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SUMMERY

A large number of studies of the diverse>phenomena observed
during the operation of the high power HF heater near Arecibo,
Puerto Rico have been performed by a variety of techniques.

Thg temporzi behavior of 430 MHz radar backscatter by iono-
spheric Langmuir waves Cerenkov-emitted by suprathermal elect(ons
was observed thle the high power HF heater was operated in
a pulsed mocde. At night, in the absence of photoeiectrons,
the backscattered pcwer by those Langmuir waves with frequencies
about 1 MHz above the heater frequency reaches a maximum about
0.3 seconds after heater turn-on and then decreases to a lower
constant level. In daytime the photoelectron flux, diagnosed
bi the same type of radar backsc;fte;, shows a similar overshoot;
this has been attributed to a modification in the velocity distri-
bution function of photoelectrons (Attachment 1).

Studies of the fast temporal variations in the power of
the 430 MHz radar backscatter from HF induced Langmuir turbulence
(of the so-called enhanced plama line) revealed the occasional
presence of almost periodic pulse sequences. Enhanced plasma
line spectra from different heights 1.2 km apart were observed
by the method of coded long pulses. These observations, combined
with earlier observations by others, showed that all of the
different observed spectral features originate at heights well
above the so-called matching height where Langmuir waves simultane-
ously satisfy the dispersion relation in the ambient ionosphere

and the Bragg condition for backscatter. Difficulties of inter-
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pre.ing these and other observations of the enhanced plasma
line in terms of strqng Langmuir caviton turbulence have been
pointed out. An alternative interpretation in terms of field-aligned
depletions (ducts) in the plasma density, with transverse dimensions
of the order of 10m, has been advocated (Attachment 2).

Further observations with coded long 430 MHz radar pulses
with improved height resolutions of 300m or 6COm showed the
simultaneous presence of below threshold enhanced plasma line
spectra at the matching height and above threshold spectra at
heights greater than the matching height by 600 m and 1200 m
for low heater powers. Under stable ionospheric conditions
when only the ,bélo_g threshold spectrum at the matching height
(which changed by less than 600 metres during 10 minutes) was
observed for a low heater power, a tenfold temporary increase
ip heater power for a duration of 20 s resulted in subsequent

strong above threshold spectra 600m and 1200m above the matching

height persisting for almost two minutes; after that again only.

below threshold spectra at the matching height were observed.
Field aligned depletiops in the plasma depsity, formed during
the 20 second period of transmissiop with increased power, explain
these observations. Independent obseryational evidence of the
presence of irregularitigs is provided by simultapeous observations
of 46,8 MHz and 430 MHz radar backscatter from HF-induced ionospheric
Langmuir turbulence (Attachment 3).

Invited reyiews were presented on physical processes of
ionospheric heating experiments (Attachment 4) and on ionospheric

irregularities resulting from powerful HF radio transmissions
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(£ttachment 5). -

Simultaneous cbservations were made of the enhanced plasma
line and of the reflected HF heater wave at Arecibo. In these
observations z specially designed pulsing scheme of the heater
was used that made the separation of the contributions to the
attenuation of the hester wave by thermal and ponderomotive
type parametric instabilities possible. For a heater frequency
of 3.175 MHz both type of contributions are present but for
a heater frequency of 5.1 MHz neither of those contributions
was detectable. The simultaneously observed strong overshoot
in the power of the enhanced plasma line for a heater frequency
of 5.1 MHz can not therefore be explained by an attenuation
of heater wave (Attachment 6).

Observations of stimulated electromagnetic emissions (SEE)
were also made at Arecibo. They revealed unique,short-lived
HF sideband emissions that were less systematic than the SEE-s

observed previously at Tromso (Attachment 7).
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Observation of Suprathermal Electron Fluxes During Ionospheric

ATTACHMENT 1

JOURNAL OF GEOPHYSICAL RESEARCH. YOL. 92, NO. Ad, PAGES 34413444, APRIL 1. 1957,

Modification Experiments

J. A. FEIER

Department of Eiectrical Engineering and Computer Scierces, University of California, San Diego. La Jolla

M. P. SuLzer

Natioral Astroroniy and lonosphere Cenicr. Arecibo Observatary. Arecibo. Puerto Rico

The temporul behavior of backscatter by ionospheric Langmuir waves was observed with the
430-MHz radar at Arecibo while a powerful HF wave was cycled 2 s on. 3 s off. The time resolution
was 0.1 s. Late at night. in the absence of photoelectrons, using an HF equivalent radiated power of
80 MWV at 3.175 MHz, the initial enhancement of about 6% above system noise of the backscattered
power with Doppler shifts between —3.75 and —3.85 MHz was reached 2bout 0.25 s after switching on
the HF transmitter. In the following second the enhancement gradually decreased to about 3% and
remained there until switching off. During the lute afternoon. in the presence of photoclectrons, using
the same HF power at 5.1 MHz. an initial enhancement by 25% of the backscattered power with
Doppler shifts between —5.25 and —5.35 MHz appeared within less than 0.1 s after switching on the
HF transmitter. The incoherent backscatter by Langmuir waves enhanced by photoelectrons was
already above system noise by a factor greatly in excess of 10 before switching on the HF transmitter;
the 25% enhuncement thus corresponds to an enhancement greatly in excess of 250% above system
noise. The enhancement drops to less than one tenth of its original value in less than a second. The
nighttime effect is attributed to multiple acceleration of electrons from the high-energy tail of the
Maxwellian distribution. The daytime cffect is believed to be due to a modification in the distribution

fuaction of photoelectrons.

1. INTRODUCTION

The generation of enhanced airglow during the first iono-
spheric modification experiments at Platteville, Colorado
[Sipler and Biondi, 1972; Haslett and Megill, 1974) was
attributed to collisional excitation of the O(*D) and O('S)
states of atomic oxygen by suprathermal electrons. Carlson
et al. [1982] reported the indirect detection of the
suprathermal electrons by their enhancement of the very
weak nighttime thermal plasma line of incoherent
backscatter observed by the 430-MHz radar at Arecibo.
Such an enhancement was predicted by the theory of Perkins
and Salpeter [1965]. Although the enhancement was much
weaker than that due to photoelectrons in daytime [Yngves-
son and Perkins, 1968], the presence of electrons with
energies at least up to 30 eV was verified. Direct verification
of such electrons from a rocket was reported later by

Grandal et al. [1983].

The present observations had the purpose of investigating
the temporal variations of the plasma line enhancements as
the HF transmitter was cycled 2 s on, 3 s off. Observations
of this nature at night with a rather poor temporal resolution
of 0.5 s were reported earlier by Fejer et al. {1985]). They
found that the ‘“cloud of energetic electrons reached its full
intensity some hundreds of milliseconds after the.HF trans-
mitter was switched on. The energetic electrons disappeared
with-a similar delay when the HF transmitter was switched

off.

The present observations used an improved temporal
resolution of 0.1 s and were carried out both at night and in

Copyright 1987 by the American Geophysical Union.

Paper number 6A8796.

0148-0227/87/006A-8796302.00
The U.S. Government Is authorized to reproduce and sell this report,
permission for further reproduction by others must be obtained from
the copyright owner.

daytime. In section 2 of this paper the theories of electron
acceleration are reviewed briefly. In section 3 the nighttime
observations in the absence of photoelectrons are described.
Section 4 deals with the daytime observations, in the pres-
ence of photoelectrons Section 5 is devoted to the interpre-
tation of the observations.

2. THEORIES OF ELECTRON ACCELERATION

The first quantitative theory of electron acceleration
[Weinstock, 1975) applied resonance broadening theory
[Dupree, 1966; Weinstock, 1968] to calculate the high-energy
tail, due to parametric excitation, in the electron velocity
distribution function. Graham and Fejer [1976] questioned
the applicability of resonance-broadening theory to this type
of calculation. Grahiam and Fejer [1976] suggested instead a
single-step acceleration process by the parametrically ex-
cited Langmuir waves. They failed to point out, however,
that such a single-step process could occur repeatedly as an
electron collides with neutral particles and returns, perhaps
several times, to the acceleration region. The importance of
such a mechanism was pointed out by Carlson et al. [1982],
who supported their arguments by detailed computations.
Gurevich et al. [1985] have put such considerations of
multiple acceleration into quanticative form; they also intro-
duced the concept of acceleration by cavitons into their
theory. They defined a caviton as ‘‘an arbitrary stationary or
nonstationary density well filled up with intense electric field
oscillations (Langmuir oscillations).”

The production of cavitons during ionospheric modifica-
tion is very strongly suggested by the observations of
Birkmayer et al. [1986), following carlier different types of
observations by Duncan and Sheerin [1985] leading to
similar suggestions. The cavitons appear in less than 10 ms

-5~
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Fig. 1. Power in the natural plasma line in the absence of
photoelectrons ik two frequency bands as a function of time elapsed
afier the heater was tumed on. The heater was turned off after 2 s.
Tbc ordinate scale is relative; only the fractional incréase above the

“‘noise level™ (wlnclfl iicludes a contribution from the galaxy as
discussed in the text) is significant. The dashed lines were drawn to
guide the eye and rtpresem the “‘noise levels™ in the two fréquency
barids. On the ordinate axis the lowest and highest values indicated
are exact; the intermediate values hdve been rounded off to two
decimals after interpolation.

[Isham et al., 1987]. It seems therefore that the electrons are
accelerated by the Langmuir waves insidé cavitons.

A detalled discussion of cavitoris and their propefties is
outside the scope of this paper. Quantitative comparison's of
the present observational respns with the theory of Gurevich
et al. [1985] or with otlier theories will be left for a future
publication.

3. OBSERVATIONS IN THE ABSENCE OF PHOTOELEGTKONS

The observations described in this and-the next section
were carried out on January 20 and 27, 1986, at the Arecibo
Observatory. The HF transmitter was at Islote, abouf 17 km
northeast of the observatory, it radiated an equivalent power
of 80 MW (400 kW with 23 dB anfenna gain) toward the
ionosphere. The HF transmitter was pulsed periodically 2 s
on, 3 s off. Plasma line spectra were obtained over a
bandwidth of 500 kHz by transmitting 430-MHz radar pulses
of a length somewhat in excess of 1 ms and coherently
sampling the backscatter from near the HF feflection height
every 2 us. The avérage of two spectra was written on tape
every 100 ms. During the subsequent analysis, averaging
over a very large number of 5-s cycles was carried out:

The observations described in this section were carried
out at night, late enough for the disappearance of the effects
of conjugate phofoelectrons. Results for the timie interval of
about quarter of an hour, starting at 2206 UT on January 27,
1986, are shown by Figure 1. The frequency of the HF
transmifter was 3.175 MHz. The choice of such a low HF
was forced upon us by the solar minimum conditions and by
the need to wait until the magnetically conjugate F region
was no longer sunlit; by that time the maximum plasma
frequency in the local F region sank to a low value. During
the observations described by Figure 1, the maximum
plasma frequency was about 4.4 MHz. Figure I shows the
average temporal behavior of the relative power in the
highest and lowest 100-kHz-wide bands of the 500-kHz-wide
spectra with Dopplcr shifts of 2:75-4.25 MHz. The Doppler

-6

shifts are negative, that is. the downshifted plasma line was
observed. The time resolution was 100 ms. The measured
values are at the discontinuities in the slopes of the curves;
the first measured value represents an average over the first
100 ms after switching on the HF transmitter.

Figure 1 shows that the enhancement of the plasma wave
intensity is farge- for the lower-frequency band of 3.75-3.85
MHz. The maximum enhancement is reached after about
025 s and is a Iittlc more than 6% of !he systém noise
noise femperatiure and galactic noise temperature, together
about 120 K. the galactic component being variable). The
enhanicement drops to about half its maximum value after
about a second and remain's steady until the HF transmitter
is switched off and the enhancemernt disappears in about 0.25
s. The observed finite rise and fall times of the enhancemient
are consistent with a multiple acceleration process [Gurevich
et al., 1985}, during which an accelerated clectron can return
repeatedly to the accelération region after collisional scat-
tering. Eventually, a steady state is reached with energetic
elections distributed over a region extending considerably
above and below the acceleration (interaction) region near
the reflection height of the HF pump wave.

The maximum enhancement in the upper frequency band
of 4.15-4.25 MHz is only about 4% of the system noise and
is reached in a somewhat loiger time of 0.45 s. Similarly. the
enhancement disappears in a somewhat loriger time of 0.35 s.
This is not surprising because the height of the backscatter is
further from the height of the acceleration region.

The energy of the electrons.responsible for the scatter is
greater than about 6.1 ¢V for the higher-frequency band and
greater than about 5 eV for the lower-frequency band. These
lower limits of energies are somewhat lower than those of
10-12 eV appropriate for the spectra of Fejer et al. [1985,
Figure 10]. The lower energy limits were still highzr for some
of the observations described by Carlson et al. {1982), who
incidentally also gave the explicit formula for the lower
energy limit.

Observations made during the two giarter hour periods
subsequent to the observations summarized by Figure 1
yielded essentially similar results and are not shown here.
After 2250 UT, the maximum plasma frequency of the
ionosphere sank to a value below which Langmuir waves of
35-cm wavelength are severely Laridau damped [Yngvesson
and Perkins, 1968] and therefore couid not be used for the
moniforing of energetic electrons.

4, OBSERVATIONS IN THE PRESENCE OF
PHOTOELECTRONS

The experimental techniques used in the afternoon obser-
vations of January 20, 1986, and described in this section
were identical to the techniques used in thé nighttime
observations described ih section 3. The conditions of the
observations are, however, radically altered by the preserice
of photoelectrons. It is well known [Yngvesson and Perkins,
1968} that the plasma line of incoherent backscatter is very
greatly enhanced by the photoelectrons to levels which at
Arecibo exceed the system noise by a factor considerably
greater than 10,

Figure 2 shows the results of observations during about an
hour starting at 1640:01 UT on January 20, 1986. Although
the Langmuir waves excited parametrically close to the
pump frequency of 5.1 MHz were outside the 5.35- to
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Fig. 2. Power in the aliased, enhanced plasma line and in the
natural plasma line in the presence of photoelectrons in two fre-
quency bands as a function of time elapsed after the heater was
turned on. The heater was turned off after 2 s. The ordinate scales
are relative; in Figures 2b and 2c only the ratios of the power levels
existing during the first 2 s to the mean level during the 2.5- to 3-s
time interval (not influenced by the heater) are significant. On the
ordinate axes the lowest and highest values indicated are exact; the
intermediate values have been rounded off to two-decimals after
interpolation.

5.75-MHz frequency band of the observations, the filtering
was not sharp enough to prevent an aliased HF-enhanced
plasma line to appear near 5.6 MHz. The difference of 0.5
MHz is the reciprocal of the sampling interval of 2 us. Figure
2 therefore shows, in addition to the relative intensity of the
backscatter with Doppler shifts of 5.25-5.35 MHz and
5.65-5.75 MHz, also the intensity of the aliased HF-
enhanced plasma line with a Doppler shift near 5.6 MHz.
The aliased HF-enhanced plasma line shows the well-
known overshoot phenomenon [Showen and Kim, 1978;
Djuth et al., 1986) and drops to about a twentieth of its
original power in about a second. The natural plasma line
enhanced by photoelectrons shows a strikingly similar be-
havior. This is especially true of the backscattered power
with Doppler shifts of 5.25-5.35 MHz which shows an initial
enhancement of about 25%. Since the photoelectron-
enhanced natural plasma line exceeded the system noise by
a factor considerably greater than 10, the previously men-
tioned 25% enhancement corresponds to enhancement con-
siderably larger than 250% above the system noise. It does
not seem possible that such a large enhancement, about 2
orders of magnitude greater than the nighttime enhance-
ment, could result from the acceleration of electrons from
the tail of the Maxwellian distribution. It is far more likely

that the larger part of the cffect results from a modification in
the distribution function of the photoclectrons. It is true that
the Langmuir waves can either accelerate or decelerate
energetic electrons. However, the energy spectrum of
photoelectrons is rather steep, and therefore more low-
energy electrons will be accelerated than high-energy ‘elec-
trons decelerated. ]

The maximum power in the 5.25- to 5.35-MHz Doppler
range is reached without a measurable delav according to
Figure 2; the delay must thercfore be less than 100 ms. Over
the 5.65- to 5.75-MHz frequency range the peak power is
reached with a measurable delay of the order of 100 ms. The
maximum enhancement in power is about 20%.

Similar results to those of Figure 2 were obtained during
1640-1800 UT on January 27, 1986. over the 5.35- to
5.85-MHz Doppler frequency range. The enhancements ob-
served were somewhat smaller; the results will not be shown
here.

.5. DISCusSION

The results of the present observations show a distinct
overshoot effect in the temporal behavior of the natural
plasma line in the presence of energetic electrons when the
HF transmitter is switched on. The present resuits differ in
this respect from those shown by Fejer et al. [1985, Figure
10} which do not show an overshoot effect. The difference is
believed to be due to the improved temporal resolution in the
present experiments.

There is considerable uncertainty about the cause of the
overshoot in the HF-enhanced’ plasma line at Arecibo.
Graham and Fejer [1976] suggested that the overshoot is due
to pump wave absorption caused by the growth of short-
scale field-aligned irregularities within times of the order of a
second. These irregularities are the product.of a plasma
instability [Vaskov and Gurevich, 1977; Inhester, 1982] in
which the irregularity scatters the pump wave into Langmuir
waves. The difficulty with the mechanism of Graham and
Fejer [1976] is the lack of any measurable absorption in the
reflected pump wave at 5.1 MHz and a simultancous strong
overshoot in the HF-enhanced plasma line during some of
our as yet unpublished observations at Arecibo. The cause
of the overshoot on such occasions is not yet known. The
present results clearly demonstrate that the cause cannot be
related to the development of the population of energetic
electrons which could Landau damp the Langmuir waves.
On the contrary, the overshoot appears to have a strong
effect on the development of the population of cnergetic
electrons at night and an even stronger effect on the changes
in the distribution function of photoelectrons during the day,
following the switching on of the HF transmitter. The delay
of a quarter of a second or more during the nighttime
observations 1s understandable qualitatively in terms.of the
multiple acceleration mechanism [Gurevich et al., 1985). The
much shorter delays observed during the day can be under-
stood in terms of a modification in the distribution function
of photoelectrons which already had large energies before
the HF transmitter was switched on. These shorter delay
times also explain the larger overshoot effects observed in
daytime.

A quantitative comparison with theory is not possible
without theoretical calculations of the temporal and spatial
development of the distribution function of energetic elec-
trons after the powerful HE wave has appeared. It would be
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very desirable to carry out such calculations in the near
future.
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Observational Limitations on the Role of Langmuir
Cavitons in Ionospheric Modification Experiments at
Arecibo

M. P. Svrzer axp H. M. IgRrKiC
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Observations of the time dependence of the enbanced plasma Ene power during high power
jonosphericmodification experiments at Arecibo, with a resolation of 1ins, sornetimes showed 5-10
ms leng pulses recurting very neasly periodically every 20-50 ms. Other cbsarvations of the slower
variations of power at Aredbo show the gradual disappearance of the plasma lin: ovashoot as the
HF pulsing was changed from 0.5-s on 5.5-s off 10 0.5-5 on 19.5-s off, and its gradual reappearance
as the pulsing was changed back to 0.5-s on, 5.5-5 off. Observaticas of the heght dependence of
the enhanced plasma line spectrum were also made. They showed that the decay line with jts
cascade and the OTSI line all originated at the same narrow range of heights which cbsarvations
by others showed to be necar and just below the theoretical height of reflection of the pump wave
rather than, as was previously believed, at the considerably lower height where the dispersion
relation of the Langmuir waves detected by the radar is satisfied in the unperturbed mediven,
The possibility of interpretation of the observations in terms of existing theories is considesed and
the need for further theorctical and experimental work is pointed out.

1. INTRODUCTION

Very soon after the start of ionospheric modification ex-
periments [Utlout, 1970] at Platteville, Colorado, Perkins
and Kaw [1971] suggested that the electric field in the re-
flection region of the vertically incident HF modifying wave
of ordinary polarization (the pump wave) at Platteville ex-
ceeded the threshold of certain parametric instabilities. Wong
and Taylor[1971) and Carlson et al. {1972] demonstrated ex-
perimentally at the Arecibo Observatory by 430 MHz radar
backscatter the parametric excitation of Langmuir waves.
Subsequent experimental work at Arecibo [Kanfor, 1974;
Duncan , 1977] was interpreted in terms of the excitation of
both the parametric decay instability (PDI) and the modu-
lational or oscillating two-stream instability (OTSI), the lat-
ter as described by its linear dispersion relation. Both the
HF modifying transmissions and the 430-MHz radar used
the 305-m reflector in these early experiments.

Fejer and Kuo [1973a,b] and Perkins ot al. [1974], ex-
tending the work Kuo and Fejer [1972) and Kruer and Valeo
[1973] to more than one dimension, independently examined
by means of weak turbulence theory a saturation mechanism
for the PDI by a cascade of instabilities. In this cascade
first the HF wave (the pump wave) decays into a Langmuir
wave of slightly lower frequency and an ion acoustic wave
by the PDI. The Langmuir wave then further decays and
this decay process is repeated several times, resulting in a
cascade of Langmuir waves of successively lower frequency,

Copyright 1989 by the American Geophysical Union

Paper number 88JA 04114
0148-0227/89/ 88JA-04114505.00

whose wave vectors form angles of less than about 25° with
the pump electric field (which for the Arecibo experiment is
very neatly parallel to the geomagnetic field). The theories
also predict that the Arecibo radar (whose beam forms an
angle of about 45° with the geomagnetic field) would not
detect the unstable Langmuir waves directly; it would only
detect the much weaker Langmuir waves which result from
the scattering of the pump wave and of the cascade of un-
stable Langmuir waves by thermal ion acoustic waves. Ac-
cording to these theories there should be no sharp tramsition
between radar backscatter spectra below and above thresh-
old [Fejer and Kuo, 1973b; Fejer and Suizer, 1984]. The
predicted backscatter slightly above threshold would there-
fore be relatively weak although its power would increase
as the square of the pump power within the range of valid-
ity of weak turbulence theory in a uniform medinm, The
theory in its cne dimensional form [Kuo and FcJer, 1972]
as extended by Fejer and Kuo [1973a] leads to a saturation
spectrum that also includes the OTSI, i.e., the weak exci-
tation of Langmuir waves at exactly the pump frequency;
this aspect of the theory has not been extended to three
dimensions.

Observations of 430-MHz radar backscatter spectra from
Langmuir waves resulting from HF induced plasma instabil-
ities, with frequencies near and slightly below the frequency
of the pump wave {(enhanced plasma line spectra) at Arecibo
for different CW HF pump powers [Fejer and Sulzer, 1984;
Fejer et al., 1985, Figure 9] qualitatively confirm these pre-
dictions for pump powers below and slightly above thresh-
old. It should be noted that the below threshold spectrum in
Figure 9 of Fejer et al. [1985] has a peak spectral power den-
sity that is below the receive:r noise level by about a factor
of 4; the next weakest spectrum shown has a spectral power
density that is above the noise level by a factor of about 10
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and has roeghly the predicted spectral shape and intensity
for a pump power density that is about 3 times above thresh-
old. The noisc kevel of about 100 K equiralent antenna tem-
perature in those observations comsirted of receiver moise and
cosamic noive; it should be pointed out that in daytime the
moise: kevel can be greater than 1600 K and is maialy cansed
by backscatter from Lazgeuir waves Cerenkov-emitted by
photodectrons. The strougest spectnm of Figure 9 of Fe-
Jr <t al. [1985] has a spectral power density that exceeds
the receiver noise Jeved by 2 factor of 1.3 x 16° and has a
spectral shape that shightly resembles, against theoretical
expectation, the cascade spectrum predicted by ihe weak
tasbulence theory of Fejer and Kuo [1973a,b) and of Perkins
«t al. [1974] for a radar beam paralid to the gromagneiic
fiedd. Howerer, the power ratios of the cascade members are
muck greater than the theoty predicts. The resemblance
is even closer for the spectrum of Figure 2 of Fejer et al.
[1985] obtained for ar HF pusnp frequency of 3.175 MHz.
At that frequency for Aredbo conditions the Landan damp-
ing of the Langmuir waves detected by the radar is rather
high and this probably explains why the enhanced plasma
lime is preseat, if at all, for only a few hundred ms after
the HF transmitter is switched on. During ar on period
of about half a second the clectron temperature and there-
fore Landau damping rises to quench the instability for the
Langmuir waves observable by the 430-MHz radar. An off
period of abont 10 s then allows the electron temperature
to return to its original value and the process can be re-
peated. Entirely similar spectra have been obtained with
similar pulsing of the HF transmitter operating at 5.1 MHz
and will be discussed in section 5 of this paper.

The strongest spectra of Figure 9 of Fejer et al. [1985)
cannot be explained by the theories of weak turbulence in 2
ncarly uniform medium. Not only do they have the wrong
spectral shape, but their peak spectral power densities are
about 100 times higher than theoretically predicted on the
basis of reasonable estimates of pump electric fields.

Equations governing strong Langmuir turbulence (SLT)
were formulated by Zakharov{1972] and were used in many
numerical simulations since then. Zakharov [1972] also dis-
cussed his equations analytically and showed that 2 monochro
matic Langmuir wave of sufficient amplitude is unstable to
the formation of a very large number of Langmuir cavitons
(localized density depletions filled with Langmuir oscilla-
tions) which in the course of time become more and more
localized (collapse) until eventually the Langmuir waves arc
dissipated by Landau damping (burnout). Recent numerical
simulations based on the Zakharov equations [Russell et al.,
1986, 1988] demonstrated this process and also showed that
after caviton collapse and burnout a new caviton is formed
at the place of the old burnt-out caviton, thus leading to a
locally quasi-periodic process.

The above brief account does not do justice to the exten-
sive literature on Langmuir cavitons/solitons. A few among
the works omitted are the laboratory experiments agreeing
with numerical simulations, described by Wong and Cheung
[1984] and Tanikawa ct al. [1984] and the theoretical work
of Morales and Lee [1977).

Petviashvili [1976] suggested that cavitons must form in
ionospheric modification experiments using a powerful HF
pump wave with ordinary polarizaiion. Weatherall et al.
[1982] confirmed by numerical simulations based on the Za-
kharov equations the suggestion of Petviashvili [1976] that

pancake-shaped cavitoms are formed with the “planes” of
the “pancabes™ perpemdicelar 10 the magnetic field.

The first observations that could have possibly beew in-
terpreted as indirect evidence for the formation of jono-
sphesic cavitons were made by Muldrew and Showen [1577]
although they did mot irterpret their own observations in
terms of cavitons. Ther found that the enhanced plasma
line came from a height that was greater by a few kilo-
meters than the height of the natural plasma line (mainly
the backscatter from Langnizic waves Cerenkov emitted by
photodectrons 1a daytime as mentioned earlier). They ex-
plained these obscrvations in terms of isolated fidd-aligned
plasma density depletions or ducts, imside which the disper-
sion refation of Langmuir waves can be satished near the
reflection height of the BF wave. This interpretation was
further developed by Rypdal and Crogin [1979). In addi-
tion to explaining the height observations of Muldrew and
Showen [1977], the duct hypothesis also explains the ob-
served strong plasma line spectra; the medium is no Joager
uniform and therefore the weak turbulence theory in a uni-
form medinm, as formulated by Fejer and Kuo{1973a,b] and
by Perkins et ol. [1974], is not applicable and must be re-
placed by the theory of Rypdal and Cragin [1979] which at
least qualitatively explains the observations.

Birkmayer et cl. [1986] and Isham et ol. [1987] con-

firmed the expesimental results of Muldrew and Showen[1977

by an elegant and entirely different experiment using chirped
radar pulses [Hagfors, 1982). They interpreted their results,
Lowever, in terms of the excitation of Langmuir cavitons
near the reflection height of the HF wave rather than in
terms of field-aligned ducts. This was alsc the interpreta-
tion by Duncan and Sheerin [1985] of their own observation
of an increase in the height of the enhanced plasma line echo
within a few milliseconds after switching on the HF trans-
mitter.

A modification of the ionospheric density profile and the
creation of a density depression at the critical height by a
high power radio wave was observed at Arecibo by Wong et
al. [1987). They used the photoelectron enhanced plasma
line for the measurement of the ionospheric density profile
and noted the suppression of the intensity of that line at the
critical height. They attributed this suppression to small-
scale Langmuir cavitons imbedded in the larger-scale density
depression.

The primary purpose of the present paper is the presen-
tation of some new experimental results,

. Section 2 describes some observations of fast temporal
variations (including some surprising periodicities) of the
power in the enhanced plasma line, with a resolution of 1
ms.

Section 3 describes observations of the plasma line over-
shoot [Showen and Kim, 1978) obtained by the same tech-
nique.

Section 4 presents observations of the height-dependence
of the enhanced plasma line spectrum with CW heating,

Section 5 presents obscrvations of the height dependence
of the enhanced plasma line spectrum with pulsed heating.

Section 6 presents observations of the spectral width of
the OTSI line.and of the dependence of that width on the
strength of the pump electric field.

Section 7 is devoted to the detailed interpretation of the
observational results. In the earlier sections interpretation
is kept to a minimum.
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Fig. 1. Quasi-periodically recurring pulses in the relative power in decibels of the enhanced plasma line with a
2-s on, 2-s off transmitting sequence, sampling the power every millisecond. A 2-s long period starting at 1632:09

on January 19, 1987 is displayed.

2. FAST TEMPORAL VARIATIONS IN ENHANCED
PLASMA LINE POWER

The motivation for the observations described in this
section was the finding by Fejer et al. [1985), based on the
visual inspection of the enhanced plasma line echo on a radar
A scan, that the temporal behavior of the total power in the
weak broad and in the strong narrow spectra of their Figure
9 was very different.

During the present observations, 430 Mz radar pulses
were transmitted with an interpulse period (IPP) of 1 ms.
The power in the enhanced plasma line was therefore recorded
with a temporal resolution of 1 ms. Figure 1 shows a 2-s-
long record of the enhanced plasma Lne echo power, starting
at 1632:09 on January 19, 1987. The HF transmissions from
Islote, about 17 miles northeast of the observatory had an

equivalent radiated power of 40 MW at 5.1 MHz and were
cycled 2-s on, 2-s off. Oxdinary polarization was used. The
HF transmissions were started shortly after the 400 ms mark
on Figure 1. The enhanced plasma line in Figure 1 is only
seen during the overshoot and disappears shortly after the
1600 ms mark. During the last 500 ms before its disappear-
ance practically all the power in the enhanced plasma line is
in nearly perfectly periodically recurring pulses of somewhat
less than 10 ms duration, with an IPP of about 42 ms.
Figure 2 shows the first 200 of 1024 values in the digital
power spectrum of the plasma line echo power in the 600
ms to 1623 ms time interval of Figure 1. Most of the power
is clearly in the periodically recurring pulses. There were
many other examples of records similar to that shown by
Figure 1 during the same afternoon although they were not
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Fig. 2. The first 200 values of the digital power spectrum of the 1024 sample values a millisecond apart of the
enhanced plasma line power shown by Figure 1, starting at the 600-ms mark.
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Fig. 3. The first 200 values of the digital power spectrum of the 1024 sample values a millisecond apart of the
enhanced plasma line power, with a 15-s on, 45-s off transmitting sequence. Sampling started at 1657:16 on
January 20, 1987, about 3-s before the end of a 15-s on period.

typical. For example a record starting at 1651:55, not shown
here, showed almost periodically recurring pulses with the
IPP varying between 33 ms and 48 ms, with correspondingly
broader spectral peaks.

During the next afternoon, on January 20, 1987, similar
observations were carried out using the same frequency and
ERP with a pulsing cycle of 15 s on, 45 s off; the same cy-
cle was used in the experiment of Birkmayer et al. [1986].
Conditions near the end of a 15 s on period must have re-
sembled those under CW operation. Figure 3 shows the first
200 values of the power spectrum for the 1024 ms long pe-
riod starting at 1657:16, just 3 s before the end of 2 15 s on
period. The period derived froia the spectrum is about 18
ms. Very similar spectra were obtained for four of the last
five 1024 ms long periods of the 15 s on period.

Summing up, clear periodicities such as shown by the
spectra of Figures 2 and 3 are often seen. At other times
the spectra do not show clear periodicities although they do
not resemble random noise. An example is shown by the
spectrum of Figure 4, for the first 1024 ms of an earlier 15
s on-period at 1655:05 on January 20,.1987. Figure 4 shows
the entire spectrum; only the first 512 values are displayed
on account of the symmetry in the power spectrum of a real
function. At still other times the spectrum resembles that of
random noise; the spectrum of Figure 5, obtained 6 s later
at 1655:11, is an example. Apart from the very much larger
spectral power densities, the spectrum of Figure 5 is indis-
tinguishable from the spectrum of receiver noise obtained by
the same technique in the absence of HF transmissions and
not shown here. The reader is reminded tkat if the process
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Fig. 4. The first 512 values of the digital power spectrum of the 1024 sample values a millisecond apart of the
enhanced plasma line power, with a 15-s on, 45-s off transmitting sequence. The sampling started at 1655:05 on
January 20, 1987 at the beginning of a 15-s on period.
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Fig. 5. The first 512-values of the digital power spectrum of the 1024 sample values a millisecond apart of the
enhanced plasma line power. The sampling started at 1655:11 on January 20, 1987, 6 seconds later than in Figure

4.

generating the enhanced plasma line were stationary and
random, then a spectrum resembling that of random noise
would be expected.

3. THE OVERSHOOT IN THE ENHANCED PLASMA LINE

Showen and Kim [1978] first pointed out that the power
in the enhanced plasma line usually reaches a maximum
rather fast after switching on the HF transmitter. After a
time of the order of a second the power usually drops to
a lower value and then no longer decreases systematically.
Occasionally, the enhanced plasma line is only present dur-
ing the over-shoot; for a pump frequency of 3.175 MHz at
Arecibo this is always the case ard can be explained in terms

of increased Landau damping, caused by a rise in. electron
temperature, of Langmuir waves of 35-cm wavelength de-
tected by the 430-MHz radar. For higher pump frequencies
like 5.1 MHz the Landau damping of the Langmuir waves de-
tected by the 430-MHz radar is insignificant; an explanation
of the overshoot for that case in terms of the development of
short-scale field-aligned irregularities within about a second
was proposed by Graham and Fejer [1976). They suggested
that the pump wave is scattered by the irregularities into
Langmuir waves; the resulting absorption of the pump wave
is the cause of the overshoot. This explanation is questioned
by Djuth et al. [1986] who estimate that less the 10% of the
power in the reflected 5.1 MHz heating wave is absorbed due
to the excitation of Langmuir waves; this clearly can not ex-
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Fig. 6. The logarithm of the power in the enhanced plasma line as a function of time. The data are displayed only
near the 0.5-s on periods, starting 2015:49 on 19 January, 1987 when the HF transmission sequence was changed
from 0.5-s om, 5.5-s off to 0.5-s on, 19.5-s ofl. As a result of the nature of the data taking program, the beginning
of the third and the end of the fourth 0.5-s on periods were not recorded.
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Fig. 7. The logdrithm of the power in the enhanced plasma line as a fuiction of titne. The data are displayed on}y
neari the 0.5 s on periods, starting 2027:26 on January 19, 1987 when the HF transmission sequence was changed

from 0.5-s on, 19.5-s off to 0.5-s on, 5.5-s off.

plain the observed strong overshoots. A possible alternative
explanation [Muldrew, 1988a] will be discussed in the last
section.

The overshoot phenomenon discussed in this section is
different from some other very interesting and important
effects related to pulsing the HF transmitter and described
by Morales et al. [1982].

It should be remarked here that the short-scale field-
aligned irregularities ate much more intense and play a far
greater role at higher latitudes where more than 90% (rather
than sometimes less than 10% as at Arecibo) of a reflected
heating wave near 5 MHz is absorbed [Fejer and Kopka,
1981] as a result of scattering by the field-aligned irregular-
ities into Langmuir waves. The reason for this different be-
havior is that the scattering process (and the thermal para-
metric instability generating the irregularities that will be
discussed shortly) depends-on that component of the pump
electric field which is perpendicular to the gecomagnetic ficld;
the strength of the perpendicular component is far greater at
higher latitudes than at Arecibo. This incidentally explains
the much greater stiess in the recent Soviet literature on the
thermal parametric instability [ Vaskov and Gurevich, 1975;
Grach et al. 1977; Das and Fejer, 1979; Inhester, 1982) re-
sponsible for the short-scale field-aligned irregularities than
on the ponderomotive type parametric instabilities respon-
sible for the enhanced plasma line at Arecibo.

The observations described in this section are believed
to shed further light on the nature of the overshoot. Figures
6 and 7 show the logarithm of the power of the enhanced
plasma line as a function of time. Each point in Figures 6
and 7 shows the average of 5 successive values of the power
writlen on tape every millisecond as in the last section. Fig-
ures 6 and 7 describe the temporal evolution of the power
in the enhanced plasma line while the pulsing sequence of
the HF transmitter was changed from 0.5-s on, 5.5-s off to
0.5-s on 19.5-s off at 2015:49 on January 19 1987, and was
changed back to 0.5-s on, 5.5-s off at 2027:26. Only the im-
mediate temporal vicinities of the 0.5-s on periods are shown
by the Figures. Figure 6 shows 10 on periods after 2015:49

and indicates the gradual disappearance of the strong over-
shoot during about two minutes. Similazly, Figute 7 shows
the gradual reappearance of the overshoot in about 1.5 min.

4. HEIGHT-DEPENDENCE OF THE ENHANCED PLASMA
LINE SPECTRUM FOR CW HEATING

4.1 Observational Technique

The technique used for obtaining simultaneous spectra
from several heights with the Arecibo 430 MHz radar was
that of coded long pulses [Sulzer, 1986). This technique has
certain advantages over the multiple pulse technique [Farley,
1972) for radars using klystrons in which the beam current
has to be kept flowing between the pulses of the multiple
pulse technique.

A previous application of the technique of coded long
pulses was described by Fejer ¢t al. [1985). Their Figure
4 shows the spectra observed by that method, A pulse of
about 1 ms was randomly phase coded with a baud of 8 usec
length. The random phase code wag changed often enough
to ensure that a strong almost monochromatic signal com-
ing from one height appears as random noise (usually called
clutter) at any other height. A spectrum was obtained after
an integration time of about one minute, The results were
interpreted in terms of fading resulting from self-focusing.
Spectra corresponding to below threshold conditions were
obtained from a lower height and strong spectra from a
greater height.

In the present work it was attempted to eliminate the
effects of fading by integrating at first over periods of only
about 5-s length during which the code was changed 3 times.
These 5-s long ‘records’ contained six spectra for six different
ranges 1.2 km apart. They were written on tape and were
displayed for “quick look”. In the next section such 5-s-
long records will be used directly. In this section a long
sequence of 5-s-long records was siabsequently analyzed by
computer. Only ‘records’ with a strong plasma line were
retained (about a quarter of the records were rejected by
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24, 1986, for six different “heights” 1.2 km apart as explained in the body of the paper.

the computer). The spectrum with the strongest peak of
a retained ‘record’ was then placed for accumulation in the
second highest-of six range bins covering a height range.of
7.2 km; the other spectra of the ‘record’ were placed for
accumulation into corresponding range bins, when such were
available. During the observations the starting time of the
decoding sequence was occasionally adjusted in order to keep
the strongest spectral peak in one of the three highest ranges
of the quick-look display. On transferring the spectra of a
“tecord” to the range bins of the analysis program therefore
the spectra in some range bins received no addition and
for some spectra of the “record” there was no range bin
available.

The procedure just described was designed to get rid of
the effects of fading and of slow changes in the ionosphere;
the range bins were meant to indicate the height relative
to the height of the strongest spectrum rather than abse-
lute height. Typically the power spectra of about hundred
“records” were accumulated in this manner by the analysis
program, representing about 10-15 min of observation time.

As described by Sulzer [1986], the noise level will be
lowest in that spectrum of a “record” which contains the
strongest spectral peak, on the assumption that an almost
monochromatic strong spectrum is produced at only one
height and this height is exactly matched by the decoding
for one of the ranges of the “record”. Then the monochro-
matic signal power coming from that height is converted into
random noise (called clutter) for the other five height ranges
of the “record”,

The six spectra shown by Figure 4 of Fejer et al. [1985)
show practically the same noise level for all height ranges.
The reason for this is that in those spectra the plasma line
power exceeds the noise by a factor considerably smaller
than 128, the number of points in the digital Fonrier trans-
form. This will not be the case in the spectra obtained in the
present observations in which the maximum spectral power
density can exceed the noise level by a factor comparable to
or even greater than 128, the number of points in the FFT
used. Moreover, in the present analysis program an unequal
number of spectra were accumulated in the six range bins

and this could also have caused differences in the noise level
if the sums of the spectra had been displayed. It was there-
fore decided to display the average spectrum rather than the
sum.

4.2. Results Of The Observations

The observations took place on January 21 and 24, 1986,
in the late afternoon. An equivalent radiated power (ERP)
of 80 MW at a frequency of 5.1 MHz in the continuous wave
(CW) mode was used. The spectra averaged over different
quarter hour periods differed little and therefore only one of
them will be shown here. Figure 8 for the period starting at
1750 AST on January 24 shows a typical set of spectra.

Before looking at those spectra in detail it should be
noted that the noise level in the second highest range bin
at the center on the right-is 2-3-times lower than the noise
level in the other rang= bins. It was explained in section 4.1
that this is an expected property of the coded long pulse
technique.

It should also be noted that the noise-level is not only
higher in the other range bins but 4he relative fluctuations
in the noise are about three times larger than in the second
highest range bin although the same integration time has
been used for all the bins, This is believed to have been
caused by using a random number sequence for the phase
code which was periodic with too short a period. This minor
shortcoming will be rectified in future observations using
this technique.

Turning to the spectra of Figure 8, the largest spectral
peak occurs at the frequency expected for backscatter from
Langmuir waves of the parametric decay instability. The
peak spectral power density is on the average about 10 times
higher in the second highest range bin than ir the two neigh-
boring range bins (top and bottom on the right) in Figure
8. It is shown in the Appendix that if all the scatter came
from a single height then this ratio would have the value of
14 rather than 10, The observed average ratio of 10 implies
according to the appendix that the scatter comes from a
height range of about = 0.53 km. The considerations of the
Appendix were based on the assumption that the height of
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Fig. 9. The spectrum of the downshifted enhanced plasma line for the 5-s long period starting 1654.27 on January

21, 1987, for four different heights 1.2 km apart.

scattering varied over a considerably larger range than 1.2
km during the quarter hour integration period. Records of
the height of scattering justified that assumption. The fact
that the above ratio was between 8 and 10 for most of the
spectra observed on January 21 and between 6 and 8 on
January 24, also makes the considerations of the appendix
seem realistic.

Besides the most prominent spectral feature already men-
tioned, the so called decay line, there are two other much
weaker but nevertheless quite prominent spectral features.
One of these has a Doppler shift exactly equal to the pump
frequency. It is believed to result from backscatter by the
Langmuir waves of the OTSI. The other weaker feature is the
product of a second parametric decay process in which Lang-
muir waves of the original parametric decay instability decay
further parametrically into Langmuir waves traveling in the
opposite direction and into ion acoustic waves with roughly
twice the wave number of the Langmuir waves. Therefore
the frequency spacing between this feature and the decay
line is twice the frequency spacing beiween the decay line
and the OTSI (on the other side of the decay line in the
spectrum).

In Figure 8 these two weaker features are shown most
clearly by the spectrum in the second highest range bin.
They may also be discerned weakly in the spectra of the two
neighboring range bins. It is significant that these weaker
features have an intensity in the two neighboring range bins
that is estimated to be about one tenth of their intensity
in the second highest range bin. Thus the weaker spectral
features appear to come from approximately the same height
range as the strong decay line feature.

Another still weaker spectral feature of the second high-
est range bin in Figure 8 is the anti-Stokes line whoze Doppler
shift is larger than that of the OTSI line by the same amount
by which the Doppler shift of the decay line is smaller. Other
still weaker features are the higher-order members of the
cascade.

The spectra of the lowest three range bing only contain
noiselike clutter. There is no sign of a plasma line spectrum

backscattered from a lower height where the dispersion re-
lation of Langmuir waves would be satisfied in the unper-
turbed medium. A possible explanation is that the spectrum
from the lower height was masked by the high level of clutter
resulting from the very strong signals in the second highest
range bin.

These observations lead to the conclusion that the HF
enhanced plasma line is produced by backscatter from a
height range whose width is typically about 1 km. The
observations also show that the decay line, its cascade, and
the OTSI line all come from roughly the same height range.

The results of the present observations, combined with
the results obtained by Birkmayer et al. [1986], show that,
for high pump powers, the HF enhanced plasma line includ-
ing the decay line, a weak cascade, and the OTSI line, are
all scattered from roughly the same range of heights which
is well above the height where the dispersion relation is sat-
isfied in the ambient medium.

It must be stressed here that the terms “decay line,”
“weak cascade” and “OTSI line” are current Arecibo par-
lance which has its origin in the assumption that parametric
ingtabilities are associated with these spectral features. We
do not imply by using these terms the exclusion of other
possible interpretations of these spectral features.

5. HEIGHT-DEPENDENCE OF THE ENHANCED PLASMA
LINE SPECTRUM FOR PULSED HEATING

Djuth et al. [1986] showed that for pulsed heating with
a high duty cycle such as 170 ms on 30 ms off, a spectrum
resembling the strongest spectra of Figure 9 of Fejer et al.
[1985], obtained by CW heating, is established within a few
milliseconds after switching on the heater (their Figure 3). If
on the other hand a low duty cycle such as 350 ms on 1650
ms off is used then the spectrum generally remains broad
and strong during the overshoot (for about 80 ms for the
upshifted plasma line 1n their Figure 12).

In the work described here, plasma line spectra were
obtained in January 1987 by the coded long pulse method
with a 100 ms on, 1-s off heater cycle. The spectra were
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Fig. 10. The spectrum of the downshifted enhanced plasma line for the 5-s long period starting 1750:40 on January

21, 1987, for four different heights 1.2 km apart.

obtained over periods of about 5-s length during which the
code was changed three times.

Figure 9 shows spectra at 4 heights 1.2 km apart for 5.1-
MHz heating with 40 MW ERP. A reasonably strong plasma
line spectrum is only seen at the second lowest height (bot-
tom left); it strongly resembles the spectrum of Figure 2 of
Fejer et al. [1985] which was obtained by Duncan and Sulzer
for a heating frequency of 3.175 MHz. More commonly, the
spectra observed by us do not resemble the spectrum of Fig-
ure 2 of Fejer et al. [1985] but are broader than the spectrum
of Figure 8, Examples are Figure 10, obtained with 5.1 MHz
heating, and Figure 11, obtained with 4.438 MHz heating.
Figure 11 was traced from a hard copy of the quick-look dis-
play; inadvertently, the tape recording was not functioning
at the time. Figures 10 and 11 illustrate that there is a weak
height dependence of the spectrum; the spectrum with the
wider spread may occur at the greater-height as in Figure
10, or at the smaller height as in Figure 11.

6. THE WIiDTH OF THE oTS! LINE

The technique of using short radar pulses with an IPP
of 1 ms for the study of narrow spectral features in the en-
hanced plasma line was described by Sulzer et al. [1984).
During July 1984 the spectrum of the OTSI line was stud-
ied extensively by this technique. Spectra of 1-kHz width
were thus obtained in which the aliased decay line and its
cascade appear as noise on account of their large bandwidth.
The OTSI line on account of its narrowness is usually clearly
seen in the 1-kHz wide spectra. Theoretically, in the absence
of fonospheric drifts, the frequency of the OTSI line should
differ from the radar frequency of 430 MHz by the pump fre-
quency of 5.1 MHz, used in the observations to be described
in this section.

Figure 12 shows several such 1-kllz wide spectra as the
power radiated by the HF transmitter was changed once
a minute, alternating between 20 MW and 40 MW ERP,
corresponding 4x25 kW and 4x50 kW being fed into the an-
tenna system of 23 DB gain. The frequency of the upshifted
OTSI line shown by Figure 12 differs by about 100 Hz less

than the pump frequency from the radar frequency. This
implies a line of sight component of the drift velocity of the
electron gas of 35 m/s.

The most noteworthy feature of the spectra shown is
the decrease in the half-power width of the OTSI line every
time when the HF power was decreased and the increase in
the half-power width every time when the HF power was
increased. The peak at 0 Hz is instrumental and should be
ignored.

The observations-had an even more noteworthy feature,
not displayed by Figure 12. When the power was increased
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Fig. 11. The spectrum of the downshifted enhanced plasma line
fo the S-s long period starting at about 2127 on January 20,
1987, for four different heights 1.2 km apart.
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Fig. 12. Spectra of the OTSI line obtained in the evening of July
30, 1984. The transmitted HF power was alternating between
4x25 kW and 4x50 kW. Most of the spectral power is in the
aliased PDI line which appears as noise on account of its wider
bandwidth.

to 4x100 kW, the OTSI line usually could not be discerned
in the spectruni. This was probably caused by a further
large inctease in the width of the OTSI line, making it un-
detectable by the technique used.

On time scales longer than a minute, self-focusing re-
duces the correlation between the HF power transmitted
and the HF field in the ionosphere. This lack of correla-
tion is shown by the steady increase with time of the power
(the area under the curve) in the enhanced plasma line for

both 4x50 kW and 4x25 kW. Most of the power is clearly in
the decay line, especially for higher- transmitted powers. It
seems therefore that the total power in the enhanced plasma
line is probably a better indication of pump power density in
the ionosphere than the power transmitted from the ground.
Figure 13 shows the bandwidth of the OTSI line as a func-
tion of the logarithin. of the total power in the enhanced
plasma line, on a relative scale, for 42 one minute long ob-
servations that showed a clearly discernible OTSI line. The
correlation cocfficient is 0.67. Although this is not a very
high value, it confirms the positive correlation suggested by
Figures 12 and 13 between the bandwidth of the OTSI line
and the pump power.

7. CONCLUSIONS

It was already demonstrated before the present observa-
tions by Birkmayer et al. [1986], confirming earlier related
observational results of Muldrew and Showen [1977] and of
Duncan and Sheerin [1985), that the enhanced plasma line
at Arecibo is the result of backscatter by Langmuir waves
from near the height of reflection of the pump wave and
not from the lower height where the dispersion relation of
Langmuir waves is satisfied in the unperturbed plasma.

The present observations of temporal periodicities in the
enhanced plasma line power may seem to agree superficially
with the results of numerical simulations of periodically col-
lapsing Langmuir cavitons at Los Alamos in one dimension
[Russell et al., 1986] and in two dimensions [Russell et al.,
1988). However,it has been pointed out to one of the present
authors (J.A.F.) by D. F. DuBois (private communication,
1987) that there are serious obstacles in the way of such
an interpretation. An attempt to describe these obstacles
follows.

The numerical simulations at Los Alamos [Russell et al.
1986, 1988] show that the cavitons would have dimensions
of the order of 5-50 cm [DuBois et al., 1988} for typical
ionospheric parameters, and that the period of the collapse~
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Fig. 13. The half-power bandwidth of the OTSI line as a function of the logarithm of the relative total power in
the enhanced plasma line. ‘The observations took place in the evening of July 30, 1984. Only those 42 spectra
were used which clearly showed the OTSI line; this eliminated spectra with wider bandwidths of the OTSI line

than 100 Hz.
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regrowth process would be less than 1 ms rather than the
20-50 ms observed. Moreover, the number of cavitons re-
sponsible for the radar backscatter would be of the order of
107, and there is no reason to believe that they would be cor-
related and thus collapse synchronously, even if the period
of the collapse-regrowth process were longer. These obsta-
cles are only in the way of explaining the observed 20-50 ms
periodicities in the enhanced plasma line power; as will be
seen shortly, some aspects of the observed spectra appear to
be in agreement with the results of the simulations.

The physical nature of the collapsing cavitons of the sim-
ulations is characterized by its complete independence from
the pump during the collapse; the collapsing caviton sim-
ply accommodates plasma oscillations at the changing res-
onance frequency of its trapped Langmuir mode until the
oscillations are dissipated by Landau damping (burnout).
After burnout the cavity relaxes thermally until its Lang-
muir resonance frequency approaches the pump frequency
(nucleation). Forced oscillations are then excited near the
pump frequency, the collapse starts again and the process re-
peats itself. Parametric processes play no part in this plasma
turbulence after the initial stage [DuBois et al., 1988},

In contrast to this physical process characterizing the
simulations, the stronger ionospheric spectra of radar backscat
ter from Langmuir waves of 35 cm wavelength (the so~
called enhanced plasma line), as shown for example by Fig-
ure 8 for the second greatest height, display at least some
signs of the excitation of the parametric decay instability
and its weak cascade, as well as the weak excitation of the
OTSI. As pointed out eariier, however, those spectra dis-
agree with the predictions of weak turbulence theory in a
uniform medium. Attempts to resolve these disagreements
were made by postulating the existence of field aligned de-
pletions in the plasma density with transverse dimensions
of the order of tens of meters [Muldrew and Showen, 1977,
Rypdal and Cragin, 1979). These attempts were mentioned
in the introduction in connection with the explanation of
the height of 430-MHz radar backscatter. Further attempts
along similar lines will be mentioned later.

A completely different interpretation of the observed
spectra is suggested by DuBois et al. [1988] in terms of
the strong Langmuir turbulence (SLT) model of Russell et
al. (1986, 1988] originally proposed by Zakharov (1972). Du
Bois et al. (1988] conclude that the turbulent stationary
state is modulationally stable and that, as mentioned ear-
lier, parametric instabilities play no role ir it except for the
possible role of initiation. Surprisingly, in spite-of this dif-
ferent physics, the numerical simulations lead to..)ectra of
Langmuir waves with frequencies mainly below the pump
frequency. These computed spectra thus have features in
common with the 430 MHz radar backscatter spectra ob-
served during ionospheric heating [DuBois e! al., 1988]; the
theory also explains the observed height of the enhanced
plasma line [Muldrew and Showen, 1977; Birkmayer et al,
1986] in a very natural manner.

There are, however, some dificulties with this alterna-
tive interpretation of at least some features of the observed
spectra. If the Langmuir cavitons have life times of much
less than a millisecond, then it is very difficult to explain
the observed bandwidths of the OTS! line which can be as
low as 15 Hz as shown by Figure 13. It is even more diffi-
cult to explain the results of Sulzer et al. [1984) who found
that in 430-MHz radar backscatter observations during HF

transmissions with two frequencies 1 to 10 kHz apart that
the narrow OTSI line was replaced by an equally narrow line
whose Doppler shift is equal to the arithmetic ' mean value of
the two pump fréquencies. Such a result is consistent- with-
the linear theory of Fejer et al. {1978]; it is not consistent
with a process of direct conversion as described by Wong et
al. [1981].

Some aspects of the 430-MHz radar backscatter spectra
are therefore difficult to explain in terms of the SLT model
of Russell et al. [1986, 1988] and DuBois et al., [1988]. In
view of these difficulties of explaining all aspects of the 430
MHz radar backscatter spectra observed at Arecibo in terms
of SLT, the possibility of alternative mechanisms should not
be ignored. For this reason the different interpretasions of
similar observational results by Muldrew and Showen [1977)
and by Jsham et al. [1987], mentioned earlier, will now be
considered in more detail.

The interpretation of Jsham et al. [1987) was in terms
of localized density depletions which grow from the noise in
less than 10 ms after switching on the HF transmissions and
have linear dimensions smaller than 10 m. They justified
that interpretation by their observation that the depletions
were already present in less than 10 ms. They were not able
to observe the initial growth of the depletions and there-
fore could not exclude the possibility that the ducts, used
in the interpretation of Muldrew and Showen [1977], were
already present before the HF transmissions were switched
on, having been produced during eatlier on periods of HF
transmissions.

This is precisely the assertion made by Muldrew [1988]
in a paper in which references are given to earlier papers
by him, defending and further developing the original inter-
pretation by Muldrew and Showen [1977] in terms of ducts.
Muldrew [1988a] suggests that the localized plasma density
depletions observed by Isham et al. [1987] have not grown
from the thermal level during the fitst 5-i0 ms after the
HF transmissions were switched on. He suggests instead
that the depletions are field-aligned ducts that did not have
enough time to decay by more than a factor of 2 during the
45-s off period. Moreover, he supports this suggestion by
the results of his numerical computations. In those compu-
tations he takes into account the effects of both the pon-
deromotive force and the heating due to parametrically ex-
cited Langmuir waves. He proposes therefore that the para-
metric growth within the preexisting ducts of propagating
trapped Langmuir waves detectable by the Arecibo radar
occurs within a few milli-seconds after transmitter turn-on.
He also suggests that the ducts, within which the plasma
density is a few percent below the ambient value, have di-
ameters of the order of 25 m or more and that they are
spaced by distances of the order of 1 km. He suggests that
these ducts are maintained by the effects of the pondero-
motive force and of heating due to parametrically excited
trapped Langmuir waves which are present during the on
periods. Moreover, he explains the overshoot in terms of
increasing collisionless damping of the propagating trapped
Langmuir modes (not at the point where they are detected
by the radar but closer to the center of the duct where the
plasma density is lower) as the duct deepens. The deepen-
ing is caused, according to him, initially by the effect of the
ponderomotive force but after the first 50-100 ms almost en-
tirely by an increase in electron temperature. This decrease
in electron density due to the increased electron temperature
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is caused by upward and downward diffusion of the plasma
along the field lines, a process that has some built-in inertia.

Muldrew [1988] suggests that these strong isolated ducts
should not be confused with the weaker.ficld-aligned irregu-
larities.responsible-for-HF, VHF, and UHF radar backscat-
ter. He suggests that the strong isolated ducts were not
detected by their effect on the chirp spectrum of the natural
plasma line, observed during the 45-s off period by Isham et
al. [1987], on account of their isolated-nature.

D.B. Muldrew (private communication, 1988) makes the
further suggestion that some of the observations of our present
paper probably could also be explained by the isolated ducts
as will be discussed shortly.

Neither Muldrew’s [1988] latest published work nor his
earlier work cited in it contains a detailed theory or a full nu-
merical simulation of the original development of his strong
isolated ducts out of the thermal level or out of another low
level of pre-existing density perturbations (possibly weak
natural ducts), following a sufficiently long period. without
heating. A more complete theory would also have to explain
why the spectrum of propagating trapped Langmuir waves
is not subject to collapse as predicted by SLT theory. Un-
til suck further developments Muldrew’s [1988] work must
be regarded as tentative but deserves consideration for the
reasons mentioned earlier,

The possibility of experimental tests of the existence
of strong isolated ducts should be considered, possibly by
suitable rocket or-satellite observations. It should he men-
tioned in this connection that in Figure 4 of Farley et al.
(1983), representing the percentage density deviations (after
detrending) measured along the path of a satellite through
the heated region with a resolution of 70 m in distance,
shows two narrow negative peaks of over 2% about 8 km
apart, These measurements could be interpreted in terms
of isolated field aligned density depletions (ducts). If the
two negative peaks were caused by ducts of 25 m or only
slightly larger diameter, below the 70 m resolution of the
measurements, then the actual density depletion could have
exceeded 5%. In view of the one-dimensional nature of the
measurement, the ducts must have been considerably closer
to each other in two dimensions than 8 km; 0.5 km would
be a better estimate from Figure 4 of Farley et al. [1983] for
a duct diameter of 25 m.

The following discussion considers the possibility of pro-
viding at least tentative explanations of some of our present
observations not explained at present by strong Langmuir
turbulence theory in terms of the sirong isolated ducts of
Muldrew [1988a).

The fast temporal variations of the power in the en-
hanced plasma line, described in Section 2, could be ten-
tatively explained (D.B. Muldrew, private communications,
1988) by the effect of the ponderomotive force of paramet-
rically excited Langmuir waves, trapped in isolated field
aligned density depletions (ducts), After transmitter turn-
on and the resulting rapid parametric growth of Langmuir
waves, the ponderomotive force has the effect of reducing
the density in a preexisting duct. After a time of the order
of 5-10 ms of this continued density decrease, collisionless
damping extinguishes first the Langmuir waves responsible
for the observed radar backscatter and cventually all the
Langmuir waves. The density in the ducts then first con-
tinues to decrease on account of ion inertia but eventually
increases until Langmuir waves can grow again and the pro-

cess is repeated. While this repetitive process is going on,
the electron temperature in the duct increases and the den-
sity decreases slowly until eventnally -narametsiz cociemtion
ceases altogether in some of the ducts and sometimes in all
the ducts by the overshoot process of Muldrew [1988]. The
almost periodic pulsations of Figure 1 between 1400 ms and
1700 ms could have resulted from the presence of Langmuir
waves capable of being detected by the radar in only-a sin-
gle duct. The finite bandwidth which charactérizes all the
430-MHz OTSI lines observed with a frequency resclution of
the order of 1 Hz, could be interpreted as being' the result of
such periodic pulsations even when three or more ducts con-
tribute to the observed enhanced plasma line whose power
then does not show pulsations.

The results shown by Figures 6 and 7 of Section 3 could
be explained [D.B. Muldrew private communications, 1988)
by the expected effect of changing the duty cycle on thé over-
shoot mechanism of Muldrew {1988) mentioned eatlier. With
the shorter duty cycle in Figure 6, the longer -off periods
gave more time for-the electron gas to cool until eventually
the increased electron temperature and the resulting den-
sity depletion reached during the on period did not produce
enough collisionless damping to cause a.drop in the power
backscattered by Langmuir waves and thus an observable
overshoot.

It was mentioned earlier that other effects [Graham and
Fejer, 1976] related to the thermal parametric instability
[Vaskov and Gurevich, 1975; Grach et al., 1977; Das and
Fejer, 1979; Inhester, 1982] can contribute to the overshoot.
However, as pointed out by Djuth and Gonzales [1986), at
Arecibo for a heating frequency near 5.1 MHz pump deple-
tion is usually insufficient to explain the overshoot by these
other effects. Under such circumstances the overshoot mech-
anism of Muldrew [1988] is the only existing explanation at
present.,

Summing up, the main purpose of this paper was the
description of the results of recent observations of the en-
hanced plasma line at Arecibo. Some of these result can
be explained {DuBois et 6l.,1988] in terms of the well estab-
lished theories and simulations of strong Langmuir turbu-
lence. However, other results such as the observed variations
in the enhanced plasma line power on the time scale of tens
of milliseconds and the observed very narrow spectral fea-
ture with a Doppler shift equal to the pump frequency (or
to the arithmetic mean value of two pump frequencies) can-
not at present be interpreted in terms of strong Langmuir
turbulence. Very tentative explanations of those features in
terms of ducts [D.B. Muldrew, 1988; D.B. Muldrew, private
communication, 1988) were suggested but further work is
needed either to put those explanations on a more firm the-
oretical basis or to seek alternative explanations, possibly
by further developments of SLT theory.

APPENDIX

The randomly coded long pulse is generated by phase
coding with a baud length ts in such a manner that at the
end of each baud there is a probability of 0.5 for a phase
reversal.

Assune for the moment that the scatter comes from a
single height at a single frequency, Assume further that the
decoding has a phasiag error t., defined as the time differ-
ence between the decoding sequence used in the receiver and
the coding sequence of the scattered signal received from the
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jonosphere. ‘In the experiments several decoding sequences,
with starting times spaced #, apart, were used. For two
of these decoding sequences |t.] < #» was satisfied, except
in the special case when t.=0 was satisfied for cne of the
decoding sequences.

The amplitude of the detected echo is reduced if there is
a coding error because at every phase reversal there is a time
of length t. < 5 during which the phase of the*decoded sig-
nal is reversed. Since the probability of a phase change after
a given baud is 0.5, these contributions with the wrong phase
to the Fourier component occur ¢, < 2t fraction of the time
during the coded long radar pulse of much greater length
than t, contributions with the correct phase therefore occur
|1 — te| /2o fraction of the time. The fractional reduction
in the amplitude of the Fourier component caused by the
decoding error is therefore (1—|te| /2fs) —te /2ty = 1=1./ts.
This expression vanishes for t. = ty as it should. With the
notation |t} /ty = p the fractional reduction in the power of
the Fourier component bécomes (l-p)'z.

As was mentioned in the body of the paper, several spec-
tra for different time delays of the decoding sequence were
obtained every 5s; the spectrum with the largest peak power
density was accuniulzted in the second highest of the range
bins established in the analysis program. It seems therefore
reasonable to assume that the values of t./ts in the second
highest range bin were distributed evenly between -0.5 and
0.5 because the time delay of the backscatter varied by much
more than t, during the accumulation process. Therefore p
was distributed evenly between 0 and 0.5. As was explained
in the body of.the paper, spectra during whose accnmula-
tion process the time delay of the received scatter varied by
less than tp during a substantial fraction of the time, were
rejected.

For the highest range bin, t./ts will be evenly distributed
between -1.5 and -0.5. For values of p larger than 1 only
clutter is obtained after averaging over a large number of
randomly selected codes, and therefore p will be evenly dis-
tributed between 0.5 and 1. For the third highest range
bin t/ty will be evenly distributed between 0.5 and 1.5 and
therefore p will be evenly distributed between 0.5 and 1.
The power ratio r of the power in the second highest range
bin to the power in one of the neighboring range bins is
therefore expected to be

TN
J3(1—p)2dp

The factor of 2 in the denominator is needed because t,/ts
varies between -0.5 and 0.5, but the corresponding value of
p only varies between 0 and 0.5.

The assumption used in the derivation of equation 1
about the even distribution of-t./ts in the mentioned in-
tervals is likely to be violated if during a large part of the
time over which the spectra were averaged, the height from
which the scatter was received remained nearly constant;
such spectra were disregarded as was mentioned in the body
of the paper.

The earlier assumption of a single frequency was in no
way restrictive; in view of the linear nature of the process the
same arguments can be applied to any Fourier component.

As mentioned in the body of the paper, the observed
values of r were much less that the value of 14 predicted by
equation 1 for scatter from a single height. The observed

1)

values of r should therefore lead to some estimate of the
range of heights from which scatter was received. For this
purpose the assumption will be made that the scatter is
distributed uniformly over a range-of heights, well knowing
that the assumption will not be satisfied in practice but
having no a priori knowledge about the nature of the height
distribution of the scattered power.

Consider scattering from a height for-which the time de-
lay of the scattered echo differs by ¢ fractional bauds from
the time delay corresponding to the center of the height
range over which a uniform distribution of the scatter is
assumed. For ¢ = 0 the values of t./t, will then evenly dis-
tributed, for the second highest range bin, between -0.5 and
0.5 as before, However, for a non zero value of q the distri-
bution will be even between -0.5+4q and 0.5+4q and therefore
the numerator in equation 1 will be replaced by

S5+q

/ -y + / L=pfdp=T/2-¢ ()

o

and the denominator in (equation 1) will be replaced by

1
/ (Q=pYPdp=1/24 —g/a+¢* =1 (3)
S4q

by similar arguments.
Integration of the expressions equation 2 and equation
3 from ¢ = —Q to ¢ = Q then results in the equation

r= (14 - 8Q%)/(1 +4Q%) #)

where 2Qt, is the spread in the time delays of the received
scatter. For @ = 0 equation 4 yields the correct value of
r=14. For an observed value of r=10, equation 4 yields
Q = 0.44. For the baud length used in the experiment
described in the body of the paper this value of Q implies a
spread over a height range of £0.53 km with the assumption
of uniform spread over that range.
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Simuitaneous observations of 36.8 MHz and 430 MHz
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ABSTRACT

Simulitaneous high resolution spectra of the upshificd énhanced
plasma line were obtained with the 46.8 MHz and B30 MHz Arecibo
radars in the presence of HF transmissions at two closely spaced
frequencies. The spectra obtained with the 46.8 MHz radar showed
two narrow features with positive Doppler shifts egual to the
two cliosely spaced frequencies of the HF transmissions; all
the spectral power was contained in those two narrow features.
The spectra obtained with the 430 MHz radar showed a single
narrow feature with a positive Doppler shift equal to the arithmetic
mean of the same two closely spaced frequencies; the spectral
power in that narrow feature contained about 3% of the total
spectral power. The present results broadly confirm the tentative
interpretation of earlier observations with a 46.8 MHz radar
at Arecibo. The results also show the fundamental difference
in the physical processes leading to the enhanced plasma line

spectra observed with the two radars.
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INTRODUCTION

In 1981 & 46.8 MHz radar was temporarily installed at Arecibo
by the Max-Planck-Institut fur Aeronomie for observations of
backscatter from the middle atmosphere. That opportunity was
used to carry out a few observat;ons of the upshifted enhanced
plasma line with the 46.8 MHz radar. Before 1981 only the 430
MHz radar has been used for exploring the properties of the
enhanced plasma line,

It was concluded from those observations (Fejer et al.,
1983) that the spectrum of the 46.8 MHz enhanced plasma line
showed no sign of the excitation of the parametric decay instability
(PDI). Backscatter was observed over a narrow frequency band
of about 5 Hz width with a positive Doppler shift which, apart
from a small correction for plasma drift velocity, was equal
to the frequency of the HF transmissions.

Two possible mechanisms were put forward to explain the
observations (Fejer et al., 1983). The first was scattering
of the pump wave by HF-induced slowly varying irregularities
in the plasma density into Langmuir waves by essentially the
same mechanism that Dawson and Oberman (1962,1963) used in their
calculation of rf conductivity of a plasma; their slowly varying
irregularities were the ion acoustic waves existing in a plasma
in thermal equilibrium.

The second mechanism was in terms of the oscillating two-stream

instability (OTSI), a parametric instability derived from the
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same linear dispersion relation (Nishikawa, 1968a,b; Kaw and
Dawson, 1969) as the parametric decay instability (PDI). The
first mechanism appeared more plausible because it was difficult
to explain why the OTSI (invoked by the second mechanism) should
be observed regularly with the 46.8 MHz radar without ever observing
any sign of the PDI.

No decisive choice between those two mechanisms could be
made on the basis of the 1981 observations. The main purpose
of the present observations was to provide conclusive evidence
on the basis of which such a decisive choice could be made.
For this purpose simultaneous observations of enhanced plasma
line spectra (backscatter spectra from HF-induced Langmuir turbu-
lence) were to be obtained with the 430 MHz and the 46.8 MHz
radars at the Arecibo Observatory. The observations were to
be carried out in the presence of CW high power HF transmissions
at two closely spaced frequencies from Islote, about 17 miles
northeast of the observatory.

Theory (Fejer et al., 1978) predicts and past observations
with the 430 MHz radar (Showen et al., 1978; Sulzer et al., 1984)
show that if two closely spaced pump frequencies are used then
the narrow OTSI line is essentially replaced by a single narrow
spectral feature whose Doppler shift is equal to the arithmetic
mean value of the two pump frequencies. Therefore if the narrow
spectral feature observed with the 46.8 MHz radar in 1981 was
a manifestation of the OTSI then, in the presence of HF transmissions

of equal power at two closely spaced frequencies, a single narrow
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spectral feature with a Doppler shift equal to the arithmetic
mean of the two pump frequencies would be expected. However,
if scattering of the pump wave by irregularities in the plasma
density into Langmuir waves was the operating mechanism then
two narrow spectral features with Doppler shifts equal to the
two pump frequencies would be expected.

The observational results are described in the next section.
Those results are discussed further in the light of existing

theories of Langmuir turbulence in the last section.

OBSERVATIONS

Both the 46.8 MHz radar and the 430 MHz radar were operated
with a pulse length of 8 microseconds and an inter-pulse period
(IPP) of 1200 microseconds. Coherent sampling of the backscattered
signal was carried out every 2 microseconds, alternating between
the outputs of the 46.8 MHz and the 430 MHz receivers, after
conversion to the same intermediate frequency. Spectra of the
upshifted enhanced plasma line were then obtained from arrays
containing 256 complex sample values for the same time delay
(radar range) from 256 consecutive IPP-s. For each range a
large number of power spectra were accumulated before writing
on tape. The approximate range of the plasma line echo was
known from an oscilloscope display; the spectra for several
ranges 300 m ( 2 microseconds) apart were written on tape.
As mentioned earlier, the 46.8 MHz and the 430 MHz radar receiver

outputs were sampled alternately. For either one of the two
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radars the spectra written on tape were therefore 600 m apart
in range (height).

Figure 1 shows two such spectra obtained on 31 May, 1988
at 22:59:20 AST. Four HF transmitters, cperating at a single
frequency of 5.1 MHz, were feeding 25 kW each into an antenna
array system of approximately 23 db gain. The transmitters
were operated at only a quarter of their usual power of 100
kW because it was known (Sulzer et al., 1989) that the OTSI
line observed with the 430 MHZ radar is more narrow for lower
powers and is often unobservable at full power.

On the spectrum obtained with the 46.8 MHz radar the frequency
deviation from 51.9 MHz + 50 Hz is shown. The 50 Hz offset
was introduced to avoid confusion with a small instrumental
peak due to imperfection of the coherent detector; that peak
is too small to be seen on the linear display of spectral pcwer
density in Figure 1 but was easily visible in other cases (not
shown here) where the enhanced plasma line was weaker. No similar
offset was used for the spectrum obtained with the 430 MHz radar.

For each of the two radars the spectrum for the range that
resulted in the largest peak spectral power density wzs chosen
for Figure 1. There was no systematic difference between the
ranges thus chosen for the two radars; for Figure 1 the range
chosen for the 46.8 MHz radar was 900 m (6 microseconds) greater
than the range chosen for the 430 MHz radar.

The 430 MHz spectrum of Figure 1 shows the OTSI line with

a half-power bandwidth of about 40 Hz; in the absence of ionospheric
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drifts the line would be centered on 0 Hz (which corresponds
to 435.1 MHz at the receiver input). About 97% of the spectral
power is contained in the decay line and cascade which are aliased
into the 833.3 Hz wide spectrum of Figure 1 as almost uniformly
distributed noise, leaving only 3% of the power in the OTSI
line.

The 46.8 MHz spectrum of Figure 1 shows a line of about
5 Hz half-power width that would be centered on -50 Hz (which
corresponds to 51.9 MHz at the receiver input) in the absence
of ionospheric drifts. All the spectral power is contained
in that line; this confirms the results of the 1981 observations
(Fejer et al., 1983).

Figure 2 shows enhanced plasma line spectra obtained a
few minutes earlier with the same two radars on 31 May, 1988
at 22:56:14 AST, using two HF pump frequencies differing by
200 Hz. Two of the HF transmitters, operating at 5.1 MHz, were
each fecding 25 kW into one half of the antenna array system;
the other twe transmitters, operating at a frequency of 5.1
MHz + 200 Hz = 5.1002 MHz, were feeding 25 kW each into the
other half of the antenna array system.

The 430 MHz spectrum of Figure 2 shows the expected spectral
peak at about 100 Hz, representing backscatter by Langmuir waves
whose frequency is approximately equal to the arithmetic mean
of the two pump frequencies.

The 46.8 MHz spectrum of Figure 2 shows two spectral peaks

near 50 Hz and 150 Hz, representing backscatter by Langmuir
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waves whose frequencies are approximately equal to the two pump
frequencies.

The 46.8 MHZ spectrum of Figure 2 shows no sign of backscatter
by Langmuir waves whose freguenhcy is near the arithmetic mean
of the two pump frequencies. This is the principal result of
the present observations., It fullyconfirms the tentative suggestion
by Fejer et al. (1983) that the 46.8 MHz plasma line has ho
relation to the OTSI (the second mechanism mentioned in the
Introduction). The results of the present observations have
thereforé made a decisive choice between the two mechanisms
mentiohed in the Introduction possible. The 46.8 MHz plasma
line must bé related to very slowly varying irregularities in
the plasna density on which the pump wave is somehow converted
to Langmiir oscillations or waves that -can backscatter the radar
waves (the first mechanism mentioned in the Introduction).
The quéstion of the precise nature of this conversion process

is disciissed in the next and concluding section.

DISCUSSION

The present observations throw little light on the nature
of the irregularities in the plasma density that are indirectly
responsible for the 46.8 MHz plasma line by scattering the HF
punip wave into Langmuir waves.

Fejer et al. (1983) suggested that the HF pump wave is
scattered by weak small~scale field-aligned irregularities in

the plasma density into Langmuir waves. Such Langmuir waves
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would have wave vectors that are initially perpendicular to
the magnetic field and therefore can not satisy the Bragg back-
scattering condition for the 46.8 MHz radar. A way out of this
difficulty was suggested by Fejer et al. (1983) in terms of
the density stratification resulting from the Airy structure
of the pump wave through the action of the ponderomotive force
and heating. The Bragg backscatter condition could then be
satisfied through subsequent propagation and refraction of the
scattered Langmuir waves in the density stratification. However
unrealistically high values of the HF pump field, invoking enhance-
ment by self-focusing, had to be assumed by Fejer et al. (1983)
for this purpose. Their assumed pump fields would be even less
realistic for the present observations where the pump power
was only a quarter of its customary value.

It should be mentioned here parenthetically that attempts,
based on a technique suggested by Fejer (1983), were made to
detect the Airy density stratification in the vieinity of the
height of reflection by one of the present authors (J. A. F)
in collaboration with Dr. C. A. Gonzales in 1983 at Arecibo;
the negative results of those attempts were not published.
The Airy density stratification well below the height of reflection
has been detected both in the USSR (Belikovich et al., 1975,
1977, 1978) and at Arecibo (Fejer et al., 1984) by a different
technique.

In addition to overestimating the inhomogeneity of the

ionospheric plasma due to the Airy pattern of the HF pump field
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Fejer et al. (1983) probably underestimated the strength of
short scale field-aligned irregularities. It seems almost certain
(Muldrew, 1988; Sulzer et al., 1989; Fejer et al., 1990) that
isolated field-aligned depletions of the plasma density by several
percent (ducts) exist during CW HF transmissions. It is also
known (Muldrew and Showen, 1977; Birkmayer et al., 1986; Djuth
at al., 1990, Sulzer et al., 1990) that the enhanced plasma
line observed with the U430 MHz radar is not generated at the
height where Langmuir waves satisfy their dispersion relation
in the unperturbed medium but rather at a range of heights extending
upward to the reflection height.

The presence of ducts was first invoked by Muldrew (1978)
to explain the observations of Muldrew and Showen (1977) which
showed that the enhanced plasma line is generated abovg the
height where Langmuir waves satisfy their dispersion relation
in the unperturbed ionosphere. An alternative explanation in
terms strong Langmuir turbulence was suggested by DuBois et
al. (1988, 1990).

The explanation in terms of ducts raises the question of
applicability of the simple linear uniform medium theory (Fejer
et al., 1978) that predicts a narrow spectral feature with a
Doppler shift equal to the arithmetic mean of the two pump fre-
quencies. A modification of that theory in terms of modes within
a duct along the lines of the work of Rypdal et al. (1979) should
be possible.

There is at present no quantitative theory that explains
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the observed spectral feature at the arithmetic mean of the
two pump frequencies in terms of strong Langmuir turbulence
(DuBois et al., 1990) although a qualitative explanation in
terms of caviton correlations has been given by those authors.

Returning to the question of the upshifted plasma line
observed with the 46.8 MHz radar, our knowledge of the precise
nature of the plasma irregularities is insufficient for the
formulation of a precise theory at present. The process could
resemble the type of resonant excitation discussed for example
by DuBois et al. (1990) in a different context but it would
occur in larger static depletions in plasma density rather than
the very small quasi-periodically collapsing cavitons considered
by those authors. Alternatively the process could be a combination
of scattering on density irregularities and subsequent propagation
but the details of that process would differ considerably from
that outlined by Fejer et al. (1983).

In addition to the observations of 31 May 1988, described
here, other more extensive observations of the 46.8 MHz plasma
line have been carried out by Djuth and Sulzer (private communica-
tion), using a single pump frequency, during the same campaign
at the Arecibo Observatory in 1988. The results of those obser-

vations and their interpretation will be published separately.
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CAPTIONS FOR FIGURES

Figure 1. Spectra of the upshifted enhanced plasma line obtained
with the 15,5 MHz (A) and the 430 MHz (B) radars during HF trans-
missions at a frequency of 5.1 MHz. Radar pulses of 8 microsecond
length were transmitted every 1.2 ms by both radars; the spectra
are therefore 833.3 Hz wide. Zero on the frequency scales corres-

ponds to 51.90005 MHz (A) and 435.1 MHz (B) respectively.

Figure 2. Spectra of the upshifted enhanced plasma line obtained
with the 46.8 MHz (A) a2nd the 430 MHz (B) radars during simultaneous
HF transmissions of equal power at the two frequencies of 5.1
MHz and 5.0002 MHz. Radar pulses of 8 microsecond length were
transmitted every 1.2 ms simultaneously by both radars; the
spectra are therefore 833.3 Hz wide. Zero on the frequency
scales corresponds to 51.90005 MHz (A) and 435.1 MHz (B) respec-

tively.
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ABSTRACT

Plasma instabilities, resulting from the presence of a powerful radio wave in ionospheric heating experiments, are
reviewed. First the linear theories of the parametric decay instability and of the oscillating two-strcam instability arc
considered. The saturation theorics of thesc instabilitics for weak pump waves are then outlined and their results are
shown to be in rcasonably good agrecment with obscrvations.

Different theories are needed for excitation by strong pump waves. Such theorics generally invoke the formation of
cavitons. Observations suggesting the formation of cavitons are outlined. The differences between caviton propertics
derived from obscrvations and the propertics derived from existing theorics are pointed out.

The effect of plasma instabilitics on the creation or modification of a population of energetic electrons in ionospheric

heating experiments is demonstrated by indircct observations of the temporal evolution of encrgetic electron fluxcs
after the heating transmitter is switched on,

1. INTRODUCTION

Ionospheric heating cxperiments are conducted using facilitics capable of radiating clectromagnetic waves of very high
power towards the ionosphere. The waves are usually radiated directionally at vertical incidence at frequencics some-
what below the critical frequency and are therefore reflected. There is thus no clear distinction between ionospheric
heating facilitics and very powerful short wave transmitters built for communication, apart from the purpose for which
they have been built and apart from the need of ¢laborate diagnostic cquipment in heating facilitics,

It was customary to assume that the response of the ionosphere to a wave incident on it was linear until the modulation
of a powerful long wave radio station was heard on the carricr of another station /1/. The effect was attributed to the
modulation of the clectron temperature in the D- and lower E-region by the waves from the powerful station /2/.

Another form of nonlincarity results from the ponderomotive force /3/ which is the equivalent for a plasma of the radi-
ation pressure force in vacuum,

In principle the nonlincar cffccts of heating and of the ponderomotive force (the nonlinearity results from the depen-
dence of both cffects on the square of the electric ficld) are present for any strength of an incident radio wave. In
practice the cffects only become detectable for a relatively powerful wave. The nonlincar effects of keating have been
used both, for the investigation of the jonosphere /4/ and for the generation of ELF/VLF waves /5/.

If the incident power density is increased sufficiently then the ionosphere becomes unstable to the effects of heating
nonlincaritics and/or to the effects of ponderomotive nonlinearities. The result is the spontancous growth of perturba-
tions (waves) in the ionospheric plasma. Such instabilities were first observed at Platteville, Colorado where the first of
a new gencration of fonospheric heating facilities started operation /6/. Some earlier observations near Mosrow, USSR
were later reinterpreted /7/ in terms of such instabilities.

Several other ionospheric heating facilitics started operation since 1970, at Arecibo, Puerto Rico, near Tromsg Norway,
and in the Soviet Union ncar Gorky, ncar Moscow and near Murmansk,

This review will be restricted to the discussion of plasma instabilities excited in ionospheric heating experiments. Some
nonlincar effects not directly related to instabilities are reviewed in /5/. The book of Gurevich /8/ is a particulurly
uscful sourcc of information on this as well as other aspects of ionospheric heating experiments.
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Itis usual to call the instabilities excited in mnosphenc heating experiments parametric instabilities if the nonlinearity
involved is ponderomotive. The term thermal paramctnc mstabxhty will be used here if the nonlinéarlify is dominated
by hcatmg rather thdn the pondcromonve force. It is ciistomary fo fefer to thé incident powerful radio wave that
causés the growth of other Waves, as the pump wavé.

The linéar iheory of two pardmeétric ms(abxlmcs, the paramemc décdy instability or PDI dnd the csciifating two-itieam
mstabxlxty or OTSI will be feviewed in Séétion 2, The saturauon of the PDI for weik pump waves will be considered
in Séction 3 whcrc resulfs of the obscrvatlons wiif be comparcd with theoretical results. Thermal parametric instabili-
ties sucti ds sclf focusmg and thc gencrauon of $hort $cale ﬁcld-ahgned xrrcgularmés will be reviewed véty biiefly in
Sectioft 4. The saturation problerh for strong pump waves and thé formation of cavitons will be considéred in Section
5. In Seéction 6 mdlrcct observations of thi¢ accelerition of electroiis from the tail of the Machlhan distribution at
night and of tfne mod:ﬁcauon of the pi\otoelcctron fluxés in daytxme. durmg ionospheric hcatmg cxpcnmcms. wiil be

deséribed. A fow concludmg rémarks are madé in Section 7.

2. THE PDI AND THE OTSI

Thc pDI and the OTSI bothi play dii important rolé in ionosphéric heating experiments. Theif theoty and references to
carlier Work are given for examplé by /9/.

In the PDI the incident clcctromagnctnc wave of high frequency, the pump, decays irito a Langinuir wave of shghtly
lowcr hlgh frcqucncy and an ion acousuc wave of low i‘requency Thie Lahgmuit wave results from the scattering of the
pump wave by the ion acuustxc wive. The ion acoustic wavc, il turh, results from the pondcromotwc nonlmcamy
which produccs a force at the difference frcqucncy of the two high frequency waves. For a large enough pump field
the feédbdck resulting from those two processes leads to mstabnhty

In thc OTSI a spaually pcrxodxc but icmporally apcnodxc plasma density perturbation scdtters the clcctromagnctxc
pump Wwiveé ifito a standmg Langmuir wavé. The pondcromotlvc force due the initcrference pattern of the pump wave
with thé siandmg Langmunr wave gcncratcs the tcmporally aperiodic density perturbation and thus completes the feed-
back loop. Such paramcmc mstabnhtncs in which temporally apetiodic density perturbahons scatier the pump wave
and thus spatially modulate the purp fieid, aré usually called miodulational instabilities.

The iinéat growth rates of these two instabilitics for typical ionospheric conditions neds the firsi Airy miaximum of the

pump field are shown by Fxgurc 1 as a function of the pump electric field. The parameters used are essentially the

same as those used in / lO/ bt the dispersion relation iised here is based on kinetic theory rather than fluid theory.

'Il;hc dx;pcrslon reiation afd the vatues of the parameers used in the computationis leading to Figure 1 are given in the
ppendix
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n% I Gg;w(h rates of the OTSI and of the PDI as functions of the pump clectric ficld strength E, for
Wy, W, -] 0 7

Nofe that the iwo curves of Figure 1 interseet for a field strength of about 0.6 V/m, about 11 db above threshold, The
strength of {he pump ficld at the first Airy maximum, 170 m below the theorctical reflection height of the pump wave
of ordinaty polarization, will certainly exceed 0.6 V/m for the full power of the Arecibo heating facility. Therefore at
full power the growth rate of the OTSI wiil be greater than the growth rate of the PDI. However for weaker powers,
still well above the threshold of the instabilitics, the growth rate of the PDI will be the geéaier one,
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Fig. 2. Growth rates of thc OTSI and of the PDI as functions of the pump electric field strength E, for
wofw, = 1.0084

Figure 2 represents conditions 840 m below the reflection height where in the example treated in /10/ the dispersion
relation of the Langmuir waves, detected by the 430 MHz radar at Arecibo by backscatter, is satisficd in the unper-
turbed ionosphere. At that height the pump field is weaker and according to Figure 2 the curves intersect for a larger
pump field of 0.9 V/m which may not be exceeded even at full power. It should be stressed that these crude estimates
neglect the effects of the gecomagnetic field.

The lincar growth rate determines only the initial growth of the excited waves. This growth must be limited by some
form of saturation mechanism. Such mechanisms will be considered in the following sections.

3. SATURATION OF PARAMETRIC INSTABILITIES FOR WEAK PUMP
WAVES

Saturation of parametric instabilitics by successive parametric decay was numerically simulated for moderate pump
powers, less than 4 times above threshold /11,12,13/, extending the one dimensional treatments in /14/ and in /15/,
both based on the original suggestions in /16/.

The simulations assumed a uniform oscillating pump ficld in a uniform medium. They had the purpose of explaining
the initial obscrvations of backscatter spectra from parametrically excited Langmuir waves /17,18/ with the 430 MHz
radar at Arecibo. Such spectra will be called here spectra of the enhanced plasma line, In contrast, spectra of
incoherent backscatter from Langmuir waves will be called here spectra of the natural plasma line, irrespective of
whether the spectra are cnhanced by encrgetic clectrons or not.

The results of the simulations /11,12,13/ suggest that the parametrically excited unstable waves form angles of less than
25* with the uniform pump clectric ficld which at Arecibo, for the ordinary wave and for the heights where the Lang-
muir waves detected by the 430 MHz radar satisfy the dispersion relation, is very nearly linearly polarized along the
geomagnetic ficld. This is not the case fer the UHF radar at Tromsg; numerical simulations for the more complicated
polarization of the pump clectric {icld for Tromsg do exist /19/ but will not be discussed here.

In the heating experiments at Arecibo the radar beam typically makes an angle of about 45° with the geomagnetic field
and therefore unstable Langmuir waves predicted by the numerical simulations should not be detected at all by the 430
MHz radar at Arecibo. That 1adar should instead detect the Langmuir waves resulting from the scattering of the
unstable Langmuir waves and of the pump wave by the thermal fon acoustic waves. The latter are familiar from the
theory of the double-humped spectrum of incoherent backscatter. The resulting much weaker Langmuir wave spectra
ar¢ shown for exaniple by Figure 6 (in which the lowest curve was labelled crroncously 5 instead of 0.5) of /12/. Note
that there is no sharp separation between spectra below and above threshold. The predicted much stronger spectra of
the unstable waves that should not be observable according to the above theories by the 430 MHz Arecibo radar, are
shown, for example, by Figures 1, 2 and 3 of /11/.

An apparent theorctical limit to successive parametric decay producing a cascade of Langmuir waves should be pointed
out here. The limit is suggested by the one-dimensional graphical construction shown by Figure 1 of /20/. That con-
struction leads to a finite limit to the number of members of the cascade. Since the simulations lead to a rapidly
increasing number of mambers of the cascade with increasing pump power, the cascade is only possible for relatively
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low pump powers. Indced below a critical value of the ratio of the pump frequency to the plasma frequency cascading
becomes impossible; this is, however, of no practical importance because the linear thresholds of the PDI and OTSI are
not exceeded under these conditions.

Turning to the observations, Figure 9 of /21/, obtained at night in the absence of photoclectrons, shows enhanced
plasma line spectra of various strengths for different pump powers. It shows a double humped very weak spectrum
betow threshold and a few weak spectra which exceed the system noise (mainly recciver noise and galactic noise) by 10
- 16 db. These spectra are not unlike those of Figure 6 in /12/ for below and somewhat above threshold.

-Eigure 9 of /21/ also shows, however, very much stronger spectra. Those are the cnhanced plasma line spectra seen
more commonly. The weaker spectra would, in fact, be difficult to observe in aaytime when the natural plasma line,
enhanced by photoelectrons, exceeds the system noisg by factors much larger than 10.

The strong spectra in Figure 9 of /21/ are quite unlike those of Figure 6 in /12/; they resemble spectra in Figures 1,2
and 3 of /11/ more closely.

A simple explanation for these strong spectra was suggested by Muldrew /22/. He suggested that the Langmuir waves
were originaily generated with wave vectors forming small angles with the geomagnetic ficld but the waves have pro-
pagated away from the region of generation in a ficld aligned density irregularity, thus changing their wave vector to
one allowing radar detection. The difficulty with such an explanation is the fact that the strong spectra appear within
times of the order of 10 ms or less. As will be scen in the next section, this is too short a time for the formation of
ficld-aligned irrcgularitics.

Such irregularities are, however, known to form in ionospheric heating experiments. They arc important in their own
right and have important cffects on the excitation of parametric instabilities. They are reviewed briefly in the next sec-
tion.

4. THERMAL SELF-FOCUSING AND SHORT-SCALE FIELD-ALIGNED
IRREGULARITIES

Thermal scl{~focusing was the first phenomenon noticed in the Platteville experiments by its effect on ionograms, the so
called artificial spread-F /23/. Thermal sclf-focusing was later studied by observing the scintillation of radio waves
from satcllite transmitters /24/ and from extra-terrestrial radio sources /25/. Basu et al. /25/ have shown that irregu-
laritics arc generated by both O and X mode heating. More recently self-focusing was studicd by using its effect on the
strength of the enhanced plasma line /26/ and also in situ from a satellite /27/.

Essentially thermal self-focusing can be regarded as a thermal parametric instability of the modulational type in which
predominantly ficld-aligned irrcgularitics with density deviations of the order of a percent develop within seconds.
Their scale lengths across the gecomagnetic ficld tend to be somewhat less than a kilometer.

The lincar theory of the instability was developed in /28,29,30/. In contrast to the other parametric instabilities it can
be excited by pump waves of cither of the two magneto-ionic modes. The instability can also be excited by a pump
wave that is not reflected by the ionospherce as the theorctical studies in /31,32/ and the observations by Basu and Basu
(privatc communication) show.

Short scalc ficld-aligned irrcgularitics were studicd intenscly by radar backscatter in the Platteville experiment. The
results were reported in the November 1974 issue of Radio Science in several papers. The scale lengths across the
magnetic field were of the order of 0.3 - 3 m and the growth times were of the order of a second. Short-scale field
aligned irregularities arc produced by a thermal parametric instability of the modulational type in which, however, the
irregularitics scatter the pump wave into Langmuir waves, rather than into electromagnetic waves as in the case of ther-
mal sclf-focusing. The theory of these instabilitics was developed in /33,34,35,36,37,38,39/.

5. SATURATION OF PARAMETRIC INSTABILITIES FOR STRONG PUMP
WAVES

Near the end of Section 3 the difficultics of undcrstanding the strong spectra shown, for example, in Figure 9 of /21/
have been pointed out. Considerable progress has been made in recent years towards the understanding of those spec-
tra, both in the theory and in the obscrvations.

Petviashvili /40/ predicted the formation of solitons in ionospheric heating experiments. Numerical simulations based
on the Zakharov cquations /10,41/ confirm the formation of localized density depletions filled with Langmuir waves
whose ponderomotive force causes the depletions in density by pushing out the plasma. Such dcpletions in density
have been called cavitons, among others, by Gurevich et al. /42/ who defined them as density wells filled with Lang-
muir oscitlations; their nomenclature will be used here,

There is increasing observational evidence that cavitons are formed in ionospheric heating experiments. The strongest
cvidence is that of Birkmayer et al. /43/. They used a novel technique /44/ of chirping the 430 MHz radar pulses at
Arccibo. The temporal rate of change of a chirped pulse of 100 microseconds length was chosen by them to match the
height gradicnt of the ionospheric plasma frequency near the reflection height of the pump wave, Thus in the
dechirped spectrum the natural plasma line occupicd a very narrow range of frequencics (apart from the effect of the
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pulse length a single frequency on the assumption that over the height range of 15 km, determined bv the pulse length,
the plasma frequency varies linearly with the height). The pump was cycled 15 s on 45 s off. During the oif period
only the natural plasma line at nearly a single frequency was seen in the dechirped spectrum. During the on period the
frequency and intensity of the natural plasma line remained almost unchanged but surprisingly the enhanced plasma
line appeared at frequencics lower by 100-200 kHz than the natural plasma line. This result can only be explained by
assuming that for strong pump waves the enhanced plasma line is excited in local density depletions well above the
height where the Langmuir waves detected by the radar satisfy the dispersion relation in the unperturbed plasma.
Their results confirm earlier results of Muldrew and Showen /45/, obtained by an entirely different technique and
interpreted differently at the time, The depletions appear within 10 ms (Hagfors, private communication based on later
observations; Birkmayer ¢t al. /43/ could only show that the depletions appeared within a second). It is interesting that
Duncan and Sheerin /46/ observed by yet another technique that the altitude of maximum backscatter of the enhanced
plasma line increascs by 800-1000 m during the first 10 ms after the pump wave is switched on.

A plausible interpretation of all these observations is in terms of cavitons formed near the reflection height of the pump
wave. It should be noted here that the numerical simulations /10,41/ were carricd out for conditions under which the
growth rate of the OTSI was greater than the growth rate of the PDI. Their cavitons resulted from the nonlincar
saturation of the OTSI. Figure 1 shows that near the reflection height, for strong pumps the growth rate of the OTSI is
indeed greater than the growth rate of the PDI but according to Figure 2 the opposite is likely to be true even for
strong pumps at the height where the dispersion relation is satisfied in the unperturbed medium by the Langmuir waves
detectable by the 430 MHz radar.

Whagat ok
) 1 )

Log Specirol Power Density

=$0;
L% s
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Down Shifted Plasmo Line (kHz from 424.9 MHz)

Fig. 3. Strong power spectra of the enhanced plasma line for six different heights 1.2 km apart. The spectrum at
top left corresponds to the smallest height; the spectrum at bottom right to the greatest height. A large number of
spectra were averaged; the strongest spectrum was always placed in the second greatest height bin (middle right).
The obscrvations started at 1807 on 24 January 1986.

If it is accepted that most of the power in the spectrum of the observed enhanced plasma line originates in cavitons
then some recent spectral observations with height discrimination /47/ are of considerable interest. Figure 3 shows
spectra obtained in this manner during 1807-1822 on January 24, 1986, for 6 heights 1.2 km apart. Without giving all
the details of the technique here, the main conclusion was that the usual fcatures of the enhanced plasma line spectrum,
the PDI line, its weak cascade and the OTSI line, all come from the same height region which is about 1 km wide. If
this result is combined with the results of Birkmayer ct al. /43/ then the conclusion is almost incscapable that all three
features are generated in the same cavitons, The observed width of the OTSI line of 20 - 60 Hz, as shown for example
in Figure 7 of /21/, suggests that the cavitons have life times of about 16 - 50 ms,

Summing up, there is increasing experimental evidence that cavitons are formed in jonospheric heating experiments,
using a strong pump. It scems that at least at wave lengths of 35 cm during some stage of their “life” the PDI and its
cascade as well as the OTSI are cxcited inside the cavitons, the excitation of the PDI being by far the most powerful.

None of the present theorics or numerical simulations predict such properties of a caviton; further theorctical work is
very desirable.

6. ELECTRON ACCELERATION IN IONOSPHERIC HEATING
EXPERIMENTS

Early Platteville obscrvations of the 630 nm airglow line /48,49/ suggested collisional excitation by clectrons
accelerated to encrgies greater than 2 ¢V by parametrically excited Langmuir waves, Carlson ¢t al, /50/ observed (in
1972) the accelerated electrons indirectly through their enhancement of the natural plasma line at night when the phe-
toclectrons werc absent. Perkins and Salpeter /51/ formulated the theory of such enhancements; Yngvesson and Per-
kins /52/ applicd the theory to enhancement of the natural plasma line by photoclectrons.
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Observations of cnhancements of the natural plasma line spectrum over a bandwidth of 500 kHz at night are shown in
Figure 10 of /21/. The pump wave was cycled 2 s on 3 s off and spectra were obtained every 0.5 s. The successive
spectra clearly show that the appearance and the disappearance of the enhancement had time constants of the order of
hundreds of milliseconds. This was in agrcement with the ideas expressed by Carlson et al. /50/ and by Gurevich et al.

/42/ that an accelerated electron is scattered in repeated collisions with ncutral particles and could even return several
times to the acccleration region to interact with the Langmuir waves there. Gurevich et al. /42/ called this process
muluplc acceleration and stressed the possible role of Langmuir waves in cavitons in the acceleration process.

Sulzer and Fejer /53/ have repeated the experiment leading to Figure 10 of /21/ with a better time resolution of 100
ms, both at night in the absence of photoclectrons and in daytime in the presence of photoelectrons. The improved
time resolution necessitates a different method of display, in which the power in different parts of the 500 kHz wide
spectrum is shown as a function of the time,

TIME: 22:06 DATE: 27/01/86
UPPER LINE: 4.15-4.25 MHZ
LOWER LINE: 3.75-3.85 MHZ

0.98

0. 951 .

0. 92 E

RELATIVE POWER

0. go 1 1 1 1 1 i ]
0.0 1.0 2.0 3.0 4.0

DELAY AFTER HEATER TURN ON (SECS.)

Fig. 4. The relative powers in the natural plasma line in the 4.15 - 4.25 MHz and 3.75 - 3.85 MHz downshifted
Doppler frequency bands as functions of the delay time after heater turn on. The heater was turned off after 2
sccond. The heater frequency was 3.175 MHz.

Figure 4 shows the power in the 3.75 - 3.85 MHz and the 4.15 - 4,25 MHz Doppler frequency bands of the downshifted
natural plasma line at night as a function of the time after the pump was switched on, integrated over a large numbey of
25 on, 3 s off pump cycles during 15 minutes following 2206 on 27 January, 1986. In the 3.75 - 3.85 MHz band the
largest enhancement of 6% above system noise occurs 0.25 s after switching on the pump wave, In the 4.15 - 4.25 MHz
band the enhancement is somewhat less and reaches its maximum somewhat later,

An interesting cffect is the decrease of the enhancement, after the initial maximum, to a steady vatuc of about half the
maximum in a sccond or less. This is strongly 1cminiscent of the overshoot /54/ of the enhanced plasma line, observed
with the 430 MHz radar.

Figure 5 shows the same kind of data as Figure 4 for the afternoon of 20 January, 1986, in the presence of photoelce-
trons, The pump frequency was 5.1 MHz and the downshifted natural plasma linc was obscrved in the 5.25 - 5.75 MHz
Doppler band. The enhanced plasma line with Doppler shifts close to 5.1 MHz was aliased into the observed band at
5.6 MHz without too much attenuation by the filter; the differcnce of 0.5 MHz is the reciprocal of the sampling time of
2 microscconds.

The power in the aliased cnhanced plasma line is shown at the top of Figure §; it clearly displays the overshoot cffcgt.
The power in the natu -at plasma line in the 5,25 - 5.35 MHz and in in the 5.65 - 5.75 MHz Doppler bands is shown in
the center and at the bottom of Flgurc 5. The overshoot in the 5.25 - 5.35 MHz band closcly resembles the overshoot
in the eahanced p]asma linc; the maximum cnhancement is about 25% and appears without measurable delay. The
cnhanccmcm of 25% is over the natural plasma line in the presence of photaclcctrons which itself exceeded the system
noisc by a factor of the order of 50. The maximum cnhancement of the natural plasma line was therefore 12.5 tlgmcs
ahove system noise, about 200 times greater than the cnhancement of 6% at night. It is therefore extremely unlikely
that the cnhancement is due to the acceleration of the thermal clectrons. A modification of the distribulion. function gf
photoclectrons is a far more likely cause of the cnhancement and it explains the short dcl.ay time, .Ulumatcly this
modification of the rather stecp cnergy spectrum of photoclectrons must have an cffcct on the ionospheric electron den-
sity.

The power in the 5.65 - 5.75 MHz band shows a slightly smaller enhancement with a measurable delay of the order of
100 ms. This is understandable because the backscatter in that band comes from a height that is further from the
acceleration region where the plasma frequency is near 5.1 MHz,
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Fig. 5. The relative power in the photoclectron enhanced natural plasma line in the 5.25 - 5.35 and the 5.65 - 5.75
MHz downshifted Doppler frequency bands as a function of the delay time after heater turn on. The heater was
turncd off after 2 scconds. The heater frequency was 5.1 MHz.

1. CONCLUDING REMARKS

It is hoped that this bricf and incomplete review demonstrates that there has been a considerable increase in our under-
standing of the physical processes involved in ionospheric heating, Among recent highlights in this increased under-
standing is the knowlcdge that the main features of the cnhanced plasma linc for strong pumps almost certainly arc
manifestations of backscatter from Langmuir waves trapped in localized depressions of the plasma density ncar the
reflection region of the pump wave. Previously the backscatter was thought to come from the lower height where the
dispersion relation of the detected Langmuir waves was satisfied in the background plasma rather than in localized
depressions. The localized depressions together with the Langmuir waves (not only those detected by the radar) whose
ponderomotive force maintains the depressions, are usually called cavitons. The observed width of the OTSI feature in
the spectrum of the enhanced plasma line suggests a lifctime of 16 - 50 ms for the cavitons.

Another highlight is the increased knowledge of the clectron acceleration process at night and of the strong modifica-
tion in the distribution function of photoclectrons in daytime during ionospheric heating experiments. The well known
overshoot in the enhanced plasma line appears to exert a strong influcnce on the evolution of the accelerated clectron
fluxes at night and an cven stronger influence on the modification in the photoclectron fluxes in daytime. The
overshoot of the enhanced plasma line is, however, still only partially understood.

Further observations will clearly be nccessary to supplement some of the initial and preliminary results presented here,
In addition considcrable theoretical and numerical work is necded to explain the observed propertics of cavitons in
jonospheric heating experiments. Quantitative comparisons of the obscrved suprathcrmal clectron fluxes with existing
theories and additional work on the theory of the temporal evolution of the suprathcrmal electron fluxes are also
needed.
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APPENDIX. GROWTH RATES OF THE PDI AND THE OTSI

The electrostatic dispersion relation of waves in a plasma in the presence of a uniform oscillating electric field FB of
angular frequency w, is given in the absence of an external magnetic field by

and

L. S ) + L (k- AR (F(kwswg) + Flkw—eo)h=0 m

Z*(w/kvgg) Py ) + F(kpw—wo)}

AhE ;;, v
‘ where  Fkw)=[1- Tarkn) +i ol o =, 2
wmw, tiy, 3
d = cE/muwi

Vites = (KT, y/m )2 @
hey = (KTy/N)2, 3)

In the above cquauons, <4 is the temperature and me the mass of electrons or singly charged ions, ¢ is the electronic
charge. I« is the number density of clectrons and K is Boltzmann's constant,

The rgt;o of wo to the plasma frequency w, = (Nc’/com)‘/’ is taken as 1.0017 in Fxgurc 1 and as 1.0084 in Figure 2. In
both Figures v,./w,, = 8§x 107, T, =T;=1000K, N =3x 10" m=® were assumed. The ions were taken to be atomic oxy-
gen ions.

The value of « for a given vqluc of E, was obtajned from the dispersion relation (1) which was solved for w for dif-
fc(cnt valucs of k. Two maxima of 4 were then found for ywo different valucs of k. One of these corresponded to the
OTS{ and {hc other to the PDI. This was done for different values of Eoj the results are shown by Figures 1 and 2
which show ~ as a function of E,.
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STMMARY

It kas been known for some time that sufficieatiy powerfrl EF radio traasmissions
produce a great variety of fonospheric frregrlarities. Xonosghericmodification facilitfes
with effective radiated powers cf the corcer of 100 Mi directed toward the Jonosphere
Lhave been used for the study of such frregularitfes since 1§70. Such man-nadd irregula-
rities hove been employed to establishk experimental scatter communicatifns links.
Tery pewerful skort wave broadcast transxitters must also procuce man-rade irregularities
which affect tke ignospheric propagation of short waves.

A11 aspects of the physical phenomena ukich play a role in the production of ibnospheric
irreguiarities Ly paverfol HF transmissicns, are discussed. These include thermal
self-focusing of radio waves, formaticn of short-scale fieid-aligned irregularities
by a thermal paracgetric irstability in which the scattering of the HF pump wave by
the irregularities into langnuir waves plays an fmportant role, and those parametric
instabilities in which the ponderomotive force cdomirates over thermal forces. The
latter tuo parametric fnstabilitfes can lead to the acceleration cf electrons tD energies
of tens of electron wolts. Such accelerates electrons can produce artificidl airglow
andé also additional fcnizatfon which under certain conditions could be signif!cant.
In their strongly nonlirnear stage parametric instabilities can lead tc the formation
of localized electron cdensity depletfons (cavitons) ma2intzined by the ponderonotive
force of Langrmuir waves trapped in thez.

?. INTACDUCTION - -

Pouerful HF radio transafissions radiated by xodern fonospheric medification facilities.
prodtce frregularities by a process of stimulated scattering. The irrezularities
scatter the radic wave into other high frequency waves which couid be clectrostatic
(Langnuir waves) or electromagnetic (other radio wzves). These other high freguency
waves interact with the original powerful radio wave viz a2 nonlinear forc¢ which by
feedback causes the irregularities to grow (stinulates them), starting from their
fnftial thermal level. The growth of the firregularities is thuvus due to a cype of
plasma instability which goes by the names of either stimulated scattering or paiamerric
instability.

The irregularities could be independent of tixe or they could change "slowly",
the corresponding frequencies being very much smsller than that of the original powerful
radio wave. In this sense an assembly 'of ion acoustic waves will also be referred
to as frregularities. It is in this more general sense that ifonospheric irregularities
due to powerful HF razdio transmissions will be discussed here.

It is usually easiest to consider first the linear theory of a parametric instability
in a homogeneous medfum; in practice even an inhomogeneous medium can Gften be approxi-
mated locally by a homogeneous medium. Such a theory considers the initial stage
when the growing irregularities are of small amplitude; then their growth and their
possibly oscillatory nature can be treated by Fourier anslysis. In many cases a3 wavslike
Fourier component could have zero frequenéy and then the irregularity is simply »
spatially periodic density perturbation of small amplitude. A linear mathematical
formulation of the stizulated scattering process described-above then leads to a dispersion
relation which for a real wave vector k of the assumed wavelike irregularlty leads
to a complex angular frequency W.

The dispersion rélation depends on the strength of the original powerfutl radio
wave, usually called the pump wave. For a sufficiéntly weak pump wave all the solutions
of the dispersion relation are damped waves if the plasma is stable. As the strength
of the pump wave is increased, eventuvally for 3 certain wave vector k the dispersion
relation leads to a real angular frequency; the condition for this is called the linear
threshold condition. When the strength of the pump wave is above its threshold strength
then the linear dispersion relation results in a positive growth rate for a range
of values of the wave vector k of the assumed small irregularity. The growth rates
thus obtained are called linear growth rates and are only valid for small amplitudes.

Linear theory gives no information on the mechanism that cventually stops the growth
and results in the so called saturation spectrum of the {rregularities. The nonlinear
theories of the saturation of parametric instabilities are less well developed than
the linear theories on account of their more difficult nature but some progress has
been made.

Each of the following sections will deal with one of the different parametric insta-
bilities excited by a powerful radio wave. Thefr associated low or zero frequency
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irregularities and the high frequency waves into which the irregularities scatter
the puzp wave will be discussed froo both a theoretical and an observational point
of view., Althoughk in reality the different paracetric instabiiities are not excited
conpletely independentiy of each other, it will be convenient to deal with them one
at 3 tize without :gnor:ng therr interdependence.

Z. THZ OSCILLATING TXO STSZAM INSTARILITY R

This paracetric iastability {11-{3], usually 2bbreviated OTSI, was the first one
=hose excitation in 'onospher‘c :odifxcatzon expericents was predicted theoretically
{5]. 1In this instability the electrosagnetic pucp wave of ordinar; polarization causes
the siaultaneous grouwth of a spa:;al’y periodic non-oscillatory density perturbation
and a standing Langzuir wave of about the saze wavelength, both being very nmuch smaller
than the uavelenath of the pusp. Since the Langouir wave is the result of scattering
of the pump wave by the density perturbation, the frequency of the Langmuir wave is
equal to the frequency of the pucp. 1In the linear theory this instability and the
paracetric decay instability, discussed in the next section, represent two solutions
of the szzme dispersion relation. A brief outline of the theory will therefore be
postponed; it will form part of the next section. It should be remarked already here,
hewever, that these two instabilities can oniy be excited by a pump wave of ordinary
polarization at frequenc*es below the maximum plasma frequency of the ionosphere;
the extraordinary wave is reflected below the height where lightly damped Langmuir
waves can exist. In both instabilities the nonlinear force completing the feedback
loop is the ponderozotive force.

The 0ISI has been detected at Arecibo {5]), {6] and later at Tromso [7] by observing
the upshifted or dounshifted spectra of radar backscatter by its Langmuir waves.
In those observations a radar pulse whose length was of the order of 1 ms was used.
The radar echo was then ccherently sampled, say, every 2 microseconds. The complex
igital Fourier transforz of the sample values was then taken and the absolute values
squared tc chtain "~ pouer spectrum with a- frequency resolution of about 1 kHz, the
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eciprocel ¢ Lae fu.. »ngth of 1xs. Such spectra, which in addition to the OTSI
¢ chowx the excitat:cn .f the PDI (parametric decay instab:lity), will be shown

&

:n the next section; they zre usually called spectra of the enhanced plasma line,to
differentiate them fror the plzsma line of incoherent scatter.
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Figure 1. Spectra of the OTSI line over a bandwidth of 1 kHz, calibrated in line-of
-sight drift velocity, for different local times.

In this section 1 khkz wide spectra, cobtained ‘by using much shorter radar puilses
transmitted coherently every millisecond and by sampling a large number of consecutive
scatter echoes, will be shown. Such spectra have a much better frequency resolution,
determined by 'the reciprocal of the the duration of the sequence of short pulses.
Figure 1 (Figure 7 of [8))shows such 1 kHz wide spectra taken every minute for about
an hour, As will be seen in the next sectxon, the spectra of the PDI are very much

wider than 1kHz and appear aliased as noise ip the spectra of Figure 1. Those spectra
therefore only dxsplay the (upshifted) radar backscatter from the Langmuir waves of
the OTSI which in the absence of ionospheric drifts would have a frequency of 435.1
Miiz, the sum of the radar frequency of 430 MHz and the HF transmitter frequency of
5.1 MHz. The frequency of the Langmuir waves of the OTSI are predicted to be equal
to the frequency of the HF pump wave in a reference frame drifting with the electron
gas; the Doppler shift due to that drift velocity causes the frequency of the upshifted
(TSI line to differ from 53%5.1 MHz, marked 0 m/s on Figure 1 whose 1kHz wide spectra
are calibrated in line-of~-sight drift velocity. The maximum plasma frequency of the
fonosphere sank below the pump frequency of 5.1 MHz at about 1920 AST and the spectra
cbtained after that time do not show the OTSI scatter echo.

Figure 1 shows that the line-of-sight electron drift velocity may be determined

from observations of the O0TSI. Observations of the icn line of incoherent scatter
are known to yield the line-of-sight ion drift velocity. It should therefore be possible

-~53-

PRUIN L PSSP

TP ST VI LIS NP0, OV FPPOVEU T L3 VDL I

LY R IV NSO

Salead ek,

atps




to determine the line of sight component of the current density vector from the combination
of those two observations.

3. THE PARAMETRIC DECAY INSTABILITY

In the PDI the generated low frequency wave is an ion acoustic wave and the generated
high frequency wave is a Langmuir wave whose frequency is less than the pump frequency
by the frequency of th2 ion acoustic wave. This follows from the matching relations

Wy 2wy + Wy (1)
ko = k1 + k> 2)

satisfied by the pump wave and the two generated (daughter) waves in parametric insta-
bilities of this type.

The dispersion relation resulting from the linear theory was derived, for example,
in [9]. The feedback to the low frequency wave results in this case from the pondero-
motive force. The growth rate resulting from that dispersion relation is largest
when the propagation vector is parallél to the pump electric field. For that direction
the growth rate has twc well separated maxima as a function of the wave number, corres-
ponding to the PDI and the OTSI. Although the threshold pump electric field is slightly
lower for the PDI than for the OTSI, both being slightly below 0.2 V/m , Figures 1
and 2 of [10], based on computations by Erhan Kudeki, show that for typical ionospheric
parameters the linear growth rate of the OTSI exceeds that of the PDI for pump electric
fields greater than 0.5 V/m when X = 0.983, and for pump electric fields greater than
0.9 V/m vhen X = 0.997 where X is the squaré of the ratio of the plasma frequency
to the pump frequency. Thus for full pump power of a €ypica1 jionospheric modification
facility theé linear growth rate of the OTSI certainly exceeds that of the PDI at the
first peak of thé Airy pattern but probably not at the lower height where Langmuir
waves detected by the 430 MHz radar at Arecibo satisfy the dispersion relation in
the unpertubed ionosphere.

Saturation spectra predicted by weak turbulence theory were computed in {11] and
{121, The results of those computations show that the Langmuir waves of the parametric
decay instability, excited first linearly by the pump, eventually decay further paramet-
rically into Langmuir waves going in the opposite direction. Several additional similar
decays producé a whole cascade of Langmuir waves, thé frequency difference between
the pump and the first mémber of the cascade being half of the frequency difference
between néighboring mémbers of the cascade. The propagation vectors of the excited
Langmuir wdves form angles of less than about 25° with the pump electric field which
for the ordinary wave is close to the direction of the geomagnetic field near the
height of reflection.

Thé Arécibo radar beam forms an angle of 45° with the geomagnetic field and therefore
according to theory the radar should not detect the parametrically excited Langmuir
waves directly. It should detect ([{12], [13]), however, the much weaker Langmuir
waves into which the paratietrically excited Langmuir waves and the pump wave are scattered
by the ion acoustic waves in thermal equilibrium (which are.also responsible for incoherent
scatter)., Even the Langmuir waves into which the pump wave slightly below threshold
strength is scattered by the thermal ion acoustic waves, are still well above the
thermal level of Langmuir waves [14],
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Figure 2. Several spectra of the enhanced plasma line obtained by scanning the
angle of the 430 MHz radar beam while keeping the elevation angle constant
at 3.5° from vertical. All the spectra were obtained within a single scan,

Figure 2 (Figure 9 of [8)) shows some downshifted enhanced plasma line spectra
from the F-region above Arecibo, ranging from below threshold conditions to full pump
strength.
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after the pump is switched on. An example of the overshoot is shown by Figure 3 with
a somewhat detter temporal resolution than in the observations of (35). Graham and
Fejer [36] suggested that the overshoot is caused by the absorption suffered by the
pump wave near the height where its frequency is close to the upper hybrid frequency
and the field aligned irregularities scatter the pump wave into Langmuir waves. Fejer
and Kopka [37) demonstrated the absorption of the reflected pump wave of the Tromso
heating facility, both by this mechanism and by the excitation of the parametric decay
instability; however Djuth and Gonzales ([38] showed that at Arecibo such absorption
is sometimes too small to be observed and can not explain the observed overshoot.
Other Arecibo observations [19]) suggest that even on such occasions the growth of
a plasma instability, presumably that responsible for the short-scale field-aligned
irregularities, is the cause of the overshoot.

It should be noted that both the thermal parametric instability discussed in this
section and the two striction type parametric instabilities, the PDI and the O0OTSI,
discussed in the last section, generate Langmuir waves which can accelerate electrons.
Collisional excitation of the 630 nm and S557.7 nm oxygen lines by such electrons was
observed very early (39]). The question arises whether electron acceleration is mainly
due to the Langmuir waves of the thermal parametric instability or of the striction
parametric instabilities. Workers in the USSR favor the thermal parametric instability
{40). Fejer and Sulzer [#1] observed the accelerated electrons by observing the enhance-
nment in the natural plasma line caused by them at night.. They show that electron
acceieration is strongest before the growth of the thermal parametric instability
and must therefore be caused by the Langmuir waves of the sfriction parametric instab-
ility., It seems likely that the striction parametric instabilities play a larger
role in electron acceleration at lower latitudes than the thermal parametric instability
tut the latter may well be more important at higher latitudes with the exception of
the first second or so after the heating transmissions are switched on,

3. THERMAL SELF-FCCUSING

Ta1s instability was one of the first physical processes discovered when the Flztteville
facility started operation [42). Within seconds of switching on the modifying HF
transmissions the icnograms showed the presence of spread-F although the full extent
cf spreacd-F took some minutes to develop. The irregularities produced by the instability
were also investigated by the observaticn of enhanced scintillation of signals observec
from satellite transmitters (43}, {#4) and from radio stars [4S]-{48]). Another method
of investigating the irregularities is the observation of the fading of the power
in the enhanced plasma line on time scales of the order of 10 3 (49]-(51). The density
variations were also measured dircctly by satellite in situ probes [51]. These observa=-
tions show the presence of artificial ionospheric irregularities over a scale length
range of a few kilometers to tens of meters. Figure 4 (Figure 4 of {51]) shows the
density perturbations measured by the satellite and also illustrates its path through
the estimated heater beam.

i " X 2, 2

7 June 1977

3 X

2 1542 AST I

g . | AE-E Orbit 8315
z 017 \m "
~ . -
= .23 i
4 .

3 A

20 0 0 10 20 30 40
SATELLITE PATH LENGTH (km)

Figure 4, Detrended satellite observations of deansity fluctuations in the heated region.
The origin is the point along the orbital path which is due north of Arecibo,
The data gap results from the fact that the satellite operates 3 s on
3 s off in this mode.

The basic idea of thermal self-focusing is rather simple. Initial small plasma density
perturbations cause focusing and defocusing of the heating wave. The focusing in
the density depletions causes enhanced heating and further depletion, allowing the
perturbations to grow. The theories are in a sense simpler when the heating wave
penetrates the ionosphere [52]); even the nonlinear development of self-focusing has
been followed for that case by a numerical simulation [53)., The case of self-focusing
of a reflected heating wave was treated in {S4)-[56]). The inhomogencity of the ionosphere
plays a very important role in all these theories.
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Self-focusing is essentially a modulational instability. It can be considered
as stimulated scattering of the pump wave by the 1rregular1t1es into electromagnetic
waves; the feedback is thermal rather than ponderomotive in nature. It will be recalled
that the instability discussed in the last Section could be regarded-as stimulated:
scattering by the irregularities into. Langmuir waves, rather than electromagnetic waves.

The self-focusing of an obliquely incident pump wave was considered [57))and it
was pointed out . that powerful short wave stations a1most~certain1y excite the self-focus~
ing instability and thereforeé must be a source of 1onospher1c irregularities,

6. CONCLUSIONS

An attempt was made to describe the different ways in which ionospheric irregularities
can be produced by powerful radio transmissions. No-:attempt was made to describe
all the effeets produced by such radio-transmissions.- One important omitted topic
was the generation of VLF, ELF and ULF waves by modulating the auroral electrojet
currents. Another omitted topic was that of ionospheric cross-modulation. The most
important. irregularities .from -the. point of view of this: Symposium are probably the.
short scale field-aligned irregularities discussed:'in section. 4 and the-much, 1onger
scale irregularities produced by self-focusing and discussed in section 5.
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DISCUSSION

K.Rawer

Question of clarification: In the context of PDI is what you call “ion-acoustic wave” an acoustic wave (in the 1on gas)
of rather high frequency which would then not be followed by the electrons so that electric fields should simultancously
occur (this type is-unfortunately-often called “electrostatic wave”) or is it lower frequency acoustic or even gravity

waves?
Author’s Reply

The jon-acoustic waves of the PDI are of the same type as those responsible for incoherent backscatter. The ions
and electrons “move” together and a small electric field assures quasi-neutrality. This electric field does increase the

propagation velocity of the wave and this has the effect of reducing Landau damping (fewer ions are in synchronism
with the wave).

R.Showen

You said that the radial electron velocity can be measured by the OTSI plasma line. Have any geophysical results from
Arecibo or EISCAT appeared which use the OTSI enhancement?

Are the measuted electron velocities the same for upshifted and downshifted lines?

Author’s Reply

here have not heen enough observations for a detailed geophysical interpretation. The data shown have not been
published so far. but earlier data of poorer qualitv have been published in JLAT.P, (Fejer ef al.. 1935). The method
ot measuring the 10n drift vefoerty has been greatly unproved since that tume 1 Sulzer, 1936).

{lie electron velocities have not been measured sumultancousty for the upshifted and dewnshifted lines: 1t womnd be
very surprising if they were diiferent,

G.Rostoker
Over what height range can you use line-of-sight electron (DTSI) and ion velocities to infer line or sight current flow?
Also, is there any concern that the heater will perturb the region in whick you infer the current flow making it
unrepresentative of the surrounding unpertutbed environment?

Author's Reply

The measurement of the line-of-sight drift velocity of electrons is made for the height where the heating frequency is
close to the local plasma frequency. The ion velocity is measured for a somewhat greater height range.

\’;rying the heating power was found to have no influence on the measured drift velocity within the accuracy of the
observations.

P.Vila
Are the photoelectrons which arise in the Shirp experiment (Arecibo) natural, or produced by the heating transmitter?
Author’s Reply

They are natural: The photoelectrons in the Shirp experiments are only in the dayiime. Their energies lie in the 10-30
eV cnergy range. They are not produced by the heating transmitter, but there is evidence that their distribution
function is modified by the heating transmitter (Fejer and Subaer, 1987).

-6l=-

S8t St

bt LM s s A

1 b

Svn. A

etattanen

Lade

L



ATTACHMENT 6

Journul of Atmospheric and Terrostnial Phnsies Vol §1, No 9:10, pp. 721 -725, 1959,

Printed in Great Batan,

-

0021-9169/89 $3 00 4 .00
Pergamon Press plc

Simultaneous observations of the enhanced plasma line
and of the reflected HF wave at Arecibo

! J. A. Feigr

Department of Electrical and Computer Engincering, University of California at San Diego,
R-007 La Jolla, CA 92093, U.S.A.

F. T. DiutH
Acrospace Corporation, P.O. Box 92957, Los Angeles, CA 90009, U.S.A.

and

H. M. Iergic and M. P. Surzer
Arccibo Observatory, P.O. Box 995, Arecibo, Puerto Rico, 00613

(Received in final form 30 April 1989)

Abstract—A suitably devised pulsing sequence of the powerful HIF transmissions radiated towards the
ionosphere below the penctration frequency made it possible to separate the attenuation of the reflected
HF wave due to thermal and to ponderomotive type parametric instabilitics. The separation was possible
on account of the dilferent growth times of the thermal and ponderomotive type parametric instabilities.
At the same tine the power in the 430 MHz enhanced plasma line was recorded,

The results show that previously accepted explanations of the overshoot in the 430 Mz enhanced plisma
line for 5.3 MHz HF transmissions are invalid, A strong overshoot was observed but the attenuation of
the powerful HF wave was too small to be observed, For 3.175 MHz HF transmissions substantial

attenuation was observed on both time scales.

1, INTRODUCTION

Among the many mteresting and uneapected phenom-
ena observed very soon afler the completion of the
high power HF transmitting facility for the modi-
fication of the ionosphere at Platteville, Colorado
(UrLaut, 1970) was the reduced strength of the F-
region echo from dingnostic HE pulse transmissions
within about a sccond after the start of the high power
HF transmissions (Courx and Wiirenean, 1970).
These results could not be explained by a simple modi-
fication of the clectron densities and temperature of
the Feregion,

Observations of transient variations in the intensity
of the reflected modifving HIF wave were made by
Fiser and Korka (1981) wsing the joint German-
Norwegian ionospheric modification Facility ncar
Tromso, Norway., They observed first o very rapid
decrease in intensity on the time scale of a millisecond
and then a slower further decrease on the time scale
of a second. They attributed the rapid decrease to the
cexcitation of ponderomotive ype parametric insta-
bilities (FEaL and Li1r, 1972) and the slower decrease
to the excitation of the thermal parametric instability
or stimulated scattering by field-aligned irregularities

into Langmuir waves (Das and Fser, 1979). The
former were originally invoked to cxplain the
enhanced plasma line obscrved with the 430 MHz
radar at Arccibo (WONG and TAYLOR, 1971 ; CARLSON
et al., 1972), the latter to explain the observations
(FraLer, 1974) of backscatter and forward scatter of
radio waves by short-scale ficld-aligned irrcgularitics
in the Fregion above Platteville,

One of the most persistent propertics of the 430
MHz enhanced plasma line (enhanced radar back-
scatter by Langmuir waves duce to powerful HF trans-
missions) observed at Arccibo is its drop in intensity
to a lower steady state level in about a second after
attaining an initial maximum in less than one tenth of
a sccond alter switching on the HF transmitters, This
so-called overshool (SHOWEN and KM, 1978) has been
attributed to attenuation of the heating wave which
is being scatlered by the short-scale ficld-aligned
irrcgularitics into Langmuir waves (Granaym and
Fuaer, 1976). This explanation of the overshoot has
been questioned by Dutit er al. (1986) who observed
strong overshoots in the enhanced plasmi line without
any measurable change in the strength of the observed
ionospherically reflected powerful HF wave at Are-
cibo.
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J. A. FEIER ¢! al.

The experiment described hére was designed to
determine from observations of the reflected HF wave
at Arecibo separately the fraction of the HF power
incident on the ionosphere that goes into tlic gen-
cration of ponderomotive parametiic instabilities with
their inillisecond time coristant and the friction that
gocs into the generation of the thermal parametric
instability with its time constant of the order of a
second. This was achieved by cycling the HF traiis-
iitters 40 ms on, 10 ms off for 2 s and then
kecping thiem switched off for several seconds befoie
the next cycling period of 2 s duration. The 10 ms off-
period allowed the waves generated by the pon-
deromotive parametric instabilities with their inilli-
sccond time constant to decay corapletely without
affecting the thermal parametric instability whose
short-scale field-aligned irrcgularities decay according
to scatter observations (FIALER, 1974) with the mich
larger time coristant of about a second.

Besides recording the power of the reflected HF
wave at the Arecibo Observatory, the transmitted HF

power was recorded at the Islote transmitting site
17 miles north-cast of the Arccibo Observatory. In
addition the power in the 430 MHz enhanced plasma
line, integrated over cach 40 ms on-period, was also
recorded.

The experiment was carried out for the two HF
frequencies of 5.1 MHz and 3.175 MHz. It has been
known for some years (FEJER et al.. 1985) that for HF
transmissions at 3.175 MHz the 430 MHz enhanced
plasma fine is seen for only a few hundred milliseconds
after switching on the HF transmittérs and then only
after a sufficiently long off-period. One possible expla-
nation is the greater Landau damping of the Langmuir
waves that satisly the Bragg conditions for the 430
MHz radar (YNGVESSON AND PERKINS, 1968) for the
lower plasma densitics corresponding to the lower HF
frequency and for the increased ionospheric electron
temperature resulting from a few hundred milli-
seconds of HF transmissions. For the higher plasma
densities, corresponding to 5.1 MHz HF trans-
missions, the Landau damping of Langmuir waves

1 MARCH 1985
174653- 174813 AST
e = 513 MHz
ERP = 80 MW { 2 S ON, 2's OFF )

IRANSMITTED
PULSES

[ONOSPHERICALLY
REFLECIED
PULSES

Fig. L. Three-dimensional representation for 5,13 MUz HF transmissions of the temporal variation of the
transmitted and ionospherically reflected power averaged over 20 eyeling periods of 2 s duration, Due to
a small timing ercor the cycling periods of 2 s duration started about 2 ms too late; the first transmitted
prilse was therefore only about 38 ms Jong and an additional 2 ms long pulse was transmitted at the end,
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Simultancous observations of the enhanced plasma line and of the reflected HEF wave at Arecibo

detectable by the 430 MHz radar, propagating in a
nearly uniform thermal plasma at typical F-region tem-
peratures can always be neglected. For these reasons
the several second long off-period mentioned carlier
was chosen to have a length of 8 s for 3.175
MHz transmissions but only a length of 2 s for
5.1 MHz transmissions. The longer off-period of 8 s
allows the enhanced clectron temperature responsible
for the increased Landau damping to drop sufficiently
for the excitation of ponderomotive parametric insta-
bilities during the 3.175 MHz HF transmissions, {or
the carly part of the on-period of 2 s.

2. OBSERVATIONS

The obscrvations were carricd out on | March, 1985
with an equivalent radiated HF power (ERP) of 80
MW in the O mode. first using a frequency of 5.13
MHz and somewhzt later 3.175 MHz, The recciver
for the reflected HE wave used a simple dipole antenna
at the focus of the 303 msphencalieflector. The power
at the output of this receiver was recorded and will for

brevity be referred to as the ionospherically reflected
power.

Figurce 1 illustrates for 5.13 MHz HF transmissions
the time dependence of the transmitted power and of
the ionospherically reflected power, averaged over 20
cycling periods of 2 s length; two separate arbitrary
power scales arc used for the transmitted and the
reflected power. The 40 ms on, 10 ms off cycling was
cxplained in the previous section. Note the large oscil-
lations of the transmitted power during the 40 ms
transmission periods; they are caused by oscillations
of the smoothing L-C circuits in the transmitters.
From records of both the transmitied and the iono-
spherically reflected power it was in principle possible
to determine the temporal variations of ionospheric
attenuation. Note also the cffect of multiple iono-
spheric reflections in Fig. I, similar to the cffects scen
by Faer and Korka (1981). Figure 1 for 5.13 MHz
heating and the similar three-dimensional  rep-
1esentation of the raw data by ¥ig. 2 for 3.175 MHz,
heating are not very convenient for quantitative
interpretation. A more convenient representation of

1 MARCH 1985
194912-195232 AST
fyr = 3175 MHz

TRANSMITTED
PULSES

ERP = 80 MW (2 5 ON. 8 5 OFF)

JONOSPHERICALLY
REFLECTED
PULSES

Fig. 2. Three-dimensional representation for 3,175 MHz HE transmissions of the temporal variations of
the transmitted and wnosphericatly reflected power averaged over 20 cyling periods of 2 s duration, There
was no tming error for these transmissions. Note, however, that there are forty 40 s long records of the
“transmitted pulses™ but onty thirty-nine 40 ms long records of the “recesved pulses™ Duceto data-taking
error the tonosphenically reflected power was not recorded for the first 40 ms long transmitted pulsc.
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1 MARCH 1985 2sO0N.2s OFF lye = 513 MHz

174653-174813 AST (40 ms on, 10 ms off) ERP = 80 MW
I T | 7

L4 MAXIMUM (ransmitted putse) -

—— MAXIMUM (received pulse)

10}- (\_/vf‘\ - T -
8f~ , -
Pzttt
-------- END AVERAGE (transmitted puise)
—— END AVERAGE (received pulse}

HF POWER (arbitrasy units)
(2]
T

PLASMA LINE POWER (SIN)

ot i

1 1 i ] !
00 05 190 15 20

TIME ()

Fig. 3. Temporal variations for 5.3 MHz HF transmissions

of the maximum and end average transmitted and iono-

spherically reflected powers and of the plasma line power
averaged over 20 cycling periods of 2 s duration.

the same data is provided by Figs. 3 and 4. In thosc
figures cach 40 ms on-period is represented by the
maximum value of the power and by its end-average
value during the last 15 s, for both the transmitted
and the jonospherically reflected power, Those four
values are shown as a function of time cvery 50 ms
over the 2 s cyclipg period at the top parts of Fig, 3
for 5.3 MHz and of Fig. 4 for 3.175 MHz. Also shown
at the bottom of Figs. 3 and 4 is the power in the
cnhanced plasma line, integrated over cach 40 ms on-
periad. The very short spikes scen at the beginning of
the 40 ms on-periods in the recorded transmitted
power in Figs. | and 2 were caused by the transient
sespanae of the recorder; they were omitted in obtain-
ing the maximum values of (he transmitted power lor
cich 40 ms on-period in Figs. 3 apd 4, The effects of
the timing error of about 2 ms in the 5.3 MHz HE
transmissions visible in Fig. 1 and explained in its
caption resufied in addijtional pulse of 2 ms length
which was ignored in obtaining Fig. 3.

Figure 3 shows no change in attenuation of the
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Fig. 4. Temporal variation for 3.175 MHz HF transmissions
of the maximum and end average transmitted and iono-
spherically received powers and of the plasma line power
averaged over 20 cycling periods of 2 s duration. Note that
duc 10 the error mentioned in the caption to Fig. 2 the values
of the reccived HF power (maximum and end average) and
of the plasma line power are missing for the first 40 ms long
transmitted pulse.

reflected 5.3 MHz HE wave on cither the millisecond
or on the sccond time scale. This is in sharp contrast
with Fig. 4 where for convenicnce the initial maxima
of the transmitted and reflected power were made to
coincide for the sccond 40 ms on-period. It is
explained in the caption to Fig. 2 that due to an error
in data-1aking the reflected power (and the plasma
linc power) for the first 40 ms on-period were not
recorded. At the beginning of the last 40 ms on-period
the ratio of the transmitted to the received initial
maximum powers is 2.71, corresponding to 4.3 db
altenuation at that iime, Near the end of the second
40 ms on-period the ratio of the transmitted to the
received end average powers is 1.38, corresponding Lo
an attenuation of 1.4 db which must be caused almost
entirely by the excitation of ponderomotive type para-
metric instabilitics. Near the end of the last 40 ms on.
period the ratio of the transmitted and received end
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Stmultancous observations of the enhinced plasma line and of the reflected TIF wave at Arccibo

average power 1s 2.74, corresponding to 4.4 db attenu-
ation. The difference of 4.4-4.3 = 0.1 db is that part
of the 4.4 db attenuation due to ponderomotive type
parametric instabilitics ncar the end of 2 s cycling
sequence.

The bottom part of Fig. 3 shows that in a little more
than the first sccond the plasma hine intensity drops
by a factor of about 4, there is no further decrease
during the remaining part of the two scconds. The
bottom part of Fig. 4 shows that in a little more than
half a second the plasma linc intensity drops to zero.

3. DISCUSSION

The obscrvations described n the previous sections
lead to two main conclusions.

The first conclusion concerns the nature of the over-
shoot. Figure 3 shows that a substantial overshoot in
the 430 MHz enhanced plasma line can occur without
any measurable attenuation of the 5.3 MHz HF wave
in the ionosphere. In this and smular cases another
explanation of the overshoot must therefore be found
than that proposed by GraHaM and Fistr (1976);
one such explanation has been proposed by MULDREW
(1988). No attempts will be made here to critically
examine such alternative explanations of the over-
shoot. Similarly the cxperimental and theoretical
work on the nature of the Langmuir turbulence that
gives rise to the enhanced plasma line (DuBais et al.,
1988 ; SULZER ¢t al., 1989) is outside the scope of this
paper.

The second concluston is that for a heating fre-
quency of 3.175 MEz a substantial part of the incident
HF power goes into the excitation of parametric insta-
bilitics. Figure 4 shows that at the beginning of the
cycling sequence of 2 s duration, ncar the end of the

sccond 40 ms pulse, the observed 1.4 db attenuation
means that about 28% of the incident power is dis-
sipated by the Langmuwir waves of ponderomotive type
parametric instabilitics. Near the end of the two
seconds the obscrved 4.4 db attcnuation mcans that
about 64% of the incident power is dissipated by all
parametric instabilities at that time, the observed 0.1
db difference between the attenuation at the end and
the beginning of the last 40 ms pulse shows that of
the 64% only less than 3% is accounted for by the
ponderomotive type parametric instabilities.

It should be emphasized that the present results are
bascd on relatively few observations. Further work is
needed to cstablish whether there are no exceptions
to the observed very small part of the incident power
going into parametric instabilitics for 5.3 MHz HF
transmissions and the much larger part for 3.175 MHz
HE transmissions at Arccibo.

Onc very interesting conclusion from the 3.175
MHz results is the relatively small part of the incident
HF power going into ponderomotive type parametric
instabilities and the very much larger part going into
the thermal parametric instability associated with ficld
aligned short-scale irrcgularities ot the end of the 2 s
cycling period.
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FIRST OBSERVATIONS OF STINMULATED ELECTROMAGNETIC EMISSION AT ARECIBO
Bo Thidé and Ake Hedberz
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Jules A. Fefer® and Mickae] P. Sulzer

Arecibo Observatory, Arecbo, Puerto Rico

Abstract. The first observaticns of HF heater stimulated
electromagneticemissions induced in the low-latitude iozo-
spheric plasma above Arecibo, Pucrio Rico, are reported.
Many systematic spectral features of the cmissions bear 2
close resemblance to those observed tn fonospheric modifi-
cation experiments in the auroral zone and scale in 2ccor-
dance with detailed theory. This proves that these side-
band emissions are not dependent on specific geophysi-
cal conditions but are due {o fundamental interaction pro-
cesses in the ionospheric plasma. We also report the dis-
coverv of unique, short-lived HF sideband emissions that
are less systematic than those observed previously and ac-
companied by a quenching of the 1§ enhanced plasma and
ion lines in the Arccibo 430 M1z incoherent scatter radar
spectra.

Introduction

As was first shown in onospheric modification (HF heat-
ing) experiments in 1981 in the auroral zone and later also
at mid-latitudes, strong radio waves with frequencies that
are lower than critical (typically 3-8 \MHz) can excite sec-
ondary electromagneticradiation in the ionespheric plasma
[Thid¢ et al., 1982, 1983: Stubbc el al., 1984; Boiko et
al,, 1985]. This radiution gives rise 1o systematic, richly
structured sidebands, sometimes more than 100kHz wide,
asymmetrically around the ionuspherically reflected heater
warc. This phenomenon has Lecome hnown as Stimulated
Electromagnetic Emission (SEE).

At the time of discovery it was conjecturcd [Thidé et
al.. 1982, 1983} that the SEL sidebands were induced
by the strong HF heater wave within the ionospheric
plasma. Through scattcring andfor conversion mech-
anisms involving parametrically excited high-frequency
electron waves and zcio-frequency irrcgularitics or low-
frequency ion waves the observed frequency shifted elec-
tromagunetic radiation would result. .\ comprehensive and
systematic study of the SEE phenomenon was undertaken
by Stubbe et al. [1984] who found that cven detailed struc-
tures of the spectia could be explained in terms of paramet-
ric decays and scatteting/conversion mechanisms. Later,
further analysis of t..e SEE spectra has widened our under-
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standing of non-lincar wave interactions in the jonosphere
[Leyser cud Thidé, 1988; Leyser el cl., 1959).

Here we report the first observations of SEE induced
in a low-latitude overdense iorospheric plasma. The ob-
servations were made during HF heating experiments in
March/April 1983 in Arccibo, Puerto Rico (geographical
coordinates 18.35°N, 66.75°W, mazpetic dip angle = 49°).
In order to minimize instrumental differences the same
compuler controlicd sweep spectrum analvzer that was
used in the eartlier SEE experiments in Tromse (69.58°N,
19.21°E, dip = 77°) was utilized in the Arecibo experiments
reported lierc. In addition, the HF sky wave was sampled
and directly FFT analyzed on-line. The HF signals were
picked up by a shortened, broad-band dipole feed near the
focal point of the 365m Arccibo antenna dish. In order to
supplement the mcasurements at 1F, the 430MHz inco-
herent scatter radar was occasionally operated and the HF
enhanced ion and plasma lines were recorded.

In general, the signai-to-noise ratio of the SEE was lower
than is usually the case in Tromso during geophysically
quict conditions. Tlis is partly due to the fact that the
effective radiated power in the Tromsg experiments is nor-
mally about 2-3 times higher than in Arecibo. Also, the
level of background noise (natural as well as man-made)
was rather high at the Arecibo Observatory, where all ex-
peziments were carried out. Furthermore, the measure-
ments were often plagued by strong interferences from
nearby HF transmitters requiring a reduction of the spec-
trum analyzer sensitivity in order not to jeopardize instru-
ment lincarity. All these things considered, tiie measure-
ments in Arecibo were performed with a 10-15dB higher
effective noise floor than in Tromse.

Obscrvations

An cxample of a comparatively strongly excited SEE
spectrum, recorded with the spectrum analyzer on 6 April,
1983 at 20:59 local time (LT = AS'T = UT—4h), is shown
in Figure 1 where a bioad, asymmetric spectral feature,
downshifted from the transmitted strong 5.13MHz sig-
nal by 7-15kHz, can be clearly seen. This feature very
much rescinbles the “downshifted maximum™ (DM) which
is one of the most common SEE features observed in the
Tromse experiments; see [Thid¢ ct al., 1982, 1983; Stubbe
el al.. 1984]. Likewise, the weaker and more symmetrically
shaped peak at about +5kHz in Figure 1 is similar to the
“upshifted maximum” (UM) feature also frequently seen in
the Tromsg experiments. 'The spectrum displayed in Fig-
ure 1 is a typical example of all spectra observed during
this period when the critical frequency was about 6 MHz,
as indicated by an ionogramn recorded at 20:57, and thus
only slightly higher than the IIF heater frequency itself.
For comparison, a Tiomsp SEE spectrum of similar type
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Fig. 1. Sky wave power vs. frequency offset A f from the
HF heater frequency 5.13 MHz (60MW ERP, O mode po-
larization) at Arecibo. The broad maximussn at roughly —7
to ~15kHz is due to stimulate ° electromagnetic emission
(SEE) induced in the ionosphere by the heater wave. So is
also the weaker feature at about +5kHz. The very narrow
peaks at —5 and +10kHz aré interference from nearby HF
radio transmitters. Theinset shows a spectrum recorded at
Tromss for an HF heater frequency of 4.04 MHz. Otherwise
the scales are identical to those in the Arecibo spectrum.

is inserted in Figure 1; see also Figure 2 in Stubbe el al.,
{1981}. Coinparing the spectra, onc observes that the DM
and UM features are excited in both Arecibo and Tromso
and that the similaritics in the shape of the spectra are
quite striking, particularly if one takes the reduced sensi-
tivity into account. Thesc similarities suggest that for the
generation of emissions with this particular spectral distri-
bution the same mechanisms are operative irrespective of
latitude.

Induced sidcband spectra of a different cliaracter were
observed for a period of time on 4 April as exemplified by
Figure 2. This Figure, which shows a spectrum with a
strong feature, peaking at almost exactly —2kHz from the
transmitted 5.1 MIfz wave, was recorded at 17:50 LT. Fig-
ure 2 also shows that during this period virtually all SEE
was concentrated in a much narrower range of sideband
frequencies. In contrast to the conditions at the time of

———— -20
{ Teomss l Arecibo

e 'WJ l

Power (dBm)

-120

e r**P L W
5 0 +1

8 f{kHz) from 5.10 MHz

-1 5

Fig. 2. Same as Fig. | except for the Arecibo HIF frequency
(5.10 M11z) and that now the broad downshifted feature is
almost totally absent while there is a strong, narrow SEE
peak at =2kllz  terfering signals are present at ~5klz.
The inserted Tronsg spectrum, containing a SEE peak also
at about —2kilz show additional SEE features absent in
the Arecibo spectrum. Presumably, this is in part-due to
the higher effective noise floér in Arecibo.

A A
i1 Z;E?JZ;‘
“luall A )
~€25 0 +62.5

A1(%Hz) from 5.1 MHz
Fig. 3. FFT spectrum 262.5kHz around the HF sky wave
at 5.10MHz. The broad upshifted feature is due to SEE
whereas the narrow peaks are interfering signals.

recording the spectruin in Figure 1, the spectrum in Fig-
ure 2 was recorded when the critical frequency was much
higher (10M1z) than that of the HF wave, as determined
from an jonogram taken at 18:02 LT. Again, accounting for
the higher noise floor in the Arecibo spectrum, we see that
we can relate this spectrum to similar spectra observed at
Tromss under comparable conditions, as illustrated by the
inset in Figure 2 and by those in Figure 4 in Stubbe et
al., [1984]. Hence, we identify the —2kHz peak with the
“downshifted peak™ (DP) feature ohserved earlier only at
Tromss; see also Figure 1 of Leyser and Thidé [19SS).

Yet another type of SEE feature was identified in the real-
time FFT spectra of 31 March. During the short period
21:31-21:33 LT an cmission with a broad spectral feature
was excited in tiie upper sideband, with its maximum at
roughly +20kllz. One example is shown in Figure 3. This
feature could be similar to the “broad upshifted maximum®
(BUM) feature often observed in the Tromse experiments
[Stubbe ct al., 1984] but may also be quite different. We
need more observations to be able to make a detailed cuin-
parison of the two.

Based on the above obscrvations and the fact that the
shapes of the spectra are very reproducible and stable
for long periods of time. we conclude that the types of
stimulated emissions discussed are manifestations of low-
latitude counterparts of hasic jonospheric wave-wave inter-
action phenomena occurring during ionospheric modifica-
tion at higher latitudes and that special jonospheric con-
ditions are, in general, nol necessary for their excitation.

On 7 April, however, new and much more unsystematic
SEE features were discovered and we therefore describe in
some detail the observations made on this day.

Data from the period 17:28-19:28 LT on 7 April are sum-
marized in graphical form in Figure 4. The top panel {a)
shows the 11 effective radiated power (ERP) versus time;
intervals with 1kllz modulation of the HF are indicated
by bold lines. Using a high-resolution multi-pulse tech-
nique on the 430 MHz incoherent scatter radar [Sulzer ¢t
al., 1984], the time variations of the power in the IF en-
hanced downshifted ion and upshifted plasma lincs as well
as the height of maximum IIFF enhancement of the plasma
line were measured. ‘The results are displayed-in panels
(b), (c), and (d) of Figure 4, respectively. We see that the
cnhancement was comparatively low during the periods of
HI modulation and reduced I1F ERP. It should be noted
that while the HTF ERP was held constant at 24 MW until
18:45 LT, the powe: in the plasina line decreased steadily
until 18:38 LT. .

At the same-time theie appeared strong but unusuaily
erratic spectral features in the IIF sidebands out to at least
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(<} Upskified plasma fine (decay fing)
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{d) Heated region altitude

5230 l‘l""L//
“210{ [ —

e) Critical f ies
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Fig. 4. Parameters/measured values vs. local time (hori-
zontal axis; 6 min between tic marks) on 7 April, 1983: (a)
Effective radiated HF power. Note the periods of 1kHz
modulation (bold lines) and the absence of HF at 18:45-
18:33 LT. (b) Power (lincar scale) in the downshifted HF
enhanced fon line of the 430 MHz incoherent scatter radar.
(c) Power (logarithmic scale) in the upshifted HF enhanced
plasina line (decay line). (d) Altitude of the region of max-
imum plasma line HF enhancement. (e) Critical frequen-
cies as determined by ionograms taken at certain discrete
times.

+100kHBz from the heater frequency as shown in Figure 5;
the central peaks show that the reflected HF sky wave was
fairly constant in amplitude throughout the whole period.
These strong and wide SEE spectra are unique and have
not been reported from any other SEE experiment to date.
By comparing with Figure 4 we see that these unusual side-
bands occurred just at the time when the IIF enhancement
in the 430 MIIz radar spectra were no longer above the de-
tectability level. One immediate conclusion is that during
this period the threshold for the parametric decay instabil-
ity (PDI), in which the HF wave decays into electrostatic
waves with the correct wave vector to be observable by the
430 A 1Iz radar, is no longer exceeded but other processes
vield the observed electromagnetic radiation near the HF
frequency.

Tonograms taken at irregular intervals show that when
the above measurements on 7 April started a blanketing
sporadic E layer, with 2 maximum plasma frequency f,E,
of about 4.8 MHz, i.c., slightly below the HI frequency of
5.13 MHz, was present. At the same time the FF layer max-
imum plasma frequency f,F; was about 11.5MHz. As the
experiment proceeded the f,E, and f, F, dropped steadily.
This is depicted in Figure 4 panel (e). Note the consistency
between the change in f,F, and the change in interaction
region altitude in panel (d). No interaction in the E layer
was detected by the 430 MHz radar.
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Discussion

The broad asymmetric DM feature in the lower sideband
of the spectrum displayed in Figure 1 was explained by
Stubbe et al. [1984] in terms of scattering of parametrically
excited Langmuir waves off low- or zero-frequency ion irreg-
ularities. Using the fact that emissions generated far below
the reflection height have larger offsets and a favorable spa-
tial weighting compared to the emissions generated with
small offsets very near the reflection height it was possible
to predict an enhanced SEE intensity at about 2 x 10-3f,
in good agreement with observations; see Subsection 4.2 in
Stubbe el al. [1984). However, the shape of the DM fea-
ture, often with a sharp cut-off edge on its high side as
shown in Figure 1, could not be explained by this theory.
Later detailed analysis of the interaction processes have
shown that both the position and shape of the DM feature
can be very well explained in terms of interaction between
upper-hybrid waves, excited linearly through scattering of
the pump off induced striations at the upper hybrid layer,
decaying parametrically into escaping O mode EM radia-
tion and lower-hybrid waves propagating in a very small,
but finite angular range around perpendicularity to the ge-
omagnetic field [Leyser et al., 1989; see also Murtaza and
Shukle, 1984). Unlike the maximum of the DM feature,
the position of its high-frequency cut-off edge should cor-
respond to the local lower hybrid frequency and be more
or less independent of pump frequency. Comparing the
two spectra in Figure 1 one sces that the lower-hybrid fre-
quency at Tromso would be about §kHz and about 7kHz
at Arecibo in good agreement with the actual geophysical
conditions at the two sites. We therefore consider the DM
resulls presented-heve to support the more accurate the-
ory of Leyser et al. [1989). The fact that striations are
needed to explain the DM could be a reason why the DM
emissions are more difficult to observe at Arecibo than at
Tromsg where striations are more easily generated.

The DP was in Stubbe ef al. [1984] attributed to the first
maximum of the standing HF radio wave, assumed, for
simplicity, to be an Airy pattern. However, in Stubbe et al.
[1984] the terrestrial magnetic field was not properly taken
into account. Correcting for this, one finds that the essen-
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Fig. 5. Five consecutive HF spectra rccorded between ap-
proximately 18:35 LT and 18:40 LT on 7 April; cf. Fig. 4.
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tial difference is that the effective scale height for a pu;ely
linear electron density profile with true scale helght H is,
at Jeast for the first few standing wave maxitna, foughly
Hsin® 8, where 8 is the angle between the terrestrial mag-
netic field and the vertical. This deficiency was discussed
by Leyser and Thidé [1988] who calculated the position of
the DP feature, taking both the magnetic field and the
plasma depletion due to the pump ponderomotive force
into account. It tuined out that with these two correc-
tions Leyser and Thidé [1988] were able to make predic-
tions of the position of the DP which agree very well with
the experimental results both from Tromsé and Arecibo,
as presented in Figure 2. Again, our measurements at a
different geomagnetic latitude lend support to the rhore
detailed theory.

As has been noted in the Tromsg experiments, the broad
upshifted maximuin (BUM) feature in the SEE spectium
usually appears only for pumping at frequencies very near
harmonics of the electron cyclotron frcquency [Leyser et
al., 1989]. If the upper sideband feature seen in Figure 3 is
an Arecnbo counterpart then the 5.1 MHz pump frequency
would indicate the 5th harmonic of an eleétron cyclotron
frequency of 1.02 MHz which is roughly equal to the value
predicted by maghnetic field models for the ionospheric F
region under normal conditions.

The BUM feature in Tromsp seems to be correlated with
the occurrence of intense striations which grow on a slow
time scale. However, in the Arecibo experiments reported
here we had no way of measuring the striation intensity or
the growth time of the observed upshifted feature, so it is
possible that the SEE emission in Figure 3 has its origin in
quite a different mechanism. Upshifted features which do
not fit into the “normal™ parametric decay cascade scheime,
have been observed in incoherent scatter spectra at Arecibo
[Djuth et al., 1986) and in numerical simulations by DuBois
el al. {1988}, where they are attributed to “free” Langmuir
modes resulting from collapsing cavtions.

The strong erratic HF emissions shown in the spectra
in Figure 5 have only been observed once at Arecibo and
never at Tromsg. They -are therefore very difficult to an-
alyze and explain in terms of plasma processes. One pos-
sible explanation might be that during the few minutes
this phenomcnon was observed, the ionosphere was per-
turbed by a naturally occutring traveling disturbance of a
size comparable 1o the HI wave length, producing strong
local plasma gradients in varying directions off the verti-
cal. Whereas this might lead to enhanced pump intensity,
due to focusing, and a strong local excitalion of secondary
EM radiation, the parametrically excited Langmuir waves
would not be able to propagate to a point in space where
they could scatter the vertically propagating 70 cm prob-
ing waves of the 430 Mhz radar. Clearly, this phenomenon
has to be studied in greater detail with a good support of
other diagnostics.

In conclusion, we have shown that the SEE phenomenon
is a global.one, not requiring special (e.g., auroral) con-
ditions and that certain prominent features in the SEE
spectra depend on the local geophysical parameters in a
way predicted by detailed theory. We have also found new
SEE features which need further study.
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