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A comparison between resonant and nonresonant heating at EISCAT
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[11  We compare the height-integrated electron heating rates from O- and X-mode HF
pump waves to extract the components due to resonant and nonresonant heating
mechanisms in the ionosphere. We present results from a November 2011 campaign in
Norway, using the European Incoherent Scatter (EISCAT) heater facility and UHF radar.
We show that the theoretical nonresonant, ohmic heating due to the electromagnetic
pump wave electric field agrees with observations for X-mode pumping. For O-mode
pumping, the observed height-integrated heating rate exceeds the theoretical ohmic
electron heating rate by a factor of 2—5, the excess being attributed to resonant heating
mechanisms. In addition, a persistent UHF ion-line enhancement is observed for O-mode
and, more unusually, X-mode pumping. We attribute the latter to O-mode leakage in the
X-mode pulse. For O-mode, we see a descent in altitude of the ion-line enhancement and
show that this is most likely due to ionization from pump-induced fluxes of suprathermal
electrons. We estimate the ionization rate and determine an enhanced electron flux
showing that approximately 10-20% of the pump power is transferred to high energy

suprathermal electrons.
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1. Introduction

[2] A powerful high frequency (HF) radio wave can
induce perturbations in the ionosphere close to the reflec-
tion altitude. Upper hybrid resonance (UHR) is just one
of several effects which can be stimulated when a right
hand circularly polarized (in the northern hemisphere),
O-mode wave propagates though the ionospheric plasma in
the F region. The UHR altitude is where the pump wave
frequency, f; is equal to the UHR frequency, fuy:

Jon =+ =1 6]

where f; is the electron gyrofrequency and f, is the plasma
frequency. The coupling of the pump electromagnetic wave
to electrostatic, upper hybrid (UH) waves, which propagate
perpendicular to the Earth’s magnetic field lines, induces
small-scale field-aligned striations, i.e., regions of reduced
electron density. UH waves become trapped inside the stria-
tions resulting in saturation within a few seconds. This pro-
cess of UHR can dramatically increase the ambient electron
temperature above the background.

[3] A left hand circularly polarized, X-mode wave is
unable to stimulate UHR in an overdense ionosphere since
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it is reflected back down before it reaches the UHR alti-
tude [Fejer, 1979]. Instead, only nonresonant ohmic heating
occurs. An O-mode wave also produces ohmic heating
but not necessarily to the same degree as for an X-mode
pump wave.

[4] As well as UHR, Langmuir turbulence can be stim-
ulated parallel to the magnetic field line via the parametric
decay instability (PDI) or the Oscillating Two Stream Insta-
bility (OTSI) [Robinson, 1989]. Langmuir waves are also
thought to be responsible for electron acceleration. They are
observed by the incoherent scatter radars at the so-called
matching height where the electrostatic Langmuir waves
have a wavelength which is half that of the radar. Lang-
muir waves can be created at many different altitudes but
are only observed at the matching height of the radar which
depends on its frequency. The radar detects pump-induced
Langmuir turbulence as coherent backscatter, resulting in
enhanced ion-line spectra, which may be misinterpreted as
a high electron density and/or temperature. The Langmuir
waves generated by the pump wave can also decay into
ion acoustic waves and further Langmuir waves. Typically,
these ion-line enhancements are observed during the first
few seconds only (known as an ion-line overshoot) and die
away after a few seconds once the pump-induced striations
develop. Striations limit the pump power reaching the radar
matching height by anomalous absorption [Robinson, 1989].
Occasionally, the enhancements persist throughout the pump
on period which could be due to the presence of only weak
striations (e.g., gyroharmonic pumping [Ashrafi et al.,
2006]) or due to a high enough power reaching the matching
altitude despite anomalous absorption. When the electron
temperature is below ~1000 K, the PDI matching altitude
for the European Incoherent Scatter (EISCAT) UHF radar
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is above the UHR altitude [Rietveld et al., 2000]. Since the
background electron temperature is usually above 1000 K in
the F region, the UHF matching height is normally found
below the UHR height at EISCAT.

[5] In some cases, it is possible to observe an enhanced
ion line which descends in altitude during the pump on
period. Djuth et al. [1994] and Ashrafi et al. [2006] attributed
ion-line descent to the increasing electron temperature which
reduced the plasma recombination rate. This would increase
the local electron density and cause the matching height to be
found at a lower altitude. Blagoveshchenskaya et al. [2009]
have reported pump-induced electron density enhancements
of up to 25%. A density enhancement would cause the
pump wave to reflect at a lower altitude and a descent of
the enhanced ion-line backscatter would be observed. They
determined that impact ionization was the most likely expla-
nation for the density enhancements which is consistent
with the findings of Pedersen et al. [2009] and Pedersen
etal [2011].

2. Methodology and Modeling

[6] During O-mode pumping, the increase in electron
temperature is due to the combination of nonresonant ohmic
heating by the electromagnetic pump wave and resonant
ohmic heating from the electrostatic UH and Langmuir
waves. For simplicity, these two mechanisms will be referred
to as nonresonant and resonant heating respectively. We
investigate how the two mechanisms affect the electron heat-
ing rates. In order to separate the two contributions, we
modeled the electric field, £ of the pump wave to esti-
mate the height-integrated electron heating, Jyonresonant due to
the nonresonant heating mechanism alone. Determining the
electric field of the pump wave allows an estimate of the heat
source, Ononresonant Irom the pump wave to be made:

1 <

Qnonresonam = ERe[E* o4+ E] (2)

where g)i is the polarization dependent HF electric conduc-
tivity tensor for the contribution due to the electromagnetic
wave only. The nonresonant height-integrated heating rate,
Jhonresonant 18 determined by integrating equation (2) in alti-
tude. As an electromagnetic wave propagates through an
overdense ionosphere, the electric field amplitude swells as
the wave approaches reflection. This effect is to conserve
Poynting flux as the group velocity of the wave decreases.
This swelling also increases the heating of the electrons
near reflection.

[7] To determine the absolute height-integrated heating
rate, the use of the expression given by (2) would be sat-
isfactory if no resonant mechanisms were stimulated, as is
the case for X-mode pumping [Gustavsson et al., 2010].
However, for O-mode pumping, plasma resonances cause
additional heating. We require a second method to determine
the total height integrated heating rate Ji,, which is indepen-
dent of the heating mechanism. If the electric field model is
g00d9 for X-mode pumpinga Jnonresonant = Jtotal- For O-mode
pumping, Joonresonant 7 Jiotal Since additional heating occurs
from the electric field of the induced electrostatic waves.
Determining Jyota; and Jyonresonant independently enables us to
infer quantitatively the electron heating due to the plasma
resonances for O-mode heating. We note also that the elec-

tric field model used assumes no anomalous absorption from
striations. This means therefore that J,onresonant 1S an upper
bound.

2.1. Heat Source Model; Ja

[8] As the HF pump is turned on, the F region elec-
trons begin to increase in temperature due to the presence
of the pump wave. The temperature increase is a balance
between the heat source supplied by the pump and the two
local energy loss mechanisms; the electron cooling rate and
field-aligned heat conduction. We solve the electron energy
equation to determine the heat source needed to produce the
observed electron temperature profile as measured by the
EISCAT UHF incoherent scatter radar. Since the radar anal-
ysis assumes a Maxwellian electron flux, Jiq is the total
energy transferred to the Maxwellian electrons by the pump.
The method is briefly outlined below but a full description
can be found in Bryers et al. [2012]. The electron energy
equation is described by Schunk and Nagy [1978]:

LT,
0z
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where [ is the angle of inclination of the Earth’s magnetic
field (77.5° for EISCAT). The heat source term is Q, =
Orotar T Ophoto> Where Oyoral and Ophoto are the heat sources from
the HF pump and the solar photoionization respectively. T, is
the electron temperature. L, is the sum of the electron energy
cooling rates. These were taken from Campbell et al. [2004]
for the vibrational excitation of N, and Paviov [1998a] for
the rotational excitation of N,. The vibrational and rota-
tional excitations of O, were taken from Jones et al. [2003]
and Paviov [1998b], respectively. Both the cooling due to
the excitation of the O(' D) and elastic collisions with ions
were taken from Schunk and Nagy [1978, equations 34 and
37, respectively]. The thermal conductivity K¢ is given by
Banks [1966]. We solve equation (3) for the thermal steady
state case which is achieved toward the end of the pump-on
period.

[o] The heater contribution of the heat source, Qi Was
approximated by a Gaussian form:

~z—20)* ) @

1
Orotal = ——== Jrotal EXP ( 2

w21
where Ji1,20, and w are constants to be determined. The
values of Ji1,20, and w give the height-integrated heating
rate in W/m?, the height at which most of the pump wave
energy is deposited and the half-width of the Gaussian heat
source, respectively. Solar photoionization is of the same
form and can be determined during a pump-off period.
[10] Jiota»z0, and w were varied and equation (3) was
solved for T, until the difference between the modeled 7, and
the measured 7, from radar observations was minimized.

2.2. Electric Field Model; J,onresonant

[11] To estimate the electric field amplitude of the pump
wave, we use the model of Shoucri et al. [1984]. It calculates
the swelling of the electric field as the wave approaches HF
reflection in an overdense ionosphere where electron heating
is dominant. We refer the reader to their manuscript for a full
description. One thing to note is that their model, for sim-
plicity, assumed vertical propagation of the electromagnetic
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wave and a vertical magnetic field. In reality this does not
exist at any of the heating facilities around the world. When
using their model Shoucri et al. [1984] assume that a small
angle between the heater direction and the magnetic field
does not have a great effect on the electric field calculation.

[12] To test this, we modified the model slightly for use
with 12° off-vertical heating (field-aligned at EISCAT).
When pumping off-vertical, the center of the pump wave
beam may not reach the altitude where the plasma frequency
equals the pump wave frequency, but could refract down-
ward before it can do so. The Spitze angle is ~6° at EISCAT
which is the greatest zenith angle for which the pump wave
reaches the highest possible reflection height. Not reach-
ing the true reflection height could limit the electric field
swelling and result in the model overestimating the ohmic
heating. Instead we calculate Qyonresonant Up to the refrac-
tion height found by the use of the Jones and Stephenson
[1975] ray tracing model. This is typically 1-4 km below the
nominal HF reflection height. This refraction height is the
maximum altitude reached by the center of the pump beam.
The ray trace model also calculates the refractive index of
the wave as it propagates. For completeness we use the ray
trace refractive index and refraction height in the electric
field model of Shoucri et al. [1984]. We conclude that the
difference between Jyonresonant Using modified and the origi-
nal version of the electric field model was small (<10%) and
is within the experimental uncertainties.

[13] It is important to note that the two models used here
to calculate the height-integrated heating rates are very dif-
ferent. The electric field model is a forward model and uses
the heater power to predict how the electromagnetic wave
would behave as it propagates through the ionosphere. The
heat source model, used to find Jiy,, 1S an inverse model
using the measured electron temperatures to determine the
heat source.

2.3. D Region Absorption

[14] To calculate the electric field, the free space elec-
tric field must be reduced due to the absorption of the HF
pump wave as it propagates through the D region. We use
the model of Senior et al. [2010] to estimate the self absorp-
tion of the electromagnetic wave as it increases the local
plasma temperature and hence modifies the electron-neutral
collision frequencies. The model accounts for the polariza-
tion and frequency of the wave. A full description of the D
region absorption model can be found in Senior et al. [2010].
We use the model for the equilibrium case which assumes
electron temperatures have reached a constant level and will
remain unchanged for as long as the heater remains on. An
averaged background electron density profile was used from
before and after each pump-on period as input to the model.

[15] We found that at low altitudes the EISCAT UHF radar
electron density data was low and often negative where the
power received was close to the background noise. This
can occur when the radar wavelength is comparable to the
electron Debye length causing the density to be underesti-
mated. To correct this, data from a second radar (discussed
in section 3) was used for low altitudes up until both densi-
ties agreed (approximately 75 km). This density profile was
used to determine the D region absorption.

2.4. High-Energy Electron Flux

[16] Since Jioa shows how much of the heater power is
transferred to the electrons in the Maxwellian thermal energy
distribution, observation of a descending ion-line enhance-
ment due to ionization during O-mode pumping allows us to
make an estimate of the high-energy, non-Maxwellian elec-
tron flux. We can estimate the ionization rate and use this to
determine the high-energy suprathermal electron flux. Con-
sidering the electron energy loss processes, an estimate of
the energy transferred by the pump to high-energy electrons
can be made.

[17] A descent in the ion-line enhancement during pump-
ing is due to a local electron density increase in the vicinity
of the pump wave reflection height. Blagoveshchenskaya
et al. [2009] tested three different mechanisms which could
cause this density increase: (1) Reduced temperature depen-
dent recombination rates. (2) Redistribution of the electron
density due to diffusion. (3) lonization of the neutral species
by pump accelerated electrons.

[18] To test whether the electron temperature enhance-
ment is large enough to explain the decrease in altitude of the
enhanced ion-line due to reduced recombination we follow
the same process of Blagoveshchenskaya et al. [2009]. The
electron density change due to changing plasma temperature
is given by Schunk and Nagy [2000]:

k1[N k[O
(k1[N2] + 1[2[7022]]) 0, )

a2Xn,

dn,
dt - C](Z,l)* 1+ kI[N, ] 4

alXn,

where n, is the electron density, ¢ is the altitude and time
dependent production rate due to the pump and photoioniza-
tion, and [N, ] and [O,] are the concentrations of nitrogen and
oxygen respectively. k1,42, al, and a2 are the temperature-
dependent rate coefficients taken from Richards [2011]:

k1 =12 x 107" x (300/T,)**,
k2 =9 x 107" x (T;/900)*%,
al =4 x 107" x (300/7,)*%,
a2 =1.95x 107" x (300/T,)"".

[19] The above expressions are valid for the temperatures
measured during this particular experiment, and different
equations may be used if 7; or T, are above or below a cer-
tain temperature threshold. See Richards [2011] for a more
extensive list. Solving equation (5) for n, during pump on,
assuming steady state and assuming ¢ is only due to pho-
toionization (determined during pump off) gives the electron
density enhancement due to reduced recombination only.

[20] Blagoveshchenskaya et al. [2009], citing the work of
Meltz and LeLevier [1970], show that the density enhance-
ments are unable to be explained by diffusion along the field
line since the expansion of the plasma has a response time of
5—-10 min and is too slow to allow such a density enhance-
ment to occur in a 2 min heater-on cycle. We calculate the
field-aligned ambipolar diffusion:

kgT
D=2 (6)
m;iVip

where D is the ambipolar diffusion coefficient, T’ = T,+T;, m;
is the ion mass and v;, is the ion-neutral collision frequency.
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The change of electron density with respect to time is:

dn, 9 on,
dt 0z (D 0z ) M

[21] If the reduced recombination and diffusion rates are
small, the action of the pump wave must be causing ion-
ization. The ionization rate due to the pump, needed to
cause the observed density enhancements can be found
using equation (5). For ionization to occur from the pump
wave, the electrons in the plasma must be accelerated to
high enough energies so that collisions with neutral species
cause them to lose an electron. Pedersen et al. [2009] deter-
mined the energy required by the pump to enable this,
assuming each electron loses 20 eV per ionization. They
assumed a 20 km wide layer in which the electrons lose
their energy and found that approximately 10% of the total
heater power is required to observe this level of ionization.
They did not calculate the D region absorption so their esti-
mate would be greater if absorption levels were significant.
Rather than assuming 20 eV is lost per electron, we can take
amore rigorous approach by considering the ionization cross
sections.

[22] Since the HF pump wave is able to accelerate elec-
trons to the energies required for ionization, we can estimate
the non-Maxwellian, high energy flux of electrons using the
ionization rate, g. Gustavsson et al. [2006] and Gustavsson
and Eliasson [2008] were able to estimate the electron
flux by using multiwavelength (630.0, 557.7, 844.6, and
427.8 nm) optical observations. To do this they minimized
the difference between the measured and modeled optical
intensities until they had an energy and altitude depen-
dent electron flux. In the experiment reported here we were
unable to observe optical signatures since it was daylight,
but based on the findings of Gustavsson and Eliasson [2008]
we are able to constrain the energy distribution form. Their
main findings were the following: (1) The acceleration of the
electrons occurs close to the UHR height. (2) The flux dis-
tribution plateaued between 3.5 and 10 eV. (3) There was a
high-energy tail from 10 eV upward. We approximate this
high-energy tail to be power law like following numerical
simulations by Wang et al. [1997].

[23] The energy dependent flux f(£) and g are related by

2

where i refers to the species being ionized, # is the density
of the neutral species, Ey,; is the threshold energy of ioniza-
tion and o is the ionization cross section. We impose that at
3.5 eV, the Maxwellian and the high-energy electron fluxes
become equal where the plateau begins and from 10 eV
upward the flux follows the power law given by:

(B dE ®)

E&h,i

f(E)=AE™® ©9)

where A4 is found easily since we know the Maxwellian
flux at 3.5 eV from the UHF radar data. We calculate
the Maxwellian flux using the UHF radar data, solve
equation (8) for ¢ using an initial guess of B in equation (9)
and minimize the difference between the observed and
modeled g until f(F) is determined.

[24] In thermal equilibrium the energy lost by an elec-
tron equals the energy gained by an electron from the pump

wave. The energy loss Ej. in Wm™ for a specific process is
given by:

Oonlf(E)O'jdE

Etn,

Eloss,j:x'Eth,j'Z (10)

where x is the width of the layer in which the electrons
lose their energy and Ey, , o; are the threshold energies and
cross sections respectively, associated with the various loss
processes, j.

[25] Once f(F) is known we can estimate the opti-
cal emission intensities of the artificial aurorae. The red
(630.0 nm) and green (557.7 nm) line emissions are given by
Gustavsson and Eliasson [2008]:

Toso0 = 10" A 300 [ tlssr@) + 1o /0 o (E)f(E)dE)dz (11)

En

o0

_ 1010
Iss77 =107 " Ass77
En

wo [ e (2
where o is the cross section associated with each emission,
no is the density of oxygen, z is altitude, 7 is the alti-
tude varying O('D) lifetime, Agzp0 = 5.15x107 s7! is the
Einstein coefficient for the transition from O('D) to the
O(CP,) ground state, and Ass77=0.941. The cross sections
used are taken from [tikawa et al. [1986, 1989], and Itikawa
and Ichimura [1990] and are the same as those shown in
Gustavsson and Eliasson [2008, Figure 3].

3. Experiment

[26] To quantify the resonant and nonresonant plasma
heating components we performed an experiment on
15 November 2011 at the European Incoherent Scatter
Scientific Association (EISCAT) heating facility [Rietveld
et al., 1993]. The heater was operated in daylight from 10 to
14 UT in a 2 min on, 2 minute off-pump cycle, alternating
between O-mode and X-mode in subsequent heater-on peri-
ods. The EISCAT UHF (930 MHz) incoherent scatter radar
[Rishbeth and van Eyken, 1993], near Tromsg, northern
Norway (69.58°N, 19.21°E) observed the ionospheric elec-
tron density, N, and electron and ion temperatures, 7, and
T;, respectively. Both the heater and the UHF radar were
field-aligned (12°S). The radar code used was Beata, which
enabled measurements from 50 to 700 km in altitude with a
minimum of 5 s resolution and an unambiguous range reso-
lution of 3.5 km. We analyze the radar data with 7 km, 60 s
resolution to reduce measurement error. Measurements from
the MF partial reflection radar [Singer et al., 2008] at Saura,
Andgya (69.3°N, 16.0°E) (130 km WSW of EISCAT) were
used to determine the lower D region electron density profile
where the UHF radar underestimated the electron density.

[27] The effective radiated power (ERP) of the O- and
X-mode pump waves were 727 MW and 8§74 MW, and
their frequencies were 7.273 MHz and 7.953 MHz, respec-
tively. The frequencies were chosen so that the nominal
HF reflection height of the pump waves were the same for
both polarizations since the X-mode reflects at a half elec-
tron gyrofrequency (~680 kHz) below the O-mode. The
heater antenna gain is frequency-dependent, accounting for
the different ERP’s.
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Figure 1.

(a) The electron temperature profile from 10 to 13:20 UT on 15 November 2011 as measured

by the EISCAT UHF radar. The altitude resolution was 7 km and the time resolution was 60 s. The pump
polarization is shown plotted as black or white dashes for O- and X-modes, respectively. (b) The modeled
heater power flux for O-mode (red) and X-mode (black) at reflection altitude. (c) The percentage increase
of the electron density during pump on close to the reflection height. (d) The modeled photoionization
and pump ionization rates (black and red, respectively). (e) The percentage pump power transferred to
the low-/high-energy electrons in red/black for O-mode heating.

4. Results and Analysis

[28] Figure la shows the UHF radar electron temperature
profile with a temporal resolution of 60 s and range res-
olution of 7 km. The black/white dashes show where the
pump was transmitting in O-mode/X-mode. The temperature
enhancement as the heater is switched on is clear. The tem-
perature was higher for the O-mode case, even though on the
ground this polarization had less power than the X-mode.
foF2 was around 11 MHz at 10 UT so the ionosphere was
overdense. The ionosphere went underdense at around 13:10
UT. We only examine the overdense cases here to ensure
that resonances still occur since UHR ceases when the iono-
sphere goes underdense. Underdense heating was confirmed
to occur at 13:10 UT by ray tracing analysis using the mea-
sured electron density profiles. This is consistent with the
increased altitude extent of the temperature enhancements

as the wave reflection height is increased and the electron
cooling rates are reduced.

[29] Figure 2 shows the median rise and fall of the elec-
tron temperature during heater on and the subsequent 120 s
after heater off from 23 pump cycles. The red points show
the temperature for the O-mode pulses, and the black shows
the X-mode pulses. The temperature recordings were taken
from 5 s integrated UHF radar data at 8 km above the ion-
line enhancement height (discussed below). This is because
temperatures in the ion-line enhancement range gates can
be erroneous due to a breakdown of the radar analysis
assumptions. At this altitude the heater enhances the natural
ion-acoustic waves, and the radar analysis incorrectly inter-
prets these as temperature enhancements. This means that
for the range gate where this occurs, the derived tempera-
tures cannot be assumed to be accurate. The blue dashed line
indicates the time when the heater was switched off. The
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Figure 2. The epoch median electron temperature time
development. Red and black refers to O- and X-mode
enhancements respectively. The blue dashed line indicates
the time when the heater was switched off.

temperature enhancement above background for O-mode
pumping was on average 1400 K compared to 400 K for
X-mode. The background temperature was approximately
1100 K. We observe that the O-mode enhancement has a
rapid onset compared to the X-mode. In the first 5 s, the
O-mode enhancement has reached 600 K above background
and typically peaks at 50 s. For the X-mode pulses there is
a much slower rise, and the peak enhancement is reached
closer to 70 s after pump on.

[30] We observe a descending ion-line in the UHF radar
data when pumping with O-mode. If the electric field of the
pump wave exceeds the PDI or OTSI threshold, an enhanced
ion-line is observed. The PDI signature manifests itself as
enhanced shoulders on the usual double peak ion-line spec-
tra and OTSI appears as an enhanced peak in radar spectra at
the zero doppler shift position [Robinson, 1988]. This causes
the analysis software to misinterpret the spectra as high
electron densities and temperatures in the enhanced ion-line
range gates and must be ignored. This becomes important
when determining the heat source, Jiy,;, from the electron
temperature profiles.

[31] Figure 3 shows how these backscatter enhancements
appear in the UHF radar plasma density data. The false high-
density regions, shown in black and dark red can be seen
around 200-220 km. We observed an ion-line enhancement
for both O- and X-mode pumping. For the O-mode pulses
it descends in altitude throughout the 2 min heater on cycle
which we attribute to a descent in the reflection altitude of
the pump wave. This altitude decrease is typically 10-15 km
throughout the experiment. We will discuss this further in
section 4.2 along with an explanation for the appearance of
the nondescending enhancement during X-mode pumping.

4.1. Height-Integrated Heating Rates

[32] Figure 4 shows a typical plot of the estimated elec-
tron temperature profile in red, compared to the measured
UHF temperatures for an O-mode (Figure 4, left) and
X-mode (Figure 4, middle) case close in time, following the
method described in section 2.1. The O-mode case here was
for the heater pulse beginning at 10:28 UT and the X-mode
pulse began at 10:24 UT. We inspect this particular profile

since the ion-line height remains in the same range gate
throughout the heater on pulse, and we observe only a small
descent unlike those found for the other pulses. This allows
us to compare the heights of the fitted heat source more fairly
without the added complication of the descending ion line.

[33] Figure 4 (right) shows the Gaussian heat source pro-
file, Qiora for the O-mode in red and for the X-mode in black.
The heat sources’ half widths, w, are both narrow in altitude
extent (5 km of the Gaussian peak) as was found by Bryers
et al. [2012]. The height, z, of the heat source for the
O-mode case is below that of the X-mode case. The X-mode
heat source height was found at 219 km and the O-mode case
was at 208 km. For this particular case, the HF reflection
altitude was 220 km and the UHR height was 3 km below
this. Bryers et al. [2012] showed that for O-mode polariza-
tion, the height of the heat source was found to be close to
the UHR height where the majority of the heating occurs. In
the case of the X-mode polarization, the majority of heating
is due to the swelling of the pump wave electric field as it
approaches reflection. We can therefore expect that there will
be a separation in the heat source altitudes for the different
polarizations. We find that the heat source for the O-mode
case is below the pump wave reflection height, and for the
X-mode pulse, it is close to the reflection height as expected.
The difference between the UHR height and the O-mode
heat source height is possibly due to the altitude extent of the
striations (~20 km) [Senior et al., 2004] and [Graham and
Fejer, 1976]. Anomalous absorption of the pump wave in the
lower part of the striations, below the UHR height, would
diminish the pump wave energy reaching the true reflection
height. From this one case with a small ion-line descent, we
find that the result agrees with our theory.

[34] We note the high variation in temperatures between
range gates in the profiles below 200 km which are accom-
panied by a larger error than those found at other altitudes.
In the region below 200 km, before the electron density
increases toward the F region peak, the radar signal-to-
noise ratio may be lower and the associated temperature
measurements become noisy. The fitting process used here
places less weight on measurements with a higher error to
counteract this effect.
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Figure 3. Temporal evolution of the pump-induced UHF
ion-line enhancement. The descending ion-lines occur
during O-mode pumping.
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Figure 4. A typical output from the heat source fitting model. (left) The measured UHF radar electron
temperature profile for an O-mode pulse; the red line shows the modeled temperature. (middle) Same
as in Figure 4 (left), but for an X-mode pulse. (right) The two Gaussian heat source profiles for an
0O-mode (red) and X-mode (black) case. Integrating these in altitude gives Jiy,;. The blue line shows the

HF reflection height at 220 km.

[35] In Figure 5, top, the height-integrated heating rate, J,
is plotted in time. The red dots show Jy. for the O-mode
and the black dots for the X-mode pump pulses. The crosses
of the same color show the Jonresonant €Stimated using the
electric field model and integrating equation (2) in altitude.
The figure shows that Jonresonant for the O-mode pump pulses
are similar to that of the X-mode even though there is more
energy available in the O-mode heater beam. This is purely
a coincidence for this data set given the ERP’s used and is
due to the nature of the D region absorption; i.e., greater
loss for X-mode than O-mode. Figure 1b shows the heater
power flux at the reflection height for O-mode/X-mode in
red/black, ignoring anomalous absorption. It is possible to
see an increase in Jyonresonant throughout the experiment as the
heater self absorption in the D region decreases over time
from 7 to 3 dB.

[36] We find that Jyonresonant agrees well with Ji, for the
X-mode pumping with typical errors being £2x10° Wm™
for both models. These error estimates are calculated by ran-
domly varying the electron density and temperature profiles
within the error bounds of the measurements at each altitude.
In Figure 5, bottom, J is plotted for X-mode pumping with
the electric field model estimate on the x axis and heat source
estimate on the y axis. The dotted red line shows where
Jiotal = Jnonresonant- 1he agreement between the two models
shows that the electric field model is good. This gives us
confidence that the electric field model can be applied to the
field-aligned case (12° S at EISCAT). The validity of the
model for a field-aligned O-mode pump wave in the absence
of UHR (gyroharmonic pumping) was tested and found to
be good also (see Appendix A).

[37] For the O-mode case in Figure 5, we see that Jyy, is
significantly larger than Jygnresonane- The difference between

the two can be attributed to the additional heating from
resonant mechanisms. We find that the resonant heating
is approximately 2—5 times greater than the nonresonant
heating and is relatively constant throughout the experiment.

[38] The efficiency of transferring the pump wave energy
to the Maxwellian thermal electrons is calculated by Jio1/S
where S is the heater power flux shown in Figure 1b.
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Figure 5. (top) The height-integrated heat sources from
the electric field model, Jyonresonant (crosses) and the height-
integrated heat source estimate from the temperature fitting
method, Ji,.1 (dots). Red/black refers to the O-mode/X-mode
respectively. (bottom) The X-mode total height-integrated
heating rate plotted against the modeled nonresonant com-
ponent. The dashed line shows Jiyta1 = Jnonresonant-
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Figure 6. (top) The reflection height for the X-mode and
O-mode pump wave (blue), the UHF ion-line enhancement
height (green), and the estimated height of the heat source
(red). (bottom) The UHR height (black) for the O-mode
pump wave including the descent of the reflection height,
the UHF ion-line enhancement height at the end of pump on
(green), and the estimated height of the heat source (red).

For O-mode this is found to be around 35% at the start of the
experiment falling to around 15% toward the end. These are
shown in red, plotted in Figure le. The X-mode efficiency
(not shown) is lower at 20% to begin with falling to 10%.
Bryers et al. [2012] found the O-mode heating efficiency
to be around 60-70% for high pump powers (565 MW
ERP). The results presented here show a lower efficiency
for high-power O-mode; however, in this experiment we use
a higher frequency (7.273 MHz compared to 6.2 MHz in
Bryers et al. [2012]), a higher power (727 MW compared
to 565 MW), and we observe a lower D region absorption
(7-3 dB compared to 12—9 dB). These effects combined may
alter how efficient the heating process may be. Hansen et al.
[1992] found the O-mode heating efficiency at Arecibo to
be around 20% which is consistent with our observations.
In section 4.3 we discuss another possible explanation as to
why the efficiency could be lower.

[39] Figure 6, top shows the altitudes, zy, of the fitted heat
sources for the X-mode and for O-mode in Figure 6, bottom,
in red. The blue line shows the reflection height of the pump
wave in Figure 6, top, and the UHR altitude is shown in
black in Figure 6, bottom. These were calculated using the
electron density profiles prior to the heater being switched
on. We reduced the UHR height by the same distance as for
the enhanced ion-line descent during O-mode pump on. The
green lines show the height of the enhanced ion-line for the
steady state which were typically 10 km below the reflection
height.

[40] The height of the heat source for the X-mode agrees
with the reflection height for the majority of the experiment,
but there are some cases where it is found slightly below.
The height of the O-mode heat source is below that of the X-
mode for most cases. Taking into consideration the decrease
in altitude of the O-mode reflection height during the heater

on period, we find that the heat source altitude remains close
to the steady state UHR height for most of the pulses.

[41] The important thing to note is that the heat sources of
the X-mode pulses are found close to the reflection height in
most cases where electric field swelling maximizes. In the
case of the O-mode pulses, much of the energy is deposited
into the electrons via the UHR mechanism before the pump
wave electric field is able to swell to large amplitudes as
it approaches reflection. Striations have the effect of reduc-
ing the available pump wave energy to heat electrons via
the nonresonant mechanism because of UHR and its related
anomalous absorption [Robinson, 1989]. It is for this rea-
son that the electric field model estimates a maximum ohmic
heating rate for O-mode pumping. The altitude extent of the
striations (typically ~20 km [Senior et al., 2004]) mean that
the pump wave energy could be absorbed over a wide range
of altitudes around the UHR height.

4.2. Ion-Line Descent

[42] By investigating the descending ion-line enhance-
ments, we can make an estimate of the high energy electron
flux following the process discussed in section 2.4.

[43] To estimate the electron density enhancement needed
to reduce the ion-line altitude, we found the electron density
at the starting ion-line height before the heater is turned on
and compare to the density at the lower steady state height.
Figure 1c shows the electron density enhancement as a per-
centage during the experiment. We find that the average
density enhancement is approximately 80%. The percentage
increases slowly as the heater power flux increases and the
background electron density decreases.

[44] First, we determine if the enhanced electron tem-
perature is great enough to explain this density increase
by reducing the recombination rate of the plasma. Using
equation (5), we find that the observed enhanced plasma
temperature during pumping is only able to account for, on
average, 2.5% of the density increase. We can conclude that
the majority of the density enhancement cannot be due to
reduced recombination.

[45] Using equation (7), we estimate the change in elec-
tron density due to diffusion along the field line. We find
that during pump on, the diffusion causes the electron den-
sity change to be an order of magnitude smaller than the
source and loss terms in equation (5) and is therefore neg-
ligible. We conclude that the descending ion-line enhance-
ments are due to ionization from the pump wave as did
Blagoveshchenskaya et al. [2009].

[46] Using equation (5) we estimate the production rate,
q, needed to overcome the recombination rate in order
to achieve the density enhancements observed. Figure 1d
shows the photoionization rates during pump off in black
and the pump-induced ionization rates in red. They are lower
than those observed by Pedersen et al. [2009] who saw
a much greater enhancement in electron density. For the
majority of cases, the photoionization rate is higher than that
due to the pump.

[47] Since we know the ionization rate due to the pump,
we can solve equations (8) and (9) to determine the energy
dependent electron flux f(E) by using the ionization cross
sections. Minimizing the difference between the measured
and modeled ¢ gives the electron flux and a value of B in
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Figure 7. A typical estimate of the enhanced flux of elec-
trons during HF O-mode heating at the UHR height.

equation (9). The result of a typical flux estimate is shown in
Figure 7.

[4] We find that B is 1-2 for most cases. From
Gustavsson and Eliasson [2008, Figure 10], we deduce that
B ~ 2, which is in agreement with our results. We determine
the total energy transferred by the pump wave to the non-
Maxwellian suprathermal electrons assuming a 20 km wide
layer, like Pedersen et al. [2009], by using equation (10).
Considering all of the loss processes, we find that in total
10-20% of the heater, energy is transferred to the electrons
with energy exceeding 3.5 eV, approximately half of which
is lost during ionization.

[49] Using equations (11) and (12) gives estimates for
Is300 between 30 and 80 R and for /5577 between 10 and
30 R. These estimates are in good agreement with previous
experiments performed at EISCAT [e.g., Kosch et al., 2007]
giving confidence in our analysis. Without direct observa-
tions of the optical emissions, something that is controlled
by weather conditions, time of day, the state of the iono-
sphere, and technical limitations, it is difficult to accurately
determine f{E). We have shown that an estimate can be made
using the ionization rate alone, which gives sensible results
based on previous findings.

4.3. Ion-Line Enhancement Strength and the Effects
of Striations

[s0] Figure 8 shows the 5 s integrated spectra for the
X-mode in black, the O-mode in red at the ion-line enhance-
ment altitude, and a typical heater off spectrum in blue at
a time close to the end of the experiment. The power is in
arbitrary units. For the O-mode case, both OTSI and PDI are
stimulated, and the central peak is higher than the two peaks
either side indicating that OTSI dominates. For the X-mode
spectrum, the central peak is lower than the two peaks either
side, and the power is greater for all three peaks.

[s1] Usually, the PDI and OTSI signatures are not
observed for the X-mode case because the pump wave
reflects before it can reach the matching height for
PDI/OTSI. However, there is evidence that this is not true in
both Figures 3 and 8. Figure 3 shows the enhanced ion-lines
in the X-mode pulses at a slightly higher altitude than for the
starting O-mode height. This would indicate that the heater
frequency causing this instability was of a higher frequency

than for the O-mode waves (7.273 MHz), and we deduce
that there was O-mode leakage within the X-mode pulse
(7.953 MHz). During pumping, it is difficult to achieve a
100% pure polarization so even though a §74 MW ERP
X-mode beam is being transmitted, a small percent-
age would be O-mode with the same frequency (i.e.,
7.953 MHz). We find the plasma frequency gradient from the
radar data close to the matching heights to be approximately
0.12 kHz m™'. We observe the difference in ion-line altitude
for the O- and X-mode pulses to be 5.5 km and conclude
that the difference in plasma frequency between the two alti-
tudes is 663 kHz. This is close to the expected difference of
680 kHz of the two heater frequencies.

[52] Using the electric field model, we estimate that the
O-mode leakage ERP is ~10 MW, enough to ensure that the
electric field of the pump wave is above the threshold of PDI
and OTSI at the radar matching height [Robinson, 1989].
Stubbe et al. [1992] found that Langmuir turbulence could
be observed by the EISCAT UHF radar with an O-mode
pump wave with an ERP above 17-35 MW. We note that
the ERP’s quoted by Stubbe et al. [1992] were 21-43 MW
in their paper; however, these were calculated incorrectly
and the revised ERP is consistent with the way they are
calculated for the present paper using the original heater
logs for their data set. Their result estimates the ERP to be
higher than our electric field estimates predict; however, the
D region absorption in the two experiments may have been
considerably different.

[53] In Figure 9, we show the maximum power measured
for the last 5 s UHF ion-line spectrum shoulders for O- and
X-mode (O-mode leakage) in red and black, respectively.
We note that the ion-line enhancements for the X-mode
pulses are not present until after 11:00 UT. Before then, the
height at which power is measured is the height at which it
first appears at 11:00 UT (i.e., ~210 km).

[54] The steady state O-mode backscattered signal is
lower in power than for most of the X-mode cases, even
though the O-mode ERP was much higher than the O-mode
leakage in the X-mode pulse on the ground. This indi-
cates that between the ground and the matching height, the
O-mode pump pulse power is reduced to levels below that

x 1078
1.2} X-mode |
— O-mode
1l Pump Off| |
0.8}
5]
5
L 06
04}
0.2
0 A L =%
-50 0 50

Frequency (kHz)

Figure 8. Example UHF ion-line spectra for O- and
X-mode in red and black, respectively. The blue spectrum is
a typical case for when the heater is off.
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Figure 9. The maximum power of the UHF ion-line
spectra shoulders shown at the ion-line enhancement range
gate during the last 5 s of pump on. The red/black dots show
the maximum power for O/X-modes, respectively.

of the O-mode leakage power found in the X-mode pump
pulse. We assume that the power density decreases signifi-
cantly because of the presence of striations causing anoma-
lous absorption and possibly because of beam divergence
due to refraction caused by the ionization. As time pro-
gresses the maximum O-mode backscattered power remains
relatively constant despite the decreasing absorption. This
probably means that the striations permit a constant flux
of heater power to stimulate PDI/OTSI, i.e., they regulate
the amount of pump power that can pass through. For the
X-mode (O-mode leakage) cases where striations are not
present, or are very weak, the spectral power increases with
increasing heater power flux (see Figure 1b).

[55] We modeled the effect of the ionization on the beam
divergence and refraction of the pump wave during heating
using the Jones and Stephenson [1975] ray tracing model.
We estimate a simple Gaussian enhancement in electron den-
sity close to reflection height, which causes the reflection
height to decrease in altitude by an amount consistent with
that of the observed descending ion lines. We estimate that,
in the center of the beam, the heater power flux can decrease
to 60% of its original amount. Bryers et al. [2012] found
that, without the additional beam divergence which may be
present due to ionization, around 25% of the power flux
may be lost due to refraction. This would have the effect
of increasing the O-mode efficiency calculation discussed in
section 4.1 by a factor of ~1.7.

5. Conclusion

[s6] We have compared the electron heating effects from
O- and X-mode ionospheric pumping experiments. We have
quantified the effect which O-mode resonant heating mech-
anisms have on the height-integrated electron heating rate
and the electron temperature enhancements compared to a
nonresonant X-mode pump wave.

[s7] The height-integrated electron heating rate for
X-mode pumping was quantified using two independent
methods. The first was done by applying a Gaussian heat
source and estimating the electron temperature height pro-
file until it matched the observed profile. The second method
was done by estimating the electric field strength of the
pump wave as it propagated through the ionosphere. Both

methods estimate the height-integrated electron heating rate
with good agreement for X-mode pumping. For O-mode
pumping, the electric field model can only estimate the
nonresonant heating whereas the temperature profile fitting
method calculates the total height-integrated heat source.
From the difference, we found the height-integrated heat-
ing rate due to wave plasma resonance and found it to be
approximately 2—5 times that of the nonresonant component,
assuming zero anomalous absorption of the nonresonant
component. In reality, less energy is available at reflection,
to heat the electrons via the nonresonant mechanism, since
pump energy is being lost at the UHR height due to the
presence of striations.

[s8] We find the signature for O-mode pump-induced
ion-line enhancements during the X-mode pumping cycles
and attribute this to a small leakage of O-mode power.
During O-mode pumping, we observed a decrease in the
ion-line enhancement altitude and show that ionization of
the neutral components in the ionosphere as the most likely
cause. By inferring an electron flux needed to observe
the measured rate of ionization, we estimate that in total,
10-20% of the pump wave power is transferred to high
energy suprathermal electrons.

Appendix A: Testing the Electric Field Model

[59] To test the electric field model discussed in
section 2.2 for O-mode pumping, we used a data set from
11 November 2001. The experiment performed was field-
aligned pumping, 2 min on, 2 min off, with 3 ERP levels
(121, 243, and 523 MW), on the fourth gyroharmonic fre-
quency (5.423 MHz in the F region). When pumping on a
gyroharmonic frequency, UHR and the growth of striations
is suppressed allowing a comparison of the two methods for
determining the height-integrated heating rate. When UHR
cannot be stimulated, nonresonant heating becomes respon-
sible for the electron temperature enhancement, assuming
weak heating from Langmuir turbulence. Figure Al shows
the nonresonant height-integrated heating estimate from the
electric field model, Jyonresonant, and Jiora from the heat source

x 1078

Jiotal (WM™)

0 1 2 3 4 5 6
-2 x 107°
Jnon—resonant (Wm )

Figure Al. Data from 11 November 2001 showing the
height-integrated heating rate determined via the two inde-
pendent methods. The black dots show where |Af| = |4f, —
fo| > 100 kHz at the UHR height.
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fitting method. The dashed line shows where Jyonresonant =
Jiotal- The two methods agree well (red dots) indicating that
nonresonant heating constitutes the main heat source here,
and the absence of resonances allows the electric field model
to accurately determine the total height-integrated heating
rate. We note that some outliers exist (black dots), which
are heating pulses occurring toward the end of the experi-
ment as the ionosphere becomes closer to being underdense.
Here |Af] = |4f. — f,| > 100 kHz at the UHR height, i.e., the
pump frequency is no longer sufficiently close to the gyro-
harmonic and UHR can be established giving an additional
heat source.

[60] Gustavsson et al. [2006] performed a heating exper-
iment with a sweeping pump frequency through the fourth
gyroharmonic at EISCAT. They found an asymmetry
whereby artificial optical intensities were brighter when
pumping above the gyroharmonic (Af ~ 75 kHz). This
implies that UHR had established itself when Af was suf-
ficiently large. This agrees well with our results which
shows the same trend and explains why the outliers exist in
Figure Al.

[61]] We can therefore conclude that the electric field
model is good for 12° off-vertical (field-aligned) cases at
EISCAT for both O- and X-mode pumping.
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