latitudes with a comparable geomagnetic angle. The
EISCAT HF heater has approximately one third the power
of the HARRP HF heater and only higher gyro-harmonic
(n > 3) heating capability is available at EISCAT. Two HF

heating facilities are both equipped with HF SuperDARN
radars for field-aligned irregularities (FAIs) measurement.
The EISCAT facility has an advantage of the EISCAT/UHF
incoherent scatter radars for electron temperature measure-
ment. The systematic comparison of SEEs at two heating
facilities is lacking and the correlation between SEEs, FAIs
and electron temperature has not been well understood. The
paper summarizes SEE observations with simultaneous
measurement of field-aligned irregularities and electron
temperature during ionospheric modification experiments
at HAARP and EISCAT near electron gyro-harmonic 3 f¢..

2 Narrow-band SEEs and Field-aligned Ir-
regularities

The experiment at HAARP was conducted on July 18 ~ 23,
2010 with the HF transmitter operating at O-mode po-
larization with an effective radiated power (ERP) of 1.0
gigawatts for the pump frequency 4.5 MHz. The pump
frequency fy was selected near the third electron gyro-
harmonic (4.1 MHz < fy < 4.3MHz) for varying beam
zenith angles ZA. The magnetic zenith corresponds to
ZA = 14° with the azimuth angle AZ = 202°. The ex-
periment at EISCAT was conducted on July 3-10, 2012
with the HF transmitter operating at O-mode polarization
with full power. The pump frequency was in a range
3.9MHz < fy < 4.2MHz through the third harmonic of the
ionospheric electron gyro-frequency 3 fe.. All 12 transmit-
ters on array 2 were used at 80kW each, resulting in a gain
of 22.4dBi and the effective radiated power (ERP) approxi-
mately 148 MW. The beam zenith angle was pointing along
the magnetic field line (ZA = 12°).

Figure 1 depicts the side-band frequency spectra of scat-
tered electromagnetic waves (a) from the HAARP trans-
mitter at 4.1 MHz for varying zenith beams and (b) for
the EISCAT HF transmitter at 4.02 MHz at the magnetic
zenith. In Figure la, the first spectral line f; downshifted
by 8 ~ 11Hz, are observed with power within 10dB relative
to the reflected pump wave. The upshifted emission lines
with lower intensity has slightly higher 3 ~ 4Hz frequency
offset than the downshifted emission lines due to interac-
tions between reflected pump and scattered EM waves [4].
The power of the downshifted (or Stokes) emission line is
larger than the upshifted (anti-Stokes) emission.
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Figure 1. Measured frequency spectra of radio emissions
(a) from the HAARP transmitter at 4.1MHz and (b) for EIS-
CAT transmitter at 4.02MHz near 3 fc..

These spectral lines f; = 8 ~ 11Hz are considered to be
associated with ion acoustic waves due to SBS from the
plasma resonance region. Experimental results at EISCAT
indicate that SBS strengthens as the pump frequency ap-
proaches to 3 fe. [9]. It is postulated that when less anoma-
lous absorption occurs near 3 f;., and field-aligned irregu-
larities FAIs and electron temperature enhancement shows
its minimum as shown in Figure 2, more heater power can
be transmitted to a higher resonance altitude where SBS oc-
curs. Emissions at approximately ~ 26 Hz were occasion-
ally observed and may result from SBS from the upper hy-
brid resonance altitude. Further experiments are required to
compare electron temperature with UHF incoherent scatter
radar measurements.

Figure 2 depicts the electron temperature profile measured
by the EISCAT UHF radar during 18 : 40 — 19 : 38 UT
on July 3, 2012. The pump frequency is stepped up-
wards and downwards between 3.92MHz ~ 4.2 MHz, re-
spectively. For the upward frequency stepping, the electron
temperature enhancement minimizes during 18 : 54 — 18 :
55 (fo = 4.06 MHz) and 18 : 56 — 18 : 57(fp = 4.08 MHz)
and the CUTLASS backscatter power (not shown here) de-
creases as well [11]. For the downward frequency step-
ping, the electron temperature enhancement reduces during
19:22—-19:23 (fo =4.06MHz) and 19:24 —19:25 (fp =
4.04MHz), which corresponds to strong SBS emissions.
The electron temperature enhancement minimizes when the
pump frequency approaches 3 f... The electron temperature
enhancement exhibits an asymmetry for pump frequencies
above and below 3 in Figure 2. It should be noted that
the measurement error increases during 19: 08 — 19 : 15 for
fo > 3fc in the narrow altitude range close to the heater
reflection height since the electron temperature retrieval al-
gorithm is based on the ion-line spectra which are modified
by HF pump induced effects. It may indicate that there is
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Figure 2. The electron temperature measured by the EIS-
CAT UHF radar during 18:40-19:40 UT on July 3, 2012.

higher electron temperature enhancement or plasma irreg-
ularities may be produced and involved in electron heating
for fo > 3 fce -

3 Temporal Evolution of Field-aligned Irreg-
ularities with SEEs

The experiment conducted on August 6, 2012 at HAARP
provides wide-band SEE temporal evolution with simulta-
neous measurement of field-aligned irregularities by Super-
DARN Kodiak radars. The polarization of SEE spectral
components is also analyzed which reflects the randomness
of plasma irregularities. The pump frequency was swept
from 4.2MHz to reach 4.4MHz within 3 minutes. The
spectrogram here is obtained by taking a Fourier Transform
on the received signals with a Blackman window based on
the North-South channel antenna signal. The spectrogram
of received signals exhibits similar results from the N-S
channel and W-E channel at Riverview and Tonsina Rivers
sites, respectively. The time history of the field component
Ens from the N-S channel and Ewg from the W-E chan-
nel are synchronized based on the correlation technique for
the maximum overshoot amplitude when the transmitter is
turned on.

Figure 3 shows the time evolution of wide-band SEE fea-
tures from the Riverview site (left) and SuperDARN Ko-
diak backscatter radar echoes (right) when pumping near
3 fce for zenith angle 18° during the time interval 4:29 -
4:32 on August 6, 2012. Classical SEE spectral lines are
observed, including the downshifted maximum (DM) and
its nth harmonic (nDM), the upshifted maximum (UM),
and the broadband upshifted maximum (BUM) and its har-
monic (nBUM). The time evolution of each SEE spectral
component is clearly distinguishable and described as fol-
lowing. For fy starting from 4.2MHz at ¢t ~ Os , the DM
at fpm = —(8 ~ 9kHz) and its harmonics nDM are ob-
served. For fo ~ 4.254 ~ 4.2605MHz at time 48 ~ 54s,
we first observed downshifted and upshifted emissions with



Absolute Time Offset (s)

L
400 600 800 1000
Slant range (km)

90
s -
70
60
S0
]
30
20 &
108
0

-200 -100 0 100 200
Frequency Offset (kHz) from 4.3 MHz

Figure 3. Frequency spectra of radio emissions from
the HAARP transmitter (left) and SuperDARN kodiak
backscatter radar echoes (right) during 04:29:00-04:32:00
UT on August 6, 2012.

frequency offset at ~ 75kHz. These SEE emissions are
newly observed, which are a downshifted emission labeled
as DX and an upshifted emission labeled as UX. As fj
approaches 4.294MHz ~ 4.304MHz at time 85 ~ 94s, a
broadband downshifted emission BDE occurs and spans
a wide frequency band from 50 ~ 180kHz approximately
peaked at ~ 150kHz . As fy increases to 4.304 MHz, the
BDE damps out while the DM spectra narrows. The BDE
emission occurs for the pump frequency ~ 10kHz well be-
low 3 f... These BDE observations agree well with observa-
tions for beam towards the magnetic zenith [8]. Afterwards,
the DM amplitude immediately reaches its minimum at
time ¢ ~ 955, indicating the third electron gyro-harmonic
Jo ~ 3fce ~4.305MHz. As fj increases from slightly be-
low to above 3f.., the BUM emission fgym and its har-
monic 2 fgum, 3fsum starts to develop. The BUM develops
at the onset time ¢ ~ 85s of the DM suppression and re-
mains for pumping frequency f =4.30MHz ~ 4.38 MHz at
time t = 85 ~ 165s. The BUM emission covers a wide fre-
quency range fgum = 15kHz ~ 100kHz. At time = 100s,
broad downshifted maximum fgpm occurs with the mirror
frequency of the fguym at ~ 20kHz. In the vicinity of the
BUM disappearance, the UM emission starts to develop at
later time ¢ ~ 150s.

The right column of Figure 3 shows the concurrent obser-
vations of field-aligned irregularities measured by Super-
DARN Kodiak radar. The HF backscatter radar echoes
clearly exhibits stronger enhancement for pumping above
electron gyro-harmonic fy > 3 fc. than that for pumping be-
low fy < 3 fce. The enhanced radar echoes increased in am-
plitude approximately at time ¢ ~ 100s, corresponding to
the most prominent BUM features in SEE spectrum. This
backscatter radar echo asymmetry becomes the most obvi-
ous for pumping close to the magnetic zenith for ZA = 18°.

It is noted that this asymmetry has also been observed to
produce artificial descending layers for fo > 4 fe with mag-
netic zenith pumping and airflow enhancement at 427.8 nm
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Figure 4. Spectrogram of the spectral intensity F, and the
degree of pure circular polarization v, near 3 f.. at HAARP
during 04:29:00-04:32:00 on August 6, 2012.

from N;r which require electrons with energies above the
18eV ionization energy [3]. The temperature asymmetry
has also been observed by UHF incoherent scatter radar
near 3 f.. at EISCAT in Figure 2. The correlation of the
heating asymmetry between HAARP and EISCAT indicate
that BUM generation involves field-aligned irregularities
as well as high energy electron acceleration for pumping
fo > 3fce. Based on the theory [11], the BUM emissions,
as a four-wave parametric decay process, are associated
with field-aligned irregularities. The nonlinear evolution
of BUM structures and coupling with field-aligned irregu-
larities as a four-wave parametric decay instability is being
pursued utilizing kinetic plasma simulation models and will
be the subject of a future publication.

Figure 4 shows the spectrogram of the spectral intensity Fy,
and the degree of pure circular polarization v, near 3 fc.
for zenith angle 18° at HAARP during 4 : 29 —4 : 32 on
August 6, 2012. The definition of the spectral intensity Fy,
and v, can be found according to [12]. As v, approaches
to 1, the polarization becomes circularly polarized. The
maximum v, value observed is above 75% circularly polar-
ized at the frequency corresponding to the pump wave fre-
quency. There are visible peaks of approximately 40% cir-
cularly polarized at the frequency corresponding to the DM,
2DM, UM and 2UM for time interval 0 < ¢t < 85s. Other-
wise, there is no clear v, peak values since the spectrum is
exhibited by BUM after + > 85s. The spinor tilt angle ¢



spectrum (not shown) also exhibits an extremum at approx-
imately 15° relative to the N-S alignment, which matches
the DM, 2DM, UM and 2UM frequency. There are no clear
distinct polarization features for the BUM spectrum. Thus,
it proves that when pumping above 3 f.. for time ¢ > 85s,
plasma irregularities are expected to occur which depolar-
ized the electromagnetic waves. The enhanced HF radar
echoes indicated enhanced field-aligned irregularities for
pumping above 3 fc., but it cannot exclude that small-scale
plasma irregularities may also exist with the BUM forma-
tion but cannot be sensitively measured by HF radars.

4 Conclusion

In summary, we compared the temporal evolution and cor-
relation of narrow-band and wide-band SEEs with FAIs and
electron temperature near 3 f.. at EISCAT and HAARP. It
is found that field-aligned irregularities are important for
narrow-band and wide-band SEEs generation and propaga-
tion. It is demonstrated for the first time that HF backscatter
radar echoes and electron temperature exhibits clear asym-
metry for pumping above 3f.. than pumping below 3 fc..
By incorporating the SEE polarization analysis, it is shown
to be plausible that for pumping above 3 f.., the BUM spec-
tral line consists of depolarized EM waves due to genera-
tion of turbulent plasma irregularities. The potential benefit
of SEE measurement with FAIs and electron temperature
provide insights for understanding the nonlinear wave and
particle interaction in magnetized plasmas.
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