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Abstract. Recent observations show that, during ionosphericmagnetic waves through nonlinear plasma processes. The
heating experiments at frequencies near the second electrggower spectrum of the signal acquired by ground-based re-
gyro-harmonic, discrete spectral lines separated by harmorceivers shows these new generated waves, so-called stim-
ics of the ion-gyro frequency appear in the stimulated elec-ulated electromagnetic emission (SEE), that are frequency
tromagnetic emission (SEE) spectrum within 1 kHz of the shifted within 100 kHz relative to the heater or pump fre-
pump frequency. In addition to the ion gyro-harmonic struc- quency Thidé et al, 1982.

tures, on occasion, a broadband downshifted emission is ob- Understanding of this process is critical from both prac-
served simultaneously with these spectral lines. Parametritical and theoretical standpoints. Various SEE spectral fea-
decay of the pump field into upper hybrid/electron Bernsteintures can be studied as diagnostic tools that give information
(UH/EB) and low-frequency ion Bernstein (IB) and oblique about the condition of the ionosphere and nonlinear plasma
ion acoustic (IA) modes is considered responsible for genprocessesleyser 200]). For instance, electron temperature
eration of these spectral features. Guided by predictions ofBernhardt et aJ.2009 or amplitude of the local geomag-

an analytical model, a two-dimensional particle-in-cell (PIC) netic field (eyser 1992 in the interaction region may be es-
computational model is employed to study the nonlinear pro-timated. Parametric decay of the pump field into new plasma
cesses during such heating experiments. The critical paramwaves has been introduced as a fundamental process that
eters that affect the spectrum, such as whether discrete gyr@enerates SEE. The EM pump wave can be directly involved
harmonic on broadband structures is observed, include anglim the decay process and generate new EM and ES waves.
of the pump field relative to the background magnetic field, For example, decay of the pump field into ion acoustic or
pump field strength, and proximity of the pump frequency electrostatic ion cyclotron waves and scattered EM wave is
to the gyro-harmonic. Significant electron heating along theinvolved in the stimulated Brillouin scatter procedk(in et
magnetic field is observed in the parameter regimes considal., 2009 Bernhardt et a)2009. On the other hand, for other
ered. 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
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by this processZhou et al, 1994 Bernhardt et a).1994).
Recent experimental observations of SEE during second
1 Introduction electron gyro-harmonic heating show structures ordered by
harmonics of the ion gyro-frequendgérnhardt et a) 20117).
Strong, high-frequency electromagnetic (EM) waves trans-The spectrum may show up to sixteen discrete spectral

mitted into the ionosphere during ionospheric heating ex-lines and is distinctly different from magnetized stimulated
periments generate secondary electrostatic (ES) and electro-
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_20[28 October 2008 @) comparison of thgse two processes is bgyond the scope of the
= 02:34:12 curreqt manuscript, ar_1d this is the sgbje_ct of ongoing work
=) that will be presented in a future publication.

v =40 lon gyro- The original explanation for the gyro-harmonic structuring
% DAIMONES lon gyro- was parametric decay of the pump EM wave into electron and
0. -60 N i pure ion Bernstein waveg (= 0 wherek;, is the wavenum-
_g P4 ber along the geomagnetic fielddrnhardt et aJ.2011). In
® _80 addition to the ion gyro-harmonic structures, some of the ex-
& perimental measurements also exhibit a broadband spectral
—100 feature downshifted from the pump frequency within 1 kHz
that coexists with the ion gyro-harmonic structures. The ob-
-16-12-08-04 0. 04 08 12 16 ject of this paper is to investigate the generation of ion gyro-
g Rragquancy Ofiselkkoiom:2.63 MHz harmonic and associated broadband spectral features within
(b) 28 October 2008 1kHz of the pump frequgncy and to provide fundamental pa-
B i 03:32:10 rameter_s_ that _charact_erl_ze thesg types of spectra that may
T lon gyro- have critical diagnostic information of the heated plasma.
5 RATIiC Also for the first time, a computational model will be used
s . (S \ to follow the nonlinear evolution more accurately than has
o spectral feature been possible in the past. This paper is organized as follows.
U =5 In the next section, experimental observations are provided.
® An analytical model is then used to provide guidance on im-
E =80 portant parameters that characterize the proposed parametric
instability process. Section 4 is devoted to the computational
-100 model and results. Finally, conclusions are provided.

-2, -1, 0. 1. 2
Frequency Offset(kHz) from 2.85 MHz

2 Experimental observations
Fig. 1. Experimental observations ¢&) ion gyro-harmonic struc-
tures andb) simultaneous broadband and ion gyro-structures ob-|n order to obtain the SEE spectra, a 30 m folded dipole an-
served at HAARP during which .heater frequency was tuned clos§enna with a receiver with around 90 dB dynamic range was
to second electron gyro-harmonic frequency. set up by the Naval Research Laboratory (NRL) close to High

Frequency Active Auroral Research Program (HAARP) site

(63.09° N Lat., —14515° E Long.) in Gakona, Alaska. The
Brillouin scatter involving decay into electrostatic ion cy- receiver shifts the frequency of the acquired signal by the
clotron waves in which only one spectral line downshifted by heater frequency by mixing, and sampling it at 250 kHz. The
ion gyro-frequency is observeBérnhardt et a.2009. Bril- acquired data are post-processed by utilizing the fast Fourier
louin scatter is an electromagnetic parametric process of ditransform (FFT) to obtain spectrograms of the received sig-
rect conversion of the EM wave into the high-frequency EM nal. During the experiment the pump duty cycle was 4 min
sideband and low-frequency ES wave in the long wavelengtton/4 min off and heater frequency was set to 2.85 MHz. This
regime &, pi <1 wherek_ is the perpendicular wavenum- is almost twice the electron gyro-frequency above HAARP,
ber andp; is the ion gyro-radius). The process here, as will calculated using the International Geomagnetic Reference
be discussed, involves conversion of the EM wave first intoField (IGRF) model. The digital ionosonde at HAARP esti-
an ES upper hybrid/electron Bernstein (UH/EB) wave, thenmated the reflection altitude was 221 km. At 221 km altitude,
an electrostatic parametric process (short wavelength regimthe magnetic field strength B = 0.052632. T, the electron
ki pi > 1), and finally backscattering into the EM wave ob- gyro-frequency2ce = e B/me = 27(1.47x 1) rads'1, and
served as SEE. Cascading during Brillouin scatter has beethe ion gyro-frequency i€2¢ = ¢eB/mj = 2r(50.1)rads?!
observed to produce additional lines (one or maximum two)whereme andm; are the electron and ion masses. The ex-
but not a large number as observed in these experiment@eriment was carried out in O-mode during which the heater
Also, the amplitude of these lines greatly decreases with harwas operating at full power, i.e. 3.6 MW, and effective radi-
monic number with offset from the pump frequency unlike ated power is estimated to be 280 MW. The heater beam was
the observations to be described here. It should be noted thaointed to magnetic zenith with an azimuth of 202 degrees
our very recent experiments show that magnetized Brillouinand a zenith angle of 14 degrees.
scatter is clearly suppressed for the pump frequency near the Figurel shows the power spectrum of the acquired signal
second gyro-harmonic (also third) while these gyro-featuredor two experiments with almost 1 h difference between mea-
are enhanced, again consistent with theory. A more carefusurements. In the first experiment, conducted at 02:34 UT
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on 28 October 2008 (around the local sunset), distinct specef ordern, A p; is the Debye lengthge, the coupling coeffi-
tral structures at harmonics of ion gyro-frequency are evi-cient, proportional to the pump fielHp, is given by

dent in the upshifted and downshifted sidebands where in the

downshifted side 16 spectral lines are distinguishable andthe, _ € <E0|k|

strongest is the fourth harmonic. Harmonic interference of ®7 me
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 pum@nd? = k2 + k2. For simplicity, collisional effects will be
field frequency appears in the spectra. Similar characteristicaeglected when discussing solutions of Eq. (2). It is assumed
were repeatable during other observations. Experimental obthe pump field strength is above the threshold for the instabil-
servations of the discrete spectral structures were reported ity and emphasis is placed in part on considering the structure
Bernhardt et al(2011). However, the broadband feature and of the predicted spectrum.

its relation to the discrete structures is presented in this paper The pump wave is modeled using the dipole approxima-
for the first time. tion, i.e.ko = 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 Kup1995. The simplified ap-
proximate approach here is deemed adequate for initial in-
Parametric decay of the pump field into upper hy- terpretations of the experimental data. Future work will con-
brid/electron Bernstein and neutralized ion Bernstein (IB)sider more refined calculations.

waves (with important differences in dispersive character- The Bernstein modes propagate almost perpendicular to
istics from pure ion Bernstein waves) has been proposedhe magnetic field. Therefore, it is assumed the parametric
as a viable process for generation of these spectral feadecay process occurs at the upper hybrid altitude in which
tures Scales et al.2011). While pure IB waves propagate the electric field is almost perpendicular to the geomag-
perpendicular to the background magnetic field, neutralizechetic field Leyser 1997); also the double resonance condi-
IB waves propagate slightly off-perpendicular, ke/k, > tion is assumed for second gyro-harmonic heatinggiges
/me/mi. These waves exhibit neutralizing Boltzmann elec- wynh = 2Qce. Although this model is valid for weak coupling
tron behavior and have closer dispersive relationships andge < 1), it still provides guidance for the more general com-
phenomenological behavior to ion acoustic waves. By en-putational model of the following section. The full dispersion
forcing wavenumber and frequency matching conditions, i.erelation is solved numerically for various parameter regimes.
ko =k1+ ks andwg = w1 + ws, Where subscripts 0, 1 and  Two cases are discussed here in which oxygen ions are as-
represent parameters of the pump field, the high-frequencgumed, the pump field frequeneyy = 2Q2ce — 402 and
decay mode and the low-frequency decay mode respectivelyhe electron to ion temperature ratlg/ Ti = 3 (Bernhardt

the general dispersion relation describing weak coupling iset al, 2011). Furthermore, the pump field is described by

2

Eoxky + EOyky)
2 2 2

®o wp — $2G;

1/2
(Eocky — Eoykx)nge} @)

2,2 2,2
wp(wh —2G)

3 Analytical model

(Porkolah 1974 the electron oscillating velocity, i.@esc = ¢ Eg/mewo Where
5 e is the electron charge. In the growth rate calculations,
Be ge(ws) Vosc/Uthe = 0.5 corresponding t&p ~ 10V mLis used. The
e . s ol 1 0s .the - : 0 . :
£(ws) + 7 Xi(ws) ce(— i) @ electric field is assumed to be slightly off-perpendicular to

the background magnetic field, and the off-perpendicular an-
gle is denoted byg. Figure2 shows the dispersion rela-

tion of the low-frequency decay mode (shift of the destabi-
lized wave from the pump frequency) and the correspond-

wheree(w) = 1+ xe(w)+ xi(w), andee(w) = 1+ xe(w). The
susceptibility of thej-th species is given by

o0

1+ ;1'0 _Z: Iy (bj)Z(gjn)
kz)\.z . ivj X (2)
Dj 1+W _2: Fn(bj)Z(;jn)

xj(w) =

whereb; = k7 p?, k is the wavenumbek | (k) is the com-
ponent ofk perpendicular (parallel) to the magnetic fidd
pj is the gyro-radius; j, = (0+iv; —n2,)/kjvsj, Q, is the
gyro-frequencyy,; is the thermal velocityy; is the collision
frequency,l’, (b;) = I,(b;) exp(—b;), Z is the Fried-Conte

ing growth rates (i.ews = wr + jy) for two casesfg = 5.3°
anddg = 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 ¢ ~ 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

function, 7,, is the modified Bessel function of the first kind cyclotron harmonic waves; e.f(indel and Kennel1971).
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9 ; ; ; ; 0.45 field relative to the magnetic field. Our calculations show

(a) =, . . . .
8 8 loa that the threshold electric field intensity required to excite the
oblique 1A wave is actually higher than for the neutralized
IB mode. Since the oblique IA wave is excited by stronger
electric fields (i.e.vosc/vine), its growth rate is larger than
the neutralized 1B modes. It is broadband since, for higher
growth rates, the growth rate is near the ion gyro-frequency
y ~ Q¢ and the ions are unmagnetized. It can be shown in
the analytical calculations that reducing the E-field intensity
causes the discrete neutralized 1B 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 1B decay line with maxi-
mum growth (e.g. 4 in FigR) appears to beog — 2Qcel/ Qce-

Note, in the aforementioned calculations, the electric field in-
tensity of the pump is assumed to Bg= 10V m~* (around
Fig. 2. Dispersion relation (solid lines) and growth rate (dashed figure used for demonstration purposes), and the threshold
lines) for (a) neutralized ion Bernstein decay instability for intensity required to excite the instability & = 35vm-L
0F =5.3° and vos¢/vthe = 0.5 and (b) neutralized ion Bernstein  The presumption of the discussed generation mechanism
and oblique ion acoustic decay instabilities g =7.6° and g that the pump EM wave is converted into the electrostatic
vosg/tihe = 0.5. Note thalog ~ 2m andSe; ~ 50 Hz. 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
The neutralized ion Bernstein waves exist kg7 k ~ 0.1 pump wave (e.gHuang and Kup1994. It has been shown
and have dispersion relatien~ nQc[1+ %rn (k2 p?)] for by these authors that the field amplitude for this OTSI driving
the n-th harmonic number. For these parameters, maximunprocess actually has a relatively low threshold of 1 Viror
growth occurs in relatively narrow frequency bands with less. Initial simulations, to be described in more detail in the
downshifts approximately &i + %)Qci. next section, indicate that the resulting OTSI field (from the

At slightly higher off-perpendicular angles of the pump pump EM field) should then grow significantly large enough
field, 6 ~ 8°, a broadband mode is destabilized as well asfor driving the parametric decay instability. In order to check
lower harmonic discrete modes. This is the decay of theeffect of the electron to ion temperature ratio on the spec-
pump field into UH/EB and neutralized IB waves, and also tral features, we did similar calculations fég/ 7, =1. For
highly oblique ion acoustic IA waves with dispersion rela- Te/T; =1, just the first five modes of the neutralized IB wave
tion w ~ k, cs Wherecs ~/K Te/mi; is the sound speed and are destabilized atr = 8.2°. Also, the transition boundary
K is the Boltzmann constamyg is an important parameter between exciting IB modes and IA mode shiftp> 10°
in determining the transition from discrete ion Bernstein (IB) in this case.
decay to broadband oblique ion acoustic (I1A) decay. Equa-
tion (1) shows this may also be influenced by parameters
Vosc/ Vthe and |wo — 2Q2¢el/ Rce. We should emphasize that 4 Simulation model and results
both of the parametric decay processes that have been dis-
cussed here occur in the upper hybrid altitude in which elecdn order to study nonlinear processes involved in genera-
tric field has a specific angle relative to the magnetic field.tion of ion gyro-harmonic structures more thoroughly, a peri-
Electron density, its gradient relative to the height in the in- odic two space and three velocity dimension (2D3V) magne-
teraction region and the direction of the transmitter beam ardized electrostatic particle-in-cell (PICBifdsall and Lang-
three critical parameters that determine the angle of the Edon 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 E, Field Energy E, Field Energy
wave is modeled by the dipole approximation (iB.=
[Eosin(0g)z + Eocos6E) 3] coswot)). The length along3
is 2561 p and its length perpendicular t8 is 512.p, 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 arik = 7;. The ion to elec-
tron mass ratia; /me = 200 is sufficient for separating elec-
tron and ion timescales and provides reasonable computa
tional efficiency. For scaling purposes; ~ 1 cm andvie ~
2 x 10®° ms™1 at altitudes of interest. ’
A number of simulations were conducted for a variety of
parameter regimes. Two cases are discussed here for whic
the pump field is applied during the whole simulation pe-
riod vosc/vthe = 2.8, reasonably consistent with its estimated
strength in the interaction regioBérnhardt et a)2009. The
pump frequency is set slightly abov&g, i.e.wg = 2Qce +
0.1 (note thafwg — 2Rl / Rce is comparable for both an- )
alytical and simulation models). In the first cage,= 18° o 25 50 75 100 125 150 "o {0 20 30 40 50 60 70
and in the secondy = 24°. Figure3 shows the time evolu- ci 2t

tion Qf th_e elec_trostat_lc flel(_j.ene.rg% - %Eof |E[*dv in Fig. 3. Simulated time evolution of electrostatic field energy par-
relat!ve simulation unl_ts). Imt'a"_y n thjé_jy energy, the_lower allel (z-field) and perpendicular (y-field) to the background mag-
hybrid (LH) parametric decay instability (also predicted by peyic field shows development of lower hybrid (LH) decay instabil-
Eq. (1) but growth rate calculation not shown) is observedity (y-field) for both cases, IB decay instability (z-field) for the case
associated with the prominent downshifted maximum (DM) g, = 18 and neutralized IB/oblique IA decay instabilities (z-field)
SEE spectral feature. Afterwards, in the field energy, the  for the cas@y = 24°.
ion Bernstein parametric decay instability can be seen to de-
velop. Note that the overshoot in tii& energy is related to
the second phase of the growth of the LH parametric decayhifted maximum and upshifted maximum emission lines in
instability. The energy first increases, then reaches a quasthe SEE spectrumLéyser 2001). On these timescales the
equilibrium state and then again starts to increase until itamplitude of the current density along and across the mag-
reaches a saturation state before decaying. This is indicativaetic field depends upon the growth and the decay of the
of the pump being continuously applied. It should be notedLH and the IB parametric decay instability. Thus, the cur-
that frequency power spectra during the LH parametric decayent density is not necessarily the strongest along the pump
phase in the case of both angles show sidebands upshiftditld direction.
and downshifted from the pump frequency by the lower hy- Figure5 shows the time evolution of the electron kinetic
brid frequency (not shown). The growth rate from the field energy,Ke) = %Zmevél, and also the velocity distribution
energy during the IB/IA parametric decay phase is comparafunction both along the magnetic field at the end of the
ble in both angle caseg [ 2 ~ 0.1), but thedy = 24° case  simulation. There is significant heating along the magnetic
is slightly larger as qualitatively predicted from Eq. (1). field due to the development of the parametric instabilities.
To consider the power spectrum for comparison with ob-The heating is result of the collisionless damping (i.e. wave-
servations, the current density frequency spectrum along thearticle heating). For these parameters, there is more heating
magnetic field (z-direction) at a fixed point (i.elz(w)|?) for 6 = 18 which indicates more local heating associated
is shown in Fig.4 for 0y = 18 and 6 = 24°. Similar to  with the gyro-harmonics relative to the broadband oblique IA
the analytical model predictions, at smaller off-perpendicularstructure. Less free energy can be seen to go into total elec-
angles ¢z = 18) the power spectrum df/,(w)|? exhibits  trostatic field energy in this case. Note that the free flowing
discrete structures shifted below the pump frequency byelectrons along the magnetic field are not considered in the
harmonics of the ion-gyro frequency and at higher off- current model due to employing the periodic boundary con-
perpendicular angle®f = 24°) a broadband spectral fea- dition. This would require refreshing the particles when they
ture appears and coexists with lower gyro-harmonics neateave the system along the magnetic field. This is not con-
the pump frequency. The frequency spectrum of the currensidered too great of a limitation due to the timescale of the
density across the magnetic field (il&, (w)|?) exhibits side-  simulation, which is primarily to consider basic physics of
bands shifted below and above the pump frequencylpy  the parametric decay process. This alteration of the boundary
due to the lower hybrid parametric decay instabilijué- condition will be made on a future version of the simulation
sein and Scaled4997. This is believed to produce the down- model. With the current model, the electron kinetic energies

IB parametric decay

IBfIA parametric decay

Relative Simulation Units

25 B0 75 100 125 150 0 10 20 30 40 50 60 70
Ey Field Energy Ey Field Energy

LH parametric decay

LH parametric decay

Relative Simulation Units
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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 6 = 18° shows discrete ion gyro-harmonic structures andfoe 24° shows broadband oblique 1A spectral feature.
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Fig. 5. Time evolution of parallel electron kinetic energy and corresponding electron velocity distribution functions at the end of the simula-
tion for 0 = 18° andfg = 24°.

perpendicular to the magnetic field show much less growth indicted to change from discrete harmonics to more broadband
comparison to the parallel component of the kinetic energiesinvolving parametric decay into broadband oblique IA mode
This behavior is relatively similar for the cases of the two an- depending on the orientation of the pump field relative to the
gles. The significant acceleration of the electrons along thébackground geomagnetic fieldg. During heating experi-
magnetic field will have connections to airglow, which is of ments, varying the heater antenna beam angle relative to the
interest for a spectrum of diagnostics in the heated volumegeomagnetic field is expected to effectively vary this param-
Correlation of the spectral features with such diagnostics willeter and produce important variations in the SEE spectrum.
also be quite useful during future experiments. 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.
5 Conclusions Some preliminary predictions made here include the pump

wave amplitude and frequency relative to the second electron
In this study, parametric decay of the pump field into anothergyro-harmonic. The strongest excited SEE gyro-harmonic
UH/EB and neutralized IB waves is proposed as a viable projine depends on the frequency offset of the pump field rel-
cess for generation of ion-gyro structures in the SEE spectraative to the second electron gyro-harmonic. Moreover, in ad-
It is found that this process can occur at the upper hybrid al-dition to the off-perpendicular angle of the pump field rela-
titude where the electric field is almost perpendicular to thetive to the geomagnetic field, the strength of the electric field
geomagnetic field. Characteristics of the spectrum are pre-
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also determines whether the oblique 1A wave or the neutral- over HAARP using the HF pumped Stimulated Brillouin Scat-
ized IB modes are excited. For a fixég angle, for a small ter (SBS) emission lines, Ann. Geophys., 27, 4409-4427,
pump field strength, the neutralized IB modes are excited doi:10.5194/angeo-27-4409-2Q@D09.

(producing the discrete SEE spectrum) while for the higherBernhardt, P. A., Selcher, C., and Kowtha, S.: Electron and
pump field intensities, the oblique 1A mode is excited (pro- 0" Bemstein wave excited in the ionosphere by high
ducing the broadband spectrum). As reduces, it is more ~ PoWer EM waves at the second harmonic of the elec-

e - . . tron cyclotron frequency, Geophys. Res. Lett.,, 38, L19107,
difficult to excite oblique IA modes even by using stronger d0i*10.1029/2011GL04939@011.
pump powers.

L . . . Birdsall, C. K. and Langdon, A. B.: Plasma physics via computer
Note that a similar generation mechanism that is proposed  gjmylation, New York, 1991.

for the broadband feature has been introduced for the downgjyang, J. and Kuo, S. P.: Cyclotron harmonic effect on the thermal
shifted peak (DP) feature observed during the heating near oscillating two-stream instability in the high latitude ionosphere,
the third electron gyro-harmonidd(ang and Kup1995. J. Geophys. Res., 99, 2173-218(i:10.1029/93JA02668.994.

It is possible that these two features have similar physicaHuang, J. and Kuo, S. P.: A Generation Mechanism for the Down-
characteristics; however, a final conclusion will require com-  shifted Peak in Stimulated Electromagnetic Emission Spectrum,
parison experiments at the second and third electron gyro- J- Geophys. Res., 100, 21433-21488i:10.1029/95JA02302
frequencies. Differences should be noted however. First the 1995. _ ) _

broadband feature here occurs near 500 Hz. The DP is neé-tlusseln, A. A. and Scales, W. A.: Simulation studies of paramet-

. . . . ric decay processes associated with ionospheric stimulated radia-
1.5kHz, so there is a significant difference in frequency. Both tion, Radio Sci., 32, 2099—210d0i:10.1029/97RS01343997.

features appear to be enh_anCEd for the pump frequency _neﬂrindel, J. M. and Kennel, C. F.: Topside current instabilities, J.
the electron gyro-harmonic. From a theoretical standpoint, Geophys. Res., 76, 3055-307Ri:10.1029/JA076i013p03055
note that the broadband structure here may have some struc- 1971.

turing at ion gyro-harmonic frequencies due to ion cyclotron eyser, T. B.: Parametric interaction between upper hybrid and
damping. The work byHuang and Kuaconsidered only a lower hybrid waves in heating experiments, Geophys. Res. Lett.,
cold plasma ion susceptibility where the susceptibility here 18, 408-411¢0i:10.1029/91GL00136.991.

is fully kinetic which allows for these physical effects. Other Leyser, T. B., Thié, B., Goodman, S., Waldenvik, M., Veszelei, E.,
experimental checks predicted by the theory to compare the Grach, S. M., Karashtin, A. N., Komrakov, G. P., and Kotik, D.
two lines are as follows: (1) transition from discrete to broad- S.: Narrow cyclotron _harmqnlt_: ab_sorpthn resonances of stim-
band structure with increasing pump power and (2) transition ulated electromagnetic emission in the ionosphere, Phys. Rev.

. . . Lett., 68, 3299-33040i:10.1103/PhysRevLett.68.329%092.
from discrete to broadband structure with varying beam an—Leyserl T. B Stimulated electromagnetic emission by high-

gIe..In summary, due to considerable diagnostic information frequency electromagnetic pumping of the ionospheric plasma,
available from these two new SEE spectral features and other gpace sci. Rev., 98, 223-320i:10.1023/A:1013875603938

related SEE spectral featureSharma et al.1993 Huang 2001.
and Kug 1995 Tereshchenko et aR006, a comprehensive  Norin, L., Leyser, T. B., Nordblad, E., Thid B., and Mc-
study of the impact of various parameter regimes on the para- Carrick, M.: Unprecedentedly Strong and Narrow Electro-
metric instabilities and further experimental observations are magnetic Emissions Stimulated by High-Frequency Radio
being conducted and will be presented in the future. Waves in the lonosphere, Phys. Rev. Lett, 102, 065003,
doi:10.1103/PhysRevLett.102.0650@809.
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