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The thresholds of ionospheric plasma instabilities pumped
by high-frequency radio waves at EISCAT
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[1] We test the existing theories regarding the thresholds for the parametric decay
instability (PDI), the oscillating two-steam instability (OTSI), and the thermal parametric
instability (TPI) using the European Incoherent Scatter (EISCAT) facility’s ionospheric
heater. In these processes, the pump wave can couple to various electrostatic waves in the
F layer ionosphere, which can be observed using the EISCAT UHF radar (PDI and OTSI)
or by HF radar (TPI). On 19 October 2012, the heater power was stepped from ~0.5 MW

to ~100 MW effective radiated power in seven steps using a 1 min on, 1 min off cycle.
We use an electric field model, taking into account D region absorption, to compare
theory with our observations. In all three cases, we find good agreement. In addition, the
growth of striations formed during the TPI causes anomalous absorption of the heater
wave, which we observe as decreased UHF ion line and plasma line backscatter power.
We show evidence that heating for a prolonged period of time reduces the UHF ion line

intensity throughout the experiment.
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1. Introduction

[2] Experiments which involve the heating of the iono-
sphere using powerful, high-frequency (HF) radio waves
have been performed at many locations around the globe
since the early 1970s. Large-scale density and temperature
enhancements, artificial aurora, as well as the generation of
plasma waves as a result of the HF modification have been
detected using incoherent scatter radar and optical diagnos-
tics [e.g., Ashrafi et al., 2006; Jones et al., 1986; Brdndstrom
et al., 1999]. An O-mode polarized electromagnetic pump
wave can couple to electrostatic plasma waves through para-
metric instabilities if the pump electric field exceeds certain
thresholds in the region close to the reflection altitude. An
X-mode polarized wave will reflect before it can reach the
correct altitude and so cannot stimulate such instabilities,
which explains why higher electron temperature enhance-
ments are often seen when pumping with an O-mode wave
[Stubbe and Kopka, 1983]. The higher temperature enhance-
ments occur due to the low propagation velocities of the
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plasma waves compared to the electromagnetic wave so the
energy is more efficiently absorbed by the plasma [Robinson,
1989]. The pump wave drives the plasma instabilities and
loses energy as a result. This process is known as anomalous
self-absorption.

[3] As the pump wave approaches its reflection height,
the group velocity of the electromagnetic wave tends to
zero, as a consequence, the electric field is enhanced and
becomes orientated parallel with respect to the external mag-
netic field [Rietveld et al., 1993]. This swelling of the electric
field means that even moderate pump powers can exceed
the instability thresholds. The so-called plasma instability
region extends approximately 0.1 H km below the reflec-
tion height, where H is the plasma scale height given by
H = ky(T, + T;)/gm;, where kg is the Boltzmann constant,
T, and T; are the electron and ion temperatures, respec-
tively, g is the acceleration due to gravity, and m; is the
ion mass. Outside of this region, the Landau damping of
the electrostatic waves becomes too great to support the
plasma waves [Stubbe and Kopka, 1981]. The purposes of
this study are to test the existing theories regarding the
thresholds of several instabilities and to compare them with
experimental results.

[4] An incoherent scatter radar, which operates by detect-
ing weak backscatter from longitudinal electrostatic waves,
is able to detect these plasma oscillations when the Bragg
backscatter condition is met; i.e., the wavelength of a plasma
wave is half that of the radar. Each thermal electron in the
ionosphere reradiates some of the transmitted power from
the radar due to Thomson scattering. This scattering cross
section is small but is enhanced when a plasma wave is
present. The spatial structure of the plasma wave causes
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Bragg scattering, and the received signal is enhanced [ Evans,
1969]. This gives rise to the double humped ion spectra
corresponding to ion acoustic waves propagating toward and
away from the radar as well as the often weak upshifted and
downshifted plasma lines which are signatures of Langmuir
waves. Langmuir waves are fast oscillations of the electrons
with the ions at rest. In an ion acoustic wave, the electrons
and ions move in phase due to the electrostatic force between
them. In the presence of an electromagnetic pump wave,
these plasma waves can be significantly enhanced in the
plasma instability region. The height at which the incoher-
ent scatter radar detects the pump-enhanced waves is known
as the matching height where the Bragg scatter condition
is met.

[5] One such instability is the parametric decay insta-
bility (PDI); a three-wave interaction in which the pump
wave, with angular frequency w,, couples to two electro-
static waves (w; and w;,) so that the following relation is
satisfied [Fejer, 1979]:

Wo = w1t Wiy (1)

where o is a high-frequency Langmuir wave and w;, is an
ion acoustic wave of a much lower frequency. Langmuir
waves have a frequency given by Fejer [1979]:

®; o, 35
w,~wp(1+ sin 9+—k,2h) )

2w, 2
where w, is the plasma frequency, w, is the electron gyro-
frequency, 6 is the angle between the Langmuir wave
wave number k; and the magnetic field direction, and 4? =
eoksT./n.e* where ¢ is the permittivity of free space, #, is
the electron density, and e is the electron charge.

[6] A radar with the frequency f. is able to observe
Langmuir and ion acoustic waves at the matching altitude z,
according to Stubbe et al. [1992]:

2
kTd ) gy 3)
mec*f 0
where z; is the reflection height, m, is the electron mass,
and f is the pump wave frequency. This equation satisfies
the Bragg condition in that the wavelength of the radar is
twice that of the plasma wave being observed. The daugh-
ter Langmuir waves associated with the PDI can also decay
further. Ton acoustic waves associated with this so-called
cascade process can be observed at z, in the absence of
Langmuir waves:

Za=2z0— 12

ks T.f2
mec?f

zp=20—3 “

[7] If the resolution of the incoherent scatter radar is less
than the difference between z, and z,, which is ~ 3 km, then
both ion acoustic waves will be observed in the same range
gate. The reason no cascade Langmuir waves are observed
at z, is because the waves created here do not satisfy the
matching condition of the radar.

[8] The Langmuir wave dispersion relation given by
equation (2) is only weakly dependent upon the Earth’s mag-
netic field and so it is often neglected when considering
the electric field thresholds of the PDI and oscillating two-
stream instability. In the derivation of these thresholds, Fejer

[1979] assumes that the direction of the pump wave electric
field is parallel to the magnetic field in the region close to
reflection, which is true for high-latitude experiments. Fejer
[1979] derived the electric field threshold for the PDI:

kpT;v
E12)D1 =4 NeKpli (5)
prOBmax

where v is the electron collision frequency and By, is a
function of T,/T;. For T,/T; = 2, Byax = 0.56, and for 7,/T; =
3,Bmax = 0.58. (See Figure Al of Stubbe et al. [1984] for
other values of By.x.) Once the threshold has been exceeded
by a pump wave, the natural ion acoustic wave amplitudes
are increased and consequently, a larger backscattered power
is received by the radar.

[¢9] Another type of instability is the oscillating two-
stream instability (OTSI) where the electromagnetic pump
wave decays into two Langmuir waves and a zero-frequency,
nonpropagating, spatially periodic structure [Stubbe and
Kopka, 1981]. This means that when the OTSI is excited,
a signature is seen in the radar ion line spectra at a zero-
frequency offset. This is often called an enhanced central
peak. The plasma line spectrum is also enhanced and is off-
set from the radar frequency by exactly the heater frequency.
The electric field threshold for the OTSI is given by Stubbe
and Kopka [1981]:

Te + Tl nekBTiU
T;  wpéo

E%)TSI =4 (6)
since (T, + T;)/T; is at least equal to 2 for 7, = T;, the
electric field threshold for the OTSI is higher than that of
the PDL.

[10] A third instability that is of interest in the current
study is the thermal parametric instability (TPI). Vaskov
and Gurevich [1975] suggested that small-scale field-aligned
irregularities (striations) are generated by an O-mode pump
wave close the upper hybrid resonance (UHR) height where
the pump wave is equal to the UHR frequency, w,:

a)3=w3 =wf+wj 7

[11] They show that the pump wave is scattered into
electrostatic waves which propagate perpendicular to the
magnetic field direction and the instability requires an ini-
tial, small density irregularity to begin. Das and Fejer [1979]
modified the work of Vaskov and Gurevich [1975] to remove
the need for the initial density irregularity of a certain critical
amplitude as did Grach and Trakhtengerts [1975]. They did
this by considering the nonuniform nature of the pump field.
The detection of the striations is highly aspect sensitive and
can only be detected when a radar beam is near orthogonal to
the magnetic field. Fialer [1974] showed that the backscat-
tered power reduced by 20 dB when pointing 3° away
from perpendicular.

[12] The threshold electric field required to generate stri-
ations is given by Robinson [1989] and Das and Fejer
[1979]:

Twokgkcos ¢ o 2V

w
El, =244-00
TPI pvw.e*H

®)

where T, is the unperturbed background electron tempera-
ture, k is the striation wave number, ¢ is the angle between
the local vertical and the magnetic field, ¢ is the speed of
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light, and p is the ratio of the reflected to the transmitted
pump power. Initially, during the first few seconds of heat-
ing, p can be approximated as 1. When the pump wave
electric field exactly matches the threshold of TPI, the stri-
ation will be maintained and when it is well above the
threshold, the amplitude of the striations will grow explo-
sively. For typical F region plasma parameters, the threshold
for TPI is similar to that of PDI by Robinson [1989]. The
growth time of the striations is of the order of a few seconds
[Stubbe et al., 1982], compared to the millisecond growth
time of the PDI/OTSI [Jones et al., 1986].

[13] A secondary diagnostic of the TPI and striations
involves monitoring the stimulated electromagnetic emis-
sion (SEE) received on the ground. These emissions are
produced by the HF pump wave at an altitude close to the
reflection height. The first observation of this phenomena
was made by Thidé et al. [1982] near Tromse, and since
then, many structures have been observed within the SEE
spectra [Leyser, 2001]. The most common feature is the
continuum which contains a peak found at the pump fre-
quency fo with an often highly asymmetric broad upshifted
and downshifted width. A second common feature is the
downshifted maximum (DM) which is found in the lower
sideband of the SEE spectrum. The DM is observed when
upper hybrid (UH) waves, which have been excited by the
pump wave, decay into a daughter UH wave and a lower
hybrid (LH) wave. The daughter UH wave scatters from the
striations and gives rise to the observed SEE [Shvarts and
Grach, 1997]. The model of Leyser et al. [1994] accurately
predicts the experimental observations of the DM absence
when pumping on a gyroharmonic frequency. Frolov [1991]
confirmed with simultaneous observations of the DM and
field-aligned irregularities that the DM excitation is closely
related to the formation of striations. Leyser et al. [1989]
showed that when pumping close to the gyroharmonics, the
DM does not develop. The same occurs for striation devel-
opment since it is known to minimize on the gyroharmonics
[Honary et al., 1999].

[14] It has been shown that the structure of the DM around
its peak is highly asymmetric with the highest-frequency
component offset from the pump frequency being indepen-
dent of the pump frequency. The frequency offset at the peak
of the DM structure from the heater frequency is given by
Afom = 2 x 1073/ [Stubbe et al., 1984]. The downshift of
the highest frequency component of the DM, Af, is given by
the LH frequency, oy = [0.0/(1 + ©2/w?)]"? where ; is
the ion gyrofrequency [Leyser et al., 1990]. Affor the lower
frequency parts of the DM, including the peak, becomes
larger with increasing pump frequency, fy [Leyser et al.,
1994]. Leyser et al. [1994] found that Afpy is independent
of pump power for the same frequency and has been experi-
mentally confirmed by ourselves for the experiment reported
here. They also show that by increasing pump power and
decreasing it again, an hysteresis effect on the DM power
occurs similar to that shown by Wright et al. [2006] for the
Co-operative UK Twin-Located Auroral Sounding System
(CUTLASS) radar backscatter power. This preconditioning
effect with the pump power also affects the DM growth time,
with preconditioned ionospheres showing a faster growth.
Preconditioning is an effect whereby after the ionosphere
has been modified by heating and not left to sufficiently cool
back to its unperturbed state and striations have not decayed

fully. Bond et al. [1997] showed that the striation decay time
varied between 50-200 s depending upon the time of day,
with decay times being longer toward dusk.

2. Modeling

[15] To study and test the validity of the theories regard-
ing the thresholds of the PDI, OTSI, and TPI instabilities, we
use an electric field model to estimate the HF wave electric
field and compare the results with the data recorded during a
specially designed experiment. The following sections out-
line the electric field model, and we present the data from
two radars and SEE equipment used to detect the onset of
the instabilities.

2.1. Electric Field Model

[16] We calculate the electric field thresholds discussed in
section 1 and compare them to the electric field of the elec-
tromagnetic pump wave for different pump powers. Lofas et
al. [2009] and Gustavsson et al. [2010] employed the elec-
tric field model of Shoucri and Morales [1984] which can
be used to estimate the electric field of a pump wave at any
altitude as it approaches reflection and found it to be reli-
able at modeling the electron temperature as measured by an
incoherent scatter radar.

[17] Shoucri and Morales [1984] treat the electric field by
two different methods depending upon the altitude. The first
regime is from the lower F region ~120 km to z,,, and the
second from z,, to z,, where z, is the reflection height of the
pump wave and z,, is 300 m below z, [Thomson, 1970]. In
this highest region, a correction due to the airy-like behav-
ior is needed as the electric field of the pump wave begins
to swell as it approaches reflection. When working in the
region below z,,, where the radar matching height observes
the plasma resonances, we do not consider the electric field
in the higher regime.

[18] Shoucri and Morales [1984] show that the electric
field E(z) for an O-mode wave, when the altitude z is below
z,, 18 given by:

E(z) =E(0)[e(0)/e(z)]"* %[A(O)/A(Z)]”2 - expliko / ZJV (2)dz]
0

+ R[A(0)/A(2z, — 2)]'* - exp[—iko / N (2) dz]}
0
)
where E(0) is the electric field at the bottom of the F region
which has been reduced due to D region absorption, €(z) is
the dielectric tensor, A(z) is the HF beam cross section at
z, ko 1s the vacuum wave number, R is the reflection coeffi-
cient, and .4'(z) is the complex index of refraction. Since the
pump power varies within the heater beam, the electric field
strength will be different at various points in space. We also
model the beam refraction and use the pump power of the
wave which intersects the radar beam at the matching height
where the plasma waves are detected.
[19] The reflection coefficient has the following form
[Budden, 1961]:

R=—iexp [7251{0 / N (2) dz] (10)
0
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Figure 1. Three electron temperature profiles for various
heater powers.

[20] The electric field in free space is given by:

T 0.25 \/T \/T ERP
0 ( €0 ) N 4 RF
where [ is the permeability of free space, effective radiated
power (ERP) is the pump power on the ground, and Ry is the
distance to the bottom of the F region.

[21] We now have a solution of the electric field of the
pump wave which accounts for the swelling of the electric
field as it approaches reflection which can be compared to
the electric field thresholds of the instabilities.

(11

2.2. D Region Absorption

[22] In order to account for the D region absorption of the
pump wave, we use the model of Senior et al. [2010]. We
use a median background (pump off) electron density profile
from 60 to 120 km taken from the UHF radar measurements.
The model also considers the self-absorption of the HF wave
as it causes an increase in the electron-neutral collision fre-
quency due to the heating of the D region plasma. We require
the use of this model in order to reduce the free space electric
field which is used in calculating equation (9).

3. Experiment and Data

[23] To study the onset of the three plasma instabilities,
an experiment was performed on 19 October 2012 at the
European Incoherent Scatter (EISCAT) Scientific Associa-
tion heating facility [Rietveld et al., 1993], near Tromsg,
northern Norway (69.58°N, 19.21°E). The goal of the exper-
iment was to compare the theoretical electric field thresholds
of the PDI, OTSI, and TPI given by equations (5), (6), and
(8), respectively, to the modeled electric field of the pump
wave to test their agreement. By varying the heater power,
we aimed to pump at a level well below the onset of the PDI,
between PDI and OTSI, and above OTSI. We can detect
which regime we are in by observing the different signatures
seen in the radar data discussed in section 1.

[24] The heater was operated from 12:20 to 13:02 UT in
a 1 min on, 1 min off cycle, increasing in power for each

subsequent pulse. The pump polarization used was O-mode
with a frequency of 7.953 MHz, and the seven heater effec-
tive radiated powers (ERPs) were 0.6, 2.1, 4.9, 10.5, 26.3,
52.3, and 104.5 MW for the 9°S pointing direction. Refrac-
tion meant that this wave passed through the UHF radar
beam at the matching altitude. Four heater transmitters in
phased array 1 were used to achieve the low powers which
causes the beam width to be wider than when all 12 trans-
mitters are in use. During the experiment, f,F2 dropped from
10 MHz to 9 MHz meaning the heating was performed in an
overdense ionosphere.

[25] The EISCAT facility’s UHF radar [Baron, 1984] was
measuring the plasma parameters during the experiment
such as electron density and electron and ion temperatures.
The UHF radar was field aligned (13°S). The radar code
used enabled measurements from 50 to 700 km in altitude
with a minimum of 5 s resolution and an unambiguous range
resolution of 3 km. Using the data measured by the UHF
incoherent scatter radar, it is possible to accurately estimate
the plasma instability thresholds for the PDI and OTSI. The
downshifted plasma line was also recorded by the UHF radar
during the experiment.

[26] The Co-operative UK Twin-Located Auroral Sound-
ing System (CUTLASS) HF radar at Hankasalmi, Finland
(62.32°N, 26.61° E), part of the Super Dual Auroral Radar
Network [Greenwald et al., 1995; Chisham et al., 2007],
was in operation during the experiment to measure the
coherent backscattered power from the pump-induced field-
aligned irregularities (striations). Beam 5 was pointing over
EISCAT with a range resolution of 15 km recording data
with an integration time of 3 s. The CUTLASS radar was
therefore used to detect the TPI by using striations as
a proxy.

[27] During the experiment, SEE recording equipment
was also used to measure the electromagnetic emissions
from within the heated ionosphere. This was located approx-
imately 12 km NW of EISCAT in Tromse. The equipment
composed of an active magnetic loop antenna and a digital
receiver whose frequency and timing was set by GPS. The
sample rate was 625 kHz, and the receiver was tuned to the
pump frequency.

4. Results and Discussion

[28] Figure 1 shows three 60 s integrated electron tem-
perature profiles for various pump powers. It is clear that
the highest power (104.5 MW) produces a larger temper-
ature enhancement compared to the two lower powers of
52.3 MW and 0.6 MW. The profile given in black shows
the electron temperature for when the pump is off. For
the lowest pump power, no enhancement is observed. This
is due to low ohmic heating from the pump electromag-
netic wave but primarily because weak or no resonances
are stimulated to provide additional heating. Bryers et al.
[2012] showed that for O-mode pumping, the energy from
the pump wave is absorbed by the electrons close to the
UHR height, and heat conducts up and down the magnetic
field. The highest enhanced electron temperatures shown
in Figure 1 are localized between 180 and 260 km. The
electrons lose their energy via various cooling mechanisms
and cool to background temperatures farther away from the
UHR height.

7475



BRYERS ET AL.: PLASMA INSTABILITIES GENERATED AT EISCAT

Power =104.5 MW

450
400
N
o
350 =
8
—_ =
g 300 ]
>
£ 5
= =
= 250 2
< <
200 g
[$)
o
150
100

-30 -20 -10 0 10

Frequency (kHz)

20

Figure 2. A typical UHF radar ion line spectrum. The spec-
trum shown is for the first 5 s during pump on with a power
of 104.5 MW ERP.

[29] Figure 2 shows a typical UHF radar ion line spec-
trum during pumping with a high-power (104.5 MW) HF
wave. In the F region, the usual double humped spectrum
can be seen where the ion acoustic waves propagate toward
and away from the radar. In the D region, only a single
peak is observed due to the greater ion-neutral collision
frequency since the neutrals are more abundant at lower
altitudes. This increased collision frequency as compared the
F region means that the ion acoustic waves cannot propagate

before becoming damped. The radar therefore does not see
Doppler-shifted ion lines as a result.

[30] In Figure 2, at approximately 218 km, just below
the O-mode pump wave reflection altitude of 220 km, the
enhanced ion acoustic shoulders formed during the PDI can
be seen at ~10 kHz offset above and below the radar fre-
quency of 931 MHz. The central peak at 0 kHz offset, owing
to the nonpropagating density irregularity developed during
the OTSI, is also a prominent feature. In the absence of PDI
and OTSI, as is the case during pump off, or when pumping
with low powers below the thresholds, these features will
not be present and a typical ion line profile is observed. For
lower heater powers where the enhancements still exist, the
profile is the same as for the 104.5 MW example shown here.

[31] During the experiment (12:20-13:02 UT), the seven
pump ERP cycle of 1 min on, 1 min off ran 3 times. Figure 3
shows an overview of the UHF radar ion line spectra for
every pump-on. The ion line spectra shown are for the first
5 s integration during heating. The altitude at which they
are shown is where the enhancement was at a maximum
(217-220 km). Where no clear enhancement is observed,
the altitude selected is also within this range and is shown
for comparison. For the low pump powers, the usual dou-
ble humped spectra can be observed. As the pump power
increases and the HF wave couples to ion acoustic and
Langmuir waves, the enhancement in the shoulders is clear.
This is most obvious during the first cycle for the 26.3 MW
pump ERP where one shoulder is enhanced and no central
peak is observed at 0 kHz offset from the radar frequency.
The downshifted shoulder is preferentially enhanced indi-
cating that the strongest ion acoustic wave is traveling away
from the UHF radar. Increasing the pump power further
shows that the upshifted shoulder also becomes enhanced,

0.57 MW 2.07 MW 4.9 MW 10.5 MW 26.3 MW 52.25 MW 104.54 MW
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Figure 3. The first 5 s integration during pump on of the UHF radar ion line. The heater power was
increased along each row, and the cycle was run 3 times. The altitude at which these ion lines are shown
is where the enhancement was at a maximum. Where no clear enhancement is seen, the altitude shown is

close to the HF reflection height.
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Figure 4. Modeling of the pump wave electric field for
three cycles of the seven power steps (red). The OTSI elec-
tric field threshold (blue), the PDI threshold (green), and the
TPI threshold (black).

along with an enhancement at the center frequency. An
upgoing pump wave decays into a downward propagating
Langmuir wave and an upward propagating ion acoustic
wave [Fejer, 1979]. Since the pump wave is strongest in
power when traveling upward, before anomalous absorp-
tion occurs, the downshifted ion line will be preferen-
tially enhanced. Upshifted ion line shoulder enhancement
can occur from the decay of the reflected pump wave or
from the cascade process, where a downward propagating
Langmuir wave can decay into a downward propagating ion
acoustic wave.

[32] As discussed in section 1, the enhanced shoulders
are an indication that the PDI has been excited since the
pump wave generates ion acoustic waves, whereas the OTSI
does not. The enhanced central peak, most noticeable for the
highest pump powers, is a signature of the OTSI whereby a
stationary density irregularity is produced. In the first of the
three cycles, the PDI signature is observed in absence of the
OTSI peak when the heater ERP was 26.3 MW. For the last
two cycles, the power step between the heater pulses with
powers 10.5 MW and 26.3 MW is too great and the PDI and
OTSI appear simultaneously. Here the pump wave electric
field must increase from below the threshold of PDI to above
that of the OTSI within this one step and indicates that the
thresholds must be relatively close to each other.

[33] Figure 4 shows the result of modeling the pump wave
electric field and the three thresholds discussed in section 1.
The red points show the pump wave electric field strength
calculated at the matching height (~3 km below the pump
wave reflection height of ~220 km). The blue points show
the electric field threshold for the OTSI at the matching
height using equation (6). The green points show the thresh-
old for PDI calculated using equation (5), and the black dots
show the threshold for TPI calculated using equation (8). In
calculating the TPI threshold, the parameter p, which is the
ratio of the reflected to the transmitted pump wave, was set to
1 since initially there are no striations and therefore anoma-
lous absorption is low at the start of pump on. The error bars
are found by calculating the thresholds and electric field of

the pump wave by taking into consideration the uncertainty
in the parameters measured by the UHF radar.

[34] The electric field strength of the pump wave was cal-
culated using equation (9). The electric field at the bottom
of the F'region (120 km) was calculated using equation (11)
and was reduced due to D region absorption. The heater-
induced self absorption was low since the heater powers
were low and was around 1-3 dB throughout the experiment.
The selected ERPs were for the 9°S pointing direction since
this heater wave was the one that passed through the UHF
radar beam at the matching height. This was tested using the
3-D ray-tracing model of Jones and Stephenson [1975] to
account for the refraction.

[35] In Figure 4, the two highest powers (52.3 and
104.5 MW) are clearly above the thresholds. This is con-
sistent with Figure 3 where the signatures of both PDI and
OTSI are apparent. For the 26.3 MW ERP pump pulses, the
OTSI signature appears only for the two latter pulses and
not the first. All three however show the enhanced shoulders
associated with PDI. This is consistent with Figure 4 in that
these pulses are indeed close to the modeled thresholds. For
all of the lower pump powers where no PDI or OTSI signa-
tures are detected, the modeling shows that the pump electric
field is below the thresholds as observed.

[36] Figure 5 shows the CUTLASS radar backscatter from
field-aligned density irregularities formed by the TPI in the
heated region above EISCAT with a 3 s temporal resolution.
The CUTLASS radar frequency band shown is for 16.5—
16.7 MHz for beam 5 which looks over EISCAT. Backscatter
occurs when the radar beam is perpendicular to the stria-
tions and the Bragg backscatter condition is met; i.e., the
wave number of the striations is twice that of the radar. The
radar was also recording at other frequencies in the vicin-
ity of 10 and 13 MHz; however, no artificial backscatter was
observed.

[37] The three cycles through the power steps can clearly
be seen around range gate 32 with obvious backscatter
occurring for the three highest pump powers (26.3, 52.3,
and 104.5 MW ERP). There is also some backscatter from
the fourth highest power (10.5 MW). The threshold for TPI,
equation (8), where & is twice the CUTLASS radar wave
number calculated from the radar frequency, is shown in
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Figure 5. The CUTLASS radar backscatter from the
heated region of the ionosphere during the experiment. The
CUTLASS radar frequency was 16.5-16.7 MHz. The col-
ored squares indicate when the pump was on, and the red
squares show where the pump power was maximum.
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Figure 6. (top) The highest UHF ion line shoulder
backscattered power for the first 5 s of pump on plotted
against heater power. (middle and bottom) The same but for
the ion line central peak and the plasma line, respectively.
The colored lines separate the three pump power cycles. The
red, black, and blue cycles were run first, second, and third,
respectively.

Figure 4 in black. The model correctly predicts that the three
highest powers (26.3, 52.3, and 104.5 MW ERP) exceed, or
are close to, the TPI threshold. Wright et al. [2006] showed
that low power pump waves (~4-8 MW ERP) were able
to generate striations, whereas we only see a clear signa-
ture of striations when pumping close to, or above, 26 MW
ERP. We note that the pump frequency of the experiment
performed by Wright et al. [2006] is lower at 4.544 MHz
compared to the 7.953 MHz used here, and the frequency of
the CUTLASS radar is lower too. Since the threshold for TPI
depends on k and w?, we calculate that the threshold for stria-
tion generation in their experiment was ~4 times lower than
during ours. Therefore, the pump power in our experiment
must be approximately 4 times as large before striations are
observed: 26/4 = 6.5 MW, which is close to the 4 MW ERP
estimated by Wright et al. [2006] to observe striations, ignor-
ing D region absorption differences. For 10.5 MW ERP and
below, the modeling predicts the electric field is below the
threshold for TPI, which is consistent with our observations
of little to no CUTLASS backscatter.

[38] A possible explanation for the weakening of the
backscattered power during the third pump cycle of the
seven powers is that the orthogonality condition of the CUT-
LASS radar was no longer well satisfied; i.e., the striations
were still as strong but the radar beam was less perpendic-
ular to the magnetic field so not all of the scattered signal
was being received. This can be due to a change in refraction
of the radar beam as it travels to the region above EISCAT.

When the radar beam is orientated in a less perpendicular
manner, not all of the scattered signal will be received imply-
ing an apparent weakening of the striations [Senior et al.,
2004]. Altering the radar frequency slightly to counteract
the change in refraction would correct this. It becomes diffi-
cult to determine therefore if the reduction in backscattered
signal is because of the change in refraction or because the
striations weaken.

[39] Another noticeable feature is the width of the
backscattered region increases for increasing pump powers.
This is because the ERP, and therefore the electric field
strength, varies across the beam width, and there is a larger
region in space where the ERP away from the center of the
beam is large enough to stimulate TPI and therefore generate
striations. For the lower powers, only the center of the beam
has an ERP high enough to stimulate the TPI. The pump
beam for the highest-power pump wave (104.5 MW ERP)
has a half width of 9.6° where the ERP exceeds 26 MW and
at 220 km in altitude corresponds to a full width of 80 km.
The CUTLASS radar backscatter is observed over approx-
imately 6—7 range gates, 15 km each, which is a region in
space of the size 90—105 km. Bryers et al. [2012] found that
the area of the pump wave due to refraction expanded by a
factor of ~1.2 compared to the free-space area. This would
increase the area from 80 km to 96 km which lies within the
measured range of 90-105 km. The modeled region is there-
fore in good agreement to the size of the true region in which
TPI can develop.

[40] The top, middle, and bottom panels of Figure 6 show
the UHF radar backscattered power for the highest ion line
shoulder, the central peak, and the downshifted plasma line,
respectively. The red, black, and blue lines show the first,
second, and third ERP cycle, respectively. For the low pump
powers, the backscattered power is low, whereas for the
higher powers, it is increased. The most obvious feature is
that the maximum backscattered power is found for the sec-
ond highest pump power (52.3 MW ERP) and for the highest
pump power, the backscattered signal is reduced again. This
may be because the pump wave is anomalously absorbed
by the striations, so that the power which is available to
drive the PDI and OTSI diminishes and consequently, the ion
acoustic waves weaken. For lower-amplitude striations, the
anomalous absorption is not as great and strong ion acous-
tic and Langmuir waves are still produced [Robinson, 1989].
Increasing temperatures as the heater power increases (see
Figure 1) could also be responsible for this weakening at
the highest power. As the electron temperature increases,
the Langmuir wave is damped more via Landau damping
[Westman et al., 1995], yet conversely, the ion acoustic wave
is dampened less. This implies that the plasma instabili-
ties are affected by Landau damping; however, the overall
effect on the enhanced ion and plasma line power is unclear
due to the two opposing effects the enhanced tempera-
tures have.

[41] Tt is well known that the striations cause anomalous
absorption giving rise to the ion line overshoot effect. This
is where the enhanced ion line is strongly enhanced in the
first few seconds of pump on and then diminishes in power
on timescales associated with the striation growth of a few
seconds [Jones et al., 1986]. Figure 7 shows the UHF radar
backscattered signal during the experiment for the highest
ion line shoulder (top), the ion line central peak (middle),
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Figure 7. (top) The highest UHF ion line shoulder
backscattered power during the experiment. (middle and
bottom) The same but for the ion line central peak and the
plasma line, respectively. The yellow areas show when the
pump was on, and the orange section shows when the pump
power was at its maximum (104.5 MW ERP).

and the downshifted plasma line (bottom). The yellow areas
show when the pump was on, and the orange section shows
when the pump power was at its maximum (104.5 MW
ERP). For the third highest power (26.3 MW ERP), the ion
line enhancement is generally more persistent than for the
two higher powers and continues to grow in strength during
pump on. For the 52.3 and 104.5 MW ERP pump powers,
the ion line enhancement is only present in the first 5-10 s of
pump on typically, i.e., the ion line overshoot effect. For the
second and third experiment cycle, the enhancement is not
as persistent for the 26.3 MW ERP pump pulse which may
be because of ionospheric preconditioning.

[42] Wright et al. [2006] showed that the backscattered
power from the CUTLASS radar was greater when the
ionosphere had been preconditioned. They ran an experi-
ment whereby they increased the heater power from 0 to
155 MW in approximately 4 MW steps and then slowly
decreased it again. The backscattered power from the CUT-
LASS radar exhibited hysteresis and was higher for the same
pump powers on the downward leg of the power stepping.
Wright et al. [2006] also showed that a short high-power
“seed pulse” before longer low-power pumping produced
a higher backscatter than is observed for pumping with no
seed pulse. These two effects are a form of preconditioning
and occur because a power threshold has to be exceeded for
striations to grow, but once they exist, a lower power can
maintain them as long as it is above a second, lower thresh-
old. Figures 6 and 7 show that the UHF radar enhancements

toward the end of the experiment are not as great as those
at the start. This observation can be explained by precon-
ditioning so the striations become more easily excited, and
therefore, anomalous absorption of the pump wave is higher
and the UHF backscatter enhancements weaken.

[43] Figure 8 introduces data taken from the SEE record-
ing equipment and shows the SEE power plotted at the
DM frequency peak of 7.942 MHz, so Afpy = 11 kHz.
This is slightly less than the frequency offset predicted by
Afom = 2 x 10°3f, = 15.9 kHz, [Stubbe et al., 1984]
for fo = 7.953 MHz which could be due to the difficulty
in determining the peak since it it is observed to have a
wide plateau. During this experiment, the LH frequency is
o ~ 7.8 kHz and Af ~ 8 kHz which is the offset of
the highest DM frequency from f; (not the peak, Afpm).
This result is in agreement with other observations [Leyser
et al., 1990]. The power of the DM peak is increasing with
pump power and appears to be present for all but the low-
est pump power where the signal becomes comparable in
strength to the background noise. It is difficult to distinguish
this increase in power at the DM frequency for the low pump
powers from the background continuum power which also
increases during pump on for all powers. The background
continuum increase is pump power dependent, so the con-
tribution of this increase in power at 7.942 MHz is difficult
to attribute to the DM mechanism alone. For this reason the
plot in Figure 8 shows the power at f; — 6 kHz subtracted
from the power at the DM frequency. This is an attempt to
remove the contamination from the continuum; however, it
is not perfect. Inspection of the individual SEE spectra sug-
gests that the DM only exists for three highest pump powers
(26.3, 52.3, 104.5 MW), below which, no obvious increase
above the gradual gradient of the continuum is noticeable,
which agrees with Figure 8.

Power plotted at 7.942 MHz (DM)

|
N
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log10(Power (Arbitrary Units))
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Figure 8. SEE data plotted at the downshifted maximum
frequency of 7.942 MHz (11 kHz below the pump fre-
quency). The yellow areas show when the pump was on, and
the orange section shows when the pump power was at its
maximum (104.5 MW ERP).
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[44] The presence of the DM indicates the presence of
striations and UH waves. Figure 5 shows only striations at
one wave number determined by the CUTLASS radar wave
number. If multiple radar frequencies were incident upon the
heated volume of the ionosphere, we would perhaps observe
striations for lower powers too since the TPI mechanism
by which the striations develop, with a threshold given by
equation (8), is dependent upon the wave number, k of the
striations being observed. Since the CUTLASS radar can
only observe certain striation wave numbers limited by the
Bragg condition, we conclude that the SEE is a much more
sensitive tool for observing the presence of striations since
it does not discriminate against striation wave numbers. The
fact that we mainly see striation signatures only for the three
highest powers by both diagnostics seems to suggest that
there is a minimum striation wave number that can exist.
Striations with a smaller wave number must not be gener-
ated by the pump wave of this frequency since otherwise it
would be observable in the SEE data.

[45] Another feature of interest in Figure 8 is that for
the highest pump power especially where the SEE signal-
to-noise ratio at the DM is higher, the growth time of the
DM can be seen and appears to reach a maximum after
approximately 40 s.

5. Summary and Conclusions

[46] We have demonstrated that the theoretical thresholds
of three plasma wave instabilities are consistent with mod-
eling of an ionospheric plasma pumping experiment. The
theory regarding electric field thresholds of PDI, OTSI, and
TPI was compared with an electric field model of the pump
wave taking D region absorption into account. The modeled
electric fields of the pump wave and the thresholds agree
with observations made using the UHF radar for detecting
plasma waves generated by the PDI and OTSI and the CUT-
LASS radar for observing striations associated with the TPI.
We conclude that the PDI and OTSI electric field thresh-
olds are approximately 0.25 and 0.3 V/m, respectively and
the TPI threshold is ~0.3 V/m. During the experiment, the
ionospheric conditions meant that pumping with an ERP of
~26 MW was needed to generate striations and overcome
the D region absorption. On other days, the D region absorp-
tion could vary significantly so a different ERP threshold
would be observed.

[47] At higher ERPs (>52.3 MW), we observe the effect
striations have on the anomalous self-absorption of the pump
wave as it couples to, and drives ion acoustic, Langmuir and
upper hybrid waves in the plasma close to the HF reflection
altitude. The striations act to diminish the pump wave power
to a level below that required to drive the PDI and OTSI. For
high pump powers, where striations are deeper, only an ion
line overshoot effect is observed; i.e., the enhancement in
the UHF spectra is short lived for a few seconds. For lower
pump powers, the striations have a smaller effect on the self-
absorption and the enhancements can persist, sometimes for
the entire duration of the pump pulse.
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