N
N

N

HAL

open science

An interferometer experiment to explore the aspect
angle dependence of stimulated electromagnetic
emission spectra
B. Isham, T. Hagfors, B. Z. Khudukon, Yu. Yurik, E. D. Tereshchenko, M. T.
Rietveld, V. Belyey, M. Grill, C. La Hoz, A. Brekke, et al.

» To cite this version:

B. Isham, T. Hagfors, B. Z. Khudukon, Yu. Yurik, E. D. Tereshchenko, et al.. An interferometer
experiment to explore the aspect angle dependence of stimulated electromagnetic emission spectra.

Annales Geophysicae, 2005, 23 (1), pp.55-74. hal-00317485

HAL Id: hal-00317485
https://hal.science/hal-00317485
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00317485
https://hal.archives-ouvertes.fr

Annales Geophysicae (2005) 23: 53~ — "*—
SRef-ID: 1432-0576/ag/2005-23-55 G Annales
© European Geosciences Union 2005 Geophysmae

An interferometer experiment to explore the aspect angle
dependence of stimulated electromagnetic emission spectra

B. Isham?, T. Hagfors?, B. Khudukon3, R. Yu. Yurik 3, E. D. Tereshchenkd, M. T. Rietveld?, V. Belyey?, M. Grill 6,
C. LaHoz® A. Brekke®, and C. Heinselmarf

linteramerican University, Bayain, Puerto Rico, USA

2Max-Planck Institutfir Sonnensystemforschung, Katlenburg-Lindau, Germany
3Polar Geophysical Institute, Murmansk, Russia

4EISCAT Scientific Association, Ramfjordbotn, Norway

SUniversity of Tromsg, Tromsg, Norway

6Lancaster University, Lancaster, UK

’SRI International, Menlo Park, California, USA

Received: 27 February 2004 — Revised: 1 December 2004 — Accepted: 5 January 2005 — Published: 31 January 2005

Part of Special Issue “Eleventh International EISCAT Workshop”

Abstract. When the Earth’s ionosphere is irradiated by in several pump-induced effects, in light of the rich variety
a radiofrequency (RF) electromagnetic wave of sufficiently of SEE phenomena strongly dependent on the geomagnetic
high power density and tuned to match a natural E- orfield via the frequency interval between the pump and the
F-region plasma frequency, ionospheric magnetoionic wavegyrofrequency harmonics, and in view of the not yet under-
modes may be excited and may generate RF electromagstood but complex relationship between electrostatic fluctu-
netic sideband waves via nonlinear interactions. These seations and SEE, it is of interest to investigate experimentally
ondary emissions, which may then escape from the ionowhether a similar angular structure is present in the various
sphere, have been termed stimulated electromagnetic emispectral features of the SEE signals and to compare the re-
sion or SEE. The frequency spectra of this radiation has beesults with radar and other observations of RF-pump-induced
studied extensively, and a number of characteristic spectra¢ffects. To this end we describe a simple two-element ra-
features have been identified and in some cases related o interferometer designed to search for aspect angle depen-
particular plasma processes. The separation in frequencgience of SEE features. We present an example of the initial
between the RF pump and the harmonics of the local elecdata produced by this system, and draw preliminary conclu-
tron gyrofrequency is critical in determining the amount of sions based on the example data.

anomalous absorption suffered by the pump wave and th‘?(ey words. lonosphere (Active Experiments) — Radio Sci-

spectrall properties of_ the stimulafced sidebands. The pump, = (Nonlinear Phenomena) — Space Plasma Physics (Tur-
can excite electrostatic waves which do not propagate awa)éulence) _ Radio Science (Instruments and techniques)

but can in some cases be observed via radio-wave scatter-
ing from the electron density fluctuations associated with
them. These enhanced density fluctuations are created by

processes commonly referred to as upper-hybrid and Lang;  |ntroduction and summary of recent aspect angle re-
muir turbulence. Langmuir turbulence has been the sub- gjts

ject of 930-MHz scattering observations with antenna scan-

ning through several pre-selected angles between the geQjntil relatively recently, the study of the angular variation of
graphic and geomagnetic zenith directions, and a preferencgye phenomena observed during high-power RF ionospheric
for pointing angles between the Spitze angle and geomagmqgification experiments has been largely ignored. Coher-
netic field-aligned was identified. Other phenomena, such agnt radar aspect angle variation and scintillation of satel-
the generation of enhanced electron temperatures and artifjite and radio source signals have been used in the past to
cial aurora, have more recently been shown to have speciajydy artificially-created field-aligned irregularities at a num-
behavior at similar angles, near but apparently not quite aher of locations around the world (Frolov, 2003), but work on
field-aligned. In view of this evidence for angular structure e aspect angle variation of electron temperature enhance-
ments, Langmuir turbulence, RF-induced optical emissions,
Correspondence td3. Isham and stimulated electromagnetic emissions (SEE) has only
(bisham@bc.inter.edu) relatively recently begun (Isham et al., 1999a, c; Kosch et al.,
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2000; Mishin et al., 2001; Pedersen et al., 2003; Rietveld etook angle, relative altitude within the pump-plasma in-
al., 2003; Frolov and Nedzvedski, 2004; Kosch et al., 2004 teraction region, pump wavelength, and pump polarization
Frolov et al., submitted, 208t The electron temperature (Fig. 1). For incoherent scatter observations the radasc-
and Langmuir turbulence studies have used the European Inter is also important. In backscatter geometry, for example,
coherent Scatter (EISCAT) Scientific Association high fre- the radar observes Langmuir and ion-acoustic waves having
quency (HF) transmitter and 930-MHz ultra high frequency k vector magnitudes equal to twice that of the probing radar.
(UHF) and 224-MHz very high frequency (VHF) incoherent The Langmuirk vector in turn determines an important ref-
scatter radars (ISRs) located at Ramfjordmoen near Tromsggrence height known as the radar matching height, defined as
Norway; the optical emission measurements have used botthe altitude where twice thie vector of the radar equals the
the EISCAT Tromsg facilities and the High-frequency Auro- k vector of Langmuir waves which follow the Langmuir dis-
ral Active Research Program (HAARP) HF transmitter and persion relation in the undisturbed background ionosphere
observatory near Gakona, Alaska, USA, and the SEE resultand have a frequency equal to that of the RF pump. The
come from the Sura HF facility near Vasil'sursk, Russia. The matching height is thus the location where pump-enhanced
EISCAT HF facility (69.59N latitude, 19.23 E longitude) Langmuir waves following the unperturbed dispersion rela-
has two low-gain antenna arrays, each capable of transmition may be observed by an incoherent scatter radar. Other
ting frequency-dependent effective radiated powers (ERPsimportant heights include the critical height, defined as the
of about 150 to 330 MW into the ionosphere at frequen-altitude where the frequency of the pump equals the local
cies from 3.8 to 5.7 MHz and from 5.3 to 8.0 MHz, respec- cold plasma frequency, and the upper-hybrid height, where
tively, and a high-gain array which can transmit about 600 tothe pump frequency equals the upper-hybrid frequency. The
1260 MW ERP between 5.3 and 8.0 MHz, respectively. Theradar matching height lies below the critical height and will
HAARP facility (62.39N latitude, 145.15W longitude) is normally lie above the upper-hybrid height, but, depending
currently capable of transmissions between 2.8 and 8.0 MHDn the radak vector and the electron temperature, it may also
with an ERP ranging from about 11 to 170 MW, respectively fall at or below the upper-hybrid level. The critical height
(K. Groves, private communication, 2003). The Sura facil- is the maximum reflection height for O-mode waves; by this
ity (56.13 N latitude, 46.10 E longitude) transmits betweendefinition the maximum reflection heights for X- and Z-mode
4.3 and 9.5 MHz with a maximum frequency-dependent ERPwaves may be called the X- and Z-mode critical heights.
of between 80 and 280 MW, respectively (V. Frolov and
E. Sergeev, private communications, 2003). The coordinates Important reference angles include geographic zenith (ver-
listed for the various facilities are geographic, and the ERPtical), geomagnetic zenith (field-aligned), and the Spitze an-
values apply to both peak and average power levels. A briefjle, which lies in between. The Spitze angle marks the end of
summary of the specifications of several past and present HEhe Spitze region, defined as the region in which an O-mode
facilities is given in chapter four of Belikovich et al. (2002); pump wave will reach the critical height before reflecting
some of the numbers above have been slightly updated frordownward. Outside the Spitze region the pump wave re-
the values given there. fracts earthward before reaching the critical height. O-mode
In the aspect angle experiments discussed here it is thpump polarization is used in the majority of RF interaction
variation in look angle from the observer to the region of experiments, as X mode reflects before reaching either the
the ionosphere illuminated by the RF pump beam which isupper-hybrid or critical levels. An important property of the
important. This variation may be achieved by changing theO mode is the possibility for it to couple into the Z, or up-
angle of observation and, if necessary, in order to illumi- per branch X, mode, and to thereby propagate through the
nate the region being observed, the angle of the pump beanf-mode critical height. This can occur at angles close to the
Typical pump beamwidths are on the order of ten degreesSpitze angle (Ellis, 1953, 1956). The pump wavelength de-
so that adjusting the pump beam angle is not always necedgermines the spacing between the high-power regions in the
sary. Narrow-beam instruments, such as incoherent scatténterference pattern formed below the critical height between
radars, which typically have beams on the order of one dethe upward propagating pump wave and its reflection, known
gree wide, may be scanned within the region illuminated byas the Airy pattern (Lundborg and Ttid1985, 1986). Fi-
the pump. Wider-beam instruments, such as imaging camnally, recent results suggest that under at least some circum-
eras, often cover all angles illuminated by the pump withoutstances the details of the pump beam pattern may be impor-
any adjustments in pointing. tant. For example, Kosch et al. (2002b) report an observation
By Varying the look ang'e we are exp|0ring the ef- in WhiChapatCh of stimulated Optical emissions followed the
fect of the magnetic field geometry on the physics of themotion of the pump beam rather than maintaining its position
pump-plasma interaction region. Geometrical parameterdVith respect to the geomagnetic field angle, as had been the

important in ionospheric turbulence experiments includecase for previous results (Kosch et al., 2000). A unique fea-
ture of the more recent experiment was the use of the EIS-

1Frolov, V. L., Nedzvetski, D. I., and Komrakov, G. P.: Peculiar- CAT high-gain, narrow-beam HF antenna, and this might,
ities of SEE excitation using an oblique propagating HF powerful for example, indicate that the larger power density gradient
wave for ionosphere pumping, Izv. VUZov Radiofizika (in Rus- at the edges of the beam has a role to play in the explanation
sian), (Radiophys. Quant. Elec.), submitted, 2004. of this result.
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Fig. 1. Schematic view of HF ray paths in the bottomside F re- Fig. 2. Bottom- and topside ion and plasma line enhancements ob-
gion for foF2> fli+ fce, Where foF2 is the peak F-region plasma served at EISCAT. Adapted from Isham et al. (1999c), Figs. 1 and 2.
frequency (the maximum O-mode reflection frequengy},is the

HF, or RF, pump frequency, anfte is the electron cyclotron, or

gyro-, frequency. X =(fpel fn)? and ¥ =fcel for, Where foe is the coarse resolution, it cannot be certain that field-aligned is
the cold electron plasma frequency. The Spitze angle is equal tehe position of the true physical maximum. The behavior of

arcsin[(’/(1+ Y)]*/? sin6], whered  is the angle of the geomag-  the electron temperature for angles south of field-aligned has
netic field and where both angles are with respect to geographlthot been studied.

zenith, as shown in the figure. The radar matching height is given
by X = [1—(Y sin6p)?1/[1+3(kip)?], whererp=ve/27 fpeis the
Debye length withve = (kg Te/me) the electron thermal speekh
the Boltzmann constanfe electron temperature, ande electron
mass. Adapted from Rietveld et al. (1993), Fig. 4.

1.2 Langmuir turbulence

RF-pump-induced Langmuir turbulence occurs in the iono-
sphere when the electric field of the pump wave drives elec-
trons to oscillate nonlinearly along the direction of the geo-
magnetic field. This turbulence may be seen by an incoherent
1.1 Electron temperature scatter radar as enhanced scatter from ion-acoustic and Lang-
muir modes.

The increase in electron temperature caused by RF pumping Figure 2 shows examples of topside ion line enhance-
is the phenomenon which gave the name “ionospheric heatments observed on 26 November 1997 with the EISCAT
ing” to this general class of space plasma experiment. EvetUHF and VHF radars (Isham et al., 1999c). In this case
so, observations of the variation in temperature with aspecthe pump frequency was 4.544 MHz, the transmitted power
angle to the geomagnetic field have only recently been madevas 160 MW ERP pointed at 6-degree zenith angle (near
Rietveld et al. (2003), on 7 October 1999, performed a threethe Spitze angle) with 15-degree pump beamwidth, and the
position radar scan using the EISCAT UHF radar. They ob-transmitter cycle was 0.2-s on and 9.8-s off. This observation
served at vertical, field-aligned, and half-way in between, thewas motivated by an experiment in August 1986 in which
latter (middle) position corresponding to the local Spitze an-topside enhanced ion lines were observed with the EISCAT
gle. The EISCAT HF transmitter was operated in O mode atUHF radar (Isham et al., 1990). In that experiment the pump
4.544 MHz with an effective radiated power (ERP) of about was operated mostly at 4.04 MHz, 250 MW ERP, normally
200 MW, with a 15-degree 3-dB full beamwidth and with the pointed at 13-degree zenith angle (near geomagnetic field-
beam pointed at 0, 6, and 12-degree zenith angles for a cormraligned) with 15-degree 3-dB full beamwidth, and was on for
plete radar angle scan, with a repeating cycle of 8-min on20, 30, or 40 s every minute. The angle-sensitive Z mode was
and 4-min off. The greatest temperature enhancements werguggested as a means of propagation to the topside (Seliga,
normally seen at the field-aligned position, although due t01985; Mjglhus, 1990), and it was subsequently proposed
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A A A plasma lines from 1 December 1997. The spectra are most intense
FIELD in the vicinity of the field-aligned position of the antenna, which in
ALIGNED this example occurred at 13:00 to 13:01 and 13:12 to 13:13 UT. In
both panels the right-hand line is the normal HF-enhanced plasma
SPITZE line, while the left-hand line is the free mode or outshifted line,
VERTICAL shifted away from the radar transmission frequency, towards more

negative frequencies for these downshifted waves. This effect was
Fig. 3. Topside enhanced ion line power versus elevation angle forneasured at HF pump frequencies of 4.9128 MHz, 4.544 MHz (the
two antenna scanning cycles using the EISCAT UHF radar. Reprodata shown here), and 4.040MHz. Reproduced from Isham et
duced from Mishin et al. (2001), Fig. 2. al. (1999c), Fig. 3.

to study the angle dependence of the topside enhancemerin the ionosphere to a geometrical rate-80 kHz/km. The

and thus of the coupling from the bottomside, using antenndrequency scale of the chirped channel is thus linked to range.
scanning. Somewhat surprisingly, as can be seen in Fig. 3puring scanning, features at a fixed altitude will vary in range
it was found that the maximum topside backscattered poweand therefore also in frequency in the chirped spectrum. This
occurs neither at the Spitze angle nor at field-aligned, buwariation of frequency with scan angle is apparent in the fig-
somewhere in between (Mishin et al., 2001). In these meaure. Reversing this logic, we find that the larger frequency
surements the antenna did not scan north of the vertical oseparation between the outshifted and normal RF-enhanced
south of the geomagnetic field-aligned positions. lines in the chirped vs. unchirped channels indicates that the

Figure 4 shows plasma line spectra measured on 1 DecenYolume of origin of the outshifted line lies slightly below
ber 1997 at 225 km range in the bottomside ionosphere durthat of the normal RF-enhanced line. The range resolution,
ing antenna scanning. The pump operation parameters werd33 min this case, is determined by the frequency resolution
the same as on 26 November 1997. The intensities are greatl0 kHz) divided by the chirp rate (30 kHz/km) (Isham et al.,
est near the field-aligned position of the antenna and nearly-999b).
vanish at vertical. There are two panels in the figure, chirped Based on Fig. 4 it is possible to say that the bottomside
and unchirped. Inthe unchirped case an unmodulated28- plasma line enhancement is strongest near field-aligned, but
pulse was used, while in the chirped case an identical pulsé is not possible to say whether this maximum occurs exactly
was transmitted, except that the transmission frequency waat field-aligned or perhaps some degrees offset from it, as is
varied at a temporal rate 6f4.5 kHzjus, which translates true for the topside ion line enhancements. Also, as the scan
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Fig. 5. Airglow at 630.0 nm between the Spitze and geomagnetic field-aligned positions. These positions are indicated for 230-km altitude
by the black squares; the circle indicates the half-power contour of the pump beam, which was centered on the zenith. Adapted from Kosch
et al. (2000), Fig. 2.

was performed only to the field-aligned position, it is un- observations, together with the half-power contour of the
known whether the true maximum, or perhaps even a secongump beam (assuming no refraction) and the intersections
maximum, might occur south of field-aligned. In September of the field-aligned and Spitze directions starting from, and
2002 EISCAT UHF ion line observations were made at an-at an altitude of 230 km above, the EISCAT HF transmit-
gles of about 6 and 2north and south of field-aligned and ter. The HF transmitter was operated in O-mode at 4.04 MHz
at field-aligned during 2-min on, 2-min off, O-mode pump- with an effective radiated power (ERP) of about 70 MW, ver-
ing at 7.1 MHz (between the fifth and sixth gyroharmonics). tical pointing with 15-degree 3-dB full beamwidth, and with
The results show strong enhanced returns aoith of field-  a repeating cycle of 4-min on and 4-min off. The Spitze an-
aligned (Dhillon and Robinson, 2005). This is consistentgle was computed using the 4.04-MHz pump frequency. The
with EISCAT UHF ion line data from November 2001, in data show that the region of artificial emissions is shifted
which the antenna was scanned t6¢ $buth (about 2past  away from the beam center and toward the field-aligned di-
field-aligned) during O-mode pumping at 5.423 MHz (near rection in a fashion similar to the shift of the pump-induced
the fourth gyroharmonic). The data indicate that there is aLangmuir waves observed by the EISCAT UHF radar, as pre-
second ion line enhancement maximum on the bottomsideiously described. The HAARP experiment, which produced
south of field-aligned. Simultaneous optical observationssimilar results, used O mode at transmission frequencies of
suggest that these maxima may be two points on a ring o#.8 and 5.8 MHz with continuous full power (about 60 and
enhancements circling the field line (Kosch et al., 2004). Op-90 MW ERP, respectively), with a 20-point pump beam az-
tical measurements are discussed in more detail below. imuth scan at 15-degree zenith angle, and with a dwell time
of 30 s at each point in the scan.
1.3 Optical emissions

The peculiar role played by the field-aligned directionis also  Subsequent observations at EISCAT on 12 November
apparentin observations made on 21 February 1999 of O(1D2001 at 5.423 MHz, near the fourth gyroharmonic, revealed
630.0-nm and on 3 February 2002 of O(1D) 630.0-nm anda ring structure in pump-enhanced emissions at 630.0 nm,
O(1S) 557.7-nm RF-induced optical emissions, at EISCAT557.7 nm, and in white light, which after about two minutes
and HAARP, respectively (Kosch et al., 2000; Pedersen et al.¢collapsed into the filled circle typical of all previous obser-
2003). This type of pump-induced emission is also known asvations (Jussila, 2002; Kosch et al., 2002b, 2004). Enhanced
artificial airglow or artificial aurora. Figure 5 shows such emission from I\j at 427.8 nm was also detected, although
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not imaged (Holma et al., submitted, 26)4The ERP was for accelerating the electrons (Kosch et al., 2004). Whether
550 MW with a 7.5-degree 3-dB full beamwidth, pump beam both of these conclusions are valid, or if they apply under
scanning between zenith angles &frdrth to 15 south, and  different conditions, has not yet been determined.
a repeating transmission cycle of 2-min on, 2-min off. The
ring structure points to a geometrical effect, but equally sig-1.4 Stimulated electromagnetic emission
nificant is the fact that the structure was not fixed at a par-
ticular angle but remained centered in the pump beam for alStimulated radiofrequency electromagnetic emission, or
of the imaged wavelengths while the beam was scanned. SEE, is a rich and complex phenomenon with intimate con-
major difference between the November 2001 observationgections to striations and turbulent processes (Leyser, 2001).
and other high-latitude observations is that the pump ERP ig'he geomagnetic field plays a dominant role in SEE, and
roughly five times greater, and this may allow the geometri-the morphology of the SEE spectrum depends dramatically
cal properties of the pump beam, in particular the magnitudeon the proximity of the pump frequency to a harmonic of
and gradient of the pump electric field, to dominant over thethe local electron gyrofrequency (Frolov et al., 2001). These
geometry of the magnetized ionospheric plasma. properties of SEE strongly suggest that features in the SEE
The excitation of 630.0-nm emissions requires a sourceSPectrum must in all probability also depend on geomagnetic
of energetic electrons having energies above 1.96eV. Afaspectangle.
ter accounting for electron energy loss processes, the effec- The importance of the gyroharmonic frequencies was em-
tive O(lD) excitation energy in the F region becomes ap- phasized by Stubbe et al. (1994), who divided SEE features
proximately 3eV; for 557.7-nm 38) emissions the corre- into two general classifications: gyrofeatures, which appear
sponding values are 4.17 eV and approximately 6 eV (Bern-only when the pump is in the vicinity of an electron gyrohar-
hardt et al., 1989). Excitation of Nfirst negative 427.8-nm  monic frequency, and universal features, which may appear
emissions requires electron energies of 19.8 eV, assuming nat most or all ionospheric pump frequencies. In general, the
losses (Stolarski et al., 1967). RF pump-enhanced opticagletailed morphology of any given SEE feature will change
emissions from neutral A in the N first positive band at ~ as the pump frequency is varied (Frolov et al., 2001). Dis-
660 nm and requiring electron energies of 7.3 eV, assumindinctions may also be made between steady-state and tran-
no losses (Stolarski et al., 1967), have been reported in the Eient features, and between features seen under unprecon-
region above Arecibo, Puerto Rico, using a pump frequencyditioned as opposed to preconditioned pumping conditions.
of 3.175 MHz (Djuth et al., 1999). At Arecibo the geomag- Most reported results are for the steady state, which results
netic field has a zenith angle of abouf44 significantly dif- ~ from pumping at a high enough average pump power to cre-
ferent geometry than in the higher-latitude locations whereate and sustain small-scale artificial field-aligned irregulari-
the scanning observations discussed here have been carriéigs. In particular, small-scale irregularities, which form near
out (Isham et al., 2000). Evidence for the existence of enthe upper-hybrid level, are known to be intimately associated
ergetic electrons accelerated during RF pumping is also prowith SEE, and, under these circumstances, upper-hybrid tur-
vided by Arecibo incoherent scatter radar (ISR) observationdulence is thought to be important in the SEE generation pro-
of RF-enhanced natural plasma lines (Carlson et al., 1982¢ess. When irregularities remain from a previous pump-on
Gurevich et al., 2000). period and are present at the start of a new pump turn-on, the
Pump-induced plasma turbulence holds promise as &ituation is known as preconditioned. For unpreconditioned
source of energetic electrons. Such turbulence can consi§bservations, before artificial irregularities have developed,
of either Langmuir and ion-acoustic waves (Langmuir turbu-and also near the gyroharmonics, where upper-hybrid turbu-
lence) or upper and lower hybrid waves (upper-hybrid turbu-lence and artificial irregularities are known to be suppressed,
lence). Previous studies, based on SEE, anomalous absorp@ngmuir turbulence is suspected to be dominant. This is
tion, and electron temperature measurements, indicate thafought to be the case for the fast narrow continuum (FNC)
there is a minimum in the level of upper-hybrid excitation at (Leyser, 2001) and the first component of the broad upshifted
the gyroharmonic frequencies (Stubbe et al., 1994; Robinsofaximum (BUM,) (Frolov et al., 1998), respectively.
etal., 1996; Frolov et al., 1998, 2001; Mjglhus, 1998). More A schematic overview of the behavior of many of the ma-
recently, both airglow and coherent backscatter radar signali9r steady-state features in the SEE spectrum as a function
have been shown to vanish when the pump frequency is tuneif pump frequency relative to the fourth and higher gyrohar-
to the third gyroharmonic (Kosch et al., 2002a), supportingmonic frequencies is shown in Fig. 6. Steady-state features
the role of upper-hybrid turbulence as the source of the enwhich may be seen primarily or only at the third gyrohar-
ergetic electrons. However, measurements near the fourtmonic include the downshifted peak (DP) and the broad sym-
gyroharmonic show strong pump-induced airglow, suggestmetrical structure (BSS), respectively (Stubbe and Kopka,
ing, in the absence of upper-hybrid turbulence, that Lang-1990), whose spectral variations in the vicinity of the third

muir turbulence must have been the mechanism responsibl@armonic are shown in Figs. 7 and 8. The variation of the
downshifted maximum (DM), the upshifted maximum (UM),

2Holma, H., Kaila, K. U., Kosch, M. J., and Rietveld, M. T.. and the broad upshifted maxima 1 and 2 (BUadhd BUM,)

Recognizing the blue emission in artificial aurora, Adv. Space Res.near the fourth gyroharmonic, are shown in Fig. 9. Note the
submitted, 2004. wide variation in frequency offsets of the various spectral
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features, and that the emissions may be downshifted, up- A ou
shifted, or both simultaneously, relative to the RF pump fre-
guency. y\/
Although many theoretical explanations have been ad-
vanced, the generation of SEE is still not well-understood. DM
It is likely that the various spectral features have different y\/ BUS
origins, and that these differences have an influence on the
direction of arrival of the associated waves. oM
To date, most SEE measurements have been carried out
at locations nearly directly under the RF interaction region, ~(n+0.1)f y/ BUS
and no thorough studies of SEE versus angle of arrival have T
been reported (Leyser, 2001). Carozzi et al. (2001) measured oM M G
the polarization state of SEE and concluded that some spec- /\% UM BUM
tral components have oblique incidence, suggesting the pos- A
sibility of separate source regions for different components. .
Gurevich et al. (2002), quoting V. Frolov (private commu- g« oM BUM
nication), report that a significant intensification of the SEE 2 A /\
downshifted maximum was observed at a pump frequency b
of 5.6 MHz when the pump beam was turned from vertical > UM
to magnetic field-aligned. Frolov et al. (submitted, 2504 Q
discuss measurements of the SEE broad upshifted maximum 03> nf.—+ [\
made while the direction of the RF pump beam was scanned o oM
in the geomagnetic field plane between +16 arid® from th’ e BUM
vertical. o /A/ .
£
2 Technique i /DAH/
SEE was discovered and has most often been measured us-
ing a spectrum analyzer connected to an HF receiving an- oM
tenna (Thi@ et al., 1982; Stubbe et al., 1984). Although y/
spectrum analyzers provide only moderate (several-second)“‘(n + 0-2)f<: - >
time resolution, they have the large, 120-dB or greater dy- fpump
namic range sometimes required to detect the weak SEE Frequency

signals lying near the ionospherically-reflected (and possi-

bly ground-path-propagated) pump wave, which may have . o _
100-dB-greater power than the SEE sidebands. Fig. 6. Schematic depicting many of the major steady-state SEE

. i features and their variation as a function of pump frequefieyhp
On the other hand, modern digital data-taking systems Pros g ative to the gyroharmonic frequencieg, for n>3, wheref is

vide the best po§3|ble time resolution. In addition, these sysy. o alectron gyro-, or cyclotron, frequency. The pump frequency
tems can be designed to record raw voltage samples, a featu[g giterent in each panel, as indicated on the vertical axis; how-
which allows for the possibility of multi-channel interferom-  eyer, the horizontal frequency scales of the individual panels have
etry. However, the dynamic range of digital systems is lim- been shifted so that the different pump frequencies are aligned,
ited by the number of bits available in their analog-to-digital as indicated on the bottom horizontal axis. In this way the dif-

converters (ADCs). Current digital systems typically use 14-ferences in the nature of the SEE spectra as a function of offset
bit ADCs, which provide 78 dB of dynamic range; additional from the pump can be illustrated as a function of changing pump
dynamic range may be obtained through the use of a filter tdr.equency relative to the fourth apd h.igher gyroharmonic frequerj-
notch out the pump frequency. Alternatively, more bits may /€S- The featureg shown on this diagram are thg broad contin-
be sampled. At least one 23-bit system is in use for SEE opyum (BC), downshifted maximum (DM), broad upshifted structure

servations, providing 132 dB of dynamic range (Carozzi et(BUS)' downshifted maximum first cascade (2DM), slow narrow
' P 9 . y g. continuum (SNC), upshifted maximum (UM), and broad upshifted
al., 2002). Such systems are ideal, but expensive.

“h M > maximum (BUM); note that the BUM marked in this figure is the
A coherent four-channel 14-bit digital receiver has beengym, (Frolov et al., 1998). Adapted from Leyser (2001), Fig. 32.
constructed by the Polar Geophysical Institute in Murmansk,

Russia. The receiver frequency is tunable between 1.5 and

32MHz, with a 1.875-MHz complex sampling frequency

and a 350-kHz hardware-limited data bandwidth. Uninte-by processing 2048-point complex voltage data vectors.
grated SEE spectra with 915.5-Hz frequency resolution andrhe system is designed to be expanded from four to eight
1.082-ms time resolution, for example, may be achievedchannels.
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Fig. 7. The behavior of the downshifted peak (DP) near the third gyroharmonic. Note that the frequency scale is just a few kHz wide. These
data were taken using the Tromsg HF facility in November 1989. Reproduced from Stubbe and Hagfors (1997), Fig. 15.

For the simplest interferometric observations of coherencanaximum effective radiated power density of the pump an-
and cross phase, two channels may be connected to two sintenna pattern, the distance between fringes should in practice
ple spaced HF electric dipole antennas. If four dipoles arebe several times greater than indicated by the 3-dB points of
available, a measure of the polarization dependence of théhe pump beam pattern alone.
results may be included by arranging antennas in pairs of or- A useful guide to a practical maximum in the fringe spac-
thogonal polarizations at the two locations and connectindng is the width of the beam pattern of the individual ele-
them to four receiver channels. Alternatively, three antennasnents in an interferometer pair. For example, for a cen-
could be used to measure angular variation on two baselineser frequency of 5.468 MHz and free-space wavelength of
for example, north-south and east-west, thus determining &4.86 m, commercially-available 27.43-m-long folded full-
unique point of origin of the signal in the sky. wave dipoles might be used. Assuming such a dipole is

The above procedures all use the phase of the cross spegiounted horizontally approximately 4.5 m above the ground,
trum between antenna pairs to find the signal-weighted avthe dipole pattern will have-3-dB points at zenith angles of
erage position of the SEE source region in the plane of theabout+30° along the dipole axis an#t45° perpendicular to
antenna baseline. Since the interferometer pair will be look4t. Within the band of commonly available RF pump frequen-
ing at signals originating in the region of the ionosphere illu- cies (roughly 3 to 10 MHz) the dipole pattern changes very
minated by the pump beam, the angle between interferometittle; in addition, these figures depend very little on the exact
ric fringes, that is, the angle between position angles withmounting height above the ground.
path length differences of exactly one wavelength, must be Based on the above example, we might desire® 1%
greater than the full beamwidth of the HF pump antenna.tween fringes, a little more than half the sky. To achieve
For example, the EISCAT low-gain HF antenna arrays havethis, the spacing of the antenna pairs should be on the or-
a full beamwidth of 15 at the 3-dB points, so that a two- der of one pump wavelength. For example, 50-m antenna
element SEE antenna spacing which results in interferencepacing would provide a geometrical fringe spacing of about
fringes greater than t5apart is required for the proposed 100’ at 4 MHz and about 50at 8 MHz. As discussed in the
measurements. However, since RF-induced phenomena mdgitroduction, variations in RF-induced phenomena have pre-
occur at pump power levels far below3 dB relative to the  viously been measured with angular resolutions of abéut 3
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Fig. 9. The behavior of the downshifted maximum (DM), upshifted
40 -20 0 20 40 maximum (UM), the broad upsh?fted maxima 1 and 2 (Byulhd
Af [kHz] BUM)>), and the second harmonic of the BYNRBUM,) near the
fourth gyroharmonic. These data were taken at the Sura HF facility
on 3 September 1997, 13:10 to 13:50 LT, using an effective radi-
Fig. 8. The behavior of the broad symmetrical structure (BSS) nearated power of 150 MW. Two spectra with different frequency spans

the third gyroharmonic. These data were taken using the Tromsgye presented for each pump frequency. Adapted from Frolov et
HF facility on 9 November 1989, 15:02 to 15:58 UT. Reproduced a|. (1998), Fig. 1.
from Stubbe and Hagfors (1997), Fig. 16.
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and Ifor_ mpfvigen;e_asuremer_]ts Wﬁ_m'ghtlge?re 1-degreg, order to place the null at any desired position. This tech-
resolution. At ringe spacing, this would then corre- nigue depends sensitively on having identical gains in the

spond to 100 points across the sky, or, since there ar‘ecB‘GO_ two channels, which can also be adjusted by applying cal-

cross phase between fringes, fo_r 1-degree spgtial resomt'ofl].)ration adjustments to the sample streams. However, with
we should have a phase resolution of one point pet 6i6 increases in available computing power, the cross-correlation

interferometric cross phase. For the steady-state SEE Obsetr'chnique which has the advantage of having an algorithm
vations discussed here a time resolution of ten seconds woul hich can’process all the available data in one operation, has

b_e acceptal_)Ie, which, for the example above wi_th 1.082—m ecome more practical.
time resolution, would allow nearly ten thousand integrations
per phase measurement. Given the typically good signal- As discussed above, for the simplest interferometric ob-
to-noise characteristics of SEE spectra, it is expected thagervations, the required spacing of the antenna pairs will be
100 points across the phase spectrum may easily be resolvegn the order of one pump wavelength. More complicated an-

In the past, interferometry between antenna pairs has beetenna geometries designed for radio imaging could make use
carried out by looking for variations in the strengths of the of many dipoles arranged on multiple-wavelength baselines
sums and differences of the signals from two antennas whilend sampled on individual raw data channels. This arrange-
scanning an interference null across the region of interest. Inment, given a suitable distribution of baselines, would re-
our case scanning of the interference pattern might be donenove the signal-weighted average-position limitation of the
by adjusting the phase angle between the two sample streantsoss-phase technique.
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1 3 Observations

17:48 UT [~
48 IUM 3"north |- An early indication of the possible dependence of SEE on
-62 — sumz | aspect angle can be seen in low time resolution SEE data
=75 { u ~ taken at EISCAT on 12 November 2001, using a single dipole

- antenna connected to a spectrum analyzer system during a
~ period in which the beam of the EISCAT HF facility was

L R scanned in 3-degree steps betweeh 4&uth and 3 north

347 17:510T [ (see Fig. 10). The pump was operated at 5.423 MHz at about
48 4 vertical = 550 MW ERP with 7.5-degree 3-dB full beamwidth, with a
transmitter cycle of 2-min on, 1-min off. The data show the
BUM3 to be especially peaked between 3 afig8uth, with

the closest approach of the BUNb the pump frequency oc-
curring at about 9south. As previously noted, ISR and op-
tical data measured near Tromsg show special behavior near

48 é{fg‘ug | 9° south, also not directly along the geomagnetic field.
_62 - L However, this result is inconclusive as there is only one
_75 » example, and as changes in the ionosphere might produce
_89 | L the same effect. For example, the pump frequency was near
-103 - the fourth gyroharmonic, and if the ionosphere were to drift
— near or through the local gyroharmonic frequency at just the
-34 - 1757t time when the pump beam was moving from 9 to 6 to 3
E -48 6°south - south, then a similar result might be seen (see Figs. 9 and 6).
3 -62 - - Incoherent scatter and ionosonde data show that the critical
§ =75 — height corresponding to 5.423 MHz was changing near the
€ -89 ~ time when this SEE data was taken, but they do not have ade-
-103 B guate resolution to determine how the relation to the gyrohar-
1 monic might have changed during the period of the antenna
4 18:00UT | scan. On the other hand, the downshifted and upshifted max-
48 9% south = ima (DM and UM) also appear in the spectra, for all point-

-62 o -

e i ing angles. Although the DM appears weak in some of the

g9 B plots, the UM is still present, and in past observations the
103 - | DM has never failed to be present when the UM is present
L (Leyser, 2001). This indicates that the gyroharmonic was
Wl L not reached during the period shown in Fig. 10. Furthermore,
e %SOS-ZH L the BUM; feature appears about 50 kHz from the pump fre-
62 guency, distinguishing it from the BUMand indicating that
_75 the pump frequency lies approximately 50 kHz above the gy-
_89 - roharmonic (Leyser et al., 1989; Stubbe and Kopka, 1990;
-103 | Frolov et al., 1998) (see Fig. 9).

— The SEE interferometer system described here was first
-34 1806 uT I operated at the Sura HF facility during March 2004. Un-
-48 15° south [~ fortunately, SEE signals were relatively weak and the re-
~62 ~ sults to date are inconclusive. A second campaign was car-
=75 - ried out during late September and early October 2004, us-
-89 ing the EISCAT HF facility at Ramfjordmoen near Tromsg,
-103 Norway, and strong SEE signals were seen. During that

L campaign the SEE system was located at Ramfjordmoen

5.323  5.423 5.523 5.623

Frequency (MHZ) 15km away from the HF pump transmitter, and voltages

were normally recorded from three antennas. The antennas

Fig. 10. SEE data during aspect angle scanning of the RF pump/Vere three 27.43-m-long folded full-wave dipoles mounted

beam along the magnetic meridian. Time is in UT (local time mi- @S discussed in the example in the previous section, that
nus one hour). The pump frequency is 5.473 MHz, near the fourthiS, horizontally approximately 4.5 m above the ground with
gyroharmonic. The SEE spectra have been integrated for 1 min 45 ghe antenna axes aligned in the east-west direction, with
during the 2-min pump-on period. baselines of 50.2m east-west and 55.6 m north-south. An
identical fourth antenna provided an alternative north-south
baseline of 106.2m, and this was sometimes used. As
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Fig. 11. The magnitude and cross-phase responses of the three digital receiver channels used to record the interferometric data channels
with and without the 5.423-MHz notch filters. For these measurements a white noise source was divided into the three receiver channels anc
data was recorded simultaneously in all three. Because of this, the fluctuations in the different channels are nearly identical, and the blue
trace (channel 1) is, for example, nearly perfectly hidden behind the green trace (channel 2) in the lower left panel. The red trace (channel 3)
is about 3.5dB below the other two due to differences in the signal paths. The filters have 3-dB points dtlakidmtfrom the center

frequency. The frequency resolution in these plots is 50 Hz. Note that the filters were not used in recording the data presented in this report.

discussed above, 50-m baselines provide a geometrical fringef notch filters. These notch filters are currently available
spacing of about 50at 8 MHz and about 100at 4 MHz; at 4.040, 4.544, 4.9128, 5.423, and 5.752 MHz; all but the
1-degree angular resolution would then require resolving 50ast correspond to frequencies allocated to the EISCAT HF

or 100 points across the 360-degree phase spectrum. transmitter, all but the first may be used at the Sura HF fa-
During the campaign, in order to gain experience with cility. An example of the notch filter frequency response is
' given in Fig. 11.

the limitations in the dynamic range provided by the 14-bit
ADCs, data were recorded both with and without the use
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Power Spectra, —25 to +25 kHz from pump
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Fig. 12. SEE interferometer data from 5 October 2004 at EISCAT on Ramfjordmoen. The top panel shows the power spectrum of the central
antenna on at25kHz frequency scale. The pump can be clearly seen cycling 2-min on, 2-min off; the strong feature at about 6 kHz is
interference. Due to the high levels of the pump and the interference, no SEE features can be seen in this panel. The second panel show
the SEE power spectrum from100 to+200 kHz on a more limited intensity scale. The ByYkan be clearly seen, but the DM, which is

present, is obscured by the interfering signal. Panels three and four show the coherence and cross phase along the north-south path, and t
bottom two panels show the elevation and azimuth angles computed from the cross phase of the north-south and east-west antenna pair
Azimuth is measured from geographic north and ranges from 90 (due east) through 180 (geographic south) to 270 (due west), while elevation
ranges from 0 (on the southern horizon) through 90 (vertical) to 180 (on the northern horizon), although only elevations from 50 to 110 are
plotted. These scales were chosen in order to show any signals from north of vertical on a continuous scale with signals from the south. The
data were recorded in 4-s-long files, with a 2- to 4-s data gap between files. The time and frequency resolutions in this figure are 1s and

1kHz, respectively.
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Data from the recent EISCAT campaign are still in the of several degrees but in no obviously discernable pattern.
early stages of processing, but an example which illustrates

the technique is presented in Fig. 12. At the time this data The coherences of both the BYUMnd DM appear to de-
was recorded, the RF pump was operating in O mode atrease, by 10 or 20 or greater percentages, during the course
5.423 MHz in a repeating cycle of 2-min on, 2-min off. The of the 2-min pump-on periods. This decrease in coherence
pump beam width was approximately 7&nd the effective  is mainly gradual and apparently repeatable. The coherence
radiated power (ERP) was about 700 MW. During the firstof the DM is much more variable than that of the ByM
pump-on, at 10:56 UT, the HF beam was pointed at °14.0 and appears to have a dependence on the orientation of the
south of geographic zenith; during the following two, begin- antenna baseline.
ning at 11:00 UT and 11:04 UT, the pump was oriented17.5  The data used to produce these results were calibrated, us-
south. These positions corresponded to elevation angles Gfq data such as that shown in Fig. 11, to correct for distor-
76 and 72.5. The SEE receiving site was located approxi- tions in the amplitude and phase of the measurement system.
mately 15 km north of the EISCAT HF transmitter. No notch However, these are preliminary data, and all possible factors
filters were used during thg period shown in this example. \ynich might affect the computed angles may not yet have
The top two panels of Fig. 12 show the SEE power SP€Cheen taken into consideration. Furthermore, the data exam-
trum vs. time, as recorded by the central antenna. The firsfyeq 5o far are a small sample. These results should therefore

panel shows the pump and a strong interfering signal; in the,ot pe taken as final, but as preliminary calculations which
second panel the first component of the broad upshifted MaXmay need revising as more data is processed.

imum (BUM;y) is clearly seen between about 15 and 60 kHz
above the pump frequency. The strong interfering signal
obscures the downshifted maximum (DM), which is also ) ]
present during this time period. This combination of features# ~ Discussion
indicates that the pump frequency is about 5kHz above the
local gyroharmonic (see Fig. 9). The third panel of Fig. 12 As described above, RF-pump-enhanced incoherent scatter
shows the coherence between the north and south antennd@n and plasma lines have been observed in the topside iono-
There are many regions of high coherence, including regionsphere above Tromsg (Isham et al., 1990, 1999a, c). The
of cosmic noise and of man-made interference, as well agnechanism by which this occurred was ascribed by the ob-
the regions where the BUMfeature is located. The fourth Servers to the conversion of the originally transmitted O-
panel shows the cross phase, and clearly indicates regions #fode pump wave into the Z mode, which may subsequently
constant phase corresponding to the BUUNIhe bottom two ~ penetrate the ionosphere to either the Z-mode critical height
panels show the elevation and azimuth as computed from ther to the topside O-mode critical height (Ellis, 1953, 1956;
cross phases of the north-south and east-west antenna pairdljglhus and R, 1984; Seliga, 1985; Mjglhus, 1990). Dur-

Further details of the BUMare shown in Fig. 13, which ing this observation the F-region peak frequenfy2) was
has a more selective frequency scale. The elevation angless than the Z-mode critical frequency, so that Z-mode
corresponding to the BUMis about 74 during the pumping Waves were able to reach the topside and might have ex-
cycle at 10:56 UT and about 7@uring the cycles at 11:00 cited instabilities at or near the topside critical level (where
and 11:04 UT. It is particularly interesting that the variation the RF pump frequency equals the topside local cold plasma
in the angle of the SEE source region as seen by the interfrequency) and thereby created the observed enhanced ion-
ferometer reflects the variation in the direction of the pumpacoustic and Langmuir waves. At least one other topside
beam, 76 and 72%5respectively, as described in the preced- €xcitation mechanism has been suggested, namely the trans-
ing paragraph. The azimuth angle is in the vicinity of 200 Mmission of power through the F region via pump-modulated
not exactly north-south; variation in azimuth angle is also onkinetic tunneling of electrons (Eliasson, 2001; Revenchuk et
the order of the change in pump beam direction, but does no#l., 2001).
appear to correlate with the pump-beam-swinging pattern. In the Z-mode scenario, for a horizontally stratified

It is interesting to compare the BUMn Fig. 13 with medium one would expect the pump wave to penetrate the
DM data, shown in Fig. 14. When coherence is high, thecritical height at the Spitze angle and to be limited to a nar-
elevation angle for the DM appears to be about @idring row angular window, making it likely that the topside plasma
the pumping cycle at 10:56 UT and about° 7@uring the  turbulence feature be of a limited lateral extent along the
cycles at 11:00 and 11:04 UT, suggesting that the sourcenagnetic meridian plane. This was one of the original mo-
region of the DM, too, is responding to the motion of the tivations for the ISR antenna scanning experiment. Figure 1
pump beam. However, the value of the elevation anglegives a sketch of the various possible propagation paths for
appears to be sensitive in some way to the magnitude of théhe situation where the electron density is high enough for
coherence, and this remains to be investigated in detail. Théhe Z mode to be reflected. The topside echo would then be
azimuth angle of the DM, about 205s similar and arguably  absent, if the Z-mode explanation of the topside echoes is
equal to that of the BUM within the apparent range of the correct one. An observation under these conditions could
fluctuations in the measured values. As with the Bi/Jkhe be used as a test for distinguishing between the Z mode and
azimuth is not aligned north-south and varies within a rangekinetic tunneling mechanisms.
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Fig. 13. SEE interferometer data from 5 October 2004 at EISCAT on Ramfjordmoen. This is the same time period as in Fig. 12 but with an
expanded view of the frequency scale encompassing the Bkt showing the coherences for all three antenna baselines plus elevation
and azimuth angles computed for the ByYBburce region. The elevation angle of the By about 74 during the pump cycle beginning

at 10:56 UT and about ?@uring the follow two cycles. Time and frequency resolutions are 1 s and 1 kHz.

Langmuir turbulence may be subdivided into cascadingLangmuir turbulence to be excited in a magnetized plasma,
and cavitating regimes (sometimes loosely referred to, rethe pump must drive electrons along or closely aligned to
spectively, as weak and strong turbulence). Both of thesdhe direction of the ambient magnetic field. At the critical
may be observed using incoherent scatter radars, cascatevel the pump electric field is parallel to the geomagnetic
ing turbulence at the radar matching height and cavitatingfield and should therefore excite cavitating turbulence, which
turbulence near the critical height (Robinson, 1997). Forshould be observable by both the EISCAT 224-MHz (VHF)
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Fig. 15. Computed ray paths and electric field polarizations of an RF pump wave in a smooth ionosphere at the EISCAT VHF radar matching
height @ynf), the upper-hybrid resonance height), and the EISCAT UHF radar matching height,¢s). The ray paths are shown for

angles between-15 and+15° from vertical @y =0°) in the magnetic meridian plane at the EISCAT site near Tromsg, Norway. The
plasma density profile is given in units &f= (fpe/fhf)z, where fpe is the cold plasma frequency arff is the HF, or RF, pump frequency.

The plasma frequency gradient equals 30 kHz/km at the critical hefgh}, (here chosen to be 225km for an O-mode pump frequency

of 4544 MHz. These parameters match those of the data shown in Figs. 2 and 4. A parabolic density profile was assumed, producing an
foF2 of 4.9 MHz at 250 km altitude. The electron gyroharmonic frequency is 1.33 MHz and the geomagnetic field gngd 2.9 from

vertical. The Spitze angl®§) is then 6.2. The matching heights were computed assuming an electron temperature of 2000 K. As the
electron temperature decreases the matching heights rise; at an electron temperature of 1050 K the VHF matching height would lie about
30% closer to the critical level and the UHF matching height would coincide with the upper-hybrid resonance height.

and 930-MHz (UHF) incoherent scatter radars. As shown inin airglow observations, such as those shown in Fig. 5.
Fig. 15, in the case of the VHF radar, the pump electric fieldGurevich et al. (2002) have proposed an explanation for
has a large component in the geomagnetic field direction aeénhanced airglow at field-aligned based on HF self-focusing
both the matching and critical heights. The excitation of bothon pump-induced plasma density striations, but they do not
cascading and cavitating Langmuir turbulence should therediscuss possible mechanisms for the temperature and turbu-
fore be relatively easily achieved. In the case of the UHFlence maxima observed between the Spitze and field-aligned
radar, the matching height lies several km below the criti-angles.
cal height at a point where the pump electric field is largely The above considerations focus mainly on Langmuir tur-
horizontally polarized, and the excitation of cascading tur-bulence. However, it is well known that upper-hybrid turbu-
bulence should be more difficult. These calculations suggesience, occurring at the upper-hybrid level several km below
that the maximum turbulence seen by the UHF radar oughthe critical height, is important for the production of plasma
to lie at the critical height between the Spitze angle and thedensity striations and SEE. The SEE features, such as the
vertical, yet the maximum occurs outside the Spitze, at ardownshifted maximum and broad continuum, may be sig-
angle where the pump wave does not reach critical, and, pematures of cascading and cavitating upper-hybrid turbulence
haps even more puzzling, at an altitude several km below thén the same way that the cascade and broad ISR spectra are
maximum height reached by the pump. Mjglhus et al. (2003)the signatures of cascading and cavitating Langmuir turbu-
consider this problem and are unable to suggest an explandence (Mjglhus, 1998). Upper-hybrid turbulence is almost
tion. At positions beyond the Spitze to the south, conditionscertainly, perhaps in conjunction with Langmuir turbulence,
for strong polarization of the pump electric field along the involved in the production of the energetic electrons which
geomagnetic field are present when the pump wave is propgroduce RF-induced airglow (Gustavsson et al., 2002; Kosch
gating downward after reflection. Whether this is importantet al., 2002a, 2004; Istomin and Leyser, 2003).
or not is an open question. Beyond the Spitze to the north Past angle-scanning observations have concentrated on the
(Mjglhus, 1990), field-aligned polarization occurs while the magnetic meridian, mainly between vertical and magnetic
ray is still propagating upwards. field-aligned. Very few observations have explored beyond
Based on these considerations there appears to be no cofield-aligned to the south, even fewer have explored north
vincing reason why the geomagnetic field-aligned directionof vertical. Optical imaging observations may cover a large
should play such a prominent role, as is implied in the field-of-view in two dimensions, and observations of an
ISR observations of electron temperature and of enhancedirglow ring extending both along and across the meridian
ion and plasma lines, as shown in Figs. 2, 3, and 4, andsuggest that not only elevation scans but also azimuth
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scans might be of interest for ISR and other narrow-beaml999). Thus, the pump power which otherwise would be
measurements. used to produce these effects should be available to produce
Langmuir turbulence, and if Langmuir turbulence is a source

Even wide-angle observations must consider scanning, byf accelerated electrons, then airglow should be observed.
the pump beam, in order to illuminate regions of interestHowever, artificial airglow is another effect that is known to
within the field-of-view. These include the interferometric be minimized at the gyroharmonics during low ERP experi-
SEE measurements discussed here along with wide-angle oprents (Kosch et al., 2002a). This apparent paradox might be
tical measurements. Circular scanning of the pump beanexplained if for some reason Langmuir turbulence turns out
performed at HAARP by Pedersen et al. (2003) show opti-to have a relatively high threshold for electron acceleration.
cal emission enhancements only in the vicinity of the field- The preliminary data presented in Figs. 12, 13, and 14
aligned position. However, these observations were at relahold great promise due in part to the nearness of the pump
tively low ERP, similar to that used by Kosch et al. (2000). frequency to the fourth gyroharmonic, which allows a com-
Atroughly five times greater ERP, Kosch et al. (2002b, 2004)parison between the BUMand DM features of the SEE
found not only that the airglow region formed a ring but that spectrum. The BUM has been linked to Langmuir turbu-
it followed the pump beam. The higher ERP is due mainly tolence (Frolov and Nedzvedski, 2004; Frolov et al., 2004
the use of the EISCAT high-gain HF antenna, which has areland the pump-beam-following motion is consistent with
atively narrow 7.5-degree 3-dB full beamwidth. The higher the high-pump-power fourth-gyroharmonic (approximately
power density and narrower beam imply higher RF electric5.423 MHz) optical observations, also linked to Langmuir
field and power gradients within the beam, another factorturbulence. By contrast the DM is linked to upper hybrid
which could be important in the formation and movement turbulence (Mjglhus, 1998; Leyser, 2001). The angles cal-
of the airglow ring. The frequency was also very close to theculated from the present data show that both the Blakd
fourth gyroharmonic, which could be important as this wasthe DM may be equally affected by the HF beam direction
also different than past observations. Due to limitations in thechange, although the DM appears to reside at higher ele-
transmitter hardware, cross-meridian pump scanning cannotation angle than the BUM These results are tentative.
be performed at EISCAT. However, when construction of theHowever, a difference in the aspect angle behavior of these
final HAARP array is complete, these experiments will be features could have important implications for the underly-
able to be repeated with scanning both along and across thiag physics of the turbulence and for the explanation of past
meridian at ERPs of over 1 GW. Another location of interest observations. The possible angle dependence of the BUM
for future observations is on Svalbard, where the SPEAR HFas suggested by the 12 November 2001 beam swinging data
facility, located next to the EISCAT Svalbard Radar (ESR), shown in Fig. 10, is also of interest in this regard and can be
was installed in 2003 and has been undergoing testing alonfurther investigated using the new data set. Final conclusions
with preliminary experimentation since April 2004 (Wright must await additional and complete processing and interpre-
et al., 2000). tation of the SEE and other available data.

Differing conclusions have been reached regarding the The apparently repeatable, gradual decrease in the coher-
role of upper-hybrid vs. Langmuir turbulence in artificial ence of both the BUMand DM features could be due to an
airglow production under conditions of significantly differ- increase in the size of the source region during the pump-on
ent ERP: upper-hybrid turbulence appeared to dominate wittperiod. This might be understood, for example, if the initial
an ERP of about 110 MW (Kosch et al., 2002a), and Lang-size were of the order of one or several Fresnel zones at the
muir turbulence appeared to be important when using arpump wavelength, increasing thereafter to encompass addi-
ERP of 550 MW (Kosch et al., 2004). However, these ob-tional Fresnel zones, thus increasing destructive interference
servations were at the third and at or near the fourth gy-between neighboring locations within the source region and
roharmonic, and used low and high gain antennas, producreducing the coherence. At 5.423 MHz, a Fresnel zone is of
ing lesser and greater RF field and power gradients, respethe order of Knirsed/?=[(55.32 m)(180 km]/2=3.2 km,
tively, differences which again could be important. Although whereiys is the free-space wavelength angdeis the range
thermal electrons may play a role in producing RF-pump-to the SEE source region as determined from EISCAT 224-
enhanced airglow, non-thermal electrons, and therefore mogd¥iHz radar measurements. An interesting and unexplained
likely some form of turbulence, are still required to explain observation is the apparent dependence of the DM coherence
the observations, even during experiments at relatively lowon the orientation of the antenna baseline. The significance
ERP (Gustavsson et al., 2002). of this, and of the structure observed in the DM coherence

Even if Langmuir turbulence turns out to be the correct ex-plots, is currently unknown.
planation for the airglow observations near the fourth gyro- Stubbe and Hagfors (1997) comment: “One of the short-
harmonic at high ERP, a mystery remains at low ERP. At thecomings in the theoretical work appears to be an inappropri-
gyroharmonics many pump-induced effects, including elec-ate treatment of the low frequency turbulence which depends
tron temperature enhancements, anomalous absorption, artrery sensitively on the direction with respect to the magnetic
ficial ionospheric irregularities, and upper-hybrid turbulence, field, implying that the full angular spectrum rather than a
are known to be minimized (Stubbe et al., 1994; Robin-prescribed fixed angular component should be considered.”
son et al., 1996; Honary et al., 1999; Ponomarenko et al.Although Mjglhus et al. (2003) have recently addressed this
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criticism for the theoretical interpretation of incoherent scat- of an Invers Oy digital receiver, E. Mjglhus for interesting and in-
ter observations of Langmuir turbulence, much remains tosightful discussions, H. Kohl for providing the original copy of the
be done. Furthermore, this comment applies equally well toay tracing program, and C. Otero for his assistance in producing
experimental results. Pump-enhanced electron temperatur&ig- 10. T.H.and C. L. H. proposed the experiment; B. I, C. H., and
irregularities, airglow, and upper-hybrid and Langmuir turbu- M. T. R. carried out initial trials using a digital receiver from Inve_rs
lence are now experimentally known to be aspect-angle de2; B- K- R- Yu. ¥, and E. D. T. developed the Polar Geophysical

. . Institute receiver in collaboration with T. H., B. I., M. T. R., and
pendent. This furt_her suppqrts th_e contention that SEE musk H.; B. I. and M. T. R. analyzed the data for Fig. 10; B. K. and
also be, and provides additional impetus for performing theg

g . Yu. Y. carried out the Sura observations and analyzed the data;
angle-resolved SEE measurements discussed here. A. B. supported, and B. K., R. Yu. Y., M. T. R., B. I, V. B., and

M. G. carried out, the Ramfjordmoen observations; M. G. produced
Ramfjordmoen SEE overview plots; V. B., B. |, B. K., R. Yu. Y,,
E.D. T, and T. H. analyzed the Ramfjordmoen SEE interferometer

. e . data; B. I. and T. H. wrote the paper and produced the final figures.
The intensification of HF-enhanced Langmuir waves and Topical Editor M. Lester thanks two referees for their help in
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