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Abstract. Recent observations show that, during ionospheric
heating experiments at frequencies near the second electron
gyro-harmonic, discrete spectral lines separated by harmon-
ics of the ion-gyro frequency appear in the stimulated elec-
tromagnetic emission (SEE) spectrum within 1 kHz of the
pump frequency. In addition to the ion gyro-harmonic struc-
tures, on occasion, a broadband downshifted emission is ob-
served simultaneously with these spectral lines. Parametric
decay of the pump field into upper hybrid/electron Bernstein
(UH/EB) and low-frequency ion Bernstein (IB) and oblique
ion acoustic (IA) modes is considered responsible for gen-
eration of these spectral features. Guided by predictions of
an analytical model, a two-dimensional particle-in-cell (PIC)
computational model is employed to study the nonlinear pro-
cesses during such heating experiments. The critical param-
eters that affect the spectrum, such as whether discrete gyro-
harmonic on broadband structures is observed, include angle
of the pump field relative to the background magnetic field,
pump field strength, and proximity of the pump frequency
to the gyro-harmonic. Significant electron heating along the
magnetic field is observed in the parameter regimes consid-
ered.

Keywords. Ionosphere (Active experiments; Plasma waves
and instabilities)

1 Introduction

Strong, high-frequency electromagnetic (EM) waves trans-
mitted into the ionosphere during ionospheric heating ex-
periments generate secondary electrostatic (ES) and electro-

magnetic waves through nonlinear plasma processes. The
power spectrum of the signal acquired by ground-based re-
ceivers shows these new generated waves, so-called stim-
ulated electromagnetic emission (SEE), that are frequency
shifted within 100 kHz relative to the heater or pump fre-
quency (Thidé et al., 1982).

Understanding of this process is critical from both prac-
tical and theoretical standpoints. Various SEE spectral fea-
tures can be studied as diagnostic tools that give information
about the condition of the ionosphere and nonlinear plasma
processes (Leyser, 2001). For instance, electron temperature
(Bernhardt et al., 2009) or amplitude of the local geomag-
netic field (Leyser, 1992) in the interaction region may be es-
timated. Parametric decay of the pump field into new plasma
waves has been introduced as a fundamental process that
generates SEE. The EM pump wave can be directly involved
in the decay process and generate new EM and ES waves.
For example, decay of the pump field into ion acoustic or
electrostatic ion cyclotron waves and scattered EM wave is
involved in the stimulated Brillouin scatter process (Norin et
al., 2009; Bernhardt et al., 2009). On the other hand, for other
SEE features, the EM pump undergoes conversion to another
ES wave which then decays into new ES waves that are then
back converted to EM waves. For example, the downshifted
maximum (DM) spectral feature is proposed to be generated
by this process (Zhou et al., 1994; Bernhardt et al., 1994).

Recent experimental observations of SEE during second
electron gyro-harmonic heating show structures ordered by
harmonics of the ion gyro-frequency (Bernhardt et al., 2011).
The spectrum may show up to sixteen discrete spectral
lines and is distinctly different from magnetized stimulated
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Fig. 1. Experimental observations of(a) ion gyro-harmonic struc-
tures and(b) simultaneous broadband and ion gyro-structures ob-
served at HAARP during which heater frequency was tuned close
to second electron gyro-harmonic frequency.

Brillouin scatter involving decay into electrostatic ion cy-
clotron waves in which only one spectral line downshifted by
ion gyro-frequency is observed (Bernhardt et al., 2009). Bril-
louin scatter is an electromagnetic parametric process of di-
rect conversion of the EM wave into the high-frequency EM
sideband and low-frequency ES wave in the long wavelength
regime (k⊥ρi < 1 wherek⊥ is the perpendicular wavenum-
ber andρi is the ion gyro-radius). The process here, as will
be discussed, involves conversion of the EM wave first into
an ES upper hybrid/electron Bernstein (UH/EB) wave, then
an electrostatic parametric process (short wavelength regime
k⊥ρi > 1 ), and finally backscattering into the EM wave ob-
served as SEE. Cascading during Brillouin scatter has been
observed to produce additional lines (one or maximum two)
but not a large number as observed in these experiments.
Also, the amplitude of these lines greatly decreases with har-
monic number with offset from the pump frequency unlike
the observations to be described here. It should be noted that
our very recent experiments show that magnetized Brillouin
scatter is clearly suppressed for the pump frequency near the
second gyro-harmonic (also third) while these gyro-features
are enhanced, again consistent with theory. A more careful

comparison of these two processes is beyond the scope of the
current manuscript, and this is the subject of ongoing work
that will be presented in a future publication.

The original explanation for the gyro-harmonic structuring
was parametric decay of the pump EM wave into electron and
pure ion Bernstein waves (k|| = 0 wherek|| is the wavenum-
ber along the geomagnetic field) (Bernhardt et al., 2011). In
addition to the ion gyro-harmonic structures, some of the ex-
perimental measurements also exhibit a broadband spectral
feature downshifted from the pump frequency within 1 kHz
that coexists with the ion gyro-harmonic structures. The ob-
ject of this paper is to investigate the generation of ion gyro-
harmonic and associated broadband spectral features within
1 kHz of the pump frequency and to provide fundamental pa-
rameters that characterize these types of spectra that may
have critical diagnostic information of the heated plasma.
Also for the first time, a computational model will be used
to follow the nonlinear evolution more accurately than has
been possible in the past. This paper is organized as follows.
In the next section, experimental observations are provided.
An analytical model is then used to provide guidance on im-
portant parameters that characterize the proposed parametric
instability process. Section 4 is devoted to the computational
model and results. Finally, conclusions are provided.

2 Experimental observations

In order to obtain the SEE spectra, a 30 m folded dipole an-
tenna with a receiver with around 90 dB dynamic range was
set up by the Naval Research Laboratory (NRL) close to High
Frequency Active Auroral Research Program (HAARP) site
(63.09◦ N Lat., −145.15◦ E Long.) in Gakona, Alaska. The
receiver shifts the frequency of the acquired signal by the
heater frequency by mixing, and sampling it at 250 kHz. The
acquired data are post-processed by utilizing the fast Fourier
transform (FFT) to obtain spectrograms of the received sig-
nal. During the experiment the pump duty cycle was 4 min
on/4 min off and heater frequency was set to 2.85 MHz. This
is almost twice the electron gyro-frequency above HAARP,
calculated using the International Geomagnetic Reference
Field (IGRF) model. The digital ionosonde at HAARP esti-
mated the reflection altitude was 221 km. At 221 km altitude,
the magnetic field strength isB = 0.052632µT , the electron
gyro-frequency�ce = eB/me = 2π(1.47×106) rad s−1, and
the ion gyro-frequency is�ci = eB/mi = 2π(50.1) rad s−1

whereme andmi are the electron and ion masses. The ex-
periment was carried out in O-mode during which the heater
was operating at full power, i.e. 3.6 MW, and effective radi-
ated power is estimated to be 280 MW. The heater beam was
pointed to magnetic zenith with an azimuth of 202 degrees
and a zenith angle of 14 degrees.

Figure1 shows the power spectrum of the acquired signal
for two experiments with almost 1 h difference between mea-
surements. In the first experiment, conducted at 02:34 UT
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on 28 October 2008 (around the local sunset), distinct spec-
tral structures at harmonics of ion gyro-frequency are evi-
dent in the upshifted and downshifted sidebands where in the
downshifted side 16 spectral lines are distinguishable and the
strongest is the fourth harmonic. Harmonic interference of
the power supply at multiples of 120 Hz is also seen in the
spectrum and should not be mistaken as the SEE feature. In
the second measurement that was carried out at 03:32 UT, in
addition to ion gyro-harmonic structures, a broadband spec-
tral feature that is peaked at around 500 Hz below the pump
field frequency appears in the spectra. Similar characteristics
were repeatable during other observations. Experimental ob-
servations of the discrete spectral structures were reported in
Bernhardt et al.(2011). However, the broadband feature and
its relation to the discrete structures is presented in this paper
for the first time.

3 Analytical model

Parametric decay of the pump field into upper hy-
brid/electron Bernstein and neutralized ion Bernstein (IB)
waves (with important differences in dispersive character-
istics from pure ion Bernstein waves) has been proposed
as a viable process for generation of these spectral fea-
tures (Scales et al., 2011). While pure IB waves propagate
perpendicular to the background magnetic field, neutralized
IB waves propagate slightly off-perpendicular, i.e.k||/k⊥ ≥
√

me/mi . These waves exhibit neutralizing Boltzmann elec-
tron behavior and have closer dispersive relationships and
phenomenological behavior to ion acoustic waves. By en-
forcing wavenumber and frequency matching conditions, i.e.
k0 = k1 + ks andω0 = ω1 + ωs, where subscripts 0, 1 ands
represent parameters of the pump field, the high-frequency
decay mode and the low-frequency decay mode respectively,
the general dispersion relation describing weak coupling is
(Porkolab, 1974)
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y . For simplicity, collisional effects will be
neglected when discussing solutions of Eq. (2). It is assumed
the pump field strength is above the threshold for the instabil-
ity and emphasis is placed in part on considering the structure
of the predicted spectrum.

The pump wave is modeled using the dipole approxima-
tion, i.e.k0 = 0. A more refined approach would be to con-
sider the pump wavenumber to be given by the wavenumber
of the irregularities generated by the oscillating two stream
instability OTSI (Huang and Kuo, 1995). The simplified ap-
proximate approach here is deemed adequate for initial in-
terpretations of the experimental data. Future work will con-
sider more refined calculations.

The Bernstein modes propagate almost perpendicular to
the magnetic field. Therefore, it is assumed the parametric
decay process occurs at the upper hybrid altitude in which
the electric field is almost perpendicular to the geomag-
netic field (Leyser, 1991); also the double resonance condi-
tion is assumed for second gyro-harmonic heating, i.e.ω0 ≈

ωuh = 2�ce. Although this model is valid for weak coupling
(βe < 1), it still provides guidance for the more general com-
putational model of the following section. The full dispersion
relation is solved numerically for various parameter regimes.
Two cases are discussed here in which oxygen ions are as-
sumed, the pump field frequencyω0 = 2�ce− 40�ci and
the electron to ion temperature ratioTe/T i = 3 (Bernhardt
et al., 2011). Furthermore, the pump field is described by
the electron oscillating velocity, i.e.vosc= eE0/meω0 where
e is the electron charge. In the growth rate calculations,
vosc/vthe = 0.5 corresponding toE0 ≈ 10 V m−1 is used. The
electric field is assumed to be slightly off-perpendicular to
the background magnetic field, and the off-perpendicular an-
gle is denoted byθE . Figure 2 shows the dispersion rela-
tion of the low-frequency decay mode (shift of the destabi-
lized wave from the pump frequency) and the correspond-
ing growth rates (i.e.ωs = ωr +jγ ) for two cases:θE = 5.3◦

andθE = 7.6◦. The left vertical axis is normalized frequency
(solid curves); the right is normalized growth rate (dashed
curves); and the horizontal axis is the perpendicular normal-
ized wavenumber. It is clear that, at small off-perpendicular
angles (θE ≈ 5◦), a discrete band of upper hybrid/electron
Bernstein (UH/EB) waves is destabilized and shifted below
the pump frequency by multiples of the ion gyro-frequency.
This is parametric decay of the pump field into UH/EB and
neutralized IB waves (otherwise known as electrostatic ion
cyclotron harmonic waves; e.g.Kindel and Kennel, 1971).
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Fig. 2. Dispersion relation (solid lines) and growth rate (dashed
lines) for (a) neutralized ion Bernstein decay instability for
θE = 5.3◦ and vosc/vthe= 0.5 and (b) neutralized ion Bernstein
and oblique ion acoustic decay instabilities forθE = 7.6◦ and
vosc/vthe= 0.5. Note thatρci ≈ 2 m and�ci ≈ 50 Hz.

The neutralized ion Bernstein waves exist fork‖/k⊥ ∼ 0.1
and have dispersion relationω ≈ n�ci[1+

Te
Ti

0n(k
2
⊥
ρ2

i )] for
then-th harmonic number. For these parameters, maximum
growth occurs in relatively narrow frequency bands with
downshifts approximately at(n +

1
2)�ci.

At slightly higher off-perpendicular angles of the pump
field, θE ≈ 8◦, a broadband mode is destabilized as well as
lower harmonic discrete modes. This is the decay of the
pump field into UH/EB and neutralized IB waves, and also
highly oblique ion acoustic IA waves with dispersion rela-
tion ω ≈ k⊥cs wherecs ≈

√
KTe/mi is the sound speed and

K is the Boltzmann constant.θE is an important parameter
in determining the transition from discrete ion Bernstein (IB)
decay to broadband oblique ion acoustic (IA) decay. Equa-
tion (1) shows this may also be influenced by parameters
vosc/vthe and |ω0 − 2�ce|/�ce. We should emphasize that
both of the parametric decay processes that have been dis-
cussed here occur in the upper hybrid altitude in which elec-
tric field has a specific angle relative to the magnetic field.
Electron density, its gradient relative to the height in the in-
teraction region and the direction of the transmitter beam are
three critical parameters that determine the angle of the E-

field relative to the magnetic field. Our calculations show
that the threshold electric field intensity required to excite the
oblique IA wave is actually higher than for the neutralized
IB mode. Since the oblique IA wave is excited by stronger
electric fields (i.e.vosc/vthe), its growth rate is larger than
the neutralized IB modes. It is broadband since, for higher
growth rates, the growth rate is near the ion gyro-frequency
γ ≈ �ci and the ions are unmagnetized. It can be shown in
the analytical calculations that reducing the E-field intensity
causes the discrete neutralized IB modes to be excited rather
than the broadband IA mode as the ions become magnetized.
Experimental observations also show that the broadband fea-
ture develops faster than the discrete structures.

Therefore, there are actually at least two important pa-
rameters that determine whether there is a discrete or broad-
band spectrum. These are the pump field strength as well as
the electric field angle. From a practical point during an ex-
periment, this transition may be prompted by varying either
pump power or propagation effects (such as possible change
in beam angle or ionospheric parameters that influence prop-
agation). Further experiments are required to carefully val-
idate this transition. On the other hand, the most important
parameter determining the discrete IB decay line with maxi-
mum growth (e.g. 4 in Fig.2) appears to be|ω0−2�ce|/�ce.
Note, in the aforementioned calculations, the electric field in-
tensity of the pump is assumed to beE0 = 10 V m−1 (a round
figure used for demonstration purposes), and the threshold
intensity required to excite the instability isE0 = 3.5 V m−1.

The presumption of the discussed generation mechanism
is that the pump EM wave is converted into the electrostatic
pump UH/EB wave. The thermal oscillating two stream in-
stability (OTSI) is the mechanism that has been proposed for
the conversion of the EM wave into the electrostatic UH/EB
pump wave (e.g.Huang and Kuo, 1994). It has been shown
by these authors that the field amplitude for this OTSI driving
process actually has a relatively low threshold of 1 V m−1 or
less. Initial simulations, to be described in more detail in the
next section, indicate that the resulting OTSI field (from the
pump EM field) should then grow significantly large enough
for driving the parametric decay instability. In order to check
effect of the electron to ion temperature ratio on the spec-
tral features, we did similar calculations forTe/Ti =1. For
Te/Ti =1, just the first five modes of the neutralized IB wave
are destabilized atθE = 8.2◦. Also, the transition boundary
between exciting IB modes and IA mode shifts toθE ≥ 10◦

in this case.

4 Simulation model and results

In order to study nonlinear processes involved in genera-
tion of ion gyro-harmonic structures more thoroughly, a peri-
odic two space and three velocity dimension (2D3V) magne-
tized electrostatic particle-in-cell (PIC) (Birdsall and Lang-
don, 1991) model is used. It is assumed that the background
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magnetic field is along the z-axis. The long wavelength pump
wave is modeled by the dipole approximation (i.e.E =[
E0sin(θE)ẑ + E0cos(θE)ŷ

]
cos(ω0t)). The length alongB

is 256λD and its length perpendicular toB is 512λD, and
50 particles per cell per species are used for sufficiently low
noise level. The initial velocity distributions are Maxwellian
for both electrons and ions andTe = Ti . The ion to elec-
tron mass ratiomi/me = 200 is sufficient for separating elec-
tron and ion timescales and provides reasonable computa-
tional efficiency. For scaling purposes,λD ∼ 1 cm andvthe ∼

2× 105 m s−1 at altitudes of interest.
A number of simulations were conducted for a variety of

parameter regimes. Two cases are discussed here for which
the pump field is applied during the whole simulation pe-
riod vosc/vthe = 2.8, reasonably consistent with its estimated
strength in the interaction region (Bernhardt et al., 2009). The
pump frequency is set slightly above 2�ce, i.e.ω0 = 2�ce+

0.1�ci (note that|ω0−2�ce|/�ce is comparable for both an-
alytical and simulation models). In the first case,θE = 18◦

and in the second,θE = 24◦. Figure3 shows the time evolu-
tion of the electrostatic field energy (WE =

1
2ε0

∫
|E|

2dv in
relative simulation units). Initially in theEy energy, the lower
hybrid (LH) parametric decay instability (also predicted by
Eq. (1) but growth rate calculation not shown) is observed
associated with the prominent downshifted maximum (DM)
SEE spectral feature. Afterwards, in theEz field energy, the
ion Bernstein parametric decay instability can be seen to de-
velop. Note that the overshoot in theEy energy is related to
the second phase of the growth of the LH parametric decay
instability. The energy first increases, then reaches a quasi-
equilibrium state and then again starts to increase until it
reaches a saturation state before decaying. This is indicative
of the pump being continuously applied. It should be noted
that frequency power spectra during the LH parametric decay
phase in the case of both angles show sidebands upshifted
and downshifted from the pump frequency by the lower hy-
brid frequency (not shown). The growth rate from the field
energy during the IB/IA parametric decay phase is compara-
ble in both angle cases (γ /�ci ∼ 0.1), but theθE = 24◦ case
is slightly larger as qualitatively predicted from Eq. (1).

To consider the power spectrum for comparison with ob-
servations, the current density frequency spectrum along the
magnetic field (z-direction) at a fixed point (i.e.|Jz(ω)|2)
is shown in Fig.4 for θE = 18◦ and θE = 24◦. Similar to
the analytical model predictions, at smaller off-perpendicular
angles (θE = 18◦) the power spectrum of|Jz(ω)|2 exhibits
discrete structures shifted below the pump frequency by
harmonics of the ion-gyro frequency and at higher off-
perpendicular angles (θE = 24◦) a broadband spectral fea-
ture appears and coexists with lower gyro-harmonics near
the pump frequency. The frequency spectrum of the current
density across the magnetic field (i.e.|Jy(ω)|2) exhibits side-
bands shifted below and above the pump frequency byωLH
due to the lower hybrid parametric decay instability (Hus-
sein and Scales, 1997). This is believed to produce the down-

Fig. 3. Simulated time evolution of electrostatic field energy par-
allel (z-field) and perpendicular (y-field) to the background mag-
netic field shows development of lower hybrid (LH) decay instabil-
ity (y-field) for both cases, IB decay instability (z-field) for the case
θE = 18◦ and neutralized IB/oblique IA decay instabilities (z-field)
for the caseθE = 24◦.

shifted maximum and upshifted maximum emission lines in
the SEE spectrum (Leyser, 2001). On these timescales the
amplitude of the current density along and across the mag-
netic field depends upon the growth and the decay of the
LH and the IB parametric decay instability. Thus, the cur-
rent density is not necessarily the strongest along the pump
field direction.

Figure5 shows the time evolution of the electron kinetic
energy,Ke‖ =

1
2

∑
mev

2
e‖, and also the velocity distribution

function both along the magnetic field at the end of the
simulation. There is significant heating along the magnetic
field due to the development of the parametric instabilities.
The heating is result of the collisionless damping (i.e. wave-
particle heating). For these parameters, there is more heating
for θE = 18◦ which indicates more local heating associated
with the gyro-harmonics relative to the broadband oblique IA
structure. Less free energy can be seen to go into total elec-
trostatic field energy in this case. Note that the free flowing
electrons along the magnetic field are not considered in the
current model due to employing the periodic boundary con-
dition. This would require refreshing the particles when they
leave the system along the magnetic field. This is not con-
sidered too great of a limitation due to the timescale of the
simulation, which is primarily to consider basic physics of
the parametric decay process. This alteration of the boundary
condition will be made on a future version of the simulation
model. With the current model, the electron kinetic energies
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Fig. 4.Power spectrum of simulated current density along the magnetic field taken over time ranges corresponding to IB/IA parametric decay
for θE = 18◦ shows discrete ion gyro-harmonic structures and forθE = 24◦ shows broadband oblique IA spectral feature.

Fig. 5.Time evolution of parallel electron kinetic energy and corresponding electron velocity distribution functions at the end of the simula-
tion for θE = 18◦ andθE = 24◦.

perpendicular to the magnetic field show much less growth in
comparison to the parallel component of the kinetic energies.
This behavior is relatively similar for the cases of the two an-
gles. The significant acceleration of the electrons along the
magnetic field will have connections to airglow, which is of
interest for a spectrum of diagnostics in the heated volume.
Correlation of the spectral features with such diagnostics will
also be quite useful during future experiments.

5 Conclusions

In this study, parametric decay of the pump field into another
UH/EB and neutralized IB waves is proposed as a viable pro-
cess for generation of ion-gyro structures in the SEE spectra.
It is found that this process can occur at the upper hybrid al-
titude where the electric field is almost perpendicular to the
geomagnetic field. Characteristics of the spectrum are pre-

dicted to change from discrete harmonics to more broadband
involving parametric decay into broadband oblique IA mode
depending on the orientation of the pump field relative to the
background geomagnetic field,θE . During heating experi-
ments, varying the heater antenna beam angle relative to the
geomagnetic field is expected to effectively vary this param-
eter and produce important variations in the SEE spectrum.
However, this is just one important parameter that influences
and characterizes the SEE gyro-harmonic features and asso-
ciated nonlinear plasma processes in this frequency range.
Some preliminary predictions made here include the pump
wave amplitude and frequency relative to the second electron
gyro-harmonic. The strongest excited SEE gyro-harmonic
line depends on the frequency offset of the pump field rel-
ative to the second electron gyro-harmonic. Moreover, in ad-
dition to the off-perpendicular angle of the pump field rela-
tive to the geomagnetic field, the strength of the electric field
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also determines whether the oblique IA wave or the neutral-
ized IB modes are excited. For a fixedθE angle, for a small
pump field strength, the neutralized IB modes are excited
(producing the discrete SEE spectrum) while for the higher
pump field intensities, the oblique IA mode is excited (pro-
ducing the broadband spectrum). AsθE reduces, it is more
difficult to excite oblique IA modes even by using stronger
pump powers.

Note that a similar generation mechanism that is proposed
for the broadband feature has been introduced for the down-
shifted peak (DP) feature observed during the heating near
the third electron gyro-harmonic (Huang and Kuo, 1995).
It is possible that these two features have similar physical
characteristics; however, a final conclusion will require com-
parison experiments at the second and third electron gyro-
frequencies. Differences should be noted however. First the
broadband feature here occurs near 500 Hz. The DP is near
1.5 kHz, so there is a significant difference in frequency. Both
features appear to be enhanced for the pump frequency near
the electron gyro-harmonic. From a theoretical standpoint,
note that the broadband structure here may have some struc-
turing at ion gyro-harmonic frequencies due to ion cyclotron
damping. The work byHuang and Kuoconsidered only a
cold plasma ion susceptibility where the susceptibility here
is fully kinetic which allows for these physical effects. Other
experimental checks predicted by the theory to compare the
two lines are as follows: (1) transition from discrete to broad-
band structure with increasing pump power and (2) transition
from discrete to broadband structure with varying beam an-
gle. In summary, due to considerable diagnostic information
available from these two new SEE spectral features and other
related SEE spectral features (Sharma et al., 1993; Huang
and Kuo, 1995; Tereshchenko et al., 2006), a comprehensive
study of the impact of various parameter regimes on the para-
metric instabilities and further experimental observations are
being conducted and will be presented in the future.
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