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New results of stimulated electromagnetic emissions (SEE) from the HIPAS Observatory are reported.
A novel hf heating sequence was used to first precondition the ionosphere, and SEE was then excited
with low-amplitude test pulses. Through this approach, the nonlinear physics of SEE was studied. The
correlation between small-scale field-aligned density striations and SEE generation was demonstrated,
and SEE was excited at power density of 24 dB less than normally required. The results compare well
with theoretical predictions of SEE generation via trapped upper hybrid oscillations decay and cavitation
within striations. [S0031-9007(98)06204-8]

PACS numbers: 94.20.Tt, 52.35.Mw, 52.35.Ra

The ionosphere provides an “outdoor laboratory” [1]cur when the frequency offsefym ( fnr — f7), is near
ideally suited for the study and excitation of thermal f,. The resultant radiation source current spectrum con-
and nonlinear plasma instabilities through high frequencyains discrete spectral peaks that can be identified with the
(hf) ionospheric modification experiments. A manifesta-down-shifted maximum feature. As the pump field in-
tion of thermal instabilities is the observation of magneticcreases, the discrete peaks change to a broad diffuse con-
field-aligned density striations detected via radar scattinuum. A new cavitation process within the striations has
tering [2—4] andin situ rocket measurements [5]. A also been suggested for the generation of the broad con-
manifestation of nonlinear plasma processes is the oliinuum feature.
servation of stimulated hf radiation from the heated The physics of nonlinear SEE generation, in short, en-
ionosphere, commonly called stimulated electromagneticompasses fundamental processes such as the conversion
emissions (SEE), through frequency analysis of the reef electromagnetic waves to electrostatic waves off stria-
turned hf signal after its transit through the ionospherdions, the excitation of trapped eigenmodes, parametric in-
[6—16]. Two of the more robust SEE spectral featuresstabilities, and stimulated radiation of electrostatic waves.
observed under high duty cycle hf heating are a broadThese issues are topics of active research not only in iono-
diffuse, and down-shifted (with respect to the heating fresspheric experiments but also in laboratory studies. It is of
quency,fn¢) continuum, with frequency extension of tens general interest and great importance, then, that these is-
of kilohertz or more, called the broad continuum; andsues be studied in relation to SEE, that the correlation of
a discrete, narrow, down-shifted peak, called the downstriations and SEE be demonstrated, and that details of
shifted maximum, with an offset frequency near the lowertheoretical predictions be tested under controlled experi-
hybrid frequency i, [11,12]. ments. A survey of past experiments, however, yields in-

It has been suggested that these SEE features are assonclusive results.
ciated with the occurrence of heater-induced small-scale In this Letter, new results of SEE from a series of con-
(meter-size) striations [17—21] which act as resonator#rolled ionospheric preconditioning experiments are pre-
for electrostatic oscillations at the upper hybrid frequencysented. Specifically, our experimental procedure allows
fun. In contrast to Langmuir oscillations near the reflec-(i) each heating sequence to initiate from or to approach
tion layer wherefns ~ f,(z,) [ f»(zo) is the plasma fre- that of a cold start condition; (ii) the complete history
guency at the reflection layey], these oscillations have of temporal evolution of SEE, from its initial growth
wave vectors predominantly perpendicular to the ambito its long-time evolution, be recorded; (iii) the correla-
ent magnetic field. Recently, Mjglhus [22,23] proposes &ion of striations and SEE be clearly demonstrated; and
SEE theory including the presence of striations and haév) the low threshold requirement of SEE generation via
calculated the radiation source current spectra. Trappetthe trapped upper hybrid decay instability and cavitation
upper hybrid oscillations or eigenstates, with frequencybe verified. Our results demonstrate unambiguously that,
of f = fur = fun(z), are first generated via conversion in a preconditioned ionosphere with striations, SEE fea-
of pump wave off meter-size striations. The parametridure such as the down-shifted maximum can be excited
decay of these states, with = fnr — fam (f' is the and observed readily with test hf pulses that can be 24 dB
decay wave frequency), results in the generation of theveaker in power density than normally required without
down-shifted maximum feature. Optimum growth of this preconditioning. We have also found that the most dra-
trapped upper hybrid decay instability is predicted to oc-matic data were observed under the conditions when hf
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FIG. 1. Schematic of one heating sequence. The sequenc _ 10}
consisted of a series of test pulseg,,(7,, and T;) at an Q gt
effective radiated power-80 kW, two heating pump pulses g sl
(H, andH,) at ~20 MW, and a cooling period. z .l
. . D‘
heater pump frequencyyg, is near the maximum plasma 2t
frequency,f, F», of the ionosphere [24,25]. . - - . - . - -
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To accomplish our objectives, a novel heating sequence
was used instead of transmitting at maximum power ) ) .
continuously. Figure 1 shows one cycle of the heatinﬁG- 2. ngg‘pOﬁ' ﬁ"%‘”“on of reéu”l‘edd hlf S'g?al of th? f'rs(tj
sequence (10 min long) consisting of .three sgries of sho uemgé)é ssigr%a\fvalt(i9sl(l-(lsz?r(?rngﬁfu\?/hicic 'th%\svgpapg?gd)ugr
test pulses ;, 7>, and 73), two main heating pump increase (bottom panel).
pulses f{; and H,), and a long cooling period. Each
series of test pulses further consisted of three separate The temporal evolution of the returned hf power of
pulses (10 s each) at three different test frequenciepump H; and its spectral (or SEE) power at a down-
Test pulses,T;, were first transmitted to check the shifted frequency of~-9 KHz are shown in Fig. 2. Cold
background ionospheric conditions and to ensure a coldtart condition was first confirmed by monitoring the
start condition, i.e., a clean ionosphere with no priorreturn of T [see Fig. 4(a)]. After turn-on at= 2 s, the
heating effects. This was accomplished by monitoringreturn pump signal (top panel) drop 10 dB from a range of
the spectra of returned signals of test pulses at multiple-72 dB to a range of-62 dB within a span of 20 s. This
frequencies. The duration of each pump pulse, 136 gjrop in return pump strength is generally attributed to the
was chosen to facilitate the growth of small-scale (meteranomalous absorption of the pump signal as a result of
size) striations while avoiding the excitation of largerthe formation of striations and the subsequent scattering
scale perturbations. The effects of heating from the firsand conversion of pump wave to electrostatic oscillations
pump pulse H;, were monitored by a second sequencg10,27—-29]. The SEE signal at9 kHz (bottom panel),
of test pulsesT,, and the effects oH,, which can also on the other hand, displays a rapid rise within the first
be considered as a test pulse with large amplitude, wer€0—15 s after turn-on. These two figures clearly show
monitored by a final sequence of test puls€s, The that the growth of SEE is correlated with the decline of
heating cycle was then repeated after the long coolingump signal and the excitation of striations.
period of 200 s when all hf transmission was off. Sample spectra of returned hf signal of punif

Experiments were performed periodically from late Feb-at two discrete times, one near turn-on and the other
ruary to early November 1997 at HIPAS Observatory [26].88 s into the heating pulse, are shown in Figs. 3(a) and
The results presented here were selected from the Jui®b), respectively. Following past convention, the broad
experiment and are representative of the overall data colliffuse structure extending from the pump signal peak
lected. Measurements of returned hf waves were made & negative frequencies is labeled the broad continuum,
the NOAA facility at Gilmore Creek, 33 km away from while the broad peak riding on the continuum at about
the HIPAS Observatory. For this particular set of experi-9—10 kHz is labeled the down-shifted maximum. The
ments, the effective radiated power of the main heatecenter frequency of the down-shifted maximum feature
wave was~20 MW while that of the test pulses was is close to the lower hybrid frequency ¢f, ~ 8 kHz.
~80 kW. Both the transmitted main pump wave with Comparison of Figs. 3(a) and 3(b) illustrates the relatively
fne = 4.53 MHz and the test pulses with frequencies ofslow growth of SEE during this first heating period
fr = 4.50,4.53, and 4.56 MHz were at ordinary (O) mode initiating from cold start. For this set of data, the down-
polarization. These heating and test frequencies were neahifted maximum feature is barely noticeable in Fig. 3(b).
foF> but were sufficiently away from the nearest multiples Preconditioning by pum@/; makes a significant impact
of electron cyclotron frequency,. that gyroharmonic ef- on subsequent test pulse results. This is illustrated
fects are minimized [10]. Specificallyfyns, /1) — 3fc. > by the difference in SEE spectra of returned signals
300 kHz at the reflection layer of-220 km. of test pulsesT; and T, before and afterH; shown
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(@ H1  shot#8 (b) H1  shot#220 followed by a quick drop with the signal level settling into
50 50 the same range as that durifly. This overshoot is very
reproducible and occurs consistently during the second
g% 50 heating period with the combination of a large heating
S30 230 pump and preexisting striations.
%20 %20 The overshoot also leads to large frequency broadening
. 2. in SEE spectra of return signal of second purfp.
OhtAL ol Figure 6(a) shows the spectrum during the overshoot.
—40 —20 0 _40 20 0 It shows strong SEE that has a relatively sharp down-
Frequency (kHz) Frequency (kHz) shifted maximum peak riding on top of a very broad

FIG. 3. Frequency spectra of returned hf signal of first pum continuum with frequency extension of over 30 kHz.

P . :
pulse H,. Panel (a) shows the spectrum near turn-ordigf  igure 6(b) shows the spectrum 9 s into the heating
Panel (b) shows the spectrum 88 s into heating. The horizontd€riod. It shows weaker SEE with a broader down-shifted

frequency scale is offset frorfy,;. maximum peak riding on a much narrower continuum
background. Comparison of the two sets of spectra shown
in Figs. 4(a) and 4(b) forf, = 4.56 MHz. Figure 4(a) in Figs. 3 and 6 clearly contrasts the systematic growth
shows, as expected, no SEE from the turn signal'of of SEE from cold start condition with pump/; and
This is consistent with the cold start condition and thethe overshoot phenomenon of SEE with puiip after
result of the much reduced effective radiated power opreconditioning.
80 kW. After preconditioning, however, the results are Many of our observed results can now be compared
very different. Figure 4(b) shows a sample spectrum fronwith theoretical predictions of Mjglhus [22,23] and be
the return signal of’, transmitted 4 s aftel/;, was turned explained. First, the presence of meter-size striation is
off. First, good SEE was observed even at the reducerequired in the model. As pointed out earlier, this is
radiated power. Second, the spectrum shows a very strongferred experimentally with results frorff; where the
and discrete down-shifted maximum feature. This is ingrowth of the SEE signal is correlated with the anomalous
distinct contrast to the down-shifted maximum featuresdecay of the pump signal [10,27-29]. Second, the model
observed from main pump pulséf and H, which are  predicts a very low threshold for the excitation of trapped
frequently superposed on a continuum background. Theander hybrid decay instability. This is confirmed by
discreteness of the down-shifted maximum feature alsour test pulses data that show the power threshold can
appears to be more robust whén ~ f,F>. be more than 20 dB lower with respect td; and
Preconditioning effects can also persist past the turnH, that generate the striations. Converting experimental
on time of second pump pulgé, (transmitted 44 s after parameters into the same scaled units as in the model

H, is shut off), and the results are shown in Fig. 5.and comparing with the instability threshold, the test
The returned power off, (top panel), in contrast to

that from H, shown in Fig. 2, is at a depressed level of
~62 dB due to anomalous absorption from preexisting
striations immediately at turn-on, and remains depresser 4|
throughout the heating period. The evolution of SEE ~
power at—9 KHz (bottom panel) is also in contrast to
that of H;. It has a strong overshoot at turn-on which is
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FIG. 4. Frequency spectra of returned signal of test pulses

andT,. Panel (a) shows no SEE fal; beforeH,. Panel (b) FIG. 5. Temporal evolution of returned hf signal of second
shows SEE with a discrete down-shifted maximum feature fopump pulseH, (top panel) and the SEE signal &a® kHz from

T, after H;. The frequency scale on each panel is offset fromf; (bottom panel) that shows a strong overshoot immediately
fi = 4.56 MHz. after turn-on.
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