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Abstract. E region ionospheric modification experiments mechanisms responsible for creating the FAls and other re-
have been performed at HAARP using pump frequenciedated phenomena (see reviews Bpbinson 1989 Frolov
about 50 kHz above and below the second electron gyroharet al, 1997 Gurevich 2007. While questions remain, the
monic frequency. Atrtificial E region field-aligned plasma finding that FAls are produced near the upper hybrid reso-
density irregularities (FAIs) were created and observed ushance level in the plasma rather than at the critical height
ing the imaging coherent scatter radar near Homer, Alaska(e.g. Djuth et al, 1985 Noble et al, 1987 focuses atten-
Echoes from FAIs generated with pump frequencies abovedion on two closely related instability processes. One of
and below 22, did not appear to differ significantly in exper- these is the thermal parametric instabili@réch et al.1978
iments conducted on summer afternoons in 2008, and the rePas and Fejerl979 Fejer, 1979 Kuo and Lege 1982 Dys-
onance instability seemed to be at work in either case. We arthe et al, 1983 Mjglhus 1990, and the other is the res-
gue that upper hybrid wave trapping and resonance instabilenance instability Vas’kov and Gurevich1977 Inhester

ity at pump frequencies below the second electron gyroharet al, 1981, Grach et al.1981 Dysthe et al.1982 Lee and
monic frequency are permitted theoretically when the effectsKuo, 1983 Mjglhus, 1993.

of finite parallel wavenumbers are considered. Echoes froma |n the thermal parametric instability, or the thermal os-
sporadic E layer were observed to be somewhat weaker whegillating two-stream instability (OTSI) more precisely, the
the pump frequency was 50 kHz below the second electrorpump electromagnetic wave is resonantly converted in the
gyroharmonic frequency. This may indicate that finite paral-presence of field-aligned plasma density irregularities into
lel wavenumbers are inconsistent with wave trapping in thinupper hybrid waves which heat the plasma collisionally and,
sporadic E ionization layers. in turn, intensify the irregularities through differential ther-

Keywords. Radio science (Waves in plasma) — Spacemal forcing. If the amplitude of the irregularities (stria-

plasma physics (Active perturbation experiments; Waves andions) becomes sufficiently large, upper hybrid waves may
instabilities) be trapped within them, causing additional mode conversion,

heating, and trapping in tandem with the formation of ther-

mal cavitons. This is the condition for the resonance insta-

bility, which is characterized by explosive wave growth. Co-

herent scatter is then indicative of the meter-scale striations

The production of magnetic field-aligned plasma density ir- (e.g-Stubbe 1,996' )

regularities (FAIS) is a signature feature of RF ionospheric 11€ behavior of upper-hybrid waves depends strongly on
the frequency with respect to harmonics of the electron gy-

modification experiments. Visible to coherent scatter radars,

the irregularities provide a means of diagnosing the experfofrequencyns2,, mainly because of sharply increased colli-

iments with ground-based remote sensing. A number ofsionless damping at these frequencies. A number of closely

radar observations have been conducted in concert with iond€'ated phenomena, including stimulated electromagnetic

spheric heating experiments in an attempt to elucidate th&Mission, electron and ion heating, optical emissions, and ir-
regularity generation are also affected or interrupted when

pumping at or near gyroharmonic frequencies (Kesch

Correspondence tdD. L. Hysell et al, 2005 Mishin et al, 2005for experimental and theo-
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(dih37@cornell.edu) retical summaries). By investigating the kinetic dispersion
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relation for upper hybrid/ electron Bernstein waviggalhus reliance on refraction to satisfy the Bragg scattering con-
(1993 argued that striation formation should be suppressediition and correspondingly little ambiguity with regard to
at heating frequencies neaf2, for n > 3. Huang and Kuo  echolocation. Likewise, E region echo Doppler shifts are
(1999, Istomin and Leysel(2003, and Gurevich (2007 generally small enough to render the target underspread, per-
reached similar conclusions and also predicted that the supmitting unambiguous spectral estimation using conventional
pression should be asymmetric, extending to frequencies furpulse-to-pulse signal processing. Furthermore, the daytime E
ther below the gyroharmonic frequency than above it. Directregion ionosphere is relatively consistent and invariant on a
evidence for this phenomenon in the F region came first inday-to-day and minute-to-minute basis by comparison to the
the form of reduced anomalous absorption and subsequerk region, affording more possibilities for controlled experi-
intensification of processes occurring above the upper hybridnents. However, the critical frequency in the high-latitude E
resonance heighHpnary et al. 1999 and then in the form  region is seldom more than about 3 MHz, making it difficult
of reduced coherent scatter measured at Sura and by Supdo explore gyroharmonics with > 3. Sporadic E layers can
DARN (Ponomarenko et al1999 Kosch et al. 2002. Ad- be utilized for observations at higher pump frequencies, but
ditional, albeit indirect, evidence came from optical observa-only at the expense of the controlled experiment aspect of the
tions of artificial airglow and inferences about upper-hybrid observations.
wave-induced electron acceleration (&gsch et al.20095.

The situation for pump frequencies near the second elec-
tron gyroharmonic appears to be more complicated and coul® Observations
not be explored experimentally from the mid-1980s until re-
cently with the advent of a low-frequency heating capabil- The coherent scatter radar used for this investigation is lo-
ity at HAARP. Coherent scatter is observed for pump fre- cated at the NOAA Kasitsna Bay Laboratory near Seldovia,
quencies near,, and enhancements have been reportedAlaska, approximately 470 km southwest of HAARP. It op-
at frequencies just above® (Fialer, 1974 Minkoff et al., erates at 29.8 MHz using a 12kW peak power transmitter
1974 Kosch et al, 2007). Airglow intensifications are also and two side-by-side transmitting antenna arrays with a com-
reliably observed for pump frequencies slightly abogg, 2 bined gain of approximately 18.5dBi. For the experiments
(Haslett and Megill1974 Djuth et al, 2005 Kosch et al. described here, 13-bit Barker-coded pulses with adBaud
2005. On the theoretical side, the threshold for excita- width and a pulse repetition frequency (PRF) of 405 Hz were
tion of thermal parametric instability can be shown to be used, giving a transmitter duty cycle of 5.3% and a maxi-
reduced in the vicinity of the second electron gyroharmonicmum unambiguously resolvable Doppler shift of just over
frequency Grach 1979, explaining the observed, aforemen- 1000 m/s. Reception is performed using 6 spaced antenna
tioned overshoot. arrays, providing 15 approximately coplanar, nonredundant

However, analysis also suggests that wave trapping mayaselines for interferometry. Additional details about the sys-
be prohibited entirely at pump frequencies below the secondem and some of the diagnostics it can perform were given by
electron gyroharmonic frequencMjelhus, 1993 Huang  Hysell(2008.
and Kuq 1994). The prediction has especially importantim- ~ The nominal electron gyrofrequenc§,, in the E region
plications for artificial E region FAls, which are routinely over HAARP is precisely 1.5 MHz~1.511 MHz at 105 km
and often necessarily (in view of the low E-region critical altitude according to IGRF-2005). The E region critical fre-
frequency) generated using pump frequencies below and ofquency meanwhile typically reached 3 MHz at midday in
ten well below 22, (e.g.Fialer, 1974 Hysell, 20089. Forex-  the summer of 2008, with an associated peak upper-hybrid
ample, the FAIs observed Nossa et al(2009 were mainly ~ frequency of 3.35MHz. This made it possible to use heat-
generated using a pump frequency of just 2.75 MHz. Theorying frequencies above and below the second electron gyro-
in this area has mainly concentrated on F region applicationsharmonic frequency,2,, during the summer months, even
but renewed interest in E region heating experiments promptsluring solar minimum, with the expectation of meeting the
reinvestigation of the experimental record and the underlyingupper-hybrid resonance condition in the E region.
physics. Attempts to generate E region field-aligned plasma den-

In this paper, we investigate the generation of FAIs in thesity irregularities over HAARP using O-mode zenith heating
E region ionosphere at pump frequencies above and belowt pump frequencies about 50 kHz above and below the sec-
the second electron gyroharmonic. The frequencies used arend electron gyroharmonic frequency were made at midday
insufficiently close (e.g. seBurevich 2007 to 292, to eval- on 28 and 29 July 2008, during the Polar Aeronomy and Ra-
uate upper hybrid wave suppression and asymmetry and armdio Science (PARS) Summer School period. The frequencies
instead widely separated to ensure bracketing of the secon?.945 MHz and 3.045 MHz were available for these experi-
gyroharmonic under a variety of E region conditions. E re-ments. Heating was performed using the full power of the
gion experiments offer some practical advantages from theHAARP facility with zenith pointing and CW modulation
diagnostic point of view. Using VHF radar, high-latitude ar- following a 1-min on, 1-min off pattern. Results for 28 July
tificial E region FAIs can be observed with relatively little are shown in Figl.
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Fig. 1. Range-time Doppler intensity (RTDI) plot of backscatter from artificial E region FAIs over HAARP observed on 28 July 2008. Here,
the brightness, hue, and saturation of the pixels denote echo signal-to-noise ratio (SNR), Doppler shift, and spectral width. Note that the
echoes from heater-induced FAls are range aliased and that their true range is greater than their apparent range by 370km. The averag
signal-to-noise ratio for apparent ranges between 80-140 km is plotted beneath the RTDI plot. Echoes from meteor trails are also visible
in the figure. The incoherent integration time for the figure is about 3s. Note that specular and long-lived meteor echoes are also visible
throughout the figure.

In Fig. 1, Homer radar data are portrayed in range-time- (<1 dB) than at the higher frequency, despite the fact that the
Doppler-intensity (RTDI) format, in which the brightness, HAARP antenna has slightly higher gain@.3dB) at the
hue, and intensity of the pixels represent the signal-to-noisénigher frequency. The echoes for the lower frequency also
ratio, Doppler shift, and spectral width of the echoes accord-appear to fall at slightly shorter ranges than for the higher
ing to the legend shown. Coherent integration by a factor of 4frequency, something that could be indicative of a small dif-
was applied to these data prior to detection and spectral anaference in scattering altitude. The Doppler spectra for the
ysis. The echoes have Doppler shifts of abe®D m/s (red  two heating frequencies are indistinguishable.
shifts) and RMS half-widths of about 50 m/s in this case. The
lower panel of the figure shows the average signal-to-noise Data from a short segment of an identical experiment per-
ratio of echoes between 80-140km apparent range (450formed on 29 July 2008, are shown in FR(the complete
510km true range). The incoherent integration time for thedataset, typified by this short segment, appears in Fig. 1 of
data in the figure is approximately 3s. Nossa et a).2009. The echoes received this time had very

small Doppler shifts, and the data in the figure were coher-

For this experiment, the pump frequency was 2.945 MHzently integrated by a factor of 16 prior to detection to im-
(3.045 MHz) during the 1st, 3rd, 5th, and 7th (2nd, 4th, andprove the overall signal-to-noise ratio. The pump frequen-
6th) heating events depicted in Fify. The echoes associ- cies for the first and second heating event were 2.945 and
ated with the lower heating frequency are slightly stronger3.045 MHz, respectively. As in the previous example, the

www.ann-geophys.net/27/2711/2009/ Ann. Geophys., 27, 27120-2009
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Fig. 2. RTDI plot of backscatter from artificial E region FAls over HAARP observed on 29 July 2008. The incoherent integration time for
the figure is about 0.158 s.

echoes observed here were slightly stronger at the lower heater about 08:00 UT but little in the preceding hour. Very weak
ing frequency. Note that this trend cannot be extrapolatedechoes from artificially generated FAIs were also detected.
heating experiments conducted just prior to those showriThese echoes had relatively large Doppler shifts of about
here at a frequency of 2.75 MHz produced coherent echoe$50 m/s (blue shifts) and RMS spectral half widths of about
with signal-to-noise ratios comparable to those generated at00 m/s. As in the previous examples, the heating frequency
2.945MHz. Echoes from the higher heating frequency alsaalternated between 2.945 and 3.045 MHz, with minute-long
extend over a somewhat broader span of ranges than echobeating intervals at the higher frequency beginning at 07:44,
from the lower frequency, something that could be indicative07:48, 07:52, 07:56, 08:00, and 08:04 UT and interleaving
of a larger modified volume and a higher scattering altitudelower-frequency heating intervals. In this case, the echoes re-
at the higher frequency. Close examination of the relativelyceived appear to be stronger at the higher heating frequency
high time resolution data in Fi@.shows that the rise and fall by about 3-5dB. Low backscatter intensity and significant
times for the echoes at the two heating frequencies are, likdbackground variability both undermine the clarity of this re-
the Doppler spectra, indistinguishable. sult to some extent, however.

Additionally, an experiment similar to the preceding two
was performed on 29 February 2008, prior to local mid-3 Analysis
night during active auroral conditions when a dense (criti-
cal frequency FoEs-4 MHz), blanketing sporadic E layer The most significant finding from the July 2008 experi-
was over HAARP. Figur&® shows the results in RTDI for- ments described above is that there appear to be no signif-
mat. Natural auroral echoes are evident after about 08:15 UTicant differences between FAIs generated with pump fre-
The riometer at HAARP indicated significant absorption af- quencies about 50 kHz above and below the second electron

Ann. Geophys., 27, 2712%2Q 2009 www.ann-geophys.net/27/2711/2009/
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Fig. 3. RTDI plot of backscatter from artificial E region FAIs over HAARP observed on 29 February 2008, during a sporadic E layer event.
Natural auroral echoes are evident in apparent ranges outside the 90-140 km interval. The incoherent integration time for the figure is about
13s.

gyroharmonic frequency. Small changes in echo range antron plasma incorporating the BGK collisional integral has
intensity were reported, but these are no larger than the kindbeen derived byAlexandrov et al(1984) (see alsdMjglhus

of secular variations routinely observed and attributed to(1993 andKryshtal (1998 for notational guides):
background density profile variability and the sensitivity of

the thermal oscillating two-stream instability to the height of €(@.K)

the upper hybrid resonance layer with respect to the pump_ kik AT (@.K) 1)
standing wave. Other diagnostics unavailable for these ex- k2 o
periments may do so, but the coherent scatter radar does K1+ o w—ﬁ;tl‘j‘tﬂ[w(a”)_l][\ (x?

not clearly distinguish between irregularities generated with = 1+ -5

pump frequencies above and belo®.2 As hysteresis ef- Sl R DI w+l” ns2e [W(em) =11 An(x?)
fects indicative of wave trapping are evident in experiments,;ith

involving pump frequencies below? (Nossa et a).2009,

theory governing wave trapping in this frequency regime  «, = (w+iv—nQ.)/(lkjlv/T/m)

warrants additional investigation. A (2) = I, (z)e”"
Following McBride (1970 and Huang and Kuq(1994), x> =kiKT/mQ?
we seek a kinetic theory of upper hybrid waves in a weakly - kipz

ionized plasma that includes the effects of finite parallel
wavenumbers. An appropriate expression for the longitudi-where €2, is the electron gyrofrequency, is the electron-
nal dielectric permittivity for a magnetized Maxwellian elec- neutral collision frequency;; andk; are the perpendicular

www.ann-geophys.net/27/2711/2009/ Ann. Geophys., 27, 27120-2009
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3 In the limit k; — O, the dispersion curves remain simi-
4.5 lar to those plotted in Figd at large x2 (short transverse

i wavelengths). At long transverse wavelengths, however, the
curves are cutoff at the upper hybrid frequengy,. All

N 0 curves in the frequency band below2decrease monoton-

= ically in frequency with increasing transverse wavenumber,
235 whereas all curves above22 increase in frequency from a

> low-frequency cutoff, attain a maximum frequency at a sec-
g 3.0 ond, high-frequency cutoff, and then decrease in frequency
2 once againMjglhus(1993 terms the branches to the left and

é o5 right of the second cutoff upper hybrid and electron Bernstein

modes, respectively.

Wave trapping can be investigated using plots like Big.
through eikonal analysis (e.g.andau and Lifshitz 1987,
Weinberg 1962, noting that wave packets will propagate in

s I - an inh(_)mog_eneous medium in such away that_frequency re-

20.0 40.0 60.0 80.0 100.0 mains invariant provided that the medium itself is not chang-

Wavenumber (m™") ing rapidly. A wave packet launched at the low-frequency

cutoff of an upper hybrid mode travels along a horizontal line

Fig. 4. Dispersion curves for upper hybrid/electron Bern- in Fig. 4 as it penetrates into a depleted caviton. Propagating

stein waves versus, with Q,/27=1.5MHz, v=5000s1, and into regions of lower density, it will ultimately encounter a

ky=2r/10m 1 for six different plasma frequenciess/27 €  tuming point at the trough and be reflected, all the time re-
{1.9,2.2,2.5,2.8,3.1,3.4) MHz). The corresponding upper hybrid  m3ining on viable dispersion curves. A measure of the max-

e omeapanis e omas i o ncto o UM Gepth o he cavio tht can be formed frough e
(above) 22, /27 =3 MHz are indicated with black solid (red dashed) resonance instability is the difference in the two cutoff fre-

lines. guencies of a given dispersion curve, which is related to the
maximum difference in plasma number densities at the cen-
ter and walls of the deepest caviton accessible to the wave
and parallel wavenumbers, respectivély= )\Jl isthe De-  packet. Above ., this difference decreases as the upper
bye wavenumbey, is the electron gyroradius, and where the hybrid frequency approaches an electron gyroharmonic from
other symbols have the usual meaning. Alsais the modi-  below Mjglhus 1993. Since there are no second cutoffs
fied Bessel function of the first kind of orderandW is the  in curves in the frequency band belo®2 trapping cannot
plasma dispersion function, which is related to the complexoccur, i.e., wave packets launched at the low-frequency cut-
error function (e.gFried and Contegl961). off cannot enter depleted cavitons and remain simultaneously
The roots of Eg. ) can be found numerically with the aid on a viable dispersion curve and a surface of constant fre-
of a few readily available computational tools. These includequency. Such waves would be excluded from cavitons rather
an efficient plasma dispersion function calculator, a modifiedthan trapped within them in thig — 0 limit.
Bessel function calculator, and a globally convergent variant The inclusion of finite parallel wavenumbers in the cal-
of Newton’s methodRoppe and Wijersl990 Amos, 1986 culation changes the picture described above by introduc-
Powell 1970. Note that the derivatives of Edl)(necessary ing or modifying the low-frequency cutoff in the dispersion
to populate the Jacobian matrix for the root solver have elecurves at small transverse wavenumbers. The shapes of the
mentary analytic forms. curves in the smak limit depend on the size da‘ﬁ as well
The roots of Eq. 1) for frequencies in the vicinity of as on the collision frequency. However, the long perpen-
the second electron gyroharmonic frequency plotted versuslicular wavelength cutoff is a consequence neither of colli-
transverse wavenumbér, are shown in Fig4. For the  sional nor collisionless damping and instead mainly reflects
computation, we have take®,/27=1.5 MHz, v=5000s1, the reduced restoring force imposed by the magnetic field for
k=27 /10 1 andT=350 K. Curves for six different plasma waves propagating obliquely 8. Dispersion curves other-
frequencies, equally spaced between 1.9 and 3.4 MHzwise approaching the upper hybrid frequency at long trans-
are plotted. The corresponding upper hybrid frequenciesyerse wavelengths dip sharply in frequency as a result in all
wuh/2m, are indicated by symbols on the ordinate. Three gyroharmonic frequency bands. From the point of view of
curves corresponding to conditions with upper hybrid fre- eikonal analysis, wave trapping therefore does not appear to
guencies below (above) the second electron gyroharmonibe prohibited at frequencies below the second electron gy-
frequency are plotted using dashed black (solid red) lines. roharmonic frequency when finite parallel wavenumbers are
permitted. As the high-frequency cutoff occurs at relatively
small values oft, for waves in the frequency band below

2.0
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222, and for those just belowe2, in particular, trapping may

be limited to waves with relatively small transverse wave-

lengths in this band, with the limiting value related to the
size ofkj.

Additional insights can be obtained by considering a sim-

plified, algebraic form of the dispersion relation. We will
regardk as being sufficiently small to permit the approxi-
mation that, withw —n2, # 0, a,, — oo, and W(a,) — 0.

2717

Combining the components above yields the following,
fluid-theory approximation for the dielectric permittivity:

(4)
(Hiz )

In calculating Eg. 4), we regard the second and third terms

e(w, k)
k3 X
k21-Y2

1+Y2
1_

3X2Y2
1-4y2

This limit excludes Landau (cyclotron) damping and reducesin the parentheses as small corrections associated with col-

the dispersion relation in EqL) to:

w+iv

2
_Z?li—oo w+iv—nS, A”(X )

2
l_Zn——oow_Hu—nQA (X )

The sums in this formula can be further simplified with the
following identities:

ki
E(a),k) = 1+p

I,(z) = 1_,(2)

Z An(2)

n=—oo

with the result

e(w,k) (3)

n21,(x?)

k2 e
= 1—2w 21
a)—l—lv)z—anz

Pk2

X priv X
x? 2::
where only the: =0 term in the denominator of EqR) has

been retained. We next consider an expansion of By. (
in orders of thex? parameter, focusing on behavior at long

2
transverse wavelengths and making use of the following ex-g, _,_Adef +(e0—i8— N(x))E1 = pE.N(x)

pansion forl,:

noo (322)
vo=(5)'5 (32)

£ KIT (n+k +1)

The zero and first order terms in the dispersion relation cal

then be shown to be:

K X(1+iZ)
O(%: 12 =127
) K2 (14iZ)2—Y2
zﬁ 3X(1+iz2)y?

O(x?: —

k2 (1+iZ)2—Y2)((1+iZ)2—4Y?2)

where we make use of the standard notathoes w2 /w?,
Y=Q,/w, andZ =v/w and consider only tha =1 and
n =2 terms in the sum in Eq3]. Note that investigating

n

lisional and thermal effects, respectively, and neglect addi-
tional cross terms combining both effects. Tdhe 0 result
is then consistent with the dispersion relations analyzed by
Mjglhus (1993 andKosch et al.(2007), for example, in the
appropriate limiting regimes.

Dysthe et al(1982 and therMjglhus (1993 used dielec-
tric permittivity functions similar to Eq.4) to develop or-
dinary differential equations describing upper hybrid wave
trapping in depleted cavitons in one dimension transverse to
the geomagnetic field. They did this by linearizing Gauss’
law for dielectric media,V - (¢E) = 0, where the electric
field includes the electromagnetic pump field and the elec-
trostatic response. The linearization introduced an additional
small correction associated with the density perturbation of
the caviton. Equatiord) adds a fourth correction due to fi-
nite parallel wavenumbers. Following the formalism of the
earlier works and including the finitg correction, which is
formulated somewhat differently here than Dysthe et al.
(1982, we can derive the following coupled system of dif-
ferential equations describing the transverse electric field of
the upper hybrid wavé&'1 and an auxiliary fieldry:

©
2
( i ©

wherex is the direction transverse to the geomagnetic field,
E, represents the pump mode field amplitude, and where the

+k )F]_ = kﬁEl

other symbols are defined by

22 =3p%Y?/(1-4Y?)
co=1-X/1-Y?
§=2Z(1+Y%/1-Y?
N =én/n,
PE.N(x) = —k-8¢-E,

with p a geometric factor.
Figure 5 shows representative solutions of Egs) &nd

asymmetric collisionless damping above and below gyrohar{6) (with E1(x) plotted here) demonstrating wave trapping.
monic frequencies necessitates retaining higher order term$he top panel represents — N (x) for a depleted caviton

in x2 as well as larger values of in the sum. We trun-

and illustrates how the dielectric constant is positive (heg-

cate here to maintain consistency with other work, focusingative) inside (outside) the depletion. Neglecting the terms
on the effects of finite parallel wavenumbers and relegatingnvolving k”, Egs. 6) and @) represent a second-order dif-

asymmetry to future analysis.

www.ann-geophys.net/27/2711/2009/

ferential equation, which is expected to exhibit oscillating

Ann. Geophys., 27, 2/123-2009



2718 D. L. Hysell and E. Nossa: FAI generation ne@g 2

) will experience a deficit of wave heating compared to its sur-

/1 roundings in this case, and the resonance instability will not
/ occur. Note that trapped solutions can reemerge if large val-
: ues ofs are considered, although dissipation associated with
\ collisional damping will tend to be stabilizing.

] \ Finally, the bottom panel of Figh shows a representative

/ \ solution to Egs. %) and @) for the caser? < 0 but with the
- D— kﬁ terms restored this time. The resulting, fourth-order dif-
/ \ ;/\ ferential equation is seen to be capable of producing trapped
/o | \\ solutions in thew < 29, regime. The morphology of the
e = solution, number of waveforms in the depletion, etc., are

|1 controlled by the ratios off, A, andeo— N (x) in a more

| complicated way than was the second-order system. The

| ;“ boundary between oscillating and evanescent wave behavior
depends not only on the sign efbut also on its curvature,

A N for example.

- 4 Discussion

‘\ \\ Sustained critical frequency (FoE) values of about 3 MHz
\/ \/ during geomagnetically quiet summer afternoons afford the
y ~ aN possibility of routine E region ionospheric modification ex-

\ / periments over HAARP, which is able to operate at frequen-
\ | cies as low as 2.75MHz in practice. Absent geomagnetic
activity, the experiments are relatively immune to variations
/ in heating and propagation conditions that can interfere with
\ the consistency of F region experiments. Artificial E re-
\|/ gion FAIs can be monitored using the coherent scatter radar
near Homer, the result being a well controlled experiment.
Most of the experiments performed so far were undertaken
to a depleted caviton. Second panel: Solution for the kﬁseo at h?ating Tre_quendes below the second eleciron gyrohar-
2 i _ , 5 monic. Preliminary results argue that the thermal OTSI, wave
and2 > 0. Third panel: Solution for the casg =0 and? <0 trapping, and the resonance instability are at work at these
Bottom panel: Solution for the cage > 0 andi2 < 0. Dirichlet experimentsNossa et a).2009.
boundary conditions are applied at either end of the abscissa. The radar experiments described here do not differentiate
clearly between heating phenomena taking place at pump
frequencies below and above the second electron gyrohar-
and evanescent behavior inside and outside the depleted renonic frequency in the main. Upper hybrid wave trapping
gion, respectively, provide#l? > 0 ands < 1. This implies  in density cavitons therefore does not appear to be ruled out
wave trapping inside the caviton, as illustrated by the seconct pump frequencies belows®2. Analysis suggests that a
panel of Fig.5. The number of waveforms contained within second, low-frequency cutoff in the upper hybrid wave dis-
the depletion depends on the sizeidfrelative to the size  persion relation, which is required for wave trapping, can be
of eg— N (x). When the parameter controllirg— N (x) ap-  introduced at long perpendicular wavelengths by including
proaches an eigenvalue of the homogeneous system of equghe effects of finite parallel wavenumbers. Belof,2 the
tions, the solutions grow without bound. This is the nature of high-frequency cutoff occurs at a relatively small transverse
the resonance instability, with actual resonances correspondvavenumber that depends on the valug of This suggests
ing to integral numbers of waveforms fitting precisely into that the trapped waves may not be able to attain very short
the depleted zone. Various limiting cases of the problem haveransverse wavelengths belo2 and that some heating-
been described in detail yysthe et al(1982 andMjglhus  related phenomena may therefore be interrupted, even if 5-m
(1993. scale FAI generation is not.

The third panel of Figur®& shows a representative solu- A number of studies, including those Wyysthe et al.
tion for thea? < 0 case, which applies when< 2Q,. Here, (1982 and Mijglhus (1993, considered finite parallel
the situation is reversed, such that the wave is evanescentavenumber effects, focusing mainly on Landau damping,
within and therefore excluded from the caviton. The cavitonand the associated suppression of upper hybrid waves in

Fig. 5. Top panel: Functional form ofg — N(x) corresponding
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the immediate vicinity of electron gyroharmonic frequen- was closer to 2, than in the daytime experiments. Given
cies. The condition for neglecting Landau damping at all that the upper-hybrid interaction height in a sharply-peaked
x2 is thatw — n2, > |kjlvie. (A less restrictive condition sporadic E layer is apt to be extraordinarily narrow, we may
was also derived for the limit of sma}l2.) In view of the  speculate that parallel wavenumbers may be drastically lim-
fact that we have not as a rule observed wave suppressioited by the requirement that the trapped waves may not prop-
within ~50kHz of the second electron gyroharmonic fre- agate vertically out of the layer. This imposes an additional
quency, this implies an upper bound of abbjt4 mLinthe limit on the shortest transverse wavelength for which trap-
E region, which is an order of magnitude larger than the valueping can occur. It could be that wave trapping at pump fre-
used to compute Figuré (where the effects of; were ac-  quencies below®, either cannot occur in a narrow sporadic
centuated for plotting purposes) and 40 times the value useé& layer or cannot excite cavitons sufficiently small to appear
to compute the bottom panel of Fi§. Evaluating experi- as strong targets to a VHF radar. Further experiments in-
mental and theoretical evidence from a nhumber of sourcesyolving additional diagnostics are needed to elucidate this
Mijglhus (1993 found upper limits ork; of order unity in  behavior.
MKS units in the F region. A reasonable expectation in prac-
tice might be fork; to match approximately the wavenum- AcknowledgementsThe authors are grateful for help received from
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