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Controlled Ionospheric Preconditioning and Stimulated Electromagnetic Radiation
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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 excite
with low-amplitude test pulses. Through this approach, the nonlinear physics of SEE was studied. Th
correlation between small-scale field-aligned density striations and SEE generation was demonstrate
and SEE was excited at power density of 24 dB less than normally required. The results compare we
with theoretical predictions of SEE generation via trapped upper hybrid oscillations decay and cavitation
within striations. [S0031-9007(98)06204-8]
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The ionosphere provides an “outdoor laboratory” [1
ideally suited for the study and excitation of therma
and nonlinear plasma instabilities through high frequen
(hf) ionospheric modification experiments. A manifesta
tion of thermal instabilities is the observation of magnet
field-aligned density striations detected via radar sca
tering [2–4] and in situ rocket measurements [5]. A
manifestation of nonlinear plasma processes is the o
servation of stimulated hf radiation from the heate
ionosphere, commonly called stimulated electromagne
emissions (SEE), through frequency analysis of the r
turned hf signal after its transit through the ionosphe
[6–16]. Two of the more robust SEE spectral feature
observed under high duty cycle hf heating are a broa
diffuse, and down-shifted (with respect to the heating fr
quency,fhf) continuum, with frequency extension of ten
of kilohertz or more, called the broad continuum; an
a discrete, narrow, down-shifted peak, called the dow
shifted maximum, with an offset frequency near the lowe
hybrid frequency,flh [11,12].

It has been suggested that these SEE features are a
ciated with the occurrence of heater-induced small-sca
(meter-size) striations [17–21] which act as resonato
for electrostatic oscillations at the upper hybrid frequenc
fuh. In contrast to Langmuir oscillations near the reflec
tion layer wherefhf , fpszod [ fpszod is the plasma fre-
quency at the reflection layerzo ], these oscillations have
wave vectors predominantly perpendicular to the amb
ent magnetic field. Recently, Mjølhus [22,23] proposes
SEE theory including the presence of striations and h
calculated the radiation source current spectra. Trapp
upper hybrid oscillations or eigenstates, with frequenc
of f  fhf  fuhszd, are first generated via conversion
of pump wave off meter-size striations. The parametr
decay of these states, withf 0  fhf 2 fdm (f 0 is the
decay wave frequency), results in the generation of t
down-shifted maximum feature. Optimum growth of thi
trapped upper hybrid decay instability is predicted to o
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]
l

cy
-

ic
t-

b-
d
tic
e-
re
s
d,

e-
s
d
n-
r

sso-
le
rs
y,
-

i-
a
as
ed
y

ic

he
s
c-

cur when the frequency offset,fdm s fhf 2 f 0d, is near
flh. The resultant radiation source current spectrum co
tains discrete spectral peaks that can be identified with
down-shifted maximum feature. As the pump field in
creases, the discrete peaks change to a broad diffuse
tinuum. A new cavitation process within the striations ha
also been suggested for the generation of the broad c
tinuum feature.

The physics of nonlinear SEE generation, in short, e
compasses fundamental processes such as the conve
of electromagnetic waves to electrostatic waves off str
tions, the excitation of trapped eigenmodes, parametric
stabilities, and stimulated radiation of electrostatic wave
These issues are topics of active research not only in io
spheric experiments but also in laboratory studies. It is
general interest and great importance, then, that these
sues be studied in relation to SEE, that the correlation
striations and SEE be demonstrated, and that details
theoretical predictions be tested under controlled expe
ments. A survey of past experiments, however, yields
conclusive results.

In this Letter, new results of SEE from a series of co
trolled ionospheric preconditioning experiments are pr
sented. Specifically, our experimental procedure allow
(i) each heating sequence to initiate from or to approa
that of a cold start condition; (ii) the complete histor
of temporal evolution of SEE, from its initial growth
to its long-time evolution, be recorded; (iii) the correla
tion of striations and SEE be clearly demonstrated; a
(iv) the low threshold requirement of SEE generation v
the trapped upper hybrid decay instability and cavitatio
be verified. Our results demonstrate unambiguously th
in a preconditioned ionosphere with striations, SEE fe
ture such as the down-shifted maximum can be excit
and observed readily with test hf pulses that can be 24
weaker in power density than normally required withou
preconditioning. We have also found that the most dr
matic data were observed under the conditions when
© 1998 The American Physical Society 4891
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FIG. 1. Schematic of one heating sequence. The seque
consisted of a series of test pulses (T1, T2, and T3) at an
effective radiated power,80 kW, two heating pump pulses
(H1 andH2) at ,20 MW, and a cooling period.

heater pump frequency,fhf, is near the maximum plasma
frequency,foF2, of the ionosphere [24,25].

To accomplish our objectives, a novel heating sequen
was used instead of transmitting at maximum pow
continuously. Figure 1 shows one cycle of the heatin
sequence (10 min long) consisting of three series of sh
test pulses (T1, T2, and T3), two main heating pump
pulses (H1 and H2), and a long cooling period. Each
series of test pulses further consisted of three separ
pulses (10 s each) at three different test frequenci
Test pulses,T1, were first transmitted to check the
background ionospheric conditions and to ensure a co
start condition, i.e., a clean ionosphere with no prio
heating effects. This was accomplished by monitorin
the spectra of returned signals of test pulses at multip
frequencies. The duration of each pump pulse, 136
was chosen to facilitate the growth of small-scale (mete
size) striations while avoiding the excitation of large
scale perturbations. The effects of heating from the fir
pump pulse,H1, were monitored by a second sequenc
of test pulses,T2, and the effects ofH2, which can also
be considered as a test pulse with large amplitude, we
monitored by a final sequence of test pulses,T3. The
heating cycle was then repeated after the long cooli
period of 200 s when all hf transmission was off.

Experiments were performed periodically from late Feb
ruary to early November 1997 at HIPAS Observatory [26
The results presented here were selected from the J
experiment and are representative of the overall data c
lected. Measurements of returned hf waves were made
the NOAA facility at Gilmore Creek, 33 km away from
the HIPAS Observatory. For this particular set of exper
ments, the effective radiated power of the main heat
wave was,20 MW while that of the test pulses was
,80 kW. Both the transmitted main pump wave with
fhf  4.53 MHz and the test pulses with frequencies o
ft  4.50, 4.53, and 4.56 MHz were at ordinary (O) mod
polarization. These heating and test frequencies were n
foF2 but were sufficiently away from the nearest multiple
of electron cyclotron frequencyfce that gyroharmonic ef-
fects are minimized [10]. Specifically,s fhf, ftd 2 3fce .

300 kHz at the reflection layer of,220 km.
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FIG. 2. Temporal evolution of returned hf signal of the firs
pump pulseH1 which shows a gradual decline (top panel) an
the SEE signal at29 kHz from fhf which shows a gradual
increase (bottom panel).

The temporal evolution of the returned hf power o
pump H1 and its spectral (or SEE) power at a down
shifted frequency of29 KHz are shown in Fig. 2. Cold
start condition was first confirmed by monitoring the
return ofT1 [see Fig. 4(a)]. After turn-on att  2 s, the
return pump signal (top panel) drop 10 dB from a range
,72 dB to a range of,62 dB within a span of 20 s. This
drop in return pump strength is generally attributed to th
anomalous absorption of the pump signal as a result
the formation of striations and the subsequent scatteri
and conversion of pump wave to electrostatic oscillation
[10,27–29]. The SEE signal at29 kHz (bottom panel),
on the other hand, displays a rapid rise within the firs
10–15 s after turn-on. These two figures clearly sho
that the growth of SEE is correlated with the decline o
pump signal and the excitation of striations.

Sample spectra of returned hf signal of pumpH1

at two discrete times, one near turn-on and the oth
88 s into the heating pulse, are shown in Figs. 3(a) a
3(b), respectively. Following past convention, the broa
diffuse structure extending from the pump signal pea
to negative frequencies is labeled the broad continuu
while the broad peak riding on the continuum at abou
9–10 kHz is labeled the down-shifted maximum. Th
center frequency of the down-shifted maximum featur
is close to the lower hybrid frequency offlh , 8 kHz.
Comparison of Figs. 3(a) and 3(b) illustrates the relative
slow growth of SEE during this first heating period
initiating from cold start. For this set of data, the down
shifted maximum feature is barely noticeable in Fig. 3(b

Preconditioning by pumpH1 makes a significant impact
on subsequent test pulse results. This is illustrate
by the difference in SEE spectra of returned signa
of test pulsesT1 and T2 before and afterH1 shown
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FIG. 3. Frequency spectra of returned hf signal of first pum
pulse H1. Panel (a) shows the spectrum near turn-on ofH1.
Panel (b) shows the spectrum 88 s into heating. The horizo
frequency scale is offset fromfhf.

in Figs. 4(a) and 4(b) forft  4.56 MHz. Figure 4(a)
shows, as expected, no SEE from the turn signal ofT1.
This is consistent with the cold start condition and t
result of the much reduced effective radiated power
80 kW. After preconditioning, however, the results a
very different. Figure 4(b) shows a sample spectrum fr
the return signal ofT2 transmitted 4 s afterH1 was turned
off. First, good SEE was observed even at the redu
radiated power. Second, the spectrum shows a very str
and discrete down-shifted maximum feature. This is
distinct contrast to the down-shifted maximum featur
observed from main pump pulsesH1 and H2 which are
frequently superposed on a continuum background. T
discreteness of the down-shifted maximum feature a
appears to be more robust whenfhf , foF2.

Preconditioning effects can also persist past the tu
on time of second pump pulseH2 (transmitted 44 s after
H1 is shut off), and the results are shown in Fig.
The returned power ofH2 (top panel), in contrast to
that from H1 shown in Fig. 2, is at a depressed level
,62 dB due to anomalous absorption from preexisti
striations immediately at turn-on, and remains depres
throughout the heating period. The evolution of SE
power at29 KHz (bottom panel) is also in contrast t
that of H1. It has a strong overshoot at turn-on which

FIG. 4. Frequency spectra of returned signal of test pulsesT1
and T2. Panel (a) shows no SEE forT1 beforeH1. Panel (b)
shows SEE with a discrete down-shifted maximum feature
T2 after H1. The frequency scale on each panel is offset fro
ft  4.56 MHz.
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followed by a quick drop with the signal level settling int
the same range as that duringH1. This overshoot is very
reproducible and occurs consistently during the seco
heating period with the combination of a large heatin
pump and preexisting striations.

The overshoot also leads to large frequency broaden
in SEE spectra of return signal of second pumpH2.
Figure 6(a) shows the spectrum during the oversho
It shows strong SEE that has a relatively sharp dow
shifted maximum peak riding on top of a very broa
continuum with frequency extension of over 30 kHz
Figure 6(b) shows the spectrum 9 s into the heati
period. It shows weaker SEE with a broader down-shift
maximum peak riding on a much narrower continuu
background. Comparison of the two sets of spectra sho
in Figs. 3 and 6 clearly contrasts the systematic grow
of SEE from cold start condition with pumpH1 and
the overshoot phenomenon of SEE with pumpH2 after
preconditioning.

Many of our observed results can now be compar
with theoretical predictions of Mjølhus [22,23] and b
explained. First, the presence of meter-size striation
required in the model. As pointed out earlier, this
inferred experimentally with results fromH1 where the
growth of the SEE signal is correlated with the anomalo
decay of the pump signal [10,27–29]. Second, the mo
predicts a very low threshold for the excitation of trappe
under hybrid decay instability. This is confirmed b
our test pulses data that show the power threshold
be more than 20 dB lower with respect toH1 and
H2 that generate the striations. Converting experimen
parameters into the same scaled units as in the mo
and comparing with the instability threshold, the te

FIG. 5. Temporal evolution of returned hf signal of secon
pump pulseH2 (top panel) and the SEE signal at29 kHz from
fhf (bottom panel) that shows a strong overshoot immediat
after turn-on.
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FIG. 6. Frequency spectra of returned hf signal of seco
pump pulseH2. Panel (a) shows the spectra during oversho
with strong frequency broadening. Panel (b) shows t
spectrum 9 s into heating after broadening has subsided.
frequency scale is offset fromfhf.

wave amplitude ofE , 0.025 gives a striation depth of
,1.5% which is within previous estimates and observ
tions [3,5,19]. For comparison, the scaled main pum
wave amplitude isE , 0.4. Third, the model predicts
the continuum feature requires a higher excitation thre
old. This is demonstrated by comparing SEE spectra
H1 and H2 with spectra fromT2 (and T3). In general,
superposed spectra with both down-shifted maximum a
broad continuum are observed during main heating, wh
discrete down-shifted maximum with very little broa
continuum are observed with the test waves. Fourth,
model predicts that cavitation can occur within striation
which leads to a very broad continuum. This appea
to be demonstrated from the observation of strong ov
shoot of the continuum feature withH2 after precondition-
ing. The highly nonstationary behavior and the associa
wideband spectra agree with general features of cavitat
[30]. Further experiments and modeling are needed
confirm this point.

In summary, we have studied the nonlinear physi
of SEE and have confirmed the correlation betwe
striations, trapped upper hybrid decay instability, an
SEE through our controlled preconditioning experimen
We have demonstrated unambiguously that, in a p
conditioned ionosphere with striations, the down-shifte
maximum feature can be excited and observed read
with test hf pulses that are 24 dB weaker in power de
sity than the main hf pump wave that preconditions t
ionosphere. The results also compare well with pred
tions from a recent theoretical model of SEE generati
via trapped upper hybrid decay instability and cavitatio
within striations.
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