Annales Geophysicae, 24, 2809, 2006 — "*—
SRef-ID: 1432-0576/ag/2006-24-291 G Anngles
5 Geophysicae

© European Geosciences Union 2006

First observations of SPEAR-induced artificial backscatter from
CUTLASS and the EISCAT Svalbard radars

T. R. Robinsort, T. K. Yeomant, R. S. Dhillont, M. Lester!, E. C. Thomasg,, J. D. Thornhill 1, D. M. Wright 1, A. P. van
Eyken?, and I. W. McCrea?®

1Department of Physics and Astronomy, University of Leicester, Leicester LE1 7RH, UK
2EISCAT Scientific Association, Box 164, 981 23 Kiruna, Sweden
3Department of Space Science and Technology, Rutherford-Appleton Laboratories, Chilton, Oxfordshire OX11 0QX, UK

Received: 13 April 2005 — Revised: 8 December 2005 — Accepted: 14 December 2005 — Published: 7 March 2006

Abstract. Results are presented from the first two active ex-electromagnetic waves from heaters could excite a variety of
perimental campaigns undertaken by the new SPEAR (Spacplasma instabilities which caused the amplification of small-
Plasma Exploration by Active Radar) high-power system thatscale electrostatic plasma modes in the ionosphere that were
has recently become operational on Spitzbergen, in the Svathen detectable as enhanced radar backscatter. Two broadly
bard archipelago. SPEAR'’s high-power beam was used tdistinguishable types of artificially enhanced scatter are ob-
excite artificial enhancements in the backscatter detected bgerved during the interaction of an ordinary mode (O-mode)
the ESR (EISCAT Svalbard Radar) parallel to the geomag-heater wave with the ionosphere. The first involves scatter
netic field, as well as coherent backscatter detected by botfrom small-scale field-aligned plasma density irregularities
of the CUTLASS (Co-operative UK Twin Located Auroral (striations) which requires the diagnostic radar beam to be di-
Sounding System) coherent radars, in directions orthogonalected orthogonal to the geomagnetic field. The striations are
to the geomagnetic field. The ESR detected both enhancethought to be generated by a thermal parametric instability
ion-lines as well as enhanced plasma-lines, that were susat the upper-hybrid resonance (UHR) height, although they
tained for the whole period when SPEAR was transmittingextend for several tens of kilometres along the geomagnetic
ordinary mode radio waves, at frequencies below the maxifield (Robinson, 1989). The heater-induced scatter is very
mum F-region plasma frequency. On a number of occasionsaspect-sensitive (Minkoff et al., 1974) and usually very much
coherent backscatter was also observed in one or in both adtronger than similarly aspect-sensitive scatter of natural ori-
the CUTLASS radars, in beams that intersected the heatedin (Dhillon et al., 2002). It is easily detected by conven-
volume. Although the levels of enhanced backscatter variedional coherent backscatter radars. Many such observations
considerably in time, it appeared that ion-line, plasma-lineof striations artificially stimulated by the EISCAT heater at
and coherent backscatter were all excited simultaneously, ifromsg by the CUTLASS (Co-operative UK Twin Located
contrast to what has typically been reported at Tromsg, durAuroral Sounding System) radars have been reported (Robin-
ing EISCAT heater operations. A description of the technicalson et al., 1997; Bond et al., 1997; Yeoman et al., 1997).

and operational aspects of the new SPEAR system is also in- The second type of artificial scatter involves low frequency

cluded. waves (either ion-acoustic or alternatively purely-growing
Keywords. lonosphere (Active experiments; Plasma wavesmode) and high-frequency electron-acoustic waves which are
and instabilities; Instruments and techniques) thought to be driven unstable by the ponderomotive force

(Fejer, 1979). These waves are excited near the reflection
height of the O-mode heater wave. The scatter from these
waves is less aspect sensitive than that from field-aligned
striations and is typically observed by incoherent scatter

High-power ground-based HF radio transmitters (heaters adars with steerable beams, over a range of beam directions
om that parallel to the geomagnetic field direction up to

have played an important role, over the past few decades, i fow t q ‘ it Althouah. during heat
the investigation of nonlinear wave interactions in space plasé’jl ew tens e?retehs awayl_trodm ! .f th ough, dunng ea_;j
mas. From the earliest experiments at Platteville, Colorad ng experiments, the amplitudes of these waves are consid-

(Minkoff et al., 1974) and at Arecibo, Puerto Rico (Gor- erably enhanced above naturally occurring levels, the result-

don and Carlson, 1974) it became clear that large amplitudéng backscatter is generally weaker than that of the aspect-
' sensitive scatter from field-aligned striations. Non aspect-

Correspondence tol. R. Robinson sensitive artificial scatter has been extensively studied us-
(txr@ion.le.ac.uk) ing both the UHF and VHF incoherent backscatter radars at
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Tromsg in conjunction with the EISCAT heater (Isham et al., of the ionosphere to HF heating. Moreover, the EISCAT
1990; Kohl et al., 1993; Rietveld et al., 2000). Svalbard radar operates at a frequency of 500 MHz, which is

It is known that there is a strong relationship betweenintermediate between the 224 MHz VHF and 930 MHz UHF
the evolution of the aspect-sensitive and non aspect-sensitivEISCAT radars at Tromsg. It is known that Landau damp-
backscatter described above. In particular, the so-calledng, which is highly wavelength dependent, plays an impor-
“overshoot” phenomenon (Robinson, 1989) regularly seentant role in determining the spectral content of non aspect-
in non aspect-sensitive scatter is thought to be due to theensitive scatter during heating. Furthermore, SPEAR is lo-
anomalous absorption (Robinson, 2002) of heater wavecated in the polar cap, while Tromsg is regarded as usually
power at the UHR due to the relatively slow developmentbeing within the auroral zone. The state of the ionosphere in
of striations there. This quenches the more rapidly develthe polar cap is much less well-known and generally differ-
oping non aspect-sensitive scatter at the heater reflectiornt from that further south, over Tromsg. It is thus important
height, which is typically a few kilometres above the UHR. to compare and contrast the results of heating with SPEAR
Furthermore, Dhillon and Robinson (2005) have found ev-and with the Tromsg facility, not only for practical opera-
idence that the striations may act as waveguides for thedional considerations, but also to shed new light on heating
smaller wavelength plasma waves involved in non aspectphenomena, which are still not well understood and which
sensitive backscattering and thus affect their propagation andre amenable to study through varying the geometry of the
backscattering properties. heating experiment.

In spite of this physical link, there have been rather few The present paper is intended to serve several purposes.
published examples simultaneous observations of the twdrirst to provide a description of the new SPEAR facility, then
types of scatter, in comparison to the wealth of observa-to report the results of new experiments which demonstrate
tions of one type or the other. Until recently, the only site SPEAR’s capabilities in generating enhanced backscatter
where these two types of observation could be carried ouphenomena and also to discuss these results, albeit briefly,
routinely has been at Tromsg, where both coherent and inin the light of what has been previously observed, partic-
coherent scatter access to the heated volume is availabl@larly at the Tromsg heating facility. The paper is set out
However, in April 2004 a new high-power HF facility be- as follows. The new SPEAR facility is described in Sect. 2
gan operations on the island of Spitzbergen in the Svalbardnd the arrangement of the experiment in relation to the di-
archipelago. This new SPEAR (Space Plasma Exploratioragnostics involved, i.e. the CUTLASS and ESR radars, is
by Active Radar) facility, designed and built by the Univer- described in Sect. 3. The results of the first SPEAR obser-
sity of Leicester, in the UK, is intended to serve a number ofvations of enhanced ESR backscatter and enhanced CUT-
scientific purposes. Its main role will be to carry out active LASS backscatter from two campaigns run in April/May and
space plasma experiments in the polar ionosphere and mageptember/October, 2004 are reported in Sect. 4. The new
netosphere by exciting striations that can be used as targetesults are discussed in Sect. 5.
for coherent scatter radar observation of otherwise unobserv-
able dynamical processes (Yeoman et al., 1997), by stimulat-
ing Alfvén wave resonances in the magnetosphere (Robinso2 The SPEAR system
et al., 2000; Wright et al., 2000) and, in addition, it will also
be able to function as a radar, by itself receiving backscatteSPEAR (Space Plasma Exploration by Active Radar) is a
from the ionosphere (low-power mode), in a manner similarnew high-power radar system located at Lat. 78N3.ong.
to the CUTLASS radars, and possibly also from the magne-16.05 E, in the vicinity of Longyearbyen (Spitzbergen) and
tosphere (high-power mode). is designed to carry out a range of space plasma investi-

The experiments reported below were mainly designed tegations of the polar ionosphere and magnetosphere. The
test the capabilities of the SPEAR high-power HF beam andSPEAR site is located adjacent to the EISCAT Svalbard
in particular to study the excitation of field-aligned striations. Radar (ESR) at an altitude of 420 m above sea-level, on a
The SPEAR site is both geographically further north thanplateau on Mine 7 mountain some 10 km from Longyearbyen
that of the Tromsg heater and also has a higher dip anglg(see Fig. 1).

It is known that the three important directions in the geom- The SPEAR antenna system (Fig. 2). comprises<d 6
etry of heating experiments are determined by the normahrray of full-wave, crossed-dipoles, 16 m above the ground,
to the ionospheric layers (which is close to the local verti- with an antenna spacing of 48.4 m, allowing the transmission
cal direction), the dip angle and the heater beam directionof both linear and circularly polarised signals. The individ-
The SPEAR geometry differs in several respects from that atial dipoles are rhombically broadened to allow operation be-
Tromsg. For example, the SPEAR beam half-power half-tween 4 and 6 MHz. The site is large enough to accommodate
width of around 10.5 in the magnetic meridian is larger a planned extension of the system up to<barray.

than the local dip angle (around 8)5and for both vertical The resulting beam has a quasi-elliptical cross-section,
pointing and field-aligned pointing the beam will contain the with an average half-power width of 2&long its major axis
spitze angle, whereas at Tromsg the beam is narrower angbarallel to the array north direction, shown in Fig. 2) anél 14
the dip angle is 12 Rietveld et al. (2003) have demonstrated along its minor axis. This results in an overall antenna gain
that this geometry has a significant influence on the responsef 21 dB. Individual phase-control provides beam-steering
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Fig. 2. Schematic of the SPEAR antenna array with transmitter
containers and dipoles. The (blue) shaded area shows the planned
extension. The orientation of the array is indicated by the arrows.

Fig. 1. Aview of part of the SPEAR antenna array on mine 7 moun-  The transmitter containers pose a serious design constraint

tain, with the ESR dishes in the background. in that they must be both insulated and heated to allow oper-
ation with low external temperatures that are frequently be-
low —30°C, but that must also be capable of dissipating some
30 kW of waste heat during full-power CW operation. This

within £30° from zenith, at any azimuth, without signif- problem is compounded by the need to prevent the ingress

icantly altering the antenna gain or introducing significant ¢ <\ which places serious constraints on forced air cool-

side-lobe signals. The beam may thus be pointed in direcTng systems. Closed circuit cooling (air conditioning) is not

tions W|h|chf|ncr:udef vertlcr?l and f_|ehld-allgnbed. Bﬁam'ztebermgappropriate due to cost considerations, high maintenance re-
to angles further from the zenith may be achieved but Inquirements and reliability concerns. Each transmitter con-

this case significant side-lobes are introduced into the f|eld—tainer includes several heaters and cooling fans connected by

pattern. A block d'ag“"?m. of the whple ;ystem, which inter- H-section ducting which are controlled by a container en-
faces to the antennas, is illustrated in Fig. 3. vironmental controller which monitors internal and external
SPEAR is a distributed transmitting and receiving systemtemperatures to provide autonomous control of the heating
consisting of individual 4-kW solid-state transmitters con- and cooling. With the additional DDS control computer that
nected to the antenna array. Each transmitter consists of @ necessary to program the 8 DDS modules in each transmit-
single driver-stage and 4 individual 1-kW modules, the out-ter container, each transmitter container consists of a 10-node
puts of which are combined and fed to the antenna. In thecomputer system.
4x6 configuration 48 such transmitters are required. These The first 5 transmitter containers were completed during
are made up of 192 power-amplifier modules, 48 driver-the autumn of 2002 and shipped along with the 4 control con-
stages and a total of 240 power-supply units. Each transmittainers to Longyearbyen. These containers were transported
ter contains an embedded controller and an individual Direcg the SPEAR site and moved into position during the spring
Digital Synthesiser (DDS) which provides a transmit signal of 2003. At the same time the antenna system was shipped
and the IF for the receiver front-end. Eight transmitters aregirectly from the manufacturers to the site. The final trans-
housed in a half-sized shipping container which feeds22 mjtter container was retained at Leicester to permit software
sub-array. The entire SPEAR system is housed in 6 suchieyelopment and completion and testing of the phasing sys-
containers. All of the transmitters were built in the Radio andtem. This delay meant that the antenna array was incomplete
Space Plasma group’s workshops in Leicester, by the group'or the first operational tests in April/May 2004, although
technical staff. some successful scientific results were obtained (see Sect. 4
The control system is housed in a further shipping con-below). The 64 array was complete in time for the second
tainer located on the edge of the antenna array and feedsampaign in September/October 2004.
common clock signals and network signals to the transmit
containers via optical connections. Receiver IF signals are
summed in the transmitter containers and passed via copp& Experimental arrangements
cables to the control cabin where they are summed and fed to
a single-channel receiver, the data from which is processed he primary aim of the first year of operations of SPEAR was
by the receiver data-logger. Control of the entire systemto establish the capability of the high-power beam to gener-
is achieved by passing instructions to the distributed-systenate artificial striations, in line with SPEAR'’s central scientific
controllers within the transmitter containers. The control sig-raison d’etre The SPEAR site is within the fields of view of
nal also implements safety features which prevent transmisboth the CUTLASS radars in Finland (Hankasalmi) and Ice-
sion in the presence of aircraft. land (Thykkvibeer), (Fig. 4), which were operated throughout
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Fig. 3. A block diagram of the SPEAR system illustrating the distributed transmit and receive configuration.

as indicated above. These were operated at a mean power
QNG e, of 3kW and thus provided a total of 105kW with an esti-

| mated antenna gain of 20dB. The effective radiated power
in this case was just over 10 MW. However, quite soon af-
ter the beginning of the first campaign technical difficulties
were encountered which resulted in the loss of transmitters.
For the second campaign, the completed@array was avail-
able, i.e. 48 transmitters, which produced an antenna gain of
21 dB. However, in view of the transmitter problems from
the first campaign, it was decided to run at 2 kW per trans-

e EE— : During the April/May campaign only 35 transmitters were
SPEAR CUTLASS and 'rhé ESR g - initially available due to the incompleteness of the system,

70°N )

60°N| : " mitter in the second campaign, which meant an ERP of just
T _ ; { e over 15 MW. With the experience gained from the first few
© Har@l)(asa[mi.« campaigns, the transmitters will ultimately each be able to
g~ Pl D" GeosrapHic cooros achieve 4 kW, which will result in an ERP of 30 MW.
0E 15 E 30°E 45°E

3.1 CUTLASS operations
Fig. 4. Map of the locations of SPEAR, CUTLASS and ESR to-
gether with the CUTLASS Finland and Iceland radar fields of view. The current stereo CUTLASS radar is an HF coherent
The pink circle represents the typical spatial coverage of ESR meabackscatter radar system located at Hankasalmi, Finland and
surements. Thykkvibeer, Iceland (Lester et al., 2004), capable of near

simultaneous operation on two separate frequencies. The
the two campaigns. The ESR UHF radar was also operradars form part of the SuperDARN array (Greenwald et
ated, initially as a secondary diagnostic to provide informa-al., 1995). CUTLASS is ideally situated for making obser-
tion about the local background ionosphere. As it turned outyations of the SPEAR-modified ionosphere over the ESR,
it was the ESR which provided the first evidence of SPEAR-since the SPEAR site is located well within the fields of
induced nonlinear effects in the ionosphere. A co-locatedview of both the CUTLASS Finland (Fig. 5a) and CUT-
ionosonde was also available to provide real time informa-LASS Iceland (Fig. 5b) radars. Both radars reach the iono-
tion about the maximum ionospheric plasma frequency. Thissphere above SPEAR via a 1.5-hop HF propagation path, as
enabled the experimenters to choose appropriate SPEAR ohown schematically in Fig. 5¢. Normal operations for both
erating frequencies. radars involve a 16-beam scan over ranges 180-3555 km,
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Fig. 5. Summary of CUTLASS experimental operatioifg) Scanning pattern for CUTLASS Finlangh) scanning pattern for CUTLASS
Iceland,(c) schematic of 1.5-hop propagation path between CUTLASS radar and SPEAR/ESR sites.

with an integration time of 3 or 6 s providing a full-scan time- ment used in these observations employed the steffe modu-
resolution of 1 or 2min. In the experiments presented herdation scheme, which uses two 16-bit alternating codes. One
the CUTLASS radars ran in a high temporal and spatial resoof these codes has a baud-length ofu32total pulse-length
lution mode, with both radars running a reduced scan of 3—-%12us), while the other has a baud-length of (86 (total
beams centred over SPEAR (beams 6 and 9 for Thykkvibaepulse length 153gs). The former code is sampled with a
and Hankasalmi respectively), with an integration time of 1 s.fractionality of 2, and the latter code is sampled with a frac-
Channel-A of each of the radars provides high spatial resolutionality of 6. This means that both codes are sampled at
tion, with a field-of-view restricted to 75 range-gates of size intervals of 16us, so that each can give a range resolution
15km covering ranges of 1485-2610 km, while Channel-Bof 2.4 km, though the data from adjacent height gates are not
provides data over the complete propagation path from thendependent at this range resolution.

HF radars to SPEAR at a resolution of 45km, over distances Tnhe alternating code with 46s baud-length yields fully

of 180-3555 km. Both Channels-A and -B of each radar ad-gecoded data between ranges of 105 and 216 km, while the
ditionally perform a small frequency sweep, with the scansgqde with 96us baud gives fully decoded data between 259
cycling through approximately three HF frequencies which ang 924 km. In the interval from 216 to 259 km, spectra are
are appropriate to allow propagation to Svalbard over a 1.5erived from the alternating code with 26 baud, which,
hop path. Frequencies of 11-13MHz were chosen for th&yhijle not fully decoded, nonetheless provides acceptable
experiments presented here. Thus the combination of thata for most monitoring purposes. The ion-line spectra pre-
integration-time, scan-pattern and frequency-sweep providedented in this paper are shown at range resolutions of 4.8 km
a time-resolution of between 9 and 15s in this arrangement sy, the 16us baud code, and 14.4km for the @6 baud
code. At this range-resolution, each fully-decoded spectrum
3.2 ESR operations is independent of its neighbours. The frequency-resolutions
for the ion-line spectra from the two alternating codes are

The first ESR/SPEAR observations were carried out usingo-992 kHz and 0.880 kHz.

the 32 m (steerable) and 42 m (fixed) dishes of the EISCAT The plasma-line data were recorded using a separate re-
Svalbard Radar. These were co-aligned in the magnetic fieldeiver chain to that used in processing the ion-line signal.

direction (azimuth 187, elevation 81.6), and used to record Plasma-line detection is done using the power returned dur-
ion-line and plasma-line data respectively. The ESR experiing a brief interval of reception from the longer of the two
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ESR PLASMA LINE sult, the data are not resolved in range, but only in fre-

qguency. The plasma-line data thus constitute two time-series
of frequency-spectra, in overlapping bands of 3.2 to 4.8 MHz
and 4.5 to 6.1 MHz (offset from the transmitted frequency),

Plasma Line Spectral Amplitude for 27/04/2004

Upshifted Plasma Line

summed over all ranges from 150 to 600 km. Within each
band, the plasma-line power is divided into 128 frequency-
bins of width 13 kHz. The plasma-line power in most of these
555 IO.9 bins is generally small, except in regions where the gradi-
gg 0.9 ent of the electron density profile becomes shallow (i.e. lit-
: 0.9 tle change in electron density with increasing height). In
T :g:gm this case, plasma-line contributions from a range of alti-
70.7?;3 tudes add together to create enhanced power at that partic-
i gz g ular plasma frequency. This method is sometimes referred to
- AR M I S a e AR £ 70255 as the “spectral plasma-line” technique, described more fully
ur =055 by Showen (1979).
Ho.4¢&
J— ] DowshiPam ine . ] o4 %
0.3%

03 = 4 Experimental results

0.2>

0.2 4.1 Results from the campaign of April/May 2004
0.2

g:: The first attempts to observe SPEAR-induced nonlinear ef-

0.0 fects in the ionosphere above Spitzbergen commenced at
12:00 UT on 27 April 2004. SPEAR was operated at
4.9 MHz in the following sequence: 4min on in X-mode,
: 4 min on in O-mode, followed by 4 min off. The ERP dur-
o ing on periods in the first 12-min sequence was estimated
at 10MW. The SPEAR beam was directed along the geo-
Fig. 7. ESR upshifted and downshifted plasma-line data for 12:00-magnetic field, as was the ESR radar. An ionogram taken at
12:12 UT, 27 April 2004. During this period SPEAR was transmit- 11:55 UT (Fig. 6) indicated a maximum plasma frequency
ting X-mode from 12:00-12:04 UT, O-mode from 12:04-12:08 UT of around 5.5 MHz, so the heating was over-dense. The up-
and was off from 12:08-12:12 UT. shifted and downshifted plasma-line intensity spectra data
from the ESR for the period from 12:00-12:12 UT, corre-
sponding to the first 12-min sequence are illustrated in the
phase-coded pulses as it traverses the ionosphere, withotwo panels in Fig. 7. These panels show a clear intensifica-
decoding the return to enhance range resolution. As a retion of the plasma-lines at4.9 MHz (within the frequency
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Fig. 8. ESR ion-line data for 12:00-12:12 UT, 27 April 2004. The upper panels correspond to the height range 129-757 km with a resolution
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second to O-mode (12:04-12:08 UT) and the third to off (12:08-12:12 UT).

resolution of 13kHz) from the ESR transmitted frequency left to right. Clearly the X-mode (first column) and the
(500.3 MHz) during the O-mode heating between 12:04—off-period (last column) are virtually indistinguishable, in-
12:08 UT. A pair of continuous weakly-enhanced natural dicating no effect of the SPEAR beam during X-mode heat-
lines (upshifted and downshifted) with a frequency varying ing. The height variation of the spectral shapes during these
between about-5.6-5.7 MHz is also visible in the ESR data. two periods is typical of the transition from single-humped
These correspond to the F-region maxima in the ionospherispectra from the collisional E-region to double-humped in
plasma frequency which are consistent with the ionogramthe F-region. However, equally clear is the strong modifi-
data in Fig. 6. These natural lines are visible due to the limbcation of the ion spectrum for the period of O-mode heat-
effect caused by the lower density gradients at the peak oing (middle column), at a height close to 200km (upper
the ionospheric plasma density. panel), which corresponds to the SPEAR-ionosphere interac-
. L . ._tion height, close to where the plasma frequency is 4.9 MHz,
.The corresponding ESR ion-line data are d'Spr”‘yed "Min this instance. The reason why there is no enhancement in
Fig. 8'. Here the data havg beer_l ave_raged over_4m|n, COMGhe corresponding 200-km curve in the lower panel (middle
sponding to the three 4-min periods in the 12-min SequenC%olumn) is probably due to the interaction layer being very

described above. However in contrast to the plasma-ling,, o\, in altitude (Djuth et al., 1994) and, in this instance,
data, height information is included for the ion-line spectra. its lying close to the upper edge of the range bin in the up-
The six panels in Fig. 8 are arranged as follows. Each col-

includes th lanpina. heiah q i er panel, i.e. just below 214km. The upper curve in the
umn includes the tW9 overlapping height ranges aescr e‘ﬁ)wer panel only covers the altitude range 205-210 km. The
in Sect. 3.2. The altitude values along the vertical axes o

. SPEAR-affected spectra show two clear characteristics. The
the plots are the lower edge of the range bins. So where

a§pectral power is enhanced by a factor of between two and

the 200-km curve in the upper panel represents the rangfree and there is a central peak corresponding to the purely-
200-214 km, the 200-km curve in the lower panel Correr']%;rowing mode (Fejer and Lger 1972) P ¢ purely

sponds to 200—-205 km. Time increases along the rows fro



298 T. R. Robinson et al.: SPEAR-induced artificial backscatter from CUTLASS and EISCAT Svalbard radars

ESR SPECTRAL DATA
IL (U, C and D) and PL (U and D) on 27/04/2004
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Fig. 9. Time series of amplitudes of ESR ion- and plasma-lines for 12:00-12:12 UT, 27 April 2004.(Recwitains the upshifted ion-line;
(b), the unshifted ion-line centre frequengy), the down shifted ion-lingd), the upshifted plasma-line aiie)), the downshifted plasma-line.

Time-series of the amplitudes of various key componentscentre-frequency and downshifted ion-acoustic line respec-
of ESR incoherent scatter spectrum are shown in Fig. 9tively) and the bottom two illustrate the amplitudes of the
The upper three panels illustrate the amplitudes of threaupshifted (+4.9 MHz) and downshifted-4.9 MHz) plasma-
elements of the ion spectrum (upshifted ion-acoustic linelines, as functions of time from 12:00-12:12 UT. 4-min
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AVERAGED ESR ION LINE SPECTRA FROM 27/04/2004 AVERAGED ESR ION LINE SPECTRA FROM 27/04/2004

Heater-on, 1204-1208 UT (solid), and heater-off, 1208-1212 UT (dashed), at 215 km altitude Heater-on, 1307-1308 UT (solid), and heater-off, 1308-1309 UT (dashed), at 215 km altitude
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Fig. 10. Comparison of average ion spectra for SPEAR on with thatFig. 11. As for Fig. 10, but at 5.2 MHz for 13:07-13:09 UT, 27
for SPEAR off at 4.9 MHz for 12:04-12:12 UT, 27 April 2004. April 2004.

averages are indicated by dashed horizontal lines. Significan-{here wgsf howfeve:ja Shém burst: of enhag%dsspedctlrg! ggw?rr
enhancements in all these features are present throughoﬁpserve forafew ata dumps etween Jean 09U
the SPEAR O-mode operation (12:04-12:08 UT) although®" 27 APril while SPEAR was operating at 5.2 MHz. The av-
the amplitudes vary considerably from dump to dump. The€rage ion spectra from the 4 min of O-mode heating and the

plasma-lines are enhanced by a factor of around ten, on ayA min of off are illustrated in Fig. 11. The results are similar

erage, over the natural background levels (seen during th&® those_ n F|g._10, but the enhancements are even great_er.
off-period from 12:08-12:12 UT), but there are peaks of up The .f|na! point to make abput the results from the first
to about a hundred times background. Also, there is a higff@mpPaign is that no SPEAR-induced CUTLASS backscat-
degree of correlation in all five elements of the spectrum, ad®er was seen at all. The reasons for this negative result are

well as a high degree of symmetry between the upshifted andot entirely clear. It is possible that the beam produced by
downshifted elements. the incomplete SPEAR antenna array had an adverse effect

. . on the production of striations, although, the positive results
A more detailed comparison betw_een the average o'mOd?rom the ESR show that there were no such adverse effects
a_nd the average off resglts .for the lon spectra from the P€n the instabilities responsible for field-parallel scatter. An-
riod abqve is displayed n Fig. .10' This S.hO\.NS that the PG ther possibility is that adverse propagation conditions from
of upshifted and downshifted ion-acoustic lines have beeqhe CUTLASS radar sites to Svalbard were responsible for

enhanced by a factor of two, whereas the (_:entre frequencyhe lack of coherent scatter, although this is not at all obvious
has been enhanced by more than three times. It is a|Sﬂ,om the ionogram information taken at the time
clear that the separation of the two ion-lines has not been '

affected by SPEAR, which probably means that there hag, 5  Results from the campaign of September/October 2004
been no significant electron temperature change during the
‘heating’ process. The results in Figs. 7 to 10 are consisqn contrast to the first SPEAR campaign, for the second cam-
tent with the excitation of both the parametric decay insta-paign the SPEAR $4 antenna-array was complete. This
bility (Fejer, 1979) and the purely-growing mode instability gjjowed slightly higher powers (15 MW ERP) to be used.
(Fejer and Leer, 1972) by three-wave interactions that a|39Apart from a slightly different choice of SPEAR operating
excite electron-acoustic (plasma) waves clos¢-409 MHz.  frequency, the only other differences in the way the experi-
Strictly, the parametric decay instability excites plasma-linesments were conducted was that for the second campaign an
which are shifted from those excited by the purely-growing g_min heater sequence of 4-min on in O-mode and 4-min
instability by around half the ion spectral-width, i.e., by afew off was chosen. In many respects the results of ESR observa-
kHz. However the plasma-line spectral resolution of 13kHz, tjons from the second campaign mirrored those of the first. A
av_ailable in Fhe present experiments, is insufficient to reSOWeparticuIarly strong example of the excitation of plasma-lines
this separation. and ion spectral modification is illustrated in Fig. 12 (only
Although further transmissions of the same 12-min se-the upshifted plasma-line is illustrated and the altitude of
quences were subsequently attempted during the course difie strongly enhanced averaged ion-line spectrum was close
the 27 April and the next two days, similar results to thoseto 200 km) for the period from 12:46-12:54 UT on 1 Oc-
seen during 12:00-12:12 UT on 27 April were seen onlytober 2004. Here SPEAR was operated at 4.45MHz in an
spasmodically. This was partly due to deteriorating iono-ionosphere with a maximum plasma frequency of 5.5 MHz.
spheric conditions but also due to technical difficulties which The amplitudes of five spectral elements of ESR scatter are
led to a slowly reducing number of operating transmitters.shown in Fig. 13 for the period 12:46-12:54 on 1 October
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ESR PLASMA AND ION LINES
PL Amplitude and IL Spectra for SPEAR (On and Off) 01/10/2004
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Fig. 12. ESR plasma-line is shown in the upper panel during 12:46-12:54 UT 1 October 2004, together with the average ion-line spectra for
O-mode SPEAR-on (centre panel) and SPEAR-off (lower panel).

2004. Again highly variable but sustained enhancements are Figure 14 illustrates the first distinct observation of
clear in all of the spectral features during O-mode heating.SPEAR-induced CUTLASS backscatter from artificial field-
Also there is a high degree of correlation in all of the five aligned striations. A sequence of three 4-min periods
elements as well as a high degree of symmetry between thef O-mode heating (separated by 4-min off-periods) at
upshifted and down shifted elements. Although during thistimes between 13:15-13:45 UT on 28 September 2004,
particular period of heating, as throughout the first campaignjs included, while SPEAR was operating at 4.6 MHz.
no SPEAR-induced CUTLASS backscatter was observed, iClear artificial backscatter power signatures from channel-
was observed for the first time during this second campaignA of the CUTLASS Finland radar, at frequencies between
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ESR SPECTRAL DATA
IL (U, Cand D) and PL (U and D) on 01/10/2004
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Fig. 13. Time series of amplitudes of ESR ion- and plasma-lines for 12:46-12:54 UT, 1 October 2004 (8} aositains the upshifted
ion-line; (b), the unshifted ion-line centre frequendy), the down shifted ion-linefd), the upshifted plasma-line arfd), the downshifted
plasma-line.

11.075-11.275 MHz, can be seen between range-gates 41 ter is somewhat difficult to determine precisely, due to the
50 during the first three transmission periods. The rangdong ranges involved. The CUTLASS Finland radar is lo-
resolution was 15km. The actual location of the backscat-cated at a ground range of 1800 km from the SPEAR site.
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SPEAR and CUTLASS 28 Sep 2004
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Fig. 14. CUTLASS Finland radar range time amplitude plot showing the first observation of SPEAR induced scatter, 13:15-13:45 UT, 28
September 2004.

The long ranges involved, and the over-the-horizon propa-spike just after 13:31 UT), although the upshifted artificial
gation path, mean that the time-of-flight information is not plasma-line (panel e) is strongly enhanced. There is also sub-
sufficient to obtain the exact ground range of the backscattestantially more asymmetry between the upshifted and down-
over SPEAR. The fact that the CUTLASS signal can only shifted plasma-line responses in this example than in others
reach SPEAR by reflection from both the sea surface angresented previously. These differences from previous exam-
the ionosphere (see Fig. 5) also adds to the uncertainty. Deples may have been due to ionospheric conditions as evinced
spite these complications, the group-propagation range waby the ionogram in Fig. 16 for 13:26 UT on 28 September
found to be approximately 230 km longer than that predicted2004, which was taken during a SPEAR-off period. This
by straight line propagation from CUTLASS Finland to an ionogram exhibits significant spreading, which is indicative
altitude 200 km directly above SPEAR. The continuous scat-of patchy and uneven plasma densities, even though the max-
ter in the very near ranges in Fig. 14 is natural ground scatimum plasma frequency appears to be above the transmission
ter. The CUTLASS Iceland radar was not operating duringfrequency of SPEAR.

this period, due to power line maintenance that lasted from 5, example of a period of heating when SPEAR-induced
10:00-17:00 UT on 28 September 2004. backscatter was observed in both the Iceland and Finland
During the sequences illustrated in Fig. 14, enhancement& UTLASS radars is illustrated in the amplitude time-series
in the ESR plasma-line and ion spectral power were alsgn Fig. 17. The upper two panels show the Finland and
observed in addition to the CUTLASS backscatter above.|celand backscatter data, respectively, and the bottom five
Time-series of the CUTLASS backscatter power (averagethanels contain the five ESR spectra similar to those in
over the heated patch) for channel-A, together with those forrigs. 9, 13 and 15, but here for 13:12-13:40 UT on 1 Oc-
the five elements of the ESR backscatter data (as in Figs. ¢ber 2004, while SPEAR was operating at 4.45MHz. The
and 13) are shown in Fig. 15 for the period from 13:20 to CUTLASS Finland data has 15 km range-resolution and 20 s
13:40 UT on 28 September 2004. Three periods of O-mod&jme-resolution at frequencies between 11.075-11.275 MHz,
heating (13:20-13:24, 13:28-13:32 and 13:36-13:40 UT) arguhile the Iceland data has 45km range-resolution and 36 s
illustrated, separated by 4-min periods when SPEAR was offtime-resolution at frequencies between 12.6 to 13.3 MHz.
SPEAR-enhanced CUTLASS (Finland) backscatter well The differences in these aspects of the two CUTLASS data
in excess of 10dB above background is evident in Fig. 15.sets are due to the fact that the artificial scatter was only
All of the ESR spectral features also exhibit enhancement taclearly seen in each radar with the different modes that
some degree during SPEAR heating, though the variabilitywere described in Sect. 3.1 above. lonospheric conditions
in amplitude is greater than that in the corresponding CUT-were considerably more stable during this period, than they
LASS data (except during 13:36-13:40 UT). The enhancewere for the results in Fig. 15, as is illustrated by the iono-
ments in the ion-line spectra in Fig. 15 appear somewhagram data from 13:18 UT on 1 October 2004 (Fig. 18).
smaller than in previous examples above (apart from a largéstrong backscatter is seen in both of the CUTLASS radar
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CUTLASS AND ESR BACKSCATTER DATA
BP, IL (U, C and D) and PL (U and D) on 28/09/2004
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Fig. 15. Time series of amplitudes of CUTLASS Finland backscatter power (@n&igether with ESR ion- and plasma-lines for 13:20—
13:40 UT, 28 September 2004. Paflgl contains the upshifted ion-lin€g), the unshifted ion-line centre frequendy), the down shifted
ion-line; (e), the upshifted plasma-line arffj, the downshifted plasma-line.

data sets, during three periods of O-mode SPEAR heatindrom Finland, which is rather puzzling, given that the ground
(13:12-13:16, 13:20-13:24 and 13:28-13:32 UT). The am+anges of two radars from SPEAR are similar (Finland is at
plitudes seen from Iceland are somewhat larger than thos&800 km and Iceland is at 2018 km). This result may partly
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Fig. 16. Svalbard ionogram for 13:26 UT, 28 September 2004.

be explained by the range cells for the Iceland radar beingon or SPEAR-off periods) for all of the seven time-series in
three times longer than those at Finland. This increases thEig. 17, though the ESR data are in general more variable on
volume of scatter and hence the effective scattering crossshorter time-scales.
section by the same factor, assuming the scattering cross-
section to be homogeneous in range within a range-beam
cell and the heated patch occupies several consecutive ran@e Discussion and conclusions
gates (which it clearly does from Fig. 14). Artificial stria-
tions are known to occupy a limited height range (Robinson,The data presented above show clearly that the new SPEAR
1989) and so do not fill the radar beams as far as elevation igcility is capable of generating enhancements in field-
concerned. The vertical extent of the scatter is also limited bYaIigned plasma density striations that produce artificial
aspect-sensitivity and refraction effects. However, the heataspect—sensitive scatter in the CUTLASS radars and also
ing patch is wide enough to fill the CUTLASS beams as far of generating enhancements in ion-acoustic waves, purely-
as azimuth is concerned. This Implles that the baCkscattegrowing (ion) modes and electron-acoustic waves which give
power should fall approximately at a rate inversely propor-rise to enhanced ESR scatter. Since one of the main pur-
tional to the third power of the range. On this basis it might poses of SPEAR is to create artificial scatter for purposes of
be expected that the Iceland backscatter power be redUCQﬁbophysical space plasma exploration with CUTLASS, it is
by 30% over the Finland backscatter power due to the 10%seful to compare the efficiency of SPEAR with that of the
increase in range from SPEAR. This suggests the Icelandromsg heater, with the proviso already mentioned concern-
power should be about twice those of Finland. The peak valing direct comparisons between results from different sites.
ues seen at Iceland certainly exceed those at Finland by more ag nas peen pointed out already, the SPEAR heater has op-
than this factor. This discrepancy probably deserves fur-grated so far only at ERP levels of 15 MW, while the Tromsg
ther investigation. However, absolute comparisons of pow-neater is capable of 200 MW or more. An example of CUT-
ers from two different radars are complicated by propaga-| ASs (Finland) backscatter measurements at Tromsg on one
tion, especially with 1.5-hop modes over such large rangesy; the few occasions when the heater there was operating at
as well as the uncertainties introduced by aspect-angle corowers considerably less than this is illustrated in Fig. 19 for
siderations. 12:20-12:40 UT on 7 October 1997. Even this experiment
Also in Fig. 17, all the ESR spectral powers show strongwas not ideal for comparison with SPEAR, due to the nature
enhancements during the O-mode heating, although theref some of the heater-on periods, as described below.
is huge variability, especially in the period from 13:12— The lower panel in Fig. 19 indicates the ERP level of
13:16 UT, where an intense enhancement appears for abotite Tromsg heater. As is clear, the heater-on from 12:21—
1 min after 13:14 UT. This enhancement also appears to co12:22 UT was at a constant power level, as was each sub-
incide with the rise of backscatter power in the CUTLASS sequent alternate heater-on. In between the constant power
Iceland data, though the corresponding Finland data appedreater-on periods were interspersed more complicated power
more uniform in time. There is generally good correlation variations, which involved the heater being on initially at
of the 4-min averaged data (corresponding to either SPEARfull-power for 20s, before reverting to a lower power for
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CUTLASS AND ESR BACKSCATTER DATA
BP (Fand I), IL (U, Cand D) and PL (U and D) on 01/10/2004
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Fig. 17. Time series of amplitudes of CUTLASS Finland (paeghbnd Iceland (pand}) backscatter powers, together with ESR ion- and
plasma-lines for 13:12-13:40 UT, 1 October 2004. Pérjatontains the upshifted ion-linéd), the unshifted ion-line centre frequendg),
the down shifted ion-linegf), the upshifted plasma-line arfd), the downshifted plasma-line.

the rest of the heater on period. Only the constant powerzontal bars in Fig. 19. The upper panel of Fig. 19 exhibits
heater-on periods are useful for comparison with the SPEARhe corresponding CUTLASS backscatter power from the
experiment and these periods are indicated by thick hori-heater-induced irregularities. The range from the CUTLASS
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Fig. 18. Svalbard ionogram for 13:18 UT, 1 October 2004.

Finland site to that of the Tromsg heater is a little underter effect in probably due to a reduction in the UHF radar
1000 km. On the basis of the inverse cube power law al-power output as a result of switching on the heater). On
ready mentioned, this would mean that for the same scattetthis basis it might be expected that a strong overshoot effect
ing cross-section, and the same range cell size, CUTLASShould be discernable in the SPEAR ESR data. From what
backscatter power from Tromsg should be around 7 to &as been reported above this is clearly not the case. There is
times that from SPEAR. The Tromsg heater power levels inno sign of systematic overshoot occurring in the SPEAR ex-
Fig. 19 which best compare with those at SPEAR occur inperiments. There are a few periods when it might be argued
the interval from 12:29 to 12:30 UT when the Tromsg heaterthat there are signs of it. For example, in Fig. 9, just after
was transmitting 15 MW ERP. The corresponding enhance12:04 UT, in Fig. 13, just after 12:48 UT and in Fig. 17 just
ment in the CUTLASS backscatter was about 300 timesafter 13:20 UT. However, these are the only times when it
above background. The corresponding levels for SPEAR ar@ppears after SPEAR is turned on amongst many other times
around 50 times (from Fig. 17). These levels are thereforawvhen SPEAR is turned on without any sign of overshoot.
roughly comparable with those which might be expected onFurthermore, in all of these cases there are several further
the basis of the Tromsg results. spikes in the ESR spectral power while SPEAR is on, which

Also displayed in Fig. 19 (middle panel) are the central is not seen in the data from Tromsg (Fig. 19).

unshifted component of the ion-line backscatter data from There is evidence that overshoot related phenomena are
the EISCAT UHF radar observed over the same period as th@bsent when the heater frequency is very close to a harmonic
CUTLASS backscatter data. They exhibit very clearly the of the electron gyro-frequency (Honary et al., 1999), but un-
well-known ion-line overshoot phenomenon which has beerder these conditions field-aligned striations are not generated
a ubiquitous feature of heating experiments at Tromsg. It istither and hence no aspect-sensitive scatter would be seen.
typ|f|ed by a Strong enhancement of the ion-line power for alndeed, as has been pOinted out in the intrOdUCtion, it has
short period (usually no more than one data dump) immedi-Peen argued that overshoot is caused by anomalous absorp-
ate|y after heater turn on, followed by the (a|most Comp|ete)ti0n of the heater wave due to the striations at an altitude be-
disappearance of the enhancement for the rest of the timw that from which the non aspect-sensitive scatter comes.
the heater is on. There are a few observations at Tromsghis is clearly inconsistent with the data from the SPEAR
that indicate that the ion-line does not entirely disappear, bugxperiments where several examples of simultaneous CUT-
rather its amplitude falls to a level 10 to 20 dB below its ini- LASS scatter and ESR scatter have been observed. Further,

tial peak (Djuth et al., 1994; Dhillon and Robinson, 2005). these results have been seen with several SPEAR operating
lon-line overshoot effects are present at all ERP levels infrequencies, all of which have been chosen to avoid harmon-
Fig. 19, apart from the lowest of 3.5 MW which occurred ics of the local electron gyro-frequency.

between 12:21-12:22 UT. Notice also that there is no sign of Another consideration in the context of the differences in
any ion-line intensity enhancement after the overshoot spikéeating effects seen at Tromsg and on Spitzbergen is the dif-
in the Tromsg data in Fig. 19. Indeed, there is evidence thaterence between the operating frequencies of the ESR and
the ion-line power falls to levels below that during heater-off mainland EISCAT radars. The ESR works at frequencies
for a short time after the overshoot spike (although this lat-close to 500 MHz, whereas the UHF radar responsible for the
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CUTLASS AND EISCAT UHF DATA

Power and lon Line Amplitude for 1220-1242 UT on 07/10/1997
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Fig. 19. Amplitudes of CUTLASS Finland backscatter (paagland the unshifted centre frequency of the EISCAT UHF (Tromsg) ion-
line (panelb), together with the heater ERP levels (pagefor 12:20-12:42 UT, 7 October, 1997. The EISCAT heater was operating at
4.544 MHz and the time and range resolution of the ESCAT UHF radar data were 5s and 22 km, respectively.

data from Tromsg in Fig. 19 operates at 931 MHz. However,at Tromsg, which operates at 224 MHz, also shows clear ev-
itis unlikely that these frequency differences explain the lackidence of overshoot during heating experiments (Kohl et al.,
of overshoot in the ESR data, since the VHF EISCAT radar1993).
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