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SUMMARY

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.

The temporal behavior of 430 MHz radar backscatter by iono-

spheric Langmuir waves Cerenkov-emitted by suprathermal electrons

was observed while the high power HF heater was operated in

a pulsed mode. At night, in the absence of photoelectrons,

the backscattered power by those Langmuir waves with frequencies

about 1 MHz above the heater frequency reaches a maximum about

0.3 see'onds after heater turn-on and then decreases to a lower

constant level. In daytime the photoelectron flux, diagnosed

by the same type of radar backscatter, 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-



prep.ing these and other observations of the enhanced plasma

line in terms of strong Langmuir caviton turbulence have been

pointed out. An alternapive interpretation in terms of field-aligned

depletions (ducts) in the plasma density, with transverse dimensions

of the order of 10., has been advocated (Attachment 2).

Further observations with coded long 430 MHz radar pulses

with improvpd height resolutions of 300m or 000m showed the

simultaneous prosepce 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 1ow h4 re powers Under stable ionospheric .onditions

when only the below threshold spectrum, at the matching height

(whiph changed by less than 600 metres during 10 minutes) was

obseryed for a low heater ppwer, a tenfold temporary increase

in heat#r pRer fpr a 4uration of 20 s resulted in subsequent

strong apye ,hreshold ppptr a 60.Om and 1.2Om above the matching

height persisting for almpst tw minutes; after that again only

below threshold spectra at the IpItching height were observed.

Field aligned depletions in the plasma density, formed during

the 2P sppppd ppr4o Pf trPansmissipo with ipFeased power, eplain

these pPsepa tipns. Ipdpepep t obs _vational evidenpe of the

prespeqc pf, i,egularii is is prpyide y simultapeous obseryvations

of 6 MHz and 43, J Hz rajdar backseatopr from HF-induced iopspheric

Langmfuir ti#p p b glpnp (AP, qachpepp 5)7

Inyit,d reyieys were priesented on physical propesses of

ionospheric heating pxperimeps (Attach pept 4) and on ipnosphric

irr!larit~ps resulting from powerftl HF radio trapsmissions

-2-



(Attachment 5).

Simultaneous observations were made of the enhanced plasma

line and of the reflected HF heater wave at Arecibo. In these

observations a specially designed pulsing scheme of the heater

was used that made the separation of the contributions to the

attenuation of the heater 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).

-3-



ATTACHMENT 1

JOURNAL 01: GEOPIIYSICAL RE.SEA RCH. VOI_ 92. NO. A4. PAGFS X441-M444. APRIL1. I. 19h7.

Observation of Suprathermal Electron Fluxes During Ionospheric
Modification Experiments

J. A. FEJER

Department of Electrical Engineering and Computer Sciences. Un.rersiy of California. San Diego. La Jolla

M. P. SULZER

Xatntdal Aslriomv " and Ionosphere Center. Arecibo Obsernatoty. Arecibu. Puerto Rico

The temporl 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 MW at 3.175 MHz. the initial enhancement of about 6% above system noise of the backscattered
power with Dopplershifts between -3.75 and -3.85 MHz was reached about 0.25 s afterswitching on
the HIF tranmittcr. In the following second the enhancement gradually decreased to about 3% and
remained there until switching off. During the late afternoon, in the presence of photoelectrons. using
the same HF power at 5.1 MHz. an initial enhancement by 25o 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% enhancement 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 effect is believed to be due to a modification in the distribution
function of photoelectrons.

1. INTRODUCTION daytime. In section 2 of this paper the theories of electron

The generation of enhanced airglow during the first iono- acceleration are reviewed briefly. In section 3 the nighttime

spheric modification experiments at Platteville, Colorado observations in the absence of photoelectrons are described.

[Sipler and Biondi, 1972; I-faslet and MfegiI, 1974] was Section 4 deals with the daytime observations, in the pres-
attributed to collisional excitation of the O(tD) and O(IS) ence of photoelectrons Section 5 is devoted to the interpre-
states of atomic oxygen by suprathermal electrons. Carlson tation of the observations.
et al. [1982] reported the indirect detection of the
suprathermal electrons by their enhancement of the very 2. THEORIES OF ELECTRON ACCELERATION
weak nighttime thermal plasma line of incoherent The first quantitative theory of electron acceleration
backscatter observed by the 430-MHz radar at Arecibo. [Weist 1975]iatie eoy bro n hery
Such an enhancement was predicted by the theory of Perkins [Weinstock, 1975] applied resonance broadening theory
and Salpeter [19651. Although the enhancement was much [Dupree, 1966; Weinstock, 1968) to calculate the high-energy

weaker than that due to photoelectrons in daytime (Yngves- tail, due to parametric excitation, in the electron velocity

son and Perkins, 1968], the presence of electrons with distribution function. Graham and Fejer [1976] questioned
energies at least up to 30 eV was verified. Direct verification the applicability of resonance-broadening theory to this type

of such electrons from a rocket was reported later by of calculation. Graham and Fejer [1976] suggested instead a

Grandal et al. [1983]. single-step acceleration process by the parametrically ex-

The present observations had the purpose of investigating cited Langmuir waves. They failed to point out, however,

the temporal variations of the plasma line enhancements as that such a single-step process could occur repeatedly as an

the HF transmitter was cycled 2 s on, 3 s off. Observations electron collides with neutral particles and returns, perhaps

of this nature at night with a rather poor temporal resolution several times, to the acceleration region. The importance of

of 0.5 s were reported earlier by Fejer et al. [19851. They such a mechanism was pointed out by Carlson et al. [19821,

found that the "cloud" of energetic electrons reached its full who supported their arguments by detailed computations.
intensity some hundreds of milliseconds after theHF trans- Gurevich et al. [1985] have put such considerations of
mitter was switched on. The energetic electrons disappeared multiple acceleration into quantitative form; they also intro-
wish-a similar delay when the HF transmitter was switched duced the concept of acceleration by cavitons into their

off. theory. They defined a caviton as "an arbitrary stationary or
The present observations used an improved temporal nonstationary density well filled up with intense electric field

resolution of 0.1 s and were carried out both at night and in oscillations (Langmuir oscillations)."
The production of cavitons during ionospheric modifica-

tion is very strongly suggested by the observations of
Copyright 1987 by the American Geophysical Union. Birkmayer et al. [1986], following earlier different types of

Paper number 6A8796. observations by Duncan and Sheerin [1985] leading to
0148.0227/871006A-8796$02.00 similar suggestions. The cavitons appear in less than 10 ms

The U.S. Government is authorized to reproduce and sell this report.
Permission for further reproduction by others must be obtained from -I-
the copyright owner.
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TIME: 22:06 OTE: 27/01/86 shifts are negative, that is. the downshifted plasma line was
UPPER LINE; 4. 15-4.2S MHZ
LOFR LINE: 3.75-3.85 UHZ observed. The time resolution Was 100 ms. The measured

1. - .values are at the discontinuities in the slopes of the curves;
the first measured value represents an average over the first

100 Ins after switching on the HF transmitter.
yFigure 1 shows that the enhancement of the plasma wave

0. intensity is large- for the lower-frequency band of 3.75-3.85
O.9.  MHz. The maxi.u9 enhancement is reached after about

0.25 s and is a little more than 6% of the system noise
- 0.25-s-and inlitte orthans--ao the sym o iser

-i temdperaturie (defined for our pdtrpose as the sum of receiver,,, 0.92-
noise temperature and galactic noise temperature, together
about 120 K. the galactic component being variable). The

0. . . -.0 1.0 2.0 3.0 4.0 enhancement drops to about half its maximum value after

DELAY AFTER HEATER TURN ON (SECS.) about a second and remains steady until the HF transmitter

Fig. I. Power in the natural plasma line in the absence of is switched off and the enhancement disappears in about 0.25
photoelectrons ai two frequency bands as a function of time elapsed s. The observed finite rise and fall times of the enhancement
after the heater was turned on. The heater was turned off after 2 s. are consistent with a mnultiple acceleration process [Gurevich
The ordinaie scale is relative; only the fractional increase alove the et al., 1985], during which an accelerated electron can return
"noise level" (which includes a contibution from the galaxy as repeatedly to the acceleration region after collisional scat-
discussed in the text) is significant. The dashed lines were drawn to
guide the eye and represent the "noise levels" in the two frequency tering. Eventually, a steady state is reached with energetic
bands. On the ordinate axis the lowest and highest values indicated elections distributed over a region extending considerably
are exact; the intermediate values hive been rounded off to two above and below the acceleration (interaction) region near
decimals after ifiteiiolation. the reflection height of the HF pnp wave.

The maximhuh 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 longer time of 0.45 s. Similarly, the

[Isham et at., 1997]. It seems therefore that the electrons are enhancement disappears in a somewhat longer time of0.35 s.
accelerated by the Langmuir waves inside caVitons. This is not surprising because the height of the backscatter is

A detailed discussion of cavitons and their properties is further from the height of the acceleration region.
outside the scope of this paper. Quantitative comnparisoris of The energy of the electrons-responsible foe the scatter is
the present observatiohal results with the theory of Gurevich greater than about 6.1 eV for the highet-frequency band and
et al. 11985] or with other theories will be left for a future greater than about 5 eV fot the lower-frequenc~y band. These
publication, lower limits of energies are somewhat lower than those of

10-12 eV appropriate for the spectra of Fejer et a!. [1985,
3. OBSERVATIONS IN tHE ABSENCE OF P-OtOELEC" kONS Figure 10]. The lower energy limits were still higher for some

The observations described in this apd-the next section of the observations described by Carlson et a!. [1982], who
were carried out on January 20 and 27, 1986, at the Arecibo incidentally also gave the explicit formula for the lower
Observatory. The HF transmitter was at Islote, about 17 km energy limit.
northeast of the observatory; it radiated an equivalent power Observations made during the two quarter hour periods
of 80 MW (400 kW with 23 dB antenna gain) toward the subsequent to the observations summarized by Figure 1
ionosphere. The HF transmitter was pulsed periodically 2 s yielded essentially similar results and are not shown here.
on, 3 s off. Plasma line spectra were obtained over a After 2250 UT, the maximum plasma frequency of the
bandwidth of 500 kHz by transmitting 430-MHz radar pulses ionosphere sank to a value below which Langmuir waves of
of a length somewhat in excess of I ms and coherently 35-cm wavelength are severely Laridau damped [Yngvesson
sampling the backscatter from near the HF reflection height and Perkins, 1968] and therefore could not be used for the
every 2 As. The average of two spectra was written on tape monitoring of energetic electrons.
every 100 ms. During the subsequent analysis, averaging 4. O IN THE PRESENCE cw
over a very large number of 5-s cycles was carried out. POTOELETRS

The observations described in this section were carried PHOTOELECTRONS
out at night, late enough for the disappearance of the effects The experimental techniques used in the afternoon obser-
of conjugate photoelectrons. Results for the time interval of vations of January 20, 1986, and described in this section
about quarter of an hour, starting at 2206 UT on January 27, were identical to the techniques used in the nighttime
1986, are shown by Figure 1. The frequency of the HF observations described ih section 3. The conditions of the
transmitter was 3.175 MHz. The choice of such a low HF observations are, however, radically altered by the presence
was forced upon us by, the solar minimum conditions and by of photoelectrons. It is well known [Yngvesson and Perkins,
the need to wait until the magnetically conjugate F region 1968] that the plasma line of incoherent backscatter is very
was no longer sunlit; by that time the maximum plasma greatly enhanced by the photoelectrons to levels which at
frequency in the local F region sank to a low value. During Arecibo exceed the system noise by a factor considerably
the observations described by Figure 1, the maximum greater than 10.
plasma frequency was about 4.4 MHz. Figure I shows the Figure 2 shows the results ofobservations during about an
average temporal behavior of the relative power in the hour starting at 1640:01 UT on January 20, 1986. Although
highest and lowest 100-kHz-wide bands of the 500-kHz-wide the Langmuir waves excited parametrically close to the
spectra with Doppler shifts of?.5-4.25 MHz. The Doppler pump frequency of 5.1 MHz were outside the 5.25- to

-6-
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164001 20 JAN 86 that the larger part of the effect results from a modification in
the distribution function of the photoelectrons. It is true that

o. 2'- - the Langmuir waves can either accelerate or decelerate4 ENHANCED PLASMA LINE energetic electrons. I-owever, the energy spectrum of
0. 19- photoelectrons is rather steep, and therefore more low-

energy electrons will be accelerated than high-energy 'lec-
0. 12 trons decelerated.

The maximum power in the 5.25- to 5.35-MHz Doppler
range is reached without a measurable dehly according to

o. OE Figure 2; the delay must therefore be less than 100 ms. Over
0.50 PLASA LINE 5.25-5. 3S MHZ the 5.65- to 5.75-MHz frequency range the peak power is,,," Lreached with a measurable delay of the order of 100 ms. The

"0.45 maximum enhancement in power is about 20%.

W 0.40. Similar results to those of Figure 2 were obtained during> 1640-1800 UT on January 27, 1986. over the 5.35- to
., 0.3 - 5.85-MHz Doppler frequency range. The enhancements ob-
,, served were somewhat smaller; the results will not be shown

0.30 here.0. 40

. (C)NATUFA PLASMA LINE 5.65-5. 75 MHZ* 5. DiscussioN

The results of the present observations show a distinct
0. 3S- overshoot effect in the temporal behavior of the naturalplasma line in the presence of energetic electrons when the
0.32- HF transmitter is switched on. The present results differ in

this respect from those shown by Fejer etal. [1985, Figure
0. 30' 0 10] which do not show an overshoot effect. The difference is00 1.0 2.0 3.0 4.0 10whc

believed to be dae to the improved temporal resolution in the
DELAY AFTER HEATER TURN ON (SECS.) present experiments.

Fig. 2. Power in the aliased, enhanced plasma line and in the There is considerable uncertainty about the cause of the
natural plasma line in the presence of photoelectrons in two fre-
quency bands as a function of time elapsed after the heater was
tuned on. The heater was turned off after 2 s. The ordinate scales Graham and Fejer [ 1976] suggested that the overshoot is due
are relative; in Figures 2b and 2c only the ratios of the power levels to pump wave absorption caused by the growth of short-
existing during the first 2 s to the mean level during the 2.5- to 3-s scale field-aligned irregularities within times of the order of a
time interval (not influenced by the heater) are significant. On the second. These irregularities are the product, of a plasma
ordinate axes the lowest and highest values indicated are exact; the
intermediate values have been rounded off to two-decimals after instability [Vaskov and Gurevich, 1977; Inhester, 1982] in
interpolation, which the irregularity scatters the pump wave into Langmuir

waves. The difficulty with the mechanism of Graham and
Fejer [19761 is the lack of any measurable absorption in the
reflected pump wave at 5.1 MHz and a simultaneous strong

5.75-MHz frequency band of the observations, the filtering overshoot in the HF-enhanced plasma line during some of
was not sharp enough to prevent an aliased HF-enhanced our as yet unpublished observations at Arecibo. The cause
plasma line to appear near 5.6 MHz. The difference of 0.5 of the overshoot on such occasions is not yet known. The
MHz is the reciprocal of the sampling interval of 2 As. Figure present results clearly demonstrate that the cause cannot be
2 therefore shows, in addition to the relative intensity of the related to the development of the population.of energetic
backscatter with Doppler shifts of 5.25-5.35 MHz and electrons which could Landau damp the Langmuir waves.
5.65-5.75 MHz, also the intensity of the aliased HF- On the contrary, the overshoot appears to have a strong
enhanced plasma line with a Doppler shift near 5.6 MHz. effect on the development of the population of energetic

The aliased HF-enhanced plasma line shows the well- electrons at night and an even stronger effect on the changes
known overshoot phenomenon [Showen and Kim, 1978; in the distribution function of photoelectrons during the day,
Djuth et al., 1986] and drops to about a twentieth of its following the switching on of the HF transmitter. The delay
original power in about a second. The natural plasma line of a quarter of a second or more during the nighttime
enhanced by photoelectrons shows a strikingly similar be- observations is understandable qualitatively in terms~of the
havior. This is especially true of the backscattered power multiple acceleration mechanism [Gurevich et al., 1985]. The
with Doppler shifts of 5.25-5.35 MHz which shows an initial much shorter delays observed during the day can be under-
enhancement of about 25%. Since the photoelectron, stood in terms of a modification in the distribution function
enhanced natural plasma line exceeded the system noise by of photoelectrons which already had large energies before
a factor considerably greater than 10, the previously men- the HF transmitter was switched on. These shorter delay
tioned 25% enhancement corresponds to enhancement con- times also explain the larger overshoot effects observed in
siderably larger than 250% above the system noise. It does daytime.
not seem possible that such a large enhancement, about 2 A quantitative comparison with theory is not possible
orders of magnitude greater than the nighttime enhance- without theoretical calculations of the temporal and spatial
ment. could result from the acceleration of electrons from development of the distribution function of energetic elec-
the tail of the Maxwellian distribution. It is far more likely trons after the powerful HF wave has appeared. It would be

-7-
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very desirable to carry out such calculations in the near Gurevich. A. V.. Ya. S. Dimant, G. M. Milikh, and V. V. Vaskov,
ffutue Multiple acceleration of electrons in regions of high-power radio-utue.wave reflcion in the ionosphere. J. Atmos. Terr. Plays., 47, 1057.

Acno wledgmientsr. The Arecibo Observatory is part or th 1985.MglA~oe fteehne igo
Nation.l A%tronomy and Ionosphere Center. which is operated by Haslett. J. C.. and L. R. MglA oe fteehne igo
Cornell University under contract with the National Science Foun- ectdb Frdain ai d,9 05 94

datin. hisresarc wa fuded n pn b Ai Foce ontact Inhester. B., Thermal modulation of the plasma density in iono-
F19%288-WK-O031 to the University of California at San Diego. shrchaigeprmns .Ams er ly. 4 09

The Editor thanks H. C. Carlson and another referee for their 198.. .Brmyr .Hgos n .Kfa, sra

assitane i evluaingthi paer.tions of small-scale plasma density depletions in Arecibo HF-
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Obervations of the time dependence of the enhanced plassma line power dating high powr
ovhericmodiflcziomexpemnentsaL Arecibo. with a reselutica of lxns, scendimesshoued5-1O

VMS lng pulses recurring vry newrly pesiodicallyviery 20-50ms. Other chocrxzi~osf heslower
variations of powerat Arcibo show the adual dsappearanceof tbh asieovershoot as the
HF pulsing was changed fromn 0.5-s on 5-5-s off to 0-5-s oa 19-i-soft, and its gradual reappezarance:
as she pulsing was changed back to 05-s on, 5.5-s off. Observations of the htight, dependence of

the enhanced plasma line spectrum were also made. They showed that, the decay line with its

cascade and the OTSI line: all originated at the wane narrow range of heights which observations
by others showed to be near ad just below the theoretical height, of reflection of the pump wave

relation of the Langmuir waves detected by the radar is sagisfied in the unpe-trtiedzndi
The possibility of interpretation of the obseervations in terms of existing theories is considered and

the need for further theoretical and experimental work is pointed out-

1. INTRODUCTION whose wave vectors form angles of less than aboit, 2V with
the pump electric field (which for the Arecibo experiment is

Very soon after the start of ionospheric modification ex- very nealy parallel to the geomagnetic field). The theories
periments [Udeaut, 19701 at Platteville, Colorado, Perksins also predict that the Arecibo radar (whose beam forms an
and Kaw [1971] suggested that the electric field in the re- angle of about 45* with the geomnagnetic field) would not
flection region of the vertically incident HF modifying wave detect the unstable Langmnuir waves directly; it would only
of ordinary polarization (the pump wave) at Platteville ex- detect the much weaker Langmuir waves which result from
ceeded the threshold of certain parametric instabilities. Wong the scattering of the pump wave and of the cascade of un-
and Taylor [1971] and Carlson et al. [1972] demonstrated ex- stable Langmuir waves by thermal ion acoustic waves. Ac-
perimentally at the Arecibo Observatory by 430 MHz radar cording to these theories there should be no sharp transition
backscatter the parametric excitation of Langmuir waves, between radar backscatter spectra below and above thresh-
Subsequent experimental work at Arecibo [Kantor, 1974; old [Fejer and Kuo, 1973b; Fejer and Suzr 1984]. The
Duncan, 1977] was interpreted in terms of the excitation of predicted backscatter slightly above threshold would there-
both the parametric decay instability (PDI) and the modu- fore be relatively weak although its power would increase
lational or oscillating two-stream instability (OTSI), the ]at- as the square of the pump power within the range of valid-
ter as described by its linear dispersion relation. Both the ity of weak turbulence theory in a uniform In'ditini. The
HF modifying transmissions and the 430-MHz radar used theory in its one dimensional form [Kno and Fcjer, 1972]
the 305-in reflector in these early experiments, as extended by Fejer and Kuo [1973a] leads to a saturation

Fejer and Kuo [1973a~b] and Perkins at al [1974], ex- spectrum that also includes the OTSI, ice., the weak exci-
tending the work Kuo and Fejer [1972] and Ks-tir and Valeo tation of Langinuir waves at exactly the pump frequency;
[1973] to more than one dimension, independently examined this aspect of the theory has not been extended to three

-. by means of weak turbulence theory a saturation mechanism dimensions.
for the PDI by a cascade of instabilities. In this cascade Observations of 430-M Hz radar backscatter spectra from
first the HF wave (the pump wave) decays into a Langinuir Lazigmuir waves resulting from HF induced plasma instabil-
wave of slightly lower frequency and an ion acoustic wave ities, with frequencies near and slightly below the frequency
by the PDI. The Langmuir wave then further decays and of the pump wave (enhanced plasma line spectra) at Arecibo
this decay process is repeated several times, resulting in a for different OW HF pump powers [Fejer and Sulzer, 1984;
cascade of Langmuir waves of successively lower frequency, 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

Copyright 1989 by the American Geophysical Union Figure 9 of Fejer et al. [1985] has a peak spectral power den-
sity that: is below the receive-. noise level by about a factor

Paper number 88JA 04114 of 4; the next weakest spectrum shown has a spectral power
0148-0227/89/88iA-04114S05.O0 density that is above the noise level by a factor of about 10

The U.S. Government Is authorized to reproduce and sell this report. 9
Permission for further reproduction by others must be obtained from
the copyright owner.
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and has to4l the predited Spectral shape and intensity pacake-shaped cavtons we formed with the lane'" of
fara ump paerdesity tat is about 3 times above thtcsh- the "Pa s perpendicular to the magnetic fid.
al The nie kwe of aiout 100 K eqv.lalent antenna tem- The first observations that could have possibly been in-
pcraturein thoi, servatios contsted afreci.rne we and terpred as indirect evidence for he formation of kno-
comic noie it should be pointed out that in d.-'time the spheri envirtos were made kr Murcw and showin [19-N]
nse vil can b greater than IO K and is mainly cued although they did not inerpreLt their own observations in
by backscatter from Launguir warn Ceeor-emitted by terms of catons. They found that the enhanced plasma
photoectrons. Te strongest spectrum of Figure 9 of F- line came from a height that was greater by a few kilo-
icr el L [J ) has a spectral power desity that exceeds meters than the height of the natural plasma line (mainly
the receiver noise kvd by a (actor of 1.3 x 10' and has a the backscater from Laugmair waves Cerenkor emitted by

spectral shape tha slightly rsemles, against theoretical photoelcrons in daytime as mentioned earlier). They ex-
expectation, the cascade spectrum predicted by the weak plained th, e olse ratios in terms of isolated leld-aligied
tarblence theorof Ferjes- a"d Kuo [193ab] and of Perkins plasma density depletions or ducts, inside which the dispr-
Ce AL [1974] for a radar beam parallel to the geomagnetic on relation of Laugmuir waves can be satisied ear the
,dU. However, the power ratios of the cascade members are refection height of the BF wave. This interpretation was
much greater than the theory predicts. The resemblance further developed by Rypdd and Crayin [1979]. In addi-
is e-ndoser for the spectrum of Figure 2 of Fejer ct aL tion to explainng the height observaions of Muldreo and
[1965) okained for an HF pump frequency of 3.175 MHz. Showen [19771, the duct hypothesis also explains the oh-
At that frequency for Arecibo conditions the Landau damp- served strong plasma line spectra; the medium is no longer
ing of the Langmuir waves detected by the radar is rather uniform and therefore the weak turbulence theory in a uni-
high and this probably explains why the enhanced plasma form medium, as formulated by Feji- and Kno [1973ab] and
line is present, if at all, for only a few hundred ms after by Perkins et aL [1974], is not applicable and must be re-
the HF transmitter is switched on. During an on period placed by the theory of Rgpdal and Cmgin [1979] which at
of about half a second the electron temperature and there- least qualitatively explains the observations.
fore Landau damping rises to quench the instability for the Birkmayer et al. [1986] and Isham el al. [1987] con-
Laugmuir waves observable by the 430-MHz radar. An off firmed the experimental results ofMiddrew andShowen[1977]
period of about 10 s then allows the electron temperature by an elegant and entirely different experiment using chirped
to return to its original value and the process can be re- radar pulses [Hagfors, 1982]. They interpreted their results,
peated. Entirely similar spectra have been obtained with however, in terms of the excitation of Langmuir cavitons
similar pulsing of the HF transmitter operating at 5.1 MHz near the reflection height of the HF wave rather than in
and will be discussed in section 5 of this paper. terms of field-aligned ducts. This was also the interpreta-

The strongest spectra of Figure 9 of Fejer et al. [1985] tion by Duncan and Shecrin [1985] of their own observation
cannot be explained by the theories of weak turbulence in a of an increase in the height of the enhanced plasma line echo
nearly uniform medium. Not only do they have the wrong within a few milliseconds after switching on the HF trans-
spectral shape, but their peak spectral power densities are mitter.
about 100 times higher than theoretically predicted on the A modification of the ionospheric density profile and the
basis of reasonable estimates of pump electric fields. creation of a density depression at tle critical height by a

Equations governing strong Langmuir turbulence (SLT) high power radio wave was observed at Arecibo by Wong et
were formulated by Zakharov [1972] and were used in many al. [1987]. They used the photoelectron enhanced plasma
numerical simulations since then. Zakharov [1972] also dis- line for the measurement of the ionospheric density profile
cussed his equations analytically and showed that a monochro and noted the suppression of the intensity of that line at the
matic Langmuir wave of sufficient amplitude is unstable to critical height. They attributed this suppression to small-
the formation of a very large number of Langmuir cavitons scale Langmuir cavitons imbedded in the larger-scale density
(localized density depletions filled with Langmuir oscilla- depression.
tions) which in the course of time become more and more The primary purpose of the present paper is the presen-
localized (collapse) until eventually the Langmuir wavs are tation of bomne new experimental results.
dissipated by Landau damping (burnout). Recent numerical . Section 2 describes some observations of fast temporal
simulations based on the Zakharov equations [Russell et al., variations (including some surprising periodicities) of the
1986, 1988] demonstrated this process and also showed that power in the enhanced plasma line, with a resolution of I
after caviton collapse and burnout a new caviton is formed ins.
at the place of the old burnt-out caviton, thus leading to a Section 3 describes observations of the plasma fine over-
locally quasi-periodic process. shoot [Showen and Kim, 1978] obtained by the same tech-

The above brief account does not do justice to the exten- nique.
sive literature on Langmuir cavitons/solitons. A few among Section 4 presents observations of the height-dependence
the works omitted are the laboratory experiments agreeing of the enhanced plasma line spectrum with CW heatifig.
with numerical simulations, described by Vong and Cheung Section 5 presents observations of the height dependence
[1984] and Tanikawa et al. [1984 and the theoretical work of the enhanced plasma line spectrum with pulsed heating.
of Morales and Lee [1977]. Section 6 presents observations of the spectral width of

Petviashvili[1976] suggested that cavitons must form in the OTSI line and of the dependence of that width on the
ionospheric modification experiments using a powerful HF strength of the pump electric field.
pump wave with ordinary polarization. Weatherall et al. Section 7 is devoted to the detailed interpretation of the
[1982] confirmed by numerical simulations based on the Za- observational results. In the earlier sections interpretation
kharov equations the suggestion of Petviashvili [1976] that is kept to a minimum.

-10-



S,,-,Z L- AL.: 0asx'aA'TxoxAL L:zns ox Ror.o or CAvroxs

0

do1

• -20

hI

da

I.-

-80 t ! I

0 200 400 600 800 1000 1200 1400 1600 1800

TIME (ms)
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 equivalent radiated power of 40 MW at 5.1 MHz and were
PLASMA LINE POWER cycled 2-s on, 2-s off. Ordinary polarization was used. The

The motivation for the observations described in this HF transmissions were started shortly after the 400 ms mark
section was the finding by Fejer et ol. [1985], based on the on Figure 1. The enhanced plasma line in Figure 1 is only
visual inspection of the enhanced plasma line echo on a radar seen during the overshoot and disappears shortly after the

A scan, that the temporal behavior of the total power in the 1600 ms mark. During the last 500 ms before its disappear-
weak broad and in the strong narrow spectra of their Figure ance practically all the power in the enhanced plasma line is
9 was very different. in nearly perfectly periodically recurring pulses of somewhat

During the present observations, 430 MNIz radar pulses less than 10 ms duration, with an IPP of about 42 ms.
were transmitted with an interpulse period (IPP) of 1 :ns. Figure 2 shows the first 200 of 1024 values in the digital
The power in the enhanced plasma line was therefore recorded power spectrum of the plasma line echo power in the 600
with a temporal resolution of 1 ms. Figure 1 shows a 2-s- ms to 1623 ms time interval of Figure 1. Most of the power
long record of the enhanced plasma l'ne echo power, starting is clearly in the periodically recurring pulses. There were
at 1632:09 on January 19, 1987. The 11F transmissions from many other examples of records similar to that shown by
Tslote, about 17 miles northeast of the observatory had an Figure 1 during the same afternoon although they were not

2.33 1 1 1 1 1

U-

z
0, 1.75
w

3.

-J

Le 1.16'
I-

0.

9-

0 20 -40 60 80 100 120 140 160 180

FREQUENCY (Hz)
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 Summing up, clear periodicities such as shown by the
here, showed almost periodically recurring pulses with the spectra of Figures 2 and 3 are often seen. At other times
IPP varying between 33 ms and 48 ms, with correspondingly the spectra do not show clear periodicities although they do
broader spectral peaks. not resemble random noise. An example is shown by the

During the next afternoon, on January 20, 1987, similar spectrum of Figure 4, for the first 1024 ms of an earlier 15
observations were carried out using the same frequency and s on-period at 1655:05 on January 20,1987. Figure 4 shows
ERP with a pulsing cycle of 15 s on, 45 s off; the same cy- the entire spectrum; only the first 512 values are displayed
cle was used in the experiment of Birkmayer et aL [1986]. on account of the symmetry in the power spectrum of a real
Conditions near the end of a 15 s on period must have re- function. At still other times the spectrum resembles that of
sembled those under CW operation. Figure 3 shows the first random noise; the spectrum of Figure 5, obtained 6 s later
200 values of the power spectrum for the 1024 ms long pe- at 1655:11, is an example. Apart from the very much larger
riod starting at 1657:16, just 3 s before the end of a 15 s on spectral power densities, the spectrum of Figure 5 is indis-
period. The period derived from the spectrum is about 18 tinguishable from the spectrum of receiver noise obtained by
ms. Very similar spectra were obtained for four of the last the same technique in the absence of HF transmissions and
five 1024 ms long periods of the 15 s on period, not shown here. The reader is reminded that 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 hne 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 I1-s on period.
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Fig. 5. The first 512-values of the digital power spectrm 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 of increased Landau damping, caused by a rise in, electron
random, then a spectrum resembling that of random noise temperature, of Langmuir waves of 35-cm wavelength de-
would be expected. tected by the 430-MvlHz radar. For higher pump frequencies

like 5.1 MHz the Landau damping of the Langmuir waves de-
3. THE OVERSHOOT IN THE ENHANCED PLASMA LINE tected by the 430-MHz radar is insignificant; an explanation

of the overshoot for that case in terms of the development of
Showen and Kim [1978] first pointed out that the power short-scale field-aligned irregularities within about a second

in the enhanced plasma line usually reaches a maximum was proposed by Graham and Fejer [1976]. They suggested
rather fast after switching on the HF transmitter. After a that the pump wave is scattered by the irregularities into
time of the order of a second the power usually drops to Langmuir waves; the resulting absorption of the pump wave
a lower value and then no longer decreases systematically, is the cause of the overshoot. This explanation is questioned
Occasionally, the enhanced plasma line is only present dur- by Djuth et al. [1986] who estimate that less the 10% of the
ing the over-shoot; for a pump frequency of 3.175 MHz at power in the reflected 5.1 MHz heating wave is absorbed due
Arecibo this is always the case and can be explained in terms 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 disp!ayed 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 on, 5.5-s off to 0.5-s on, 19.5-s off. 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 loghrithm of the power in the enhanced plasma line as a function of tie. The data are displayed only
near 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 and indicates the gradual disappearance of the strong over-
explanation [Muidrew, 1988a will be discussed in the last shoot during about two minutes. Similarly, Figure 7 shows
section. the gradual reappearance of the overshoot in about 1.5 min.

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 4. HEIGHT-DEPENDENCE OF THE ENHANCED PLASMA
by Morales et al. [1982]. LINE SPECTRUM FOR CW HEATING

It should be remarked here that the short-scale field- 4.1 Observational Technique
aligned irregularities ate much more intense and play a far
greater role at higher latitudes where more than 90% (rather The technique used for obtaining simultaneous spectra
than sometimes less than 10% as at Arecibo) of a reflected from several heights with the Arecibo 430 MHz radar was
heating wave near 5 MHz is absorbed [Fejer and Kopka, that of coded long pulses [Sulzer, 1986]. This technique has
1981] as a result of scattering by the field-aligned irregular- certain advantages over the multiple pulse technique [Farley,
ities into Langmuir waves. The reason for this different be- 1972] for radars using klystrons in which the beam current
havior is that the scattering process (and the thermal para- has to be kept flowing between the pulses of the multiple
metric instability generating the irregularities that will be pulse technique.
discussed shortly) depends-on that component of the pump A previous application of the technique of coded long
electric field which is perpendicular to the geomagnetic field; pulses was described by Fejer et al. [1985]. Their Figure
the strength of the perpendicular component is far greater at 4 shows the spectra observed by that method. A pulse of
higher latitudes than at Arecibo. This incidentally explains about 1 ins was randomly phase coded with a baud of 8 psec
the much greater stress in the recent Soviet literature on the length. The radoin phase code was changed often enough
thermal parametric instability [Vaskov and Gurevih, 1975; to ensure that a strong almost monochromatic signal com-
Grach et al. 1977; Das and Fejer, 1979; Inhester, 1982] re- ing from one height appears as random noise (usually called
sponsible for the short-scale field-aligned irregularities than clutter) at any other height. A spectrum was obtained after
on the ponderomotive type parametric instabilities respon- an integration time of about one minute. The results were
sible for the enhanced plasma line at Arecibo. interpreted in terms of fading resulting from self-focusing.

The observations described in this section are believed Spectra corresponding to below threshold conditions were
to shed further light on the nature of the overshoot. Figures obtained from a lower height and strong spectra from a
6 and 7 show the logarithm of the power of the enhanced greater height.
plasma line as a function of time. Each point in Figures 6 In the present work it was attempted to eliminate the
and 7 shows the average of 5 successive values of the power effects of fading by integrating at first over periods of only
written on tape every millisecond as in the last section. Fig- about 5-s length during which the code was changed 3 times.
ures 6 and 7 describe the temporal evolution of the power These 5-s long 'records' contained six spectra for six different
in the enhanced plasma line while the pulsing sequence of ranges 1.2 km apart. They were written on tape and were
the HF transmitter was changed from 0.5-s on, 5.5-s off to displayed for "quick look". In the next section such 5-s-
0.5-s on 19.5-s off at 2015:49 on January 19 1987, and was long records will be used directly. In this section a long
changed back to 0.5-s on, 5.5-s off at 2027:26. Only the im- sequence of 5-s-long records was subsequently analyzed by
mediate temporal vicinities of the 0.5-s on periods are shown computer. Only 'records' with a strong plasma line were
by the Figures. Figure 6 shows 10 on periods after 2015:49 retained (about a quarter of the records were rejected by
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Fig. 8. The spectrum of the downshifted enhanced plasma line for the 15 minute period starting 1750 on January
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 and this could also have caused differences in the noise level
a retained 'record' was then placed for accumulation in the if the sums of the spectra had been displayed. It was there-
second highest-of six range bins covering a height range-of fore decided to display the average spectrum rather than the
7.2 km; the other spectra of the 'record' were placed for sum.
accumulation into corresponding range bins, when such were
available. During the observations the starting time of the 4.2. Results Of The Observations
decoding sequence was occasionally adjusted in order to keep The observations took place on January 21 and 24, 1986,
the strongest spectral peak in one of the three highest ranges in the late afternoon. An equivalent radiated power (ERP)
of the quick-look display. On transferring the spectra of a of 80 MW at a frequency of 5.1 MHz in the continuous wave
"record" to the range bins of the analysis program therefore (CW) mode was used. The spectra averaged over different
the spectra in some range bins received no addition and quarter hour periods differed little and therefore only one of
for some spectra of the "record" there was no range bin them will be shown here. Figure 8 for the period starting at
available. 1750 AST on January 24 shows a typical set of spectra.

The procedure just described was designed to get rid of Before looking at those spectra in detail it should bethe effects of fading and of slow changes in the ionosphere; noted that the noise level in the second highest range bin

the range bins were meant to indicate the height relative at the center on the right-is 2-3-times lower than the noise
to the height of the strongest spectrum rather than abso- level in the other rang-i bins. It was explained in section 4.1
lute height. Typically the power spectra of about hundred that this is an expected property of the coded long pulse
"records" were accumulated in this manner by the analysis technique.
program, representing about 10-15 min of observation time. It should also be noted that the noise-level is not only

As described by Sulzer (1986], the noise level will be higher in the other range bins but the relative fluctuations
lowest in that spectrum of a "record" which contains the in the noise are about three times larger than in the second
strongest spectral peak, on the assumption that an almost highest range bin although the same integration time has
monochromatic strong spectrum is produced at only one been used for all the bins. This is believed to have been
height and this height is exactly matched by the decoding caused by using a random number sequence for the phase
for one of the ranges of the "record". Then the monochro- code which was periodic with too short a period. This minor
matic signal power coming from that height is converted into shortcoming will be rectified in future observations using
random noise (called clutter) for the other five height ranges this technique.
of the "record". Turning to the spectra of Figure 8, the largest spectral

The six spectra shown by Figure 4 of Fejer et al. (1985 peak occurs at the frequency expected for backscatter from
show practically the same noise level for all height ranges. Langmuir waves of the parametric decay instability. The
The reason for this is that in those spectra the plasma line peak spectral power density is on the average about 10 times
power exceeds the noise by a factor considerably smaller higher in the second highest range bin than in the two neigh-
than 128, the number of points in the digital Fourier trans- boring range bins (top and bottom on the right) in Figure
form. This will not be the case in the spectra obtained in the 8. It is shown in the Appendix that if all the scatter came
present observations in which the maximum spectral power from a single height then this ratio would have the value of
density can exceed the noise level by a factor comparable to 14 rather than 10. The observed average ratio of 10 implies
or even greater than 128, the number of points in the FFT according to the appendix that the scatter comes from a
used. Moreover, in the present analysis program an unequal height range of about ± 0.53 km. The considerations of the
number of spectra were accumulated in the six range bins 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 backscattered from a lower height where the dispersion re-
km during the quarter hour integration period. Records of lation of Langmuir waves would be satisfied in the unper-
the height of scattering justified that assumption. The fact turbed medium. A possible explanation is that the spectrum
that the above ratio was between 8 and 10 for most of the from the lower height was masked by the high level of clutter
spectra observed on January 21 and between 6 and 8 on resulting from the very strong signals in the second highest
January 24, also makes the considerations of the appendix range bin.
seem realistic. These observations lead to the conclusion that the HF

Besides the most prominent spectral feature already men- enhanced plasma line is produced by backscatter from a
tioned, the so called decay line, there are two other much height range whose width is typically about 1 km. The
weaker but nevertheless quite prominent spectral features. observations also show that the decay line, its cascade, and
One of these has a Doppler shift exactly equal to the pump the OTSI line all come from roughly the same height range.
frequency. It is believed to result from backscatter by the The results of the present observations, combined with
Langmuir waves of the OTSI. The other weaker feature is the the results obtained by Birkrmayer et al. (1986], show that,
product of a second parametric decay process in which Lang- for high pump powers, the IIF enhanced plasma line includ-
muir waves of the original parametric decay instability decay ing the decay line, a weak cascade, and the OTSI line, are
further parametrically into Langinuir waves traveling in the all scattered from roughly the same range of heights which
opposite direction and into ion acoustic waves with roughly is well above the height where the dispersion relation is sat-
twice the wave number of the Langinuir waves. Therefore isfied in the ambient medium.
the frequency spacing between this feature and the decay It must be stressed here that the terms "decay line,"
line is twice the frequency spacing between the decay line "weak cascade" and "OTSI line" are current Arecibo par-
and the OTSI (on the other side of the decay lille ill the lance which has its origin ill the- Lsuniption that parametric

spectrllill). instal)iities are aLm, oiatt:d with these spectral features. We
In Figure 8 these two weaker features are shown most do not imply by using these terms the exclusion of other

clearly by the spectrum in the second highest range bin. possible interpretations of these spectral features.
They may also be discerned weakly in the spectra of the two
neighboring range bins. It is significant that these weaker 5. lIEIGIIT-DEPENDENCE OF TiE ENHANCED PLASIA
features have an intensity in the two neighboring range bins LINE SPECTRUM FOR PULSED HEATING
that is estimated to be about one tenth of their intensity Djuth et al. [1986] showed that for pulsed heating with
in the second highest range bin. Thus the weaker spectral a high duty cycle such as 170 ms on 30 ms off, a spectrum
features appear to come from approximately the same height resembling the strongest spectra of Figure 9 of Fejer et al.
range as the strong decay line feature. [1985], obtained by CW heating, is established within a few

Another still weaker spectral feature of the second high. milliseconds after switching on the heater (their Figure 3). If
est range bin in Figure 8 is the anti-Stokes line whoze Doppler on the other hand a low duty cycle such as 350 ms on 1650
shift is larger than that of the OTSI line by the same amount ms off is used then the spectrum generally remains broad
by which the Doppler shift of the decay line is smaller. Other and strong during the overshoot (for about 80 ms for the
still weaker features are the higher-order members of the upshifted plasma line in their Figure 12).
cascade. In the work described here, plasma line spectra were

The spectra of the lowest three range binrv only contain obtained in January 1987 by the coded long pulse method
noiselike clutter. There is no sign of a plasma line spectrum with a 100 ms on, 1-s off heater cycle. The spectra were
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DOWN SHIFTED PLASMA LINE (kHz from 424.9 MHZ)

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 than the pump frequency from the radar frequency. This
code was changed three times. implies a line of sight component of the drift velocity of the

Figure 9 shows spectra at 4 heights 1.2 km apart for 5.1- electron gas of 35 m/s.
MHz heating with 40 MW ERP. A reasonably strong plasma The most noteworthy feature of the spectra shown is
line spectrum is only seen at the second lowest height (bot- the decrease in the half-power width of the OTSI line every
tom left); it str~ngly resembles the spectrum of Figure 2 of time when the HF power was decreased and the increase in
Fejer et at. [1985] which was obtained by Duncan and Sulzer the half-power width every time when the HF power was
for a heating frequency of 3.175 MHz. More commonly, the increased. The peak at 0 Hz is instrumental and should be
spectra observed by us do not resemble the spectrum of Fig- ignored.
ure 2 of Fejer et al. [1985] but are broader than the spectrum The observations-had an even more noteworthy feature,
of Figure 8. Examples are Figure 10, obtained with 5.1 MHz not displayed by Figure 12. When the power was increased
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 0000080 -

at the time. Figures 10 and 11 illustrate that there is a weak h
height dependence of the spectrum; the spectrum with the
wider spread may occur at the greater-height as in Figure ooooo4o
10, or at the smaller height as in Figure 11.

6. THE WIDTH OF THE OTSI LINE ,, + .2 km

The technique of using short radar pulses with an IPP "
of 1 ms for the study of narrow spectral features in the en- o 0.00005

hanced plasma line was described by Sulzer et al. [1984].
During July 1984 the spectrum of the OTSI line was stud- r , , ,
ied extensively by this technique. Spectra of 1-kllz width 0.00015 h+2 41,m I
were thus obtained in which the aliased decay line and its

V,)
cascade appear as noise on account of their large bandwidth. 0 5
The OTSI line on account of its narrowness is usually clearly

seen in the l-kHz wide spectra. Theoretically, in the absence
of ionospheric drifts, the frequency of the OTSI line should a: 0.000080 h + 3 6 k,
differ from the radar frequency of 430 M Rz by the pump fre-
quency of 5.1 MHz, used in the observations to be described
in this section , ooooo40

Figure 12 shows several such l-kllz wide spectra as the -60 .40 .20 o 20 40 60
power radiated by the HF transmitter was changed once
a minute, alternating between 20 MW and 40 MW ERP, DOWN SHIFTED PLASMA LINE (kHz from 425.562 MHz)

corresponding 4x25 kW and 4x50 kW being fed into the an- Fig. 11. The spectrum of the downshifted enhanced plasma line
tenna system of 23 DB gain. The frequency of the upshifted fo tie 5-s long period 3tarting at about 2127 on January 20,

OTSI line shown by Figure 12 differs by about 100 Iz less 1987, for four different heights 1.2 km apart.
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4.0 , .so ............ , [. . . o both 4x50 kW and 4x25 kW. Most of the power is clearly in

30 . . the decay line, especially for higher- transmitted powers. It
2. seems therefore that the total power in the enhanced plasma

t" 2.o line is probably a better indication of pump power density in
Z the ionosphere than the power transmitted from the ground.Wa 1.0I Figure 13 shows the bandwidth of the OTSI line as a func-

a: of &.= ... . tion of the logarithm, of the total power in the enhanced
40 ,,. . .. plasma line, on a relative scale, for 42 one minute long ob-

a. 3.0 servations that showed a clearly discernible OTSI line. The
2. correlation coefficient is 0.67. Although this is not a veryFbw2.0

- ~Ahigh value, it confirms the positive correlation suggested by
.w 1.0 Figures 12 and 13 between the bandwidth of the OTSI line

.0 o- - A , and the pump power.
> 4.0

3, .. . .7. CONCLUSIONS
_j 3.0 te
W- It was already demonstrated before the present observa-

P.o tions by Birkmayer et al. [1986), confirming earlier related

1.0 observational results of Muldrew and Showen [1977] and of
o *..0.___ _ ........__ Duncan and Sheerin [1985], that the enhanced plasma line

-500 0250 0 250 500 250 0 250 500 at Arecibo is the result of backscatter by Langmuir waves
from near the height of reflection of the pump wave and

FREQUENCY' OFbFSET FROM 435.1 MHz in Hz not from the lower height where the dispersion relation of
Fig. 12. Spectra of the OTSI line obtained in the evening of July Langmuir waves is satisfied in the unperturbed plasma.
30, 1984. The transmitted HF power was alternating between The present observations of temporal periodicities in the
4x25 kW and 4x50 kW. Most of the spectral power is in the pesn o ervatio s of i the
aliased PDI line which appears as noise on account of its wider enhanced plasma line power may seem to agree superficially
bandwidth. 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.,

to 4x100 kW, the OTSI line usually could not be discerned 1988]. However,it has been pointed out to one of the present
in the spectrum. This was probably caused by a further authors (J.A.F.) by D. F. DuBois (private communication,
large increase in the width of the OTSI line, making it un- 1987) that there are serious obstacles in the way of such
detectable by the technique used. an interpretation. An attempt to describe these obstacles

On time scales longer than a minute, self-focusing re- follows.
duces the correlation between the HF power transmitted The numerical simulations at Los Alamos [Russell et al.
and the HF field in the ionosphere. This lack of correla- 1986, 1988] show that the cavitons would have dimensions
tion is shown by the steady increase with time of the power of the order of 5-50 cm [DuBois et al., 1988 for typical
(the area under the curve) in the enhanced plasma line for ionospheric parameters, and that the period of the collapse-

70 -

60 x-

50 xx x x x x x

" 40 - xx x
Z

,,O 30 X X

W xx x V~2 XX XX XX X Y
in 0 XX X •xx x

x V x x x xx

o1 I I I1
I 2 3 4

LOG RELATIVE TOTAL POWER
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. Tie observations took place in the evening of July 30, 1981. Only those 42 bpectra
were used which clearly showed the OTSI line; this eliminated spectra with wider bandwidths of the OTSI line
than 100 liz.
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regrowth process would be less than I ms rather than the transmissions with two frequencies 1-to 10 kHz apart that
20-50 ms observed. Moreover, the number of cavitons re- the narrow OTSI line was replaced by an equally narrow line
sponsible for the radar backscatter would be of the order of whose Doppler shift is equal to the arithmetic-mean value of
107, and there is no reason to believe that they would be cor- the two pumfp frequencies. Such a result is consistiit- with-
related and thus collapse synchronously, even if the period the linear theory of Fejer'et al. (1978]; it is not consistent
of the collapse-regrowth process were longer. These obsta- with a process of direct conversion as described by Wong et
des are only in the way of explaining the observed 20-50 ms al. [1981].
periodicities in the enhanced plasma line power; as will be Some aspects of the 430-MHz radar backscatter spectra
seen shortly, some aspects of the observed spectra appear to are therefore difficult to explain in terms of the SLT model
be in agreement with the results of the simulations. of Russell et al. [1986, 1988] and DuBois et al., [1988]. In

The physical nature of the collapsing cavitons of the sim- view of these difficulties of explaining all aspects of the 430
ulations is characterized by its complete independence from MHz radar backscatter spectra observed at Arecibo in terms
the pump during the collapse; the collapsing caviton sim- of SLT, the possibility of alternative mechanisms should not
ply accommodates plasma oscillations at the changing res- be ignored. For this reason the different interpretations of
onance frequency of its trapped Langmuir mode until the similar observational results by Muldrew and Showen [1977]
oscillations are dissipated by Landau damping (burnout). and by Isham et al. [1987], mentioned earlier, will now be
After burnout the cavity relaxes thermally until its Lang- considered in more detail.
muir resonance frequency approaches the pump frequency The interpretation of Isham et al. [19871 was in terms

(nucleation). Forced oscillations are then excited near the of localized density depletions which grow from the noise in I
pump frequency, the collapse starts again and the process re- less than 10 ms after switching on the HF'transmissions and
peats itself. Parametric processes play no part in this plasma have linear dimensions smaller than 10 m. They justified
turbulence after the initial stage [DuBois et al., 19881. that interpretation by their observation that the depletions

In contrast to this physical process characterizing the were already present in less than 10 ms. They were not able
simulations, the stronger ionospheric spectra of radar backscat to observe the initial growth of the depletions and there-
ter from Langmuir waves of 35 cm wavelength (the so- fore could not exclude the possibility that the ducts, used
called enhanced plasma line), as shown for example by Fig- in the interpretation of Muldrew and Showen [1977], were
ure 8 for the second greatest height, display at least some already present before the HF transmissions were switched
signs of the excitation of the parametric decay instability on, having been produced during earlier on periods of HF
and its weak cascade, as well as the weak excitation of the transmissions.
OTSI. As pointed out earlier, however, those spectra dis- This is precisely the assertion made by Muldrew [1988]
agree with the predictions of weak turbulence theory in a in a paper in which references are given to earlier papers
uniform medium. Attempts to resolve these disagreements by him, defending and further developing the original inter-
were made by postulating the existence of field aligned de- pretation by Muldrew and Showen [1977] in terms of ducts.
pletions in the plasma density with transverse dimensions Muldrew [1988a] suggests that the localized plasma density
of the order of tens of meters [Muldrew and Showen, 1977, depletions observed by Isar et al. [1987] have not grown
Rypdal and Cragin, 1979]. These attempts were mentioned from the thermal level during the first 5-10 ms after the
in the introduction in connection with the explanation of HF transmissions were switched on. He suggests instead
the height of 430-MHz radar backscatter. Further attempts that the depletions are field-aligned ducts that did not have
along similar lines will be mentioned later. enough time to decay by more than a factor of 2 during the

A completely different interpretation of the observed 45-s off period. Moreover, he supports this suggestion by
spectra is suggested by Duflois et al. [1988] in terms of the results of his numerical computations. In those compu-
the strong Langmuir turbulence (SLT) model of Russel et tations he takes into account the effects of both the pon-
al. (1986, 1988] originally proposed by Zakharov (1972). Du deromotive force and the heating due to parametrically ex-
Bois et al. [1988] conclude that the turbulent stationary cited Langmuir waves. He proposes therefore that the para-
state is modulationally stable and that, as mentioned ear- metric growth within the preexisting ducts of propagating
Her, parametric instabilities play no role in it except for the trapped Langmuir waves detectable by the Arecibo radar
possible role of initiation. Surprisingly, in spite-of this dif- occurs within a few milli-seconds after transmitter turn-on.
ferckt physics, the numerical simulations lead to..ectra of Ile also suggests that the ducts, within which the plasma
Langmuir waves with frequencies mainly below the pump density is a few percent below the ambient value, have di-
frequency. These computed spectra thus have features in ameters of the order of 25 m or more and that they are
common with the 430 MIz radar backscatter spectra ob- spaced by distances of the order of 1 km. He suggests that
served during ionospheric heating [DuBois el al., 1988]; the these ducts are maintained by the effects of the pondero-
theory also explains the observed height of the enhanced motive force and of heating due to parametrically excited
plasma line [Afuldrew and Showen, 1977; Birkimayer et al, trapped Langmuir waves which are present during the on
1986] in a very natural manner. periods. Moreover, he explains the overshoot in terms of

There are, however, soime di.ffculties with this alterna- increasing collisionles5 damping of the propagating trapped
tive interpretation of at least some features of the observed Langmuir modes (not at the point where they are detected
spectra. If the Langmuir cavitons have life times of much by the radar but closer to the center of the duct where the
less than a millisecond, then it is very difficult to explain plasma density is lower) as the duct deepens. The deepen-
the observed bandwidths of the OTS! line which can be as ing is caused, according to him, initially by the effect of the
low as 15 Hz as shown by Figure 13. It is even more diffi- ponderomotive force but after the first 50-100 ms almost en-
cult to explain the results of Sulzer el al. [1984] who found tirely by an increase in electron temperature. This decrease
that in 430-MHz radar backscatter observations during IIF in electron density due to the increased electron temperature
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is caused by upward and downward diffusion of the plasma cess is repeated. While this repetitive protess is going on,
along the field lines, a process that has some built-in inertia, the electron temperature in the duct increases and the den-

Muldrew [1988] suggests that these strong isolated ducts sity decreases slowly until evential v--pr,!et .:- -
should not be confused with the weakerfield-aligied irregu- ceases altogether in some of the ducts and sometimes in all
lartiesresponsible-for-1F, VHF, and UHF radar backscat- the ducts by the overshoot process of Muldrew [1988]. The
ter. He suggests that the strong isolated ducts were not almost periodic pulsations of Figure 1 between 1400 ms and
detected by their effect on the chirp spectrum of the natural 1700 ms could have resulted from the presence of Langmuir
plasma line, observed during the 45-s off period by Isham et waves capable of being detected by the radar in only-a sin-
al. [1987], on account of their isolated-nature. gle duct. The finite bandwidth which characterizes all the

D.B. Muldrew (private communication, 1988) makes the 430-MHz OTSI lines observed with a frequency resolution of
further suggestion that some of the observations of our present the order of 1 Hz, could be interpreted as being the result of
paper probably could also be explained by the isolated ducts such periodic pulsations even when three or more ducts con-
as will be discussed shortly. tribute to the observed enhanced plasma line whose power

Neither Muldrew's [1988] latest published work nor his then does not show pulsations.
earlier work cited in it contains a detailed theory or a full nu- The results shown by Figures 6 and 7 of Section 3.could
merical rimulation of the original development of his strong be explained [D.B. Muldrew private communicitions, 19881
isolated ducts out of the thermal level or out of another low by the expected effect of changing the duty cycle on the over-
level of pre-existing density perturbations (possibly weak shoot mechanism of Muldrew [1988] mentioned earlier. With
natural ducts), following a sufficiently long period. without the shorter duty cycle in Figure 6, the longer -off periods
heating. A more complete theory would also have to explain gave more time for- the electron gas to cool until eventually
why the spectrum of propagating trapped Langmuir waves the increased electron temperature and the resulting den-
is not subject to collapse as predicted by SLT theory. Un- sity depletion reached during the on period did not produce
til such further developments Muldrew's [1988] work must enough collisionless damping to cause a-drop in the power
be regarded as tentative but deserves consideration for the backscattered by Langmuir waves and thus an observable
reasons mentioned earlier. overshoot.

The possibility of experimental tests of the existence It was mentioned earlier that other effects [Graham and
of strong isolated ducts should be considered, possibly by Fejer, 1976) related to the thermal parametric instability
suitable rocket or-satellite observations. It should be men- [Vaskov and Gureuich, 1975; Grach et al., 1977; Das and
tioned in this connection that in Figure 4 of Farley et al. Fejer, 1979; Inhester, !982] can contribute to the overshoot.
[1983], representing the percentage density deviations (after However, as pointed out by Djuth and Gonzales [1986], at
detrending) measured along the path of a satellite through Arecibo for a heating frequency near 5.1 MHz pump deple-
the heated region with a resolution of 70 in in distance, tion is usually insufficient to explain the overehoot'by these
shows two narrow negative peaks of over 2% about 8 km other effects. Under such circunistances the overshoot mech-
apart. These measurements could be interpreted in terms anism of Aluldrew [1988] is the only existing explanation at
of isolated field aligned density depletions (ducts). If the present.
two negative peaks were caused by ducts of 25 m or only Summing up, the main purpose of this paper was the
slightly larger diameter, below the 70 m resolution of the description of the results of recent observations of the en-
measurements, then the actual density depletion could have hanced plasma line at Arecibo. Some of these result can
exceeded 5%. In view of the one-dimensional nature of the be explained[(DuBois et al.,1988 in terms of the well estab-
measurement, the ducts must have been considerably closer lished theories and simulations of strong Langmuir turbu-
to each other in two dimensions than 8 kin; 0.5 kin would lence. lfowever, other results such as the observed variations
be a better estimate from Figure 4 of Farley et al. (1983] for in the enhanced plasma line power on the time scale of tens
a duct diameter of 25 in. of milliseconds and the observed very narrow spectral fea-

The following discussion considers the possibility of pro- ture with a Doppler shift equal to the pump frequency (or
viding at least tentative explanations of some of our present to the arithmetic mean value of two pump frequencies) can-
observations not explained at present by strong Langmuir not at present be interpreted in terms of strong Langinuir
turbulence theory in terms of the strong isolated ducts of turbulence. Very tentative explanations of those features in
Muldrew [1988a]. terms of ducts [D.B. Muldrew, 1988; D.1. Muldrew, private

The fast temporal variations of the power in the en- communication, 1988] were suggested but further work is
hanced plasma line, described in Section 2, could be ten- needed either to put those explanations on a more firm tile-
tatively explained (D.B. Muldrew, private communications, oretical basis or to seek alternative explanations, possibly
1988) by the effect of the ponderomotive force of paramet- by further developments of SLT theory.
rically excited Langmuir waves, trapped in isolated field
aligned density depletions (ducts). After transmitter turn- APPENDIX
on and the resulting rapid parametric growth of Langmuir The randomly coded long pulse is generated by phase
waves, the ponderomotive force has the effect of reducing coding with a baud length tb in such a manner that at the
the density in a preexisting duct. After a time of the order end of each baud there is a probability of 0.5 for a phase
of 5-10 ms of this continued density decrease, collisionless reversal.
damping extinguishes first the Lanigmuir waves responsible Assume for the moment that the scatter comes from a
for the observed radar backscatter and eventually all the single height at a single frequency. Assume further that the
Langmuir waves. The density in the ducts then first con- decoding has a phasi,.g error te, defined as the time differ-
tinues to decrease on account of ion inertia but eventually ence between the decoding sequence used in the receiver and
increases until Langmuir waves can grow again and the pro- the coding sequence of the scattered signal received from the
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ionosphere. 'In the experiments several decoding sequences, values of r should therefore lead to some estimate of the

with starting times spaced tb apart, were used. For two range of heights from which scatter was received. For this

of these decoding sequences 1t, < tb was satisfied, except purpose the assumption will be made that the scatter is

in the special case when tr=O was satisfied for one of the distributed uniformly over a range-of heights, well knowing

decoding sequences. that the assumption will not be satisfied in practice but

The amplitude of the detected echo is reduced if there is having no a priori knowledge about the nature of the height

a coding error because at every phase reversal there is a time distribution of the scattered power.

of length te < tb during which the phase of the'decodedsig- Consider scattering from a height for-which the time de-

nal is reversed. Since the probability of a phase change after lay of the scattered echo differs by q fractional bauds from
a given baud is 0.5, these contributions with the wrong phase the time delay corresponding to the center of the height

to the Fourier component occur t, < 2tb fraction of the time range over which a uniform distribution of the scatter is

during the coded long radar pulse of much greater length assumed. For q = 0 the values of te/tb will then evenly dis-

than tb contributions with the correct phase therefore occur tributed, for the second highest range bin, between -0.5 and

11 - te
1 /2tb fraction of the time. The fractional reduction 0.5 as before, However, for a non zero value of q the distri-

in the amplitude of the Fourier component caused by the bution will be even between -0.5+q and 0.5+q and therefore
decoding error is therefore (1- 1t4 /2tb) - te/2tb = 1- to/tb. the numerator in equation I will be replaced by

This expression vanishes for t, = tb s it should. With the ..- q q

notation 1 1 lib = p the fractional reduction in the powerof fo 2 d
the Fourier component boines (1-p) 2.

iJ0  d + (I P)2dp = 7/12 - q2  (2)

As was mentioned in the body of the paper, several spec- and the denominator in (equation 1) will be replaced by
tra for different time delays of the decoding sequence were
obtained every 5s; the spectrum with the largest peak power 1"
density was accumulated in the second highest of the range./(1 - p)2 dp = 1/24 - q/4 + q212 _ q313  (3)
bins established in the analysis program. It seems therefore +q

reasonable to assume that the values of t,/tb in the second by similar arguments.
highest range bin were distributed evenly between -0.5 and Integration of the expressions equation 2 and equation
0.5 because the time delay of the backscatter varied by much 3 from q = -Q to q = Q then results in the equation
more than t b during the accumulation process. Therefore p
was distributed evenly between 0 and 0.5. As was explained r = (14 - 8Q3)/(1 + 4Q3) (4)
in the body of the paper, spectra during whose accumula-
tion process the time delay of the received scatter varied by where 2Qtb is the spread in the time delays of the received
less than tb during a substantial fraction of the time, were scatter. For Q = 0 equation 4 yields the correct value of
rejected. r=14. For an observed value of r=10, equation 4 yields

For the highest range bin, t,/tb will be evenly distributed Q = 0.44. For the baud length used in the experiment
between -1.5 and -0.5. For values of p larger than 1 only described in the body of the paper this value of Q implies a
clutter is obtained after averaging over a large number of spread over a height range of 10.53 km with the assumption
randomly selected codes, and therefore p will be evenly dis- of uniform spread over that range.
tributed between 0.5 and 1. For the third highest range
bin h/itb will be evenly distributed between 0.5 and 1.5 and Acknowledgements. Very useful discussions with D. F.
therefore p will be evenly distributed between 0.5 and 1. DuBois and T. Hagfors are gratefully acknowledged. Thanks are
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The factor of 2 in the denominator is needed because to/tb eree for their assistance in evaluating this paper.
varies between -0.5 and 0.5, but the corresponding value of
p only varies between 0 and 0.5. REFERENCES

The assumption used in the derivation of equation I
about the even distribution of- t/tb in the mentioned in- Birkmayer, W., T. Hagfors, and W. Kofman, Small-scale plasma-
tervals is likely to be violated if during a large part of the density depletions in Arecibo high-frequency modification ex-
time over which the spectra were averaged, the height from periments, Phys. Rev. Lett., 57, 1008,1986.
which the scatter was received remained nearly constant; Carlson, H. C., W. E. Gordon, and R. L. Showen, High frequency

induced enhancements of the incoherent scatter spectrum at
such spectra were disregarded as was mentioned in the body Arecibo, J. Geophys. Res., 77, 1272, 1972.
of the paper. Das, A. C., and J. A. Fejer, Resonance instability of small.scale

The earlier assumption of a single frequency was in no field-aligned irregularities, J. Geophys. Res., 84, 6701, 1979.
way restrictive; in view of the linear nature of the process the Djuth, F. T., C. A. Gonzales, and H. M. Ierkic, Temporal evolu-

tion of the HF-enhanced plasma line in the Arecibo F region,same arguments can be applied to any Fourier component J. Geophys. Res., 91, 12089, 1986.
As mentioned in the body of the paper, the observed DuBois, D. F., H. A.1-wou, and-D. Russell, Power spectra of

values of r were much less that the value of 14 predicted-by fluctuations in strong Langmuir turbulence, Phy. Rev. Let.,
equation 1 for scatter from a single height. The observed 61, 2209.2212, 1988.

-21-



SULZER ET AL.: OBSERVATIONAL LIMITS ON ROLE OF CAVITONS

Duncan, L. M., The experimental saturation spectrum of para- Perkins, F. W., and P. K. Kaw, On the role of plasmainstabilities
metric instabilities, PhD. Thesis, Rice University, Houston, in ionospheric heating by radio waves, em J. Geophys. Res., 76,
Texas, 1977. 282, 1971.

Duncan, L. M., and J. P. Sheerin, High-resolution studies of the Perkins, F. W., C. Oberman, and E. J. Valeo, Parametric in-
HF ionospheric modification interaction region, J. Geophys. s'abilities and ionospheric modification, J. Geophys. Res., 79,
Res., 90, 8371, 1985. 1478, 1974.

Farley, D. T., Multiple pulse incoherent scatter correlation func- Petviashvili, V. L., Formationof three-dimensionalLangmuir soli-
tion measurements, Radio Sci., 7, 661, 1972. tons by an intense radio wave in the ionosphere, Sov. J. Plasma

Farley, D. T., C. LaHoz, and B. G. Fejer, Studies of the self- Phys., 2, 247, 1976.
focusing instability at Arecibo, J. Geophys. Res., 88, 2093, Russell, D., D. F. DuBois, and H. A. Rose, Collapsing caviton
1983. turbulence in one dimension, Phys. Rev. Left., 56, 838, 1986.

Fejer, J. A., and Y. Kuo, Structure in the nonlinear saturation Russell, D., D. F. DuBois, and H. A. Rose, Nucleation in two-
spectrum of parametric instabilities, Phys. Fluids, 16, 1490, dimensional Langmuir turbulence, Phys. Rev. Left., 60, 581,
1973a. 1988.

Fejer, J. A., and Y. Kuo, The saturation spectrum of parametric Rypdal, K., and B. L. Cragin, HF-induced parametric decay in
instabilities, AGARD Conf. Proc., 138,11-1 - 11-8, 1973b. presence of field-aligned irregularities, J. Geophys. Res., 83,

Fejer, J. A., and H. Kopka, The effect of plasma in- stabilities on 6407, 1979.
the ionospherically reflected wave from a high-power transmit- Showen, R. L., and D. M. Kim, Time variations of HF-induced
ter, J. Geophys. Res., 86, 5746, 1981. plasma waves, J. Geophys., Res., 83, 623, 1978.

Fejer, J. A., and M. Sulzer, The HF-induced plasma line below Sulzer, M. P., A radar technique for high range resolution inco-
thr . hold, Radio Sci., 19, 675, 1984. herent scatter autocorrelation function measurements utilizing

Fejer, J. A., B. L. Cragin, and R. L. Shnwen, Theory of parametric the full average power of klystron radars, Radio Sci., 21, 1035,
instability excited by two pump waves, J. Plasma Phys., 19, 1986.
355, 1978. Sulzer, M. P., H. M. lerkic, J. A. Fejer, and R. L. Showen, HF-

Fejer, J. A., C. A. Gonzales, H. M. Ierkic, M. P. Sulzer, C. A. induced ion and plasma line spectra with two pumps, J. Geo-
Tepley, L. M. Duncan, F. T. Djuth, S. Ganguly, and W. E. phys. Res., 89, 6804, 1984.
Gordon, Ionosphericmodificationexperiments with the Arecibo Tanikawa, T., A. Y. Wong, and D. L. Eggleston, Trapping of
heating facility, J. Atmos. Terr. Phys., 47, 1165, 1985. plasma waves in cavitons, Phys. Fluids, 27, 1416, 1984.

Grach, S. M., A. N. Karashtin, N. A. Mityakov, V. 0. Rap- Utlaut, W. F., An ionosphericmodificationexperimentusing very
poport, and V. Yu. Trakhtengerts, Parametric interaction of- high power high frequency tranmissions, J. Geophys. Res., 75,

electromagnetic radiation and ionospheric plasma, Radio Phys. 6402, 1970.
Quantum Electron., 20, 1254, 1977. Vaskov, V. V., and A. V. Gurevich, Nonlinear resonant instability

Graham, K. N., and J. A. Fejer, Anomalous radio wave absorption of a plasma in the field of an ordinary electromagnetic wave,
due to ionospheric heating effects, Radio Sci., 11, )057, 1976. Sot. Phys. JETP, 42, 1975.

Hagfors, T., Incoherent scatter radar observations of ,he plasme Weatherall, J. C., J. P. Sheerin, D. R. Nicholson, G. L. Payne,
line with a chirped pulse system, Radio Sci., 17, 727, 1982. M. V. Goldman, and P. J. Hansen, Solitons and ionospheric

Inhester, B., Thermal modulation of the plasma density in iono- heating, J. Geophys. Res., 87, 823, 1982.
spheric heating experiments, J. Aimos. Terr. Phys., 44, 1049, Wong, A. Y., and P. Y. Cheung, Three-dimensional self-collarse
1982. of Langmuir waves, Phys. Rev. Left., 52, 1222, 1984.

Isham, B., W. Birkmayer, T. Hagfors, and W. Kofman, Obser- Wong, A. Y., and R. J. Taylor, Parametric excitationin the iono-
vations of small scale plasma density depletions in Arecibo HF sphere, Phys. Rev. Leit., 27, 644, 1971.
heating experiments, J. Geophys. Res., 92, 4629, 1987. Wong, A. Y., G. J. Morales, D. Eggleston, J. Santoru, and R.

Kantor, I. J., High-frequency induced enhancements of the inco- Behnke, Rapid conversion of electromagnetic waves to electro-
herent scatter spectrum at Arecibo, 2, J. Geophys. Re,., 79, static waves in the ionosphere, Phys. Rev. Lett., 47, 1340,
199, 1974. 1981.

Kruer, W. L., and E. J. Valeo, Nonlinear evolution of the de- Wong, A. Y., T. Tanikawa, and A. Kuthi, Observations of iono.
cay instability in a plasma with comparable electron and ion spheric cavitons, Phys. Rev, Lett., 58, 1375, 1987.
temperatures, Phys. Fluids, 16, 675, 1973. Zakharov, V. E., Collapse of Langmuir waves, Soy. Phys. JETP,

Kuo, Y. Y., and J. A. Fejer, Spectral line structures of saturated 35, 908, 1772.
parametric instabilities, Phys. Rev. Lett., 29, 1667, 1972.

Morales, G. J., and Y. C. Lee, Generation of density cavities and J.A Pejer, Depart
localized electric fields in a nonuniform plasma, Phys. Fluids., Univer, of ment of Electrical and Computer Engineering,
20,1135,1977. University of California San Diego, C-014, La Jolla, CA 92093

Morales, G. J., A. Y. Wong, J. Santoru, L. Wang, and L. Il'M'lerhicandM.P'SuherNntionalAstronomyandIonosphere
M. Duncan, Dependence of plasma line enhancement on III Center, Arecibo Observatory, P.O, Box 995, Arecibo, Puerto Rico

pulse length and ionospheric preco.Citioning, Radio Science, 00613

17, 1313, 1982.
Muldrew, D. B., Duct-model explanation of the plasma line over-

shoot observed at Arecibo, J. Geophys. Res., 93, 7598, 1988a. (Received April 22, 1988;
Muldrew, D. B., and R. L. Showen, Height of the HF-enhanced revised November 14, 1988;

plasma line at Arecibo, J. Geophys. Res., 82, 4793, 1977. accepted November 14, 1988.)

-22-



ATTACHHNN 3

Simultaneous observations of '16.8 MHz and 4130 MHz

radar backscatter from HF-induced ionospheric Langmuir turbulence

N4. P. Sulzer1 and J. A. Fejer2

1 National Astronomy and ionosphere Center, Arecibo Observatory,

P. 0. jiox 995, Arecibo, PR 00613

2 Department of Electrical and Computer Engineering,

University of California San Diego, R-007, La Jolla, CA 92093

-23-



ABSTRACT

Simultaneous high resolution spectra of the upnhifted enhanced

plasma line were obtained with the 46.8 MHz and 430 MHz Arecibo

radars in tha 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 equal to the

two closely 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 a 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 observations 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

-25-



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 basi3 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, operating 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 power

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 was 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

-28-



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 fetAing 25 kW into one half of the antenna array system;

the other two 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 frequency is near the arithmetic mean

of the two pump frequencies. This is the principal result of

the present observations. It fully confirms the tentative suggestion

by Fejer et al. (1983) that the 46.8 MHz plasma line has no

relation to the OTSI (the second mechanism mentioned in the

Introduction). The results of the present observations have

therefore made a decisive choice between the two mechanisms

mentiohed in the Introduction possible. The 46.8 MHz plasma

line must be related to very slowly varying irregularities in

the plasma density on which the pump wave is somehow converted

to Langmuir oscillations or waves that can backscatter the radar

waves (the first mechanism mentioned in the Introduction).

The question of the precise nature of this conversion process

is discussed 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

respohsible fok the 46.8 MHz plasma line by scattering the HF

pump 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 vicinity 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 430 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 above 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

-32-



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 th" .3 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) and 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, arc
reviewed. First the linear theories of thc parametric decay instability and of the oscillating two-stream instability arc
considered. The saturation theories of these instabilities for weak pump waves are then outlined and their results arc
shown to be in reasonably good agreement with observations.

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

The effect of plasma instabilities on the creation or modification of a population of energetic electrons in ionospheric
heating experiments is demonstrated by indirect observations of the temporal evolution of energetic electron fluxes
after the heating transmitter is switched on.

I. INTRODUCTION

Ionospheric heating experiments are conducted using facilities capable of radiating electromagnetic waves of very high
power towards the ionosphere. The waves are usually radiated directionally at vertical incidence at frequencies some-
what below the critical frequency and are therefore reflected. There is thus no clear distinction between ionospheric
heating facilities 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 elaborate diagnostic equipment in heating facilities.

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

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

In principle the nonlinear effects of heating and of the pondcromotive force (the nonlinearity results from the depen-
dence of both effects on the square of the electric field) are present for any strength of an incident radio wave. In
practice the effects only become detectable for a relatively powerful wave. The nonlinear effects of heating have been
used both, for the investigation of the ionosphere /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
nonlinearities and/or to the effects of ponderomotive nonlinearities. The result is the spontaneous growth of perturba-
tions (waves) in the ionospheric plasma. Such instabilities were first observed at Platteville, Colorado where the first of
a new generation of ionospheric heating facilities started operation /6/. Some earlier observations near Moscow, USSR
were later reinterpreted /7/ in terms of such instabilities.

Several other ionospheric heating facilities started operation since 1970, at Arecibo, Puerto Rico, near Tromso Norway,
and in the Soviet Union near Gorky, near Moscow and near Murmansk.

This review will be restricted to the discussion of plasma instabilities excited in ionospheric heating experiments. Some
nonlinear effects not directly related to instabilities are reviewed in /5/. The book of Gurevich /8/ is a particularly
useful source of information on this as well as other aspects of ionospheric heating experiments.
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It is usual to call the instabilities excited in ionospheric heaiting experiments parametric instabilities if the nonlinecarity
involved is ponderomhotive. The term thermal parametric instability will be used here if the nonlinearlity is dominated
by heating rather than the poid-eromotive farce. It ii ciistomiry to refer io the incident powerful radio wave that
causes tiie growth of other i'i.vs-, ii the Odio *ii.

the linear ihioryd f two paiddiiri iibilifiis, the piiifntric dicdy instability or PD! and the osciflating two-stiam
instability or dTSI, will be reviewed in Sidtion 2. The saturatibit of the PD!i for *eik pump waves will be considered
in i ciibn 3 where iesults of~hc observations wilt be 66mpared with theoretical results. Thermal paramietric ifistabili-
ties su6h is self-tbcusiii and this ti~n"ia6 Af ihort ic-e fiiid-alignid ii~biik 4ll be reviewed v'ery bfiefly' in
Section 4. 'the saturation p'iblcm fdr strong pbmp waves and 6he fdrmation of cavitons will be consiW~ in Section
5. In Section 6 inidirct observations of the~ dcleiition' of electrotis from the tail of the Maxwelisn distribution at
higli and of the Modification bt &h Ohdioeledirofi huids in diytim6, duriing ionospheric heihfg exifients, will be
decribed. A fiew conciudii r~iiiarks ire made in Section 7.

2. THE PD! ANb THE OTSI

the 1bi drnd the OtSI both play ani important role in ionospheric heating experimnents. Their theory and references to
earlier work are giveni for exiriipl6 by /9/.

In the PDI the incident electromagnetic wave of high frequency, the pump, decays into a Lafigmuir wive of slightly
lowei highi frequjency and an ion gicoustic Wkave of low frtiquency. t6e Lgiiui wave iesults fronm the scattefing of the
piiji wave by the ion acoustic wive. The ion acoustic w'ave, in tuib, resuilts from the ponderomotive tionlinearity
which produces a force at the difference frequency of the two high frequency waves. For a large enough pump field
the fcedbick rcsultii from those two processes leads to itisiabiity.

In the OTSI a spatially periodic but temiporally aoriodic tlasina density perturbation scatters the electromagnetic
pump i~ivd into a standingk Langmhuir Wave. The ofideibriiotivc force due the initerference pattein of the Ourio wave
with jhd standing Liimuir wave generates the temporally aperiodic density perturbation and thus completes the feed-
back loop. Stich birametric instabilities in which tempoiaily aperiodic density perturbations scatter the pump wave
rind thus spatially modulate the butip field, ai*e usually' called niodulational instabilities.

the lineai growth rates of these two instabilities for typical ionospheric conditions hcdi the first Airy miaximum of the
pump field are shown by Figure I as a function of the pump electric field. The parameters used are essentially the
stime as those used in /10/ but the dispersioni relation uised here is based on kinetic theory rather than fluid theory.
Thi disbersibii relation adid the vdilues of the parameters used in the computations leading to Figure I are given in the
Appendix.
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Fig. 1. Growth rates of the OTSI and of the PDI as functions of the pump electric field strength E0 for
wo/cW,. 1.0017

Note that the two curves of Figure I intersect for a field strength of about 0.6 V/rn, about I I db above threshold. The
strength of the pump field at the first Airy maximum, 170 m below the theoretical reflection height of the pump wave
of ordinary jiolarization, will certainly excccd 0.6 V/rn for the full power of the Arecibo heatinig facility. Therefore at
full power- the growit rate 6f the OTSI will be greater than the growth rate of the PDi. However for weaker powvers.
still well above the threshold of the instabilities, the growth rate of the PDI will be the greater one.
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Fig. 2. Growth rates of the OTSI and of the PDI as functions of the pump electric field strength E0 for
w'o/w = 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 satisfied in thc 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 geomagnetic field.
The linear 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 PUMPWAVES

Saturation of parametric instabilities by successive parametric decay was numerically simulated for moderate pumppowers, 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 field in a uniform medium. Thy had the purpose of explaining
the initial observations 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 backscattcr from Langmuir waves will be called here spectra of the natural plasma line, irrespective of
whether the spectra are enhanced by energetic electrons or not.

The results of the simulations/I 1,12,13/ suggest that the parametrically excited unstable waves form angles of less than
25" with the uniform pump electric field 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 field. This is not the case fer the UHF radar at Tromso; numerical simulations for the more complicated
polarization of the pump electric field for Tromso 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 iadar should instead detect the Langmuir waves resulting from the scattering of the
unstable Langinuir waves and of the pump wave by the thermal ion acoustic waves. The latter are familiar from the
theory of the double-humped spectrum of incoherent backscatter. The resulting much weaker Langmuir wave spectra
are shown for example by Figure 6 (in which the lowest curve was labelled erroneously 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/I 1/.

An apparent theoretical 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 I 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. Indeed 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 photoelectrons, shows enhanced
plasma line spectra of various strengths for different pump powers. It shows a double humped very weak spectrum
below threshold and a few weak spectra which exceed the system noise (mainly receiver 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.

-Figure 9 of/21/also shows, however, very much stronger spectra. Those arc the enhanced plasma line spectra seen
more commonly. The weaker spectra would, in fact, be difficult to observe in oaytime when the natural plasma line,

enhanced by photoelectrons, exceeds the system noise 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/II/more closely.

A simple explanation for these strong spectra was suggested by Muldrew /22/. He suggested that the Langmuir waves
were originally generated with wave vectors forming small angles with the geomagnetic field but the waves have pro-
pagated iway from the region of generation in a field 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 seen in the next section, this is too short a time for the formation of
field-aligned irregularities.

Such irregularities are, however, known to form in ionospheric heating experiments. They arc important in their own
right and have important effects 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 self-focusing was the first phenomenon noticed in the Platteville experiments by its effect on ionograms, the so
called artificial spread-F /23/. Thermal self-focusing was later studied by observing the scintillation of radio waves
from satellite transmitters /24/ and from extra-terrestrial radio sources /25/. Basu et al. /25/ have shown that irregu-
laritics are generated by both 0 and X mode heating. More recently self-focusing was studied 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 field-aligned irregularities with density deviations of the order of a percent develop within seconds.
Their scale lengths across the geomagnetic field tend to be somewhat less than a kilometer.

The linear 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 either of the two magneto-ionic modes. The instability can also be excited by a pump
wave that is not reflected by the ionosphere as the theoretical studies in /31,32/ and the observations by Basu and Basu
(private communication) show.

Short scale field-aligned irregularities were studied intensely by radar baekscatter 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 are produced by a thermal parametric instability of the modulational type in which, however, the
irregularities scatter the pump wave into Langmuir waves, rather than into electromagnetic waves as in the case of ther-
mal self-focusing. The theory of these instabilities 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 difficulties of understanding 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 observations.

Pctviashvili /40/ predicted the formation of solitons in ionospheric heating experiments. Numerical simulations based
on the Zakharov equations /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 depletions in density
have been called cavitons, among others, by Gurevich et al. /42/ who defined them as density wells filled with Lang-
muir oscillations; their nomenclature will be used here.

There is increasing observational evidence that cavitons are formed in ionospheric heating experiments. The strongest
evidence is that of Birkmayer et al. /43/. They used a novel technique /44/ of chirping the 430 MHz radar pulses at
Arecibo. The temporal rate of change ofa chirped pulse of 100 microseconds length was chosen by them to match the
height gradient of the ionospheric plasma frequency near the reflection height of the pump wave. Thus in the
dechirped spectrum the natural plasma line occupied a very narrow range of frequencies (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 kin, 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 Of 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 frequencies 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; Birkmaycr et al. /43/ could only show that the depletions appeared within a second). It is interesting that
Duncan and Shecrin /46/ observed by yet another technique that the altitude of maximum backscattcr of the enhanced
plasma line increases 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 carried out for conditions under which the
growth rate of the OTSI was greater than the growth rate of the PDT. Their cavitons resulted from the nonlinear
saturation of the OTSI. Figure I 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 Mllz radar.
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Down Shifted Plasma 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 observations 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 eavitons
then some recent spectral observations with height discrimination /47/ arc 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 features 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 I km wide. If
this result is combined with the results of Birkmayer et al. /43/ then the conclusion is almost inescapable 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 ionospheric heating experiments,
using a strong pump. It seems that at least at wave lengths of 35 cm during some stage of their "life" the PD! and its
cascade as well as the OTSI are excited inside the cavitons, the excitation of the PDI being by far the most powerful.
None of the present theories or numerical simulations predict such properties of a caviton; further theoretical work is
very desirable.

6. ELECTRON ACCELERATION IN IONOSPHERIC HEATING
EXPERIMENTS

Early Platteville observations of the 630 nm airglow line /48,49/ suggested collisional excitation by electrons
accelerated to energies greater thatn 2 eV by parametrically excited Langmuir waves. Carlson et al /50/ observed (in
1972) the accelerated electrons indirectly through their enhancement of the natural plasma line at night when the pho-
toclcctrons were absent. Perkins and Salpeter /51/ formulated the theory of such enhancements; Yngvesson and Per-
kins /52/ applied the theory to enhancement of the natural plasma line by photoelectrons.
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Observations of enhancements 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 agreement 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 neutral particles and could even return several
times to the acceleration region to interact with the Langmuir waves there. Gurevich et al. /42/ called this process
multiple acceleration and stressed the possible role of Langmuir waves in cavitons in the acceleration process.

Sulze and Fcjer /53/ have repeated the experiment leading to Figure 10 of/21/ wilh a better time resolution of 100
ms, both at night in the absence of photoelectrons and in daytime in the presence of photoelectrons. The iroproved
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
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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
second. 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 downshiftcd
natural plasma line at night as a function of the time after :he pump was switched on, integrated over a large numbc- of
2 s 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 effect is the decrease of the enhancement, after the initial maximum, to a steady value of about half the
maximum in a second or less. This is strongly icminiscent of the overshoot /54/ of the enhanced plasma line, observed
with the 430 Mllz radar.

Figure 5 shows the same kind of data as Figure 4 for the afternoon of 20 January, 1986, in the presence of photoelec-
trons, The pump frequency was 5.1 MHz and the downshifted natural plasma line was observed 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 difference of 0.5 MHz is the reciprocal of the sampling time of
2 microseconds.

The power in the aliased enhanced plasma line is shown at the top of Figure 5; it clearly displays the overshoot effect.
The power in the natu -al 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 Figure 5. The overshoot in the 5.25 - 5.35 MHz band closely resembles the overshoot
in the enhanced plasma line; the maximum enhancement is about 25% and appears without measurable delay. The
cntancemcnt of 25% is over the natural plasma line in the presence of photoclectrons which itsclf exceeded the system
noise by a factor of the order of 50. The maximum enhancement of the natural plasma line was therefore 12.5 times
above system noise, about 200 times greater than the enhancement of 6% at night. It is therefore extremely unlikely
that the enhancement is due to the acceleration of the thermal electrons, A modification of the distribution function of
photoelectrons is a far more likely cause of the enhancement and it explains the short delay time. Ultimately this
modification of the rather steep energy spectrum of photoelectrons must have an effect on the ionospheric cecctron den-
sity.
The power in the 5.65 - 5.75 Mllz band shows a slightly smaller enhancement with a measurable delay of the order of
100 ms. This is understandable because the backscattcr 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 photoclcctron 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
turned off after 2 seconds. The heater frequency was 5.1 MHz.

7. CONCLUDING REMARKS

It is hoped that this brief 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 knowledge that the main features of the enhanced plasma line for strong pumps almost certainly arc
manifestations of backscatter from Langmuir waves trapped in localized depressions of the plasma density near 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 lifetime of 16 - 50 ms for the cavitons.

Another highlight is the increased knowledge of the clcctron 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 influence on the evolution of the accelerated electron
fluxes at night and an even stronger influence on the modification in the photoclcctron fluxes in daytime. The
overshoot of the enhanced plasma line is, however, still only partially understood.

Further observations will clearly be necessary to supplement some of the initial and preliminary results presented here.
In addition considerable theoretical and numerical work is needed to explain the observed properties of cavitons in
ionospheric heating experiments. Quantitative comparisons of the observed suprathermal electron fluxes with existing
theories and additional work on the theory of the temporal evolution of the suprathcrmal electron fluxes arc also
needed.

ACKNOWLEDGEMENTS

The author is greatly indebted to Profcssor Erhan Kudeki of the University of Illinois for the computations leading to
Figure 1; the computations were based on the equations given in the Appendix.

The Arecibo Observatory is part of the National Astronomy and Ionosphere Center, which is operated by Cornell
University under contract with the National Science Foundation.

-47-



J. A. Fejer

REFERENCES

1. B.D.H. Tellcgcn, Interaction between radio waves?, Naur 131, 840(1933).

2. V.A. Bailey, and DA. Martyn, Interaction of radio wavcs, Nalure, 133, 218(1934).

3. H. Boot, and R. Harvie, Charged particles in a nonuniform radio frequency field, Nature London 180,
1187(1957).

4. J.A.-Fejct, Radio wave probing of the lower ionosphere by cross-modulation techniques, J. Atmos. Terr Phys.,
32, 597(1970).

5. Stubbe; H. Kopka, M.T. Rietveld, A. Frey, P. Hoeg, H. Kohl, E. Nielsen, G. Rose C. LaHoz, R. Barr, H. Der-
blom, A Hedberg, B. Thidd, T.B. Jones, T. Robinson, X Brekke, T. Hansen, and 0. Holt, Ionospheric modifica-
tion experiments with the Tromso heating facility, J. Atmos. Terr. Phys., 41, 151(1985).

6. W.F. Utlaut, An ionospheric modification experiment using very high power, high frequency transmissions,
J. Geophys. Res., 75, 6402(1970).

7. I.S. Shlyuger, Self-modulation a powerful electromagnetic pulse reflection from the upper layers of the ionosphere,
JETP Lett, Engl. Transl., 19, 162(1974).

8. A.V. Gurevich, Nonlinear Phenomena in the Ionosphere, Springer Verlag, New York, Heidelberg, Berlin 1978.

9. J.F. Drake, Parametric instabilities of electromagnetic waves in plasmas, Phys. Fluids, 17, 778(1974).

10. D.R. Nicholson, G.L. Payne, R.M. Downie, and J.P. Sheerin, Solitons versus parametric instabilities during ionos-
pheric heating, Phys. Rev. Lett., 52, 2152(1984).

11. J.A. Fejer, and Y.Y. Kuo, Structure in the nonlinear saturation spectrum of parametric instabilities, Phys. Fluids,
16, 1490(1973).

12. J.A. Fejer, and Y.Y. Kuo, The saturation spectrum of parametric instabilities, in AGARD Conf. Proc., 138,
(1974), 10.11-1.

13. F.W. Perkins, C. Oberman, and E.J. Valeo, Parametric instabilities and ionospheric modification, 1. Geophys. Res.
79, 1478(1974).

14. W.L. Krucr and E.J. Valco, Nonlinear evolution of the decay instability in a plasma with comparable electron and
ion temperatures, Phys. Fluids, 16, 675(1973).

15. Y.Y. Kuo and J.A. Fejer, Spectral-line structures of saturated parametric instabilities, Phys. Rev. Lett., 29,
1667(1972).

16. E.C. Valeo, C. Oberman, and F.W. Perkins, Saturation of the decay instability for comparable electronic and ion
temperature, Phys. Rev. Lett., 28, 340(1972).

17. H.C. Carlson, W.E. Gordon, and RL. Showen, High frequency induced enhancements of the incoherent scatter
spectrum at Arecibo, . Gcophys. Res., 77, 1242(1972).

18. I.J. Kantor, High frequency induced enhancements of the incoherent scatter spectrum at Arecibo, 2,
J. Geophys. Res., 79, 199(1974).

19. A.C. Das, J.A. Fejer, and N.J. Martinic, Three-dimensional saturation spectrum of the parametric decay instabil-

ity, Radio Sci., 20, 813(1985).

20, J.A. Fcjcr, Ionospheric modification and parametric instabilities, Rev. Geophys. Space Ohys., 17, 135(1979).

21, C.A. Fejer, C.A. Gonzales, H.M. lerkie, M.P. Sulzer, C.A. Tepley, L.M. Djncan, F.T. Djuth, S. Ganguly, and W.E.
Gordon, Ionospheric modification experiments with the Arecibo heating facility, J. Atmos. Terr. Phys. 47,
1165(1985).

22. D.B. Muldrew, The role of field.aligned ionization irregularities in the generation of the HF-induced plasma line
at Arecibo, J. Geophys. Res., 83, 2552(1978).

23. W.F. Utlaut and E.J, Violette, Further ionosonde observations or ionospheric modification by a high-powered HF

transmitter, L. Geohys. Res, 77, 6804(1972).

-48-



Ionospheric Heating Experiments

24. S.A. Bowhill, Satellite studies of spread-F produced by artificial heating of the ionosphere, Radio Sci. 9,
975(1974).

25. S. Basu, S. Basu, S. Ganguly, and W.E. Gordon, Coordinated study of subkilometer and 3-rn irregularities in the F
region generated by high-power HF heating at Arecibo, J. Geophys. Res., 88 ,9217(1983).

26. L.M. Duncan, and R.A. Behnke, Observations of self-focusing electromagnetic waves in the ionosphere,
Phys. Rev. Lett. 41, 998(1978).

27. D.T. Farley, C. LaHoz, and B.G. Fejer, Studies of the self-focusing instability at Arecibo, J. Geophys. Res, 88,
2093(1983).

28. F.W. Perkins and E.J. Valco, Thermal self-focusing of electro-magnctic waves in plasmas, Phys. Rev. Lett., 32,
1234(1974).

29. V.V. Vaskov and A.V. Gurevich, Saturation of self-focusing instability for radio wave beams in plasma,
Soy. J. Plasma Phys., 3, 185(1977).

30. B.L. Cragin, J.A. Fcjcr and E. Leer, Generation of artificial spread F by a collisionally coupled purely growing
parametric instability, Radio Sci., 12, 273(1977).

31. F.W. Perkins and MN. Goldman, Self-focusing of radio waves in an undcrdense ionospheric, J. Gcophys. Res., 86,
600(1981).

32. P.A. Bernhardt, and L.M. Duncan, The feedback-diffraction theory of ionospheric heating, J. Atmos. Terr. Phys.,
12, 1061(1982).

33. F.W. Perkins, A theoretical model for short-scale field-aligned plasma density striations, Radio Sci., 9, 1065(1974).

34. V.V. Vaskov, and A.V. Gurevich, Resonance instability of small-scale perturbations, Sov. Phys. JETP, 46,
487(1977).

35. S.M. Grach, A.N. Karashtin, N.A. Mityakov, V.0. Rapoport, and V. Yu. Trakhtengerts, Parametric interaction
between electromagnetic radiation and ionospheric plasma, Radio Phys. Quantum Elcctr., 20, 1254(1978).

36. S.M. Grach, N.A. Mityakov, V.0. Rapoport, and V. Yu. Trakhtengcrts, Thermal parametric turbulence in a
plasma, Physica D, 2, 102(1981.

37. A.C. Das, and J.A. Fcjcr, Resonance instability of small-scale ficld-aligned irregularities, J. Gcophys. Res, 84,
6701(1979).

38. B. Inhcster, Thermal modulation of the plasma density in ionospheric heating experiments, J. Atmos. Terr. Phys.,
44, 1049(1982).

39. K.B. Dysthe, E. Mjolhus, H.L. Pecscli, and K. Rypdal, Thermal oscillating two.stream instability, Phys. Fluids, 26,
146(1982).

40. V.I. Petviashvili, Formation of three-dimensional Langmuir solitons by an intense radio wave in the ionosphere,
Soy. J. Plasma Phys., 2, 247(1976).

41. J.C. Weatherall, J.P. Sheerin, D.R. Nicholson, G.L. Payne, M.V. Goldman, and PJ. Hansen, Solitons and ionos-
pheric heating, J. Geophys. Res., 87, 823(1982).

42. A.V. Gurevich, AV., Ya. S. Dimant, G.M. Milikh, and V.V. Vaskov, Multiple acceleration of electrons in regions
of high.power radio-wave reflection in the ionosphere, J. Atmos. Terr. Phys., 47, 1057(1985).

43. W.T. Birkmaycr, T. Hagfors, and W. Kofman, Small scale plasma density depletions in Arecibo HF modification
experiments, Phys. Rev. Lett., in prcss(1986).

44. T. Hagfors, Incoherent scatter radar observations of the plasma line with a chirped pulse system, Radio Sci., 17,
727 (1982).

45. D.B. Muldrew and R.L. Showen, Height of the HF-enhanced plasma line at Arecibo, J. Geophys. Res., 82,
4793(1977).

46. L.M. Duncan, and J.P. Sheerin, High-resolution studies of the HF ionospheric modification interaction region,

J. Geophvs. Res., 90, 8371(1985).

-49-



J. A. Fejer

47. M.P. Sulzer and J.A. Fejer, The height-dependence of the HF-enhanced plasma line spectrum for ionospheric
inodification at F-region heights, preprint(1986).

48. D.P. Sipler and MA. Biondi, Measurement of the 0(ID) quenching rate in the F region, J. Geophys. Res. 77,
6202(1972).

49. J.C. Haslett and L.R. Megill, A model of the enhanced airglow excited by RF radiation, Radio Sci 9, 1005(1974). "

50. fl.C. Carlson, V.B. Wickwar, and G.P. Mantas, Obse rations of fluxes of suprathermal electrons accelerated by HF
excited jnstabilities, J.. A-tmos. Terr. Phys 4 , l089(19$2).

51. F. Perkins and E.E. Salpeter, Enhapcement of Plasma density fluctuations by nonthermal electrons, Phys. Rev.
i39, A55(1965).

52. K.O. Yngvesson and F.W. Perkins, Radar Thomson scatter studies of photoelectrons-in the ionosphere and Lan-
dau daMping, J. Geophys. Res. 73, 97(1968).

53. M.P. Sulzer and J.A. Fejer, Observations of suprathermal electron fluxes during ionospheric modification experi-
nepts preprint(1986).

54. R.L. Showen and D.M. Kim, Time variations of HF-induced plasma waves, J. Geophys Res., 83, 623(1978).

APPENDIX. GROWTH RATES OF THE PDI AND THE OTSI

The electrostatic dispersion relation of waves in a plasma in the presepce of a uniform oscillating electric field E of
-0

angular frequency wo is given in the absence of an external magnetic field by

- 2k 2h?2 IFk) ~~2
2k )+ F(k,) + 1 Q.)?[F(k,+a4o) + F(kpw-o)].= 0 (1)Z(. /kvt.)

where F(k.)=[l- 2k 2h,2  +i vet]
"i (2)whee Fk, =[lZ'(-/kva.) 1wi Iw,p

a - w¢ + j'y, (3)

g cA/no(

v*.j = (KTj/nij)'p  (4)

and b. = (cdKTj/Ne0)l2. (5)

In the above equations, Te4 is the temperature and nil the mass of electrons or singly charged ions, e is the electronic
charge. '4 is the number density of electrons and K is Boltzmann's constant.

The ratio of o to the plasma frequency w, - (NeO/eom) 1/2 is taken as 1.0017 in Figure I and as 1.0084 in Figure 2. In
both Figures vPI/wp = 8 x 10" , T, = T, = 1000K, N , 3 x 10"1 m-3 were assumed. The ions were taken to be atomic oxy-
gen ions.

The value of I for a given value of Eo was obtaiqed from the dispersion relation (I) which was solved for w for dif-
ferent values of k. Two maxima of -1 were then found for Iwo different values of k. One of these corresponded to the
OTSI an4 jhe other to the PDT. This was done for different values of Eo; the results are shown by Figures I and 2
which show ,,as a function of Eo.
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It has been known for sone time that sufficlently powerful B_ radio trasnmissions
;rodcce a great variety of ionospheric Irregularities. Icnospheric=odificationfacilitles
with effective radiated powers of the order of ICO Md directed toward the ;onosphere
have been used for the study of such Irregularities since 1970. Such =an-nadd irregula-
rities h=ve been employed to establish experimental scatter cocanicati ns links.
Tery powerful short wave broadcast transmitterz must also produce man-made irreularltles
which affect the ionospheric propagation of short waves.

All aspects of the physical phenomena which play a role in the production of ionospheric
irregularities by poverfol HF transmissions, are discussed. These Inclube thermal
zelf-focusing of radio waves, formation of short-scale field-aligned Irregularities
by a thermal parametric Instability in which the scattering of the FF pump wave by
the irregularities into Lang uir waves plays an important role, and those parametric
Instabilities In which the ponderomotive force dominates over thermal foqces. The
latter two paranetric Instabilities can lead to the acceleration of electrons tb energies
of tens of electron volts. Such accelerated electrons can produce artificil airglow
and also additional Ionization which under certain conditions could be significant.
In their strongly nonlinear stage parametric Instabilities can lead to the foration
of localized electron density depletions (cavitons) Caint2ined by the ponderonotive
force of Langnuir waves trapped in then.

. IAODUCTIOx

Powerful HF radio transmissions radiated by xodern ionospheric nodification facilities-
produce Irregularities by a process of stimulated scattering. The irreiularities
scatter the radio wave into other higih frequency waves which could be electrostatic
(Languir waves) or electromagnetic (other radio waves). These other high frequency
waves interact with the original powerful radio wave via a nonlinear forcq which by
feedback causes the irregularities to grow (stimulates them), starting from their
Initial thermal level. The growth of the irregularities is thus due to a type of
plasma Instability which goes by the names-of either stimulated scattering or parame:rlc
instability.

The irregularities could be independent of time or they could change "slowly",
the corresponding frequencies being very much smaller than that of the original powerful
radio wave. In this sense an assembly ,of Ion acoustic waves Will also be referred
to as irregularities. it 1 in this more genea1 sense that ionospheric Irregularities
due to powerful HF raLlio transmissions will be discussed here.

It is usually easiest to consider first the linear theory of a parametric instability
in a homogeneous medium; in practice even an inhomogeneous medium can often 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 analysis. In many cases a wavelike
Fourier component could have zero frequenoy and then the irregularity is simply a
spatially periodic density perturbation of small amplitude. A linear mathematical
formulation of the stinulated scattering process described"above then leads to a dispersion
relation which for a real wave vector k of the assumed wavelike irregularity leads
to a complex angular frequency W.

The dispersion ralation depends on the strength of the original powerful radio
wave, usually called the pump wave. For a suffici ntly 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, eventually for a 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 ji 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 eventually stops the growth
and results in the so called saturation spectrum of the Irregularities. 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. Their associated low or zero frequency
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-. regularit~es and the high frequency waves into which the irregularities scatter
the pump wave will be discussed from both a theoretical and an observational point
of view. Although in reality the different parametric instabilities are not excited
completely independently of each other, it will be convenient to deal with them one
at a time without ignoring their interdependence.

2- T.E OSCILLATIN.G TWO STREAM I STABLITY

This parametric instability [11-13], usually abbreviated OTSI, was the first One
whose excitation in ionospheric modification experiments was predicted theoretically
(t]. In this instability the electromagnetic pump wave of ordinary polarization causes
the simultaneous growth of a spatially periodic non-oscillatory density perturbation
and a standing Lang=uir wave of about the same wavelength, both being very much smaller
than the wayelength of the pump. Since the Langmuir 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 pump. in the linear theory this instability and the
parametric decay instability, discussed in the next section, represent two solutions
of the same 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,
however, that these two instabilities can only be excited by a pump wave of ordinary
polarization at frequencies 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 ponderomotive force.

The OTSI has been detected at Arecibo [5], (6] and later at Tromso (73 by observing
the upshifted or downshifted spectra of radar backscatter by its Langmuir waves.
'n those observations a radar pulse whose length was of the order of 1 ms was used.
.he radar echo was then coherently sampled, say, every 2 microseconds. The complex
digital Fourier transform of the sample values was then taken and the absolute values
squared to Cbtain "o :,cwer spectrum with a-frequency resolution of about 1 kHz, the
reciprocl c: Lhe pL_ .ngth of Ims. Such spectra, which in addition to the OTSI
.113c thou the excitat:on , f the PDI (parametric decay instability), will be shown
:n the next section; they are usually called spectra of the enhanced plasma line,to
differentiate them fror the plasma line of incoherent scatter.

I-
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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 kHz wide spectra, obtained 'by using much shorter radar pulses
transmitted coherently every mi~lsecond and by sampling a large number of consecutive
scatter echoes, will he 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 [8J)shows such 1 kHz wide spectra taken every minute for about
an hour, As will be seen in the next section, the spectra of the PDI are very much
wider than 1kHz and appear aliased as noise in the spectra of Figure 1. Those spectra
therefore only display 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
Fiiz, 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
(T.I line to differ from 535.1 HHz, 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
Ionosphere sank below the pump frequency of 5.1 HHz at about 1920 AST and the spectra
obtained 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 OTSI. Observations of the ion line of incoherent scatter
are known to yield the line-of-sight ion drift velocity. It should therefore be possible
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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 ths ion acoustic wave. This follows from the matching relations

j = wi +W 2  (1)

ho = L1 + k2  (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 parallel to the pump electric field. For that direction
the growth rate has twe 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 [101, 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/n when X = 0.997 where X is the squari of the ratio of the plasma frequency
to the pump fcendercy. Thui foe full pump power of a typical ionospheric modification
facility the linear growth rate of the OTSI certainly exceeds that of the PDI at the
first peak of the 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
(12]. 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 pr6duce a whole cascade of Langmuir waves, thi frequency difference between
the pump and the first member of the cascade being half of the frequency difference
between neighboring members of the cascade. The propagation vectors of the excited
Langmuir wives form angles of less than about 250 with the pump electric field which
for the ordinary wave is close to the direction of the geomagnetic field near the
height of reflection.

The Pecibo radar beam forms an angle of 450 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 ihit which the parametrically excited Langmuir waves and thl 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 (11].

116
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Figure 2. Several spectra of the enhanced plasma line obtained by scanning the
ang le of the 430 MHz radar beam while keeping the elevation angle constant
at 3.50 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 better 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 [383 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 OTSI,
discussed in the last section, generate Langmuir waves which can accelerate electrons.
Collisional excitation of the 630 nm and 557.7 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-
ment in the natural plasma line caused by them at night. They show that electron
acceleration is strongest before the growth of the thermal parametric instability
and must therefore be caused by the Langmuir waves of the striction 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
but 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.

THERHAL SELF-FCCUSING

This instability was one of the first physical processes discovered when the Platteville
facility started operation (42]. Within seconds of switching on the modifying HF
transmissions the ionograms showed the presence of spread-F although the full extent
,f spread-F took some minutes to develop. The irregularities produced by the instability
were also investigated by the observation of enhanced scintillation of signals observed
from satellite transmitters (43), (44] and from radio stars (95]-[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 j [49]-(511. 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]) slows the
density perturbations measured by the satellite and also illustrates its path through
the estimated heater beam.

7 June 1977
21 1542 AST

AE-E Orbit 8315

Z 0

_3j

-20 -10 0 10 20 30 40

SATELLITE PATH LENGTH (kin)

Figure 4. Detrended satellite observations of density 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 tdien 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 (54]-(56]. The inhomoger,eity 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 irregularities 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 almostcertainly excite the- self-focus-
ing insta6ility and therefore must be a source of ionospheric irregularlties.

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 effects, 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
lmportant. lrregularlties Xrom the. point of. view of this, Symposium are probably the-
short sale' field-aligned irregularities diausused:'t section 4 and the-,much, longer
scale irregularities produced by self-focusing and d1scussed 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 ion gas)
of rather high frequency which would then not be followed by the electrons so that electric fields should simultaneously
occur (this type is-unfortunately-often called "electrostatic wave") or is it lower frequency acoustic or even gravity
waves?

Author's Reply
The ion-acoustic waves of the PDI are of the same type as those responsible for incoherent backscatter. The ions
and electrons -move" together and a smal 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?
*\re the measured electron velocities the same for upshifted and downshifted lines?

Author's Reply
l'here have not been enough observations for a detailed geophysical interpretation. The data shown have not been
!iblished so far. but earlier data of poorer quality have been published in JA.TP. (Fejcr et al.. 19,55). The method
ot nieaburii the ion drift %,lorttv hah btvn greatly inproved since that time iSulzer, OS6).
I lie elect ron %elorities have not been measured ,imultancouslv for the upshifted and iownshifted lines, it wouid he

very surpriiing if they w.r, ,ilrrent.

G. ,ostoker
Over what height range can you ue 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 which you infer the current flow making it
unrepresentative of the surrounding unperturbed 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.
Varying 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 daytime. Their energies lie in the 10-30
eV energy range. They are not produced by the heating transmitter, but there is evidence that their distribution
function is modified by the heating transmitter (Fier and Subaer, 1987).
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Abstract-A suitably devised pulsing sequence of the powerful IIF transmissions radiated towards the
ionosphere below the penetration frequency made it possible to separate thle attenuation of lte reflected
HF11 wave due to therialand to ponderomnotive type parametric instabilities. The separation was possible
onl account of the diff'erent growth times of thle thermal and ponderonmotive type parametric instabilities.
At thle sanmc ltle tile power in the 430 Mliz enhanced plasma line was recorded.

The results show that previotusly accepted explanations of thle overshoot ilte 430 Ml lz enhanced plasmla
line for 5.3 MlI lz I I F transmissions are invalid. A strong overshoot was observed but thie attenuation of
thle powerful Ill. wave was too small to be observed. For 3.175 Mllz IIlF transmissions substantial
attenuation was observed onl both time scales.

i. ivi Rotit.crtON into Langmuir waves (DAS and Ftui:R, 1979). The
former were originally invoked to explain the

Atnong thenmany interesttng and tineNpected phenorn- enhanced plasma line observed with tile 436 MHz
enia observed ver) soon aflter tile completion oflte rada~rat Arecibo (WoNG( and TAYt.oR, 1971 ;CARISON
Igh power' II F transmitting fIteaility for tile tnodi- et al., 1972), thle latter to explain thie observations

fication of the ionosphere att Plattt.villk, Colorado (FAL111, 1974) of backscatter and forward scatter of
(11 MLT, 1970) %%as the redutced strength of tile - radio waves by short-scale field-aligned irregularities
region echo frotm diagtnostic I IF ptulse transmissions ill the F-regiotl above Platteville.
within abotta %econd af~ter thle start of the high power One of the most pcrsistent properties of the 430
HfF transtmissiots (COHElN and~ Wttt r tti1Ai, 1970). MHz enhanced plastua line (enhatnced radar back-
These restults couild tnot lbe cxp~lainled by a simple modi- scatter by Langmtuir waves due to powerful H F trans-
fieation of the electron dlensities and tenmperat tire of missions) observed at Arecibo is its drop in intensity
thie F-region. to a lower steady state level in abottt a second after

Observations of transient % triattionls in tile initenlsity attainting ,in initial maximum in less than one tenth of
of lite reflected inodif.ing I IF wave %%ere made by a second after switching on ltle IIF transtmitters. This
F-'ULR and KOt'KA (6981) using tile joint German- so-called overshoot (Stto'vuNatd K isi, 1978) has been
Norwegian ionospheric mlodificattiotn facility near attributed to attenutation of thle heatitng wave which
Tromso. Norway. They obscr~ed first a very rapid is beinlg scattered by tile short-scale lield-aligned
decrease in inltensity Onl thle title scale ofa milliseconld irreguilarities itnto Langinutir waves (GRA~II~m atld
an~d tihen a slo%%cr ftirther decrease onl tile lttlle scale Fwt):R, 1976). This explanation of the overshloot Ilis
or a second. They attribtuted lte ratpid decrease to tie been qutestionedl by DiUjtx i e(I/. (1986) whlo observed
excitatiotn of pondcroinoti~c t~pe parametric insta- strong overshoots in the enhanced plasma line withot
hilitics (Ft!,ittand Li i K. 1972)antl tlleslower decrease any measurable changecin tle strengthl oftile observed
to tie excitation of tile thermal Parametric inlstatbility ionosplicricatlly reflected powerful 1117 wave at Are-
or stinmulated scatterinlg by hield-aligned irreguilarities cibo.
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J. A. FEJER el al.

The experiment described here was designed to tiower was recorded at tile Islote transmitting site
determine from observations of the reflected HF wave 17 miles north-east of the Arecibo Observatory. In
at Arecibo separately the fraction of the HF power addition the power in the 430 MHz enhanced plasma
incident oh the ionosphere that goes into the gen- line, integrated over each 40 ms on-period, was also
eration of ponderomotive parametric instabilities with recorded.
their millisecond time coistant and the frdciion that the experiment was carried out for the two HF
goes into the generation of the thermal parametric frequencies of 5.1 MHz and 3.175 MHz. It has been
instability with its time constaht of the order of a known fAr some years (FJER et al.. 1985) that for HF
second. This was achieved by cycling the HF trahs- transmissions at 3.175 MHz the 430 MHz enhanced
initters 40 nis on, 10 ms off for 2 s and then plasma line is seen for onlya few hundred milliseconds
keeping them switched off for several seconds before after switching on the HF transmitters and then only
the next cycling period of 2 s duration. The 10 ms off- after a sufficiently long off-period. One possible expla-
period allowed the waves generated by the pdn- natioiisthegreaterLandaudampingoftheLangmuir
deromotive parametric instabilities with their iilli- waves that satisfy the Bragg conditions for the 430
second time constant to decay coimpletely without MHz radar (YIvNsso,, AN PERKINS, 1968) for the
affecting the thermal parametric instability whose lower plasma densities corresponding to the lower H F
short-scale field-aligned irregularities decay according frequency and for the increased ionospheric electron
to scatter observations (FIA.R, 1974) with the much temperature resulting from a few hundred milli-
larger time constant of about a second. seconds of HF transmissions. For the higher plasma

Besides recordihg the power of the reflected HF densities, corresponding to 5.1 MHz HF trans-
wave at the Arecibo Observatory, the transmitted HF missions, the Landau damping of Langmuir waves

1 MARCH 1985
174653-174813 AST

fHF - 5.13 MHz
ERP=8OMW (2sON, 2sOFF)

IONOSPHERICALLY
IRANSMIIIED REFLECIED

PULSES PULSES

Fig. I. Three.diniensional reprsenitation for 5.13 NI Iz I1 transmissions ofthe tenporal %arialion of the
Iransmiited aiid ionosplhriecally reflected power averaged over 20 cycling periods of 2 s duration. Due to
a smill timing error Ihe c)cling period, of 2 s duration .started about 2 ins too late; the lirsi transmilled
pilse was therefore only aboul 38 ms long a nd an addilional 2 ins long pulse was trannitted l the end.

-64-



Sinmultaneous~ ohbervationi oft the enhanced plasmna line and of (ie reflected lI1' wave at Areciho

detectable by thc 430 MlIh'z radar. propagating in a brevity bc referred to as thie ionosphicrically reflected
nearly uniform thermal plasmia at typical F-region teni- power.

Speratures can always be neglected. For these reasons Figure I illustrates for 5.13 MHz HF transmissions
thc several second long off-period mentioned earlier the time dependence of thie transmitted power and of
was chosen to have a length of 8 s for 3.175 the ionospherically reflected power, averaged over 20
MHz transmissions btit only a length of 2 s for cycling periods of 2 s length; two separate arbitrary
5.1 MHz transmissions. The longer off-pcriod of 8 s power scales arc used for the transmitted and thc
allows the enhanced electron temperature responsible reflected power. The 40 mns on, 10 ms off cycling was
for the increased Landatu damping to drop sufficiently explained in the previous section. Note the large oscil- 1

for the excitation of ponderomiotive parametric insta- lations of the transmitted power during thie 40 ins 1
bilities during the 3.175 M I lz I I F transmissions, for transmission periods; they arc caused by oscillations
the early part of thie on-period of 2 s. of the stmoothing L-C circuits in the transmitters.

Fromt recordls of both the transmitted and thie iono-
2. OBEHVKiONSspherically reflected power it was in principle possible
2. OBERVAIONSto determine thie temporal variations of ionospheric

The observations were carricd oton I Ma~rc, l985 attenuation. Note also the effect of multiple iono-

with an equivalent radiated HFl power (ERP) of 80 spheric reflections in Fig. 1, similar to the effects seen

MW in the 0 mode. luist tising a frequey of 5.13 by FIMaM and KOP'*A (1981). Figure 1 for 5.13 Mllz
M~z nd omch~tlatr 3175Ml z. he ecever heating and the similar three-dimensional rep-

for the reflected IIFwmeue ipl ioeatim esentlation offthe raw data by Fig. 2 lor 3.175 Ml z

a(t the focus ort le 30)5 nisphciea I ieliector. The power heating are not very convenient for qluantitative

at the output ofthis receiver was recorded and will for itrrtto.Aiuecnein ersnaino

I MARCH 1985
194912-195232 AST

ff- 3,175 MHz
ERP 80OMW (2 s ON, 8s OFF)

9 4Oms

TRANSMITTED IONOSPHERICALLY
PULSES REFLECTED

PULSES

Fig. 2. Three-dinienional representation for 3.175 N1llz IIP transiniions ofilte temporal variations of
the transmnitted amd nio%phericully reflected po~kcr averaged over 20 cyling periods of 2 s dturation. Thtere
was no timing error for tlmesc transmissions. Note. however, that there are forty 40 ins long records of the
"transnutted pulsve, buit omnl% thirty-nine 40 mis long records of the receivced pulses". D~ue to a data-taking

error the ionospherically rellecied po%%cr was not recorded for thme first 40 nis long transmitted pulse.
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1 MARCH 1985 2 s ON. 2 s OFF 1t = 513 MHz 1 MARCH 1985 2 s ON. 8 s OFF IF = 3.175 MHz
174653-174813 AST (40 ins on. 10 ms oi) ERP 80 MW 194912-195232 AST (40 ins on. 10 ms o11) ERP = 80 MW

I I I 1 12 1 i 1 1 112- ........ MAXIMUM (transmitted pulse)
A- XIMUM (received pulse) 1o- 

MAXIMUM (t ansi ed p-
10 - .........................................................

0~8 C

_ 8 END AVERAGE (transmitted pulse)8 - ................ . . 6 : ... ........ . .....................................
6.... END AVERAGE (transmitted pulse) 6

CC 6- - END AVERAGE (received pulse) - MAXIMUM (received pulse)

0 4

2- 2
2ti END AVERAGE (received pulse)

0 0

1000o 10.0

800- -

600- 60-

400 - 402D -- 0
CU,

00 05 I'o 15 2.0 00 05 1.0 1.5 2.0
TIME (s) TIME (s)

Fig. 3. Temporal variations for 5.3 Mtlz Ill transmissions Fig. 4. Temporal variation for 3.175 Mliz HF transmissions
or the maximum and end average transmitted and iono- of the maximum and end average transmitted and iono-
spherically rc!lectcd powers and of the plasma line power spherically received powers and of the plasma line power

averaged over 20 cycling periods of 2 s duration. averaged over 20 cycling periods of 2 s duration. Note that
due to the error mentioned in the caption to Fig. 2 the values
of the received H F power (maximum and end average) and

the same data is provided by Figs. 3 and 4. !n those of the plasma line power are missing for the first 40 ms long
transmitted pulse.

figures each 40 ins on-period is represented by the
maximum value or the power and by its end-average
value during thc last 15 ilis, for both the Iransnitted reflected 5.3 Mijz IF wave on either the millisecond
and the ionosphcrically reflected power. Those four or on the second time scale. This is in sharp contrast
values are shown as a function of time every 50 ins with Fig, 4 where for convenience tile initial maxima
over the 2 s cyclilig period at the top parts of Fig. 3 of the transmitted and reflected power were made to
for 5.3 MN zand of Fig. 4 for 3.175 MHz. Also shown coincide for the second 40 ms on-period. It is
at the bottom of Figs. i and 4 is the power in tile explained in the caption to Fig. 2 that due to an error
enhanced plasma line, integrated over each 40 ins on- in data-taking the reflected power (and the plasma
period. The very short spikes seen at the beginning of line power) for the first 40 ins on-period were not
Ihe 40 ins on-periods in tile recorded transmitted recorded. At the beginning of the last 40 ms on-period
power in Figs. I and 2 were caused by the transient the ratio of the transmitted to the received initial
respoinc ofthe recorder; they were omitted in obaiin- mtaxinum powers is 2.71, corresponding to 4.3 db
ing the maxiium valhes ofthe transmitted power for attenuation at that tine. Near the end of the second
each 40 ins oni-period in Figs. 3 alid 4. The effects of 40 ins on-period the ratio of' the transmitted to the
the timing error of about 2 ims in the 5.3 Mlz II I received end average powers is 1.38, corresponding to
transmissions visible in Fig. I and explained in its an attenuation of 1.4 db which must be caused almost
caption resulted in additional pulse of 2 ims length entirely by the excitation of ponderomotive type para-
which was ignored iji obtaining Fig. 3. metric instabilities. Near the end of the last 40 ms on-

Figure 3 shows no change in attenuation of the period the ratio of the transnitted and received end
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Siiullianeois obherv.itions of the enhanced plasma line and of the retlecied I IF wave at A recibo

average power is 2.74. iorresponding to 4.4 db altenu- second 40 ins pulse, the observed 1.4 db attenuation
ation. The difference of 4.4-4.3 = 0.1 db is that part means that about 28% of the incident power is dis-
of the 4.4 db attenuation due to ponderomotive type sipated by the Langmuir waves of ponderomotive type

parametric instabilities near the end of 2 s cycling parametric instabilities. Near the end of the two
sequence. seconds the observed 4.4 db attenuation means that

The bottom part of lFg. 3 shows that in a little more about 64% of the incident power is dissipated by all
than the first second the plasma line intensity drops parametric instabilities at that time, the observed 0.1
by a factor of about 4, there is no further decrease db difference between the attenuation at the end and
during the remaining part of the two seconds. The the beginning of the last 40 ms pulse shows that of
bottom part of Fig. 4 shows that in a little more than the 64% only less than 3% is accounted for by the
half a second the plasma line intensity drops to zero. ponderomotive type parametric instabilities.

It should be emphasized that the present results are
based on relatively few observations. Further work is

3. DISCUSSION needed to establish whether there are no exceptions

The observations described in the previous sections to the observed very small part of the incident power
lead to two main concltisions. going into parametric instabilities for 5.3 MHz HF

The first conclusion concerns the nature of the over- transmissions and the much larger part for 3.175 M Hz

shoot. Figure 3 shows that a substantial overshoot in HF transmissions at Arecibo.
the430 MIHzenhanced plasma linecan occurwitlhout One very interesting conclusion from the 3.175

any' measurable attenuation of the 5.3 M I Iz I I F wave MHz results is the relatively small part of the incident

in the ionosphere. In this and similar cases another HF power going into ponderomotive type parametric
explanation of the overshoot must therefore be found instabilities and the very much larger part going into

than that proposed by GRAtIANi and FIRJER (1976); the thermal parametric instability associated with field

one such explanation has been proposed by MULDRHVw aligned short-scale irregularities Pt the end of the 2 s

(1988). No attempts will be made here to critically cycling period.

examine such alternative explanations of the over- Acknoiledqemens-One of the authors (J.A.F.) is greatly
shoot. Similarly the experimental and theoretical indebted to the late Professor Henry Booker for many years
work on the nature of the Langmuir turbulence that of help and inspiration which included strong encour-
gives rise to the enhanced plasma line (DuBos et al., agement in the spring of 1970 to work on the interpretation

of the then still unpublished first results obtained with the
1988; SuI.Zi:R el al., 1989) is outside the scope of this HF transmitting facility at Platteville. This research was
paper. funded in part by Air Force Contract F19628-86.K-0031 to

The second conclusion is that for a heating fre- the University ofCalifornia at San Diego. One ofthe authors
quency of3.175 Ml I a substantial part ofthe incident (F.T.D.) acknowledges support from the Acrospacc.Spon-

sored Research Progran, The Arceibo Observatory is partHFpower goes into tht excitation of parametric insta- of the National Astronomy and Ionosphere Center, whicn
bilities, Figure 4 sho%%s that at the beginning of the is operated by Cornell University under contract with the
cycling sequence of 2 s duration. near the end of the National Science Foundation.
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FIRST OBSERVATIONS OF STIMULATED ELECTROMAGNETIC E-MISSION AT ARECIBO

Bo Tlsidi and Akc Iledber.-

Swedish Institute of Space Physiccsz Uppsai~a. Sweden,

Jules A. Fejer3 anti Micdr P. Sul=e

Arecibo Observatory, Arecibo, Puerto Rico

Absi rod. The first obserrations of IP heater stimulated standing of nonz-lincar w-e interactions in the ionosplvere
elect romagneficcrniss' ons induced in the lo-w-latitude iono- [Ley-eT cnd Thid4 1IM; Leijsr ef oL, IM5).
spheric plasma above Arecibo. Puerto Rico, are reported. Ilere we report the first, observ-ations of SEE induced
Manyv systematic spectral features of the emissions bear a in a lowr-latitude overdcnse ionospheric plasma- The oh-
close resemblance to those observed inl ionospheric modifi- servations were made during lIp heating experiments in
cation experiments in the auroral zone and scale in accor- MarcirfApril 1953 in Arecibo, Puerto Rico (geographical
dance with detailed theory. This proves that these side- coordinates IS.37:eN, G6611-, magnetic dip angle Z 49').
band emissions are not dependent on specific geophysi- In order to minimize instrumental differences; the same
cal conditions but arc due to fundamental interaction pro- computer controlled sweep spectrum analyzer that was
cesses in the ionospheric plasma. We also report the dis- used in the earlier SEE experiments in Tro;ns (69.WSN,
covery of unique, short-lived IP sideband emissions that 19.216E, dipz: 77) wvas utilized in the Arecibo experiments
are less systematic than those observed previously and ac- report ed here. In addition, the IIF sky ware was sampled
companied by a quenching of the 1Wf enhanced plasma and and directly Ff-T analyzed on-line. The HIF signals were
ion lines in Lte Arecibo .130 Mllz incohuerent scatter radar picked up by a shortened, broad-band dipole feed near the
spectra. focal point of the 305 in Arocibo antenna dish. In order to

supplement Lte mncasurements at IIF, the 4302NMhz inco-
Introduction hercnt scatter radar was occasionally operated and the IP

enhanced ion and plasma lines were recorded.
As was first shown in ionospheric modification (IP heat- In general, the signapi-to-noise ratio of the SEE was lower

ing) experiments in 1981 in the auroral zone and later also than is usually the case in Tromso during geophysicallyv
at mid-latitudes, strong radio waves with frequencies that quiet conditions. This is partly due to the fact that the
arc lower than critical (typically 3-S NIlIz) can excite sec- effective radiated power in the Tromso experiments is nor-
ondary electromagnetic radiation in the ionospheric plasma mally about 2-3 times higher than in Arecibo. Also, the

{Thidi ct aL., 19S2. 19S3: Slubbc el aL, 1984; Boiko et level of background noise (natural as well as man-made)
al., 19S.5J. This radi..tion glhcz rise to systematic, richly was rather high at the Arecibo Observatory, where all ex-
structured sidebands, somectimc., more than 100 kliz wide, pcriments were carried out. Furthermore, the measure-
asymnmetrically around the jonuspherically reflected heater ments were often plagued by strong interferences from
wa~c. This phuenomenoni has Lecunuc known as Stimulated nearby IIF transmitters requiiring a reduction of the spec-
Electromagnetic Emission (SEE). trum analyzer sensitivity in order not to jeopardize instru-

At thme time of discovery it was conjectured [Thid et ment linearity. All these things considered, the measure-
a!.. 1982, 19S31 that the SEE sidebands were induced ments in Arecibo were performed with a 10-15dB higher
by the strong HF heater wave within the ionospheric effective noise floor than inl Troilso.
plasma. Through scattering and/or conversion mccli-
anisms involving parametrically excited high-frequency
electron waves and zem o-frequcncy irregularities or low- Observations
frequency ion waves thc olservedl frequenicy shifted cc-
tromnaguctic radiation would result. A comprehensive and Ani example of Am comimpamatiVely strongly excited SE
systematic study of the SEE lphceontemou wa~s undertaken spectrum, recordled itli the spectrum analyzer onl 6 April,
by Stublmc el al. (19S.11 who founud that even detailed struc- 1983 at 20:59 local tinie (LTr = ASn! = UT-4 It), is shown
tures of tme spectia could be explained in terms of paramet- in Figure 1 where a bioad, asymnctric spectral feature,
nic decays and scatteiingfconvcrsion mecchanisms. Later, downshifted front thme transmitted :strong 5.131Mhz sig-
further analysis of t:.e SEE spectra has widened our under- nal by 7-15 kiz, call be clearly seen. This feature very

much rescitibles Lte "~downshifted maximum" (DMN) which
is one of the most common SEE features observed in Lte7

- _________Tromso experimecnts; see I'llide ci a!., 1982, 1983; Stubb
IFormrlez1: Uppsala Ionosipheric Observatory ei mL.. 19S-11. Likewise. t he weaker and more symmetrically
21)iescnt address: Department of Electrical Engineer- shaped peak at about +5kllz in Figure 1 is similar to Lte

ing amid Computer Scienices, Univeiusity of California San Uupsllifted inaximnum" (UM) feature also frequently seen in
Diego, La Jolla the Tromso experiments. Thie spectrum displayed in Fig-

ure 1 is a typical example of all spectra observed during

Copyright 1989 by the American Geophysical Union. this period when thme critical frequency was about 6MIz,
as indicated by an ionograin recorded at 20:57, and thus

Paper number 89GL00576. only slightly higher than the 1117 heater frequency itself.
OO9J-8276/89/89GL-00576$03.OO For comparison, a Tirmso SEE spectrum of similar type

-69-



Thidi eta .: Stimulated Electromagnetic Emission at Arecibo

-6±50 
+6Z5

UINH:) from 5.1 3z

-15 0 45 Fig. 3. FFT spectrum -62.5 ki~z around the IIF sky wave
aJ~kH:) i5.13WUA at 5.10M tz. The broad upshifted feature is due to SEE

Fig. 1. Sky wave power vs. frequency offset Af from the whereas the narro-v peaks arc interfering signals.
HF heater frequency 5.13 Mhlz (60 MW ERP, 0 mode po-
larization) at Arecibo. The broad maximurn at roughly -7
to -15 kHz is due to stimulat' electromagnetic emission
(SEE) induced in the ionosphere by the heater wave. So is recording the spectrum in Figure 1. the spectrum in Fig-

also the weaker feature at about +5kllz. The very narrow ure 2 was recorded whten the critical frequency was much
peaks at -5 and +-10 klz are ntrference from nearby lF higher (10Mllz) than that of the IIF wave, as determined

radio transmitters. The irset shows a spectrum recorded at from an ionograni taken at IS:02 LT. Again, accounting for

Tromso for an IIF heater frequency of 4.04 Mtz. Otherwise the higher noise floor in the Arecibo spectrum, we see that
we can relate this spectrum to similar spectra observed at

the scales are identical to those in the Arecibo spectrum. Trmoudrc pablcoitnsasiutaedbthTromso under comparable conditions, as illustrated by the

inset in Figure 2 and by those in Figure 4 in Subbe et
al., [1984]. lence, we identify the -2kHz peak with the

is inserted in Figure 1; see also Figure 2 in Subbe cl al., downshifted peak" (DP) feature observed earlier only at
(19841. Comparing the spectra, one observes that the DM Tromps; see also Figure I of Leyser and Thid4 619S8].
and UM features are excited in both Arecibo and Tromso Yet another type of SEE feature was identified in the real-
and that the similarities in the shape of the spectra are time FF'T spectra of 31 March. During the short period
quite striking, particularly if one takes the reduced sensi- 21:31-21:33 IX an emission with a broad spectral feature
tivity into account. These similarities suggest that for the was excited in the upper sideband, with its maximum at
generation of emissions with this particular spectral distri- roughly +20 kllz. One example is shown in Figure 3. This
bution the same mechanisms are operative irrespective of feature could be similar to the %broad upshifted maximum "

latitude. (BUM) feature often observed i,, the Tromse experiments
Induced sideband spectra of a different character were [Stubbe cl aL, 198.1 but may also be quite different. We

observed for a period of time on 4 April as exemplified by need more observations to be able to make a detailed cu.n-
Figure 2. This Figure, which shows a spectrum with a parison of the two.
strong feature, peaking at almost exactly -2 kHz from the Based on the above observations and the fact that the
transmitted 5.1 Mlz wave, was recorded at 17:50 LT. Fig- shapes of the spectra are yery reproducible and stable
tire 2 also shows that (iring this period virtually all SEE for long periods of time, we conclude that the types of
was concentrated in a much narrower range of sideband stimulated emissions discmssed are manifestaiions of low-
frequencies. 1m contrast to the conditions at the time of latitude counterparts of basic ionospheric wave-wave inter-

action phenomena occurring during ionospheric modifica-
tion at higher latitudes and that special ionospheric con-
ditions are, in general, not necessary for their excitation.

1 ',o-20 On 7 April, however, new and much more unsystematic
to,~,~ e SEE features were discovered and we therefore describe inI some detail the observations made on this day.

Data from the period 17:28-19:28 LT on 7 April are sum-
mnarized in graphical forim in Figure ,4. The top panel (a)
shows the IIF effective radiated power (ERP) versus time;

1. . intervals with I kilz modulation of the HF are indicated
I"by bold lines. Usiug a high-resolution multi-pulse tech-

,/ nique on the 130Mlz incoherent scatter radar [Sul:er tV al., 19S4], tie time variations of the power in the IIF en-
hanced downshifted ion and upshifted plasma lines as well

-15 0 +15 as the height of maximum III enhancement of the plasma
/(kHz: from 5.10 MHz line were measured. The results are displayed-in panels

Fig. 2. Same as Fig. I except for the Akecibo IIF frequency (b), (c), and (d) of Figure '1, respectively. We scie that the
(5.10 Mllz) amd that now the broad downshifted feature is enhancement was comparatively low during the periods of
almost totally absent while there is a strong, narrow SEE HlF modulation and reduced IIF ER. It should be noted
peak at -2kIlz 'erfering signals are present at -5kltz. that while the IIF EI'11 was-held constant at 24 MW until
The inserted Tromso spectrum, containing a SEE peak also 18:45 UT, the powei in the plasma line decreased steadily
at about -2klz show additional SEE features absent in until 18:38 13f.
the Arecibo spectrum. Presumably, this is in part-due to At the samie-tiie theic appeared strong but unusually
the higher effective noise flo6r in Arecibo. erratic spectral features in the Ill sidebands out to at least
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(a) HF elfrairc ,a:cd pow" (M) r, Discussion

________"_.. __., _ The broad asymmetric DM feature in the lower sideband

of the spectrum displayed in Figure 1 was explained by

(6) Gn d frn. .te rrA) Stubbe cf aL [19S41 in terms of scattering of parametrically
log j, , ._.t _dexcited 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-

itial weighting compared to the emissions generated with
small offsets very near the reflection height it was possible

9 ) 'USled Plsma .e (dcay Ertl to predict an enhanced SEE intensity at about 2 x 10-3fo
in good agreement with observations; see Subsection 4.2 in
Sfubbe c aL 119841. 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.

FHeated r ion aitude Later detailed analysis of tile interaction processes have

shown that both the position and shape of the DM feature.23 can be very well explained in terms of interaction between
21 0 J upper-hybrid waves, excited linearly through scattering of

the pump off induced striations at the upper hybrid layer,
e) Critcal ficq-ncis decaying parametrically into escaping 0 mode EM radia-

tion and lower-hybrid waves propagating in a very small,
but finite angular range around perpendicularity to the ge-

:E d C. c) omagnetic field [Leyser et aL, 19S9; see also Murlaza and
c2 S! - eShukla, 19S4]. Unlike tie maximum of the DM feature,

Local time (UT-4hl the position of its high-frequency cut-off edge should cor-
respond to the local lower hybrid frequency and be more

Fig. 4. Parameters/measured values vs. local time (hori- or less independent of pump frequency. Comparing the
zontal axis; 6 min between tic marks) on 7 April, 1983: (a) two spectra in Figure 1 one sees that the lower-hybrid fre-
Effective radiated HF power. Note the periods of 1 kHz quency at Tromso would be about 8kHz and about 7 kHz
modulation (bold lines) and the absence of HtF at 18:45- at Arecibo in good agreement with the actual geophysical
1S:53 LT. (b) Power (linear scale) in the downshifted HF conditions at the two sites. We therefore consider the DM
enhanced ion line of the 430 MlIlz incoherent scatter radar. results presentedlhere to support the more accurate the-
(c) Power (logarithmic scale) in the upshifted HlF enhanced ory of Leyser et aL [1989]. The fact that striations are
plasma line (decay line). (d) Altitude of the region of max- needed to explain the DM could be a reason why the DM
imum plasma line ItF enhancement. (e) Critical frequen- emissions are more difficult to observe at Arecibo than at
cies as determined by ionograms taken at certain discrete Tromso where striations are more. easily generated.
times. The DP was in Stubbe et aL R9084] attributed to the first

maximum of the standing lF radio wave, assumed, for
simplicity, to be an Airy pattern. However, in Stubbe ct al.

100 kllz from the heater frequency as shown in Figure 5; 119S4] the terrestrial magnetic field was not properly taken
the central peaks show that the reflected HF sky wave was into account. Correcting for this, one finds that the essen-
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- I 3 4-8

bands occurred just at the time when the IIF enhancement
in the 430 MHz 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 IIF wave decays into electrostatic . . i
waves with the correct wave vector to be observable by the . .. ...
430 MIIz radar, is no longer exceeded but other processes
yield the observed electromagnetic radiation near the HF
frequency. 2

lonograms taken at irregular intervals show that when
tile above measurements on 7 April started a blanketing -

sporadic E layer, with a maximum plasma frequency f.E,
of about 4.8M1z, i.e., slightly below the HF frequency of
5.13 Mtlz, was present. At the same time the F layer max-
imum plasma frequency foF2 was about 11.5 MHz. As the
experiment proceeded the fE., and foF 2 dropped steadily. .100 0 +100

This is depicted in Figure 4 panel (e). Note tile consistency Af (kHz) from 5.13 MHz
between the change in f0l2 and the change in interaction
region altitude in panel (d). No interaction in the E layer Fig. 5. Five consecutive 1IF spectra recorded between ap-
was detected by the .130 MHz radar. 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 purely Swedish Natural Science Research Council (NFR) and the
linear electron density profile with true scale height H is, Swedish touncil for Planning and Coordination of Re-
at least for the first few standing wave maxiima, roughly search (FRN). The Tromso SEE spectra were recorded
Hsin2? , where 0 is the angle between the terrestrial mag- in collaboration with Harald Derblom, Swedish Institute
netic field and the vertical. This deficieni:y was discussed of Space Physics, and Dr. Peter Stubbe and Dr. Hel-
by Leyser and Thidi [1988] who calculated the position of mut Kopka of Max-Planck-Institut ffr Aeronomie, Lindau,
the DP feature, taking both the magnetic field and the FRG. The Arecibo Observatory is part of the National As-
plasma depletion due to the pump ponderomotive force tronomy and Ionosphere Center and is operated by Cornell
into account. It tinned out that with these two correc- University under contract with the National Science Foun-
tions Leyser and Thidi [1988] were able to make predic- dation.
tions of the position of the DP which agree very well with
the experimental results both from Troms6 and Arecibo, References
as presented in Figure 2. Again, our measurements at a
different geomagnetic latitude lend support to the more Boiko, 0. N., L. M. Erukhimov, V. A. Zyuzin, G. P. Kom-
detailed theory. rakov, S. A. Metelev, N. A. Mityakov, V. A. Nikonov,

As has been noted in the Tromso experiinents, the broad V. A. Ryzhov, Yu. V. Tokarev, and V. L. Frolov, Dy-
upshifted maximum (BUM) feature in the SEE spectim namic characteristics of stimulated radio emission from
usually appears only for pumping at frequencies very near ionospheric plasma, Radiophys. Quantum Electron., 28,
harmonics of the electron cyclotron frequency [Leyser 259-268, 1985.
al., i989]. If the upper sideband feature seen in Figure 3 is Djuth, F. T.j C. A. Gonzales, and H. M. Ierkic, Tempo-
an Arecibo counterpart then the 5.1 MHz pump frequency ial Evolution of the HF-Enhanced Plasma Line in the
would indicate the 5th haimonik of an electrbh c3klotron Arecibo F region, J. Geophys. Res., 91, 12089-12107,
frequency of 1.02 MHz which is roughly equal to the value 1986.
predicted by magnetic field models for the ionospheric F DuBois, D. F., 11. A. Rose, and D. Russell, Power Spectra
region under normal conditions. of Fluctuations in Strong Langmuii Turbulence, Phys.

The BUM feature in Tromso seems to be correlated with Rev. Left., 61, 2209-2212, 1988.
the occurrence of intense striations which grow on a slow Leyser, T. B., B. Thid6, H. Derblom, A. Hedberg, B. Lund-
time scale. However, in the Arecibo experiments reported borg, P. Stubbe, H. Kopka, and M. Rietveld, Stimulated
here we had no way of measuring the striation intensity or Electromagnetic Emission near Electron Cyclotron Har-
the growth time of the observed upshifted feature, so it is monics in the Ionosphere, submitted to Phys. Rev. Lett.,
possible that the SEE emission in Figure 3 has its brigin in 1989.
quite a different mechanism. Upshifted features which do Murtaza, d., and P. K. Shukla, Nonlinear generation of
not fit into the "normal" parametric decay cascade scheine, electromagnetic waves, J. Plasma Phys., 31, 423--436,
have been observed in incoherent scatter spectra at Arecibo 1984.
[Djuth et al., 1986] and in numerical simulations by DuBois Leyser, T. B. and B. Thid6, Effect of Pump-Induced Den-
et al. 1988], where they .are attributed to "free" Langmuir sity Depletions on the Spectrum of Stimulated Electro-
modes resulting from collapsing cavtions. magnetic Emissions, J. Geophys. Res., 93, 8681-8688,

The strong erratic HF emissions shown in the spectra 1988.
in Figure 5 have only been observed once at Arecibo and Stubbe, P., II. Kopka, B. Thidd, and 11. Derblom, Stimu-
never at Tromso. They -are therefore very difficult to an- lated Electromagnetic Emission: A New Technique to
alyze and explain in terms of plasma processes. One pos- Study the Parametric Decay Instability in the lono-
sible explanation might be that during the few minutes sphere, J. Gcophys. Res., 89, 7523-7536, 1984.
this phenomenon was observed, the ionosphere was per- Sulzer. M., Ht. M. lerkic, J. A. Fejer, and R. L. Showen,
turbed by a naturally occurring traveling disturbance of a HF-Enhanced lon and Plasma Line Spectra With Two
size comparable to the lF wave length, producing strong Pumps, J. Geophys. Res., 89, 6804-6812, 1984.
local plasma gradients in varying directions off the verti- Thidd, B., 1H. Kopka, and P. Stubbe, Observations of
cal. Wheieas this might lead to enhanced pump intensity, Stimulated Scattering of a Strong IHigh-Frequency Radio
due to focisiiig, and a strong local excitation of secondary Wave in the lonospliere, Phys. Rev. Let!., 49, 1561-1561,
EM radiation, Ihe parametrically excited Langmuir waves 1982.
would not be able to propagate to a point in space where Thidd, B., II. Derblom, A. Hedberg, H. Kopka, and
they could scatter the vertically propagating 70cm prob- P. Stubbe, Observations of stimulated electromagnetic
ing waves of the 430 Mhz radar. Clearly, this phenomenon emissions in ionospheric heating experiments, Radio Sci.,
has to be studied in greater detail with a good support of 18, 851-859, 1983.
other diagnostics.

In conclusion, we have shown that the SEE phenomenon Bo Thid6 and Ake Iledberg, Swedish Institute of Space
is a globalhone, not requirihg special (e.g., auroral) con- Physics, S-755 91 Uppsala, Sweden.
ditions and that certain prominent features in the SEE Jules A. Fejer, Department of Electrical Engineering and
spectra depend on the local geophysical paraineters in a
way piedicted by detailed theory. We have also found new Computer Sciences, Univeisity of California San Diego, La

SEE features which need further study. Jolla, California 92093, USA.
Michael P. Sulzer, Arecibo Observatory, P.O. Box 995,

Arecibo, Puerto Rico 00613.
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