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Abstract

Data from an ionospheric heating experiment in Tromsg have been
analyzed. The experiment was carried out during auroral conditions in
October 2006. Beside data from the EISCAT UHF radar also optical
data were recorded with the ASK (auroral structure and kinetics) in-
strument and enhancements of backscattered power from the E-region
were studied. Two simultaneous layers of instability with an altitude
separation of ~ 5 km are observed at an altitude of ~ 120 km. The
two layers differ in their spectral characteristics and show different time
evolution. For one heating cycle it was also found that auroral processes
correlate to the strength of enhancements and the characteristics of the
ion line spectra.

Zusammenfassung

Die Daten eines ionospheric heating Experiments in Tromsg wurden
ausgewertet. Zur Verfiigung stehen Daten des EISCAT UHF incoherent
scatter radars und des ASK (auroral structure and kinetics) optischen
Instrumentes. Das Experiment wurd in 2006 gleichzeitig mit dem Auf-
treten von Nordlichtern durchgefiihrt, dabei wurden Verstérkungen im
zuriick gestreuten Radar Signal der UHF Anlage gemessen, welche auf
die parametric decay instability zuriick zufiihren sind. In dieser Master
of Science Arbeit wurden Verstdrkungen aus dem Bereich der Ionosphé-
rischen E-region untersucht. Es wurden zwei zur selben Zeit auftreten-
de Schichten mit einem Hoéhen Unterschied von ~ 5 km gefunden. Die
zwei Schichten unterscheiden sich in deren Characteristic der ion acou-
stic waves wobei die untere Schicht die Parametric Decay Instability
und die obere die Oscillating Two Stream Instability als Verursacher
nahelegt. Ausserdem wurde bei einem heating Zyklus Korrelation zwi-
schen der Aktivitdt der Nordlichter und der Intensitéit der beobachteten
Plasma Instabilitat beobachtet.
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Chapter 1

Introduction

Underlying this master thesis report is an ionospheric heating experiment
which was conducted on 20 October 2006. In such an experiment the inter-
action between powerful HF waves and the ionosphere is studied. In this first
chapter a brief introduction into the nomenclature used is given followed by
the instrumentation used. The second chapter will give an introduction to the
physics involved and will be followed by a chapter giving an overview of the
data and one for presenting analysis which was done.

1.1 The Ionosphere

The ionosphere is one part of Earth’s atmosphere consisting of many different
layers. Each of these layers can be described by their physical properties
such as density or temperature. These physical properties can also describe
different layer schemes. The atmosphere described in terms of temperature has
different boundaries than when described by particle density. The ionosphere
is the outermost part of the atmosphere - starting at about 85 km - and its
distinctive feature is the high number of ions and electrons and on the other
hand increasing temperature with altitude.

The ionosphere consists of species such as O, Oy or N,. Because of their
different mass these species have different scale heights, i.e., the density of
molecular oxygen is decreasing slower with increasing altitude than that of
molecular oxygen. lonization of the atmospheric species due to sunlight and
cosmic radiation combined with the different scale heights lead to layering of
the ionosphere. With the so called Chapman approach these layers can be
approximated. In Figure 1.1 the four main regions are shown with altitude
and electron density. The experiment underlying this thesis was carried out
in the E-region which is located between 90 and 150 km. Above the E-region
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is the F-region reaching altitudes to ~ 600 km.

As stated above the ionization happens because of sunlight and other sources
of energy. Therefore the ionospheric structure also changes with time of day
and season. For example, the E-layer disappears after sunset and the electron
density drops from ~ 2-10" m™ to ~ 2-10? m™3, see Falthammar [2001]. In
Figure 1.2(a) a plot shows the number density of the different species in the
E-layer. The underlying data are not from a measurement but are taken from
the IRI model. The IRI model [IRI, 2010] takes into account daytime, year
and of course the location and gives an estimate for the ion population in the
ionosphere. In the E-Layer the density of neutrals is large compared to the
density of ions. A different model of the atmosphere called MSIS-E-90 [MSIS,
2010] was used to estimate the neutral density. Because of the high neutral
density in the E-layer and therefore high collision frequency (see Fig. 1.2(b))
results from experiments in the E-layer usually are different from those in
layers higher up such as the F-layer.

1000 fascascacsapianssseansassesds

Topside o' H*

[0 P N
max

Hm:\x
F2 Layer

F Region

Altitude in km

F1 Layer

E Region 2
(-1

D Region

Density: 104 105 106
Electrons/cm’

Figure 1.1: Electron density in the ionosphere dividing the ionosphere in dif-
ferent layers [Anderson and Fuller-Rowell, 2010].

1.2 Aurora

Aurorae are the result of energetic electrons hitting the atmosphere of the
Earth. When these electrons reach altitudes with high densities they ionize
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Figure 1.2: Important properties of the E-layer out of the IRI [IRI, 2010] and
MSIS-E-90 [MSIS, 2010] model for Tromsg at 17:00 UT on the 20 october
2006.

a) Showing the number density of species populating the E-layer.

b) Collision frequency in the ionospheric E-layer.
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neutral atoms and molecules. The emissions we see are a result of the relax-
ation processes in which an electron captured by an ion changes its energy
level. During this processes photons are emitted with a certain energy corre-
sponding to the species involved. A complete description of auroral processes
and the coupling of the Earth-Sun system which plays a significant role is
beyond the scope of this report (see e.g. Paschmann et al. [2003]). However
auroral electrons disturb the ionospheric plasma and introduce irregularities
therein. Also these electrons represent a second electron population beside
the thermal electron population in the ionosphere.

1.3 Ionospheric heating

Ionospheric heating refers to experiments in which powerful HF waves are used
to interact with the ionosphere. The name heating goes back to the fact that
the coupling between a HF wave and plasma leads to heating of the electrons
therein. Beside heating also plasma instabilities can be triggered. These
possibilities make the ionosphere a huge laboratory for plasma experiments
with the advantage of scale lengths which can not be realized in laboratory
plasmas. Heating experiments have been conducted favoring the F-region
of the ionosphere during quiet ionospheric conditions in order to have few
irregularities. Therefore auroral conditions such as underlying the experiment
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in this report are usually avoided.

1.4 Incoherent scatter radar technique

Incoherent scatter radars are powerful instruments to measure plasma proper-
ties in the ionosphere. The principle of measurement is to send a short radar
pulse and measure the signal which is backscattered by the charged particles
in the ionosphere. The technique of incoherent scatter radars was developed
in the 1960s and many facilities exist around the world. Incoherent scatter
radars contributed to the understanding of important processes in the Earths
ionosphere. Although the technique is being used for a long time many scien-
tific problems remain unanswered and further research is needed. In order to
provide observations with higher spatial and temporal resolution the technique
is still being developed. A short introduction in the operational principle of
incoherent scatter radars will be given in section 3.3
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Instrumentation

At the EISCAT (European Incoherent Scatter) Tromsg site several of different
scientific instruments are placed. During the underlying experiment the EIS-
CAT UHF radar, heating facility and the ASK instrument were operated. The
site is placed 10 km south-east of Tromsg in the valley Ramfjorden at 69 °35’
N latitude and 19°14" E longitude.The site was originally built by the German
Max-Planck-Institut fiir Aeronomie with the UHF radar between 1977-1980.
Radar experiments and heating experiments in Tromsg have led to significant
scientific results and a better understanding of ionospheric processes. Be-
side experiments of interest for plasma physicists also other experiments are
conducted e.g. space debris or meteor observations.

2.1 Heating facility

The EISCAT heating facility was first built in 1979 and has since been up-
graded and extended. Some of the main technical characteristics are given
here. For a detailed description of the EISCAT Tromsg heater see the eiscat-
heater webpage [Rietveld, 2010] where this information is taken from. Also a
review on scientific results and problems investigated with this heater has been
published, see Kohl et al. [1993]. The name heater for a powerful HF facility
is because of the powerful HF wave interacts with the ionospheric plasma and
this interaction can raise the electron temperature strongly.

The facility consists of transmitters, antennas and a control system. There
are 12 power amplifiers each with 100 kW continuous rating. The frequency
can be tuned from 3.58 to 8 MHz in principle, but only a few frequencies have
been allocated. Therefore the lowest usable frequency is 4.04 MHz which is
also the frequency used in this experiment.

The antennas consist of three arrays, but only two arrays cover the frequency of

b}
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4.04 MHz. The arrays each have 6 x 6 crossed dipole antennas each and an an-
tenna gain of 23 dBi. Due to the antenna geometry the half power beamwidth
is about 14° and the maximum effective radiated power is 300 MW.

Phase shifting, modulation of the heater beam, heater power and heating
mode are controlled by a PC running a given scheme. The heater beam can
also be tilted in the north-south plane by about £30°. To give an estimate of
the electric field at a distance R the following equation can be used which is
valid for free space:

(ERP(KW))
E= AR(km) (2.1)

where ERP is the effective radiated power by the antenna arrays and E the
electric field strength. For an altitude of 120 km which corresponds to the
E-layer altitude an electric field of 1.14 V//m for one array is estimated. This
is only a rough estimation of the electric field. For a more precise estimation
the absorption of wave energy below the altitude of interest has to be taken
into account. Such an estimation of below E-layer absorption could be made
by analyzing data of the ionosonde at the EISCAT site.

2.2 Incoherent Scatter Radar

As stated above the EISCAT site contains a VHF radar with a frequency of
225 MHz and a UHF radar at 930 MHz. The UHF has a parabolic dish which
is steerable. During the experiment the UHF radar was used in field aligned
(185.1° azimuth and 77.5° elevation) position.

The principle of an incoherent scatter radar is to send a strong and very short
pulse of an electromagnetic wave and subsequently measure the backscattered
signal. The backscattering process of the wave is called Thomson scattering.
When an electromagnetic wave passes an electron the electron starts oscil-
lating with the frequency of the wave and radiates a small portion of the
absorbed energy at the same frequency. The same happens to the ions, but
due to their high mass the energy radiated by the ions is negligible compared
to the energy radiated by the electrons. The technique of incoherent scatter
radars was developed in the 1960s and is very powerful to measure important
plasma properties of the ionosphere and several observatories exist, e.g., Mill-
stone Hill, Arecibo, Jicamarca and of course the EISCAT radars.

More detailed Information about the radar program used will follow in chap-
ter 4.
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2.3 ASK

ASK (auroral structure and kinetics) is an instrument developed by the Alfvén
Laboratory at KTH and a group at the university of Southampton. It is a
multi-spectral imager containing three EMCCD cameras providing high tem-
poral and spatial resolutions. In Figure 2.1 an image taken with the ASK1
camera is shown. Each of the cameras is equipped with a narrow field of
view lens with 3 x 3° FOV and interference filters. The interference filters
pick up the wanted auroral emission line, the filters are listed in Table 2.1.
Since different emissions have different life times (time between excitation and
emission) the flow of the plasma can be monitored giving the name of the in-
strument. The three different imagers can also be used to monitor auroral
emissions corresponding to different energies of the precipitating electrons. A
description of the ASK instrument is given in the paper by Dahlgren et al.
[2008].

Table 2.1: Used Filters for the three imagers of the ASK instrument during
the October 2006 campaign showing the central wavelength, the full width at
half maximum and the target emission.

Acent/ A ‘ FWHM / A ‘ emission
ASK1 6730 140 N21PG; high energy
ASK2 7319 10 O™; long-lived
ASK3 7774 15 O; low energy
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Figure 2.1: Image taken with the ASK1 imager during an auroral event at
18:12:33 on October 20 2006. The circle corresponds to the radar beam and
the line indicates the north-south direction where north is at the bottom (east
is to the right). The center of the circle in the image above is also the direction
of magnetic zenith.
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Physics

3.1 Basic equations

The basic properties of a plasma can be described by three fundamental pa-
rameters which are given below. These parameters are determined by the
density of the plasma species ng, their temperature 7T, and the magnetic field
B.

A charged particle with a velocity component perpendicular to B spirals
around the magnetic field due to the Lorentz force. The so called cyclotron

frequency is given by
qsB
Wes = ) 3.1
: 3.

where the index s stands for the species, ¢ is the charge of the particle and
m the particles mass. The second parameter is also a frequency and is called
plasma frequency. It is an important timescale of the plasma and gives the
frequency of, e.g., the electrons with which they oscillate around the positive
charges if they would be displaced and then released. The plasma frequency

1S

2
W2, = el (3.2)

bs €M

is independent of the magnetic field B, ¢ is the dielectric constant and n, the
number density of the species s. The third parameter is called Debye length
and is the characteristic length scale of the plasma. If we assume a positive
charge put into the plasma the negative particles, i.e., the electrons would
be attracted by this charge and shield the electric field of the positive space
charge. The according length scale of the shielded electric field is the Debye

length and is defined by
eokdy

2} = (3.3)

TL062
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where k is the Boltzmann constant, e the electron charge, ny the electron
density and T, the electron temperature.

3.2 Electromagnetic Waves in the Ionosphere

The basic equations describing the coupling between the electric and magnetic
field are Maxwell’s equations. In order to analyze waves in plasma one has
to couple the equation of motion for the particles in the plasma to Maxwell’s
equations. Maxwell’s equations are

OE
v xB = ,qu—keoyoa (3.4)
0B
v-E = Z‘j (3.6)
v-B = 0. (3.7)

To model ionospheric conditions we assume a plasma with an external mag-
netic field. To simplify the equations we also assume the plasma to be cold
which means there is no thermal motion. A commonly used procedure to de-
rive the dispersion relation is to linearize the set of equations and transform
them to Fourier space. The book by Gurnett and Bhattacharjee [2005] follows
this approach, we will follow their chapter 4.4.

The force acting on the particles is the Lorentz force and in the case of waves
in a uniform magnetized plasma the magnetic field is B = Bg + By, where
By is the background magnetic field and B; the wave field. The linearized
particle equation of motion then reads as:

Ovg
"ot

where my is the particle mass and e, the particle charge. The index s stands
for the species, the index 0 for zero-order property and the term vg; X By has
been dropped due to linearization. For further simplification and without loss
of generality we choose the magnetic field to be in z-direction. At this point
we also transform the above equation to Fourier space and eqn. (3.8) in vector
notation becomes:

= e;|E + vs x By, (3.8)

Eac + ﬁsyBO])

— WMl = €]
—iwmgls, = es[Ey, + U5 By,

—lwmsls, = esE,. (3.9)
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The ~ symbol above variables signifies that these are in Fourier space. With
the above equation the current which is defined by J = ¥, nyesv can be
computed and further the conductivity tensor o defined by J = o - E. The
conductivity tensor is then given by:

—iw Wes O
nsoez wgsfwz wzsf""ﬂ
_ —w —iw
o=> e, o () (3.10)
s mS cSs cSs vi
0 0 .

w

The dielectric tensor which couples the electric field to the displacement cur-
rent is given by K =1 — Tors and has the form:

S —iD 0
K=|iD S 0], (3.11)
0 0O P
where )
w w2 w
g=1— P D= __TPsTE 3.12
Lioa VTl (312
and )
w S
P=1- pr (3.13)

S
In order to compute the dispersion relation we have to go back and take a look
at Maxwell’s equations. We can use Faraday’s and Ampere’s law to eliminate
either E or B. In Fourier space the equations are:

ik x kE = —(—iw)B
) ~ w ~
ikxB = -ZK-E. (3.14)

Choosing to eliminate the magnetic field B we obtain a homogeneous equation
for the electric field E:

~ 2 ~
kx(kxE)Jr‘C‘iQK-E:o. (3.15)

The definition of the refractive index is n = ck/w which we can use to simplify
the equation above to:
nx(nxE)+K-E=0. (3.16)

We choose the coordinate system such that k and therefore also n lie in the
x-z plane, remember By is along the z axis. The angle between By and n is
and we can write the refractive index n:

n = (nsiné,0,ncosf). (3.17)
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Combined with the results from above for S, D and P we get the matrix
equation:

S —mn?cos’ —iD n?sinfcosd ij
iD S —n? 0 E,| =0 (3.18)
n?sin @ cos 6 0 P —n?sin?6| | E,

Non-trivial solutions to this equation can be found by computing the deter-
minant of the matrix and setting it to zero which can be written as:

P(n?>—R)(n*—1L)

2 — —
0=~ (SuE “RL) (n — P)

(3.19)

We will discuss in the following the case of waves traveling parallel to the
magnetic field (f = 0) and the case of transverse traveling waves (6 = 7/2).
Since the waves produced by the heater are traveling parallel to the magnetic
field - in the beginning - we will start with this case.

Propagation parallel to the magnetic field

For waves parallel to the magnetic field we set § = 0 and the matrix equa-
tion (3.18) simplifies to:

S—n?* —iD 0] ][E,
iD S—n? 0| |B,|=0. (3.20)

0 0 P||E

The three non-trivial solutions are:

P= 0, E=(0,0,E) (3.21)
n*= R, E=(Ey,iE,0) (3.22)
n*= L, E=(Ey—iEy,0), (3.23)
where
< dL=1 i 3.24
R=1-Y —2 =1-> —> .
zs: w(w + wes) al ZS: w(w — wes) (3.24)

The first solution with P = 0 is associated with electrostatic oscillation with
the frequency w, since the v x B force vanishes.

The second and the third root with n? = R and n? = L are transverse waves
since the electric field is perpendicular to the wave vector k. Also note the sim-
ilarity to the dispersion relationship of warm plasma (see eqn. (3.27)) which
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is discussed in section 3.3. With the use of Gauss’s law it can be shown that
there are no charge fluctuations associated with this waves and with Farra-
day’s law it is easily shown that this waves are electromagnetic waves since the
wave magnetic field is non-zero. The only difference between these two modes
is that one is a right hand polarized wave and the other a left hand polarized
which makes a huge difference in terms of wave plasma interactions. Electrons
have a right-handed movement around the magnetic field while ions have a
left-handed rotation. Therefore L-mode waves close to w,; interact strongly
with the ions whereas R-mode waves with a frequency close to the electron
cyclotron frequency interact strongly with the electrons.

Those frequencies where the index of refraction is zero are called cut-off fre-
quencies. At frequencies above the cut-off frequency the index of refraction is
imaginary. In such regimes the wave is evanescent.

Propagation perpendicular to the magnetic
field

As described above the dispersion relation for electromagnetic waves traveling
parallel to the magnetic field has a cut-off which is close to the plasma fre-
quency. In the ionosphere the electron density changes with altitude. Hence
the heating wave can reach altitudes which are forbidden for waves traveling
parallel to the magnetic field. What happens is that due to the changing re-
fractive index with electron density the path of the wave is bent. Furthermore
the wave can be reflected and at the reflection altitude the wave is directed
perpendicular to the geomagnetic field.

Propagation perpendicular to the magnetic field corresponds to the case that
0 = /2 and out of the dispersion relation and eqn. (3.18) we get two roots
with their corresponding eigenvectors:

n*= P, E=(0,0,FE) (3.25)
_ D
n= BL E— (ZSEO,EO,O) . (3.26)

In the first case the magnetic field has no effect since the particle motion is
parallel to the magnetic field and this mode is usually called ordinary (O)
mode. The second solution is a bit more complicated since the wave interacts
with the external magnetic field and this mode is therefore called extraordinary
(X) mode. The fact that a heating wave is being slowed down close the
reflection height and that the wave is linearly polarized in the case of an O-
mode wave leads to swelling of the wave. The wave electric field at the so called
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Figure 3.1: Figure taken from Gondarenko et al. [2003] (their Fig. 3) showing
the effect of swelling for parameters of the Tromsg E-region. Plotted are the
total electric field |F| and the three components.

Airy maxima close to reflection can exceed the wave field by several times
depending on the density gradient (Lundborg and Thide [1986], Shoucri et al.
[1984]). Therefore the O-mode wave is privileged to excite plasma instabilities.

Depending on the shape of the electron density and the peak density it can
also happen that parts of the heater wave tunnel through a thin density barrier
or convert to an other mode and continue traveling upwards. An example for
the study of so called mode conversion is the paper by Gondarenko et al. [2003]
in which an example of mode conversion for parabolic density profiles above
Tromsg is given. For this processes the angle of incidence of the wave on the
ionosphere is of importance.

Ray paths

The half power beamwidth of the Tromsg heater is about 14° which leads
to significantly different ray paths. Figure 3.2 [Leyser and Nordblad, 2009]
summarizes important ray paths. The solid horizontal line marks the altitude
where w = w,, which is also called critical height. As a dashed line the upper
hybrid height is shown. Three different types of ray-paths for an O-mode wave
are seen. Bent paths to the right correspond to waves which are reflected at
or close to the critical height. At the reflection altitude the k-vector of the
wave is perpendicular to the magnetic field. The path in the middle shows an
O-mode wave which converts to a X-mode wave which is called Z-mode in this
context. The angles of incidence for the two paths to the right were chosen to
be higher than the critical angle and end up in a so called Spitze region.

The ray paths in the Figure shown were calculated for a plane stratified density
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profile. For a density profile containing irregularities, as it does during aurorae,
the conversion from O-mode to Z-mode is not limited to one region. In such
a case the conversion can happen also in the field-aligned direction.
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— 218 52 N
E :
5
= 216~ 5 =
N L ___}'_--- _—— -_X._- o
214f 4.8 u—
212} 46
210t 43
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Figure 3.2: Different ray-paths from Leyser and Nordblad [2009]. The solid
black line shows the critical height.

3.3 Electrostatic waves

In a plasma there are always waves present, e.g., thermally excited waves. In
incoherent scatter radar experiments ion acoustic waves play a significant role.
By measuring the spectra of these waves important plasma properties can be
deduced such as the electron temperature. For this thesis we will limit this
section to ion acoustic waves and Langmuir waves.

In order to describe a plasma with a non zero temperature a statistical ap-
proach is needed which is called kinetic theory.

Ion acoustic waves: To derive the dispersion relation for ion acoustic waves
we will follow the approach of Gurnett and Bhattacharjee [2005] in their sec-
tion 5. Out of a set of equations called the momentum equations and the
adiabatic equation of state for a plasma the dispersion relation for ion and
electron pressure waves can be derived. The roots of the dispersion relation
can be separated into a transverse electromagnetic part and a longitudinal
electrostatic part. The longitudinal part is:

w2

s
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where C is the acoustic speed and v, the adiabatic constant of the species s.
Since the sum is over all species s one root exists for each species of the plasma.
The root associated with electrons is called Langmuir mode and the one for
ions the ion acoustic mode. Also compare eqn. (3.27) to the solutions found for
electron oszillations in cold plasmas (eqn. 3.24 in section 3.2). We derive the
dispersion relation for the ion acoustic mode with a significant simplification
and assume that the ion temperature is small, i.e., C; = 0:

- e ), (3.28)

Furthermore we assume that the phase velocity will be less than the electron
thermal velocity w? < 7.C?k? and get:

1 Y kT,
2 evte 2
w” = k 3.29

1 76)\2D6k2 < m; > ’ ( )

which is plotted in Figure 3.3(a). For long wavelengths i.e. kAp. < 1 (in the
case of the E-region and EISCAT UHF radar: k = 30 m~! and A\p, = 0.004 m
follows kAp. = 0.12) we can simplify the above equation to:

e Te
w = k| e (3.30)

m;

In this approach we assumed the ion temperature to be much smaller than
the electron temperature. To account for non zero ion temperatures the equal
sign in the above equation has to be replaced by a proportional sign.

With the so called Landau approach it can be shown that the damping of ion
acoustic waves is proportional to the square-root of T;/T,.

Langmuir waves: For completeness and due to the reason that Langmuir
waves are important for the Parametric Decay Instability (see section 3.4) the
dispersion relation will be given here. Starting from eqn. (3.27) we note that
the mobility of the electrons is much higher than the mobility of the ions.
Therefore we simplify eqn. (3.27) to:

w?

- —— =0 3.31
w? — 7. C2k? (3:31)
Rewritting the equation in terms of w and using the relation wpcApe = Ce
leads to:
w? = wl, (1 + ”ye)\%ekQ) : (3.32)
which is the dispersion relationship of the Langmuir mode and is plotted in
Figure 3.3(b).



3.3. ELECTROSTATIC WAVES 17

lon acoustic dispersion Langmuir dispersion
150 ‘ : ‘ 150 : ‘
(0}
pi
100} 100b
N N
z =
s 3
50t 50!
w
Va,
-Boo 2500 0 500 1000 -1000 2500 0 500 1000
k/m™ k/m™

Figure 3.3: Dispersion relationship for the ion acoustic mode (a) and the
Langmuir mode shown in (b). Also shown in (b) bis the short wavelength

approximation w ~ l{u/%. Both dispersion relations are plotted for values
of the Tromsg E-region.

Incoherent Scatter Radar

A brief introduction to this technique will be given here. A short and powerful
pulse of an electromagnetic wave (~ 108 Hz) is sent towards the ionosphere
where the wave is incident on the species therein. Most of the wave energy
will pass the ionosphere however a small part will be scattered by a process
which is called Thomson-scattering. Thomson-scattering describes the pro-
cess of a wave incident on a charged particle. Due to the electromagnetic field
the charged particle will start oscillating with the frequency of the wave. The
oscillating charged particles will then radiate an electromagnetic wave which
can be measured back on earth. Since ions are much heavier than electrons
Thomson-scattering is more efficient for electrons.

The signal of the backscattered power includes information about plasma prop-
erties and is described in the following. The strength of the signal contains
information about the number of electrons in the backscattering volume.
Electrons and ions usually have thermal distribution of their velocities and
therefore each particle adds a different Doppler-shift to the backscattered sig-
nal leading to spectra of the backscattered signal which contain the ion tem-
perature. Also waves in the ionosphere such as an ion-acoustic wave ad a
Doppler-shift leading to spectra. Since thermally excited ion acoustic waves
always exist with up- and downward direction the resulting spectra are sym-
metric and called double hump spectra. An example of such a spectrum is
shown in Figure 3.4. The same way as ion acoustic waves are detected by in-
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coherent scatter radars also Langmuir waves can be detected. The frequency
of Langmuir waves in the ionosphere is typically much higher than the one of
ion acoustic wave which in the order of kHz. In order to receive Langmuir
waves and ion acoustic waves the incoherent scatter radar has to be operated
in a special mode which was not done during the experiment studied in this
report.

rig spectra dump level2006 10 20 17 34 4.003648

:

Figure 3.4: Typical observed spectra with the incoherent scatter technic.
Shown are the spectra between 110 and 130 km altitude with amplitude (or-
dinata) vs. frequency (abscissa) averaged over one dump.

3.4 Plasma Instability

It has been already stated that a powerful HF wave incident on the ionosphere
beside heating can also trigger plasma instabilities. One possibility of such
an instability is the Parametric Decay Instability (PDI). A brief introduction
into the important Parametric Decay Instability is given in the following.

Parametric Decay Instability

An electromagnetic wave incident on the ionospheric plasma can decay into
other waves. For example a heater wave can decay into an ion acoustic wave
and a Langmuir wave which is the case of PDI. This section follows the treat-
ment of PDI in the paper "Introduction to ionospheric heating experiments at
Tromsg - 11" by Kohl et al. [1993].

We assume an electromagnetic wave incident on the ionosphere. This wave
is in our case the pump wave or heater wave (wg, ko) at which frequency
the electrons will oscillate, the velocity of the oscillation is given by v(z,t) ~
Eq - cos (wot — koz). The density profile of the ionospheric plasma usually is
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not completely smooth and perturbations in the electron density are always
present. We assume these perturbations to be thermally excited perturbations
which we describe as ion acoustic waves and are present in the ionosphere as
seen, e.g., with the incoherent radar technique in the typical double hump
spectra, see section 3.3. The background density N is superimposed by this
density perturbations n(z,t) = ng - cos (waot — koz). The current induced by
the pump wave is then given by:

j=(N+n)ev~ (N +n)e- Eycos (wot — koz)
=eN Ej cos (wot — koz) + na (Ey/2) - {cos [(wg — wa) t — (ko — k2) 2]
+cos [(wo + wa) t — (ko + k2) 2]} (3.33)

As seen in eqn.(3.33) beside the term with the original frequency wy there is
one wave with a higher and one with a lower frequency:

w1 = wo — wa, k1 = ko — ko
ws = Wo + wa, k’g = k’o + kz. (334)

The wavelength of the heater wave is of the order of hundred meters which is
compared to the other considered waves much longer. Therefore we assume
ko =~ 0. Due to the currents associated with the two waves two electric fields
E, and Ej3 are present which cause the electrons to oscillate with the frequency
and wave number of (w1, —ks) and (w3, ko). These waves are Langmuir waves,
see section 3.3. One can see that these two waves are directed opposite to
each other. We started assuming an ion acoustic wave with positive k-vector
in z-direction since there are always up- and downward directed ion acoustic
waves present there are also always resulting waves in both directions.

The Langmuir waves themselves couple to the pump wave and introduce
a force on electrons which leads to density perturbations with the same fre-
quency and wavevector as the originally assumed ion-acoustic waves [Kuo,
2003]. For this we note that in the hydrodynamic equation of motion for the
electrons a nonlinear term appears
X dv + pv@ = —Ne[Ey cos(wot) + Ey cos(wit — k12)], (3.35)
ot 0z
where v = v(z, t) is the average electron velocity of the electrons in the volume
element at altitude z and time t. We can calculate a first order velocity
neglecting the nonlinear term pv%:

v = ——— [y sin(wot) + By sin(wnt — ki 2)]. (3.36)
mwo
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Where wy ~ w; was used for simplicity. With this result we can estimate
the nonlinear term in eqn.(3.35) and put the first order estimation v; into
eqn.(3.35):
8111 €2k1
v— = ———— [Fo E} sin (wot) cos (wit — k1 2)
0z m?wj (3.37)

+Ef sin (wlt — ]{512) COS (wlt — k‘lz)} .
Rearranging the terms using trigonometric identities leads to:

ov k 62 )
Ulaizl = —m {E()El S11 [(WO — w1> t+ klz]

+E7sin [(wy —wi)t+ (ki — k1)) z]} + other terms.

(3.38)

The other terms are high frequency terms in which we are not interested. The
equation of motion for the electrons then reads as:

pg: = —Ne[Ej cos (wot) + Ej cos (w1t — k1 2)]
be? [ ( o (3.39)
+Pp—— EOE1 sin (wot — kQZ + E7|.
2m2wd !

The second term on the right hand side appears to be of the frequency wy which
is the same frequency as the initial ion acoustic wave. The force represented by
this term is called ponderomotive force. It also contains a term of frequency 0.
This term is associated with the so called purely growing mode or oscillating
two stream instability (OTSI).

In order to trigger the instability the heater electric field has to be above
the threshold field Ey,,. since the amount of energy feed into the instability
has to be higher than the losses due to damping. Fejer [1979] and others
showed, that the three waves w;, wy and w3 may form a positive feedback
circuit and the wave amplitudes grow exponentially if the pump wave field is
above Ejp,,.. The conditions for the growth can be formulated as: If the electric
field of the Langmuir wave overcomes the threshold for the instability it can
itself act as a pump wave. This cascade is limited by the fact that the pump
power is limited and energy is dissipated, we will come back to this in the
next paragraph. Another factor of limiting the growth of the wave amplitudes
is that the dispersion relations for the ion acoustic and the Langmuir waves
- derived in section 3.3 - have to be fulfilled approximately:

wi = w) (1 + 3k%)\3) (3.40)

Te e
Wy = ky TZ'“. (3.41)
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Therefore the daughter waves with the frequency w; and ws can not satisfy
the dispersion relation both [Kuo, 2003]. In Figure 3.5(b) the resulting fre-
quency lines are shown with indication of the amplitudes and in Figure 3.5(a)
the conditions for PDI are illustrated showing the dispersion relation of the
different waves and the matching condition, these Figures are taken from Kohl
et al. 1993.

,

(l)ﬂ Ll)[] (I)3

(b)

Figure 3.5: Figures after Kohl et al. [1993]. (a) shows the graphical solution
of the PDI. The red line shows the ion-acoustic dispersion relation and the
two blue lines the dispersion relation for the Langmuir mode for two different
plasma frequencies. The black vectors show a graphical solution of the PDI.
Dotted vectors correspond to a second decay. (b) summarizes the resulting
frequency lines with the height indicating the amplitude of the resulting waves.

Threshold, Growth Rate

Different mathematical solutions have been presented describing parts of the
observed turbulence characteristics. Some of the mathematical models are
based on the so called Zakharov equations others on the fluid equation. These
models lead to different predictions and not all describe the observed features
with the same precision. Two important models are the Strong Langmuir
turbulence (SLT) and the weak Langmuir turbulence (WLT) which are dis-
cussed in the paper by [Dubois et al., 1993]. A complete review of available
models is not known by the author. Beside different mathematical concepts
the difference between SLT and WLT is the limiting factor for the decay of
the generated Langmuir waves. In the case of WLT the generated Langmuir
waves "do not grow to sufficient field strengths to excite further waves' [Stubbe
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et al., 1992] and in the case of SLT the generated and decayed Langmuir waves
'have reached a frequency so close to w), that a decay to still lower frequencies
becomes energetically impossible" [Stubbe et al., 1992].

Cascade, Matching height and OTSI

As described above the triggered Langmuir waves can reach field strengths
above the threshold field. Therefore the Langmuir wave with the frequency
wy can trigger a second (cascade) wave with the frequency w; — 2w,. This
cascade process is also shown in Figure 3.5 indicated by the dashed lines.

In order to detect waves with a wave vector k.., With the incoherent scatter
radar the following equation has to be fulfilled:

kwave - riadar- (342)

The altitude where this equation is fulfilled is called matching height and is
the altitude at which Langmuir waves will be detected. For the EISCAT UHF
system this altitude is usually several kilometers below the reflection altitude.
In the derivation of the equation of motion for the electrons above a term
associated with the OTSI appeared. The OTSI is a special case of the PDI
where the frequency of the Langmuir mode is the heater frequency and the
counterpart is a stationary density perturbation. According to Dubois et al.
[1993] this instability is preferably triggered close to the reflection altitude.



Chapter 4

Experiment and Data Overview

Heating experiments have been done the last four decades and during this
time many different experiments leading to a better understanding of plasma
physics and ionospheric processes have been conducted. Reviews of heating
experiments are given by Leyser and Wong [2009] and Kohl et al. [1993].
Although heating experiments have a long history not many experiments in
the E-region and especially not during auroral conditions have been made.
The underlying experiment was carried out at the EISCAT Tromsg site. In
chapter 2 the instruments at the EISCAT site were introduced. For the heating
experiment the heating facility was operated at 4.04 M H z which is the lowest
possible frequency to operate. More details on heating mode and on/off times
is given below.

4.1 Radar Data and Software

Beside own designed radar experiments also a set of radar programs which are
ready for use exist. For the underlying data set the arcl program was used.
This is a radar experiment using alternating codes for a higher range resolu-
tion. The decoded data consists of dumps of length 4 s with each containing
9 slices. One slice contains raw data for altitudes between 96 km and 422 km.
Altitude resolution of the raw data is 0.9 km and the time resolution is 0.44 s.
To process the raw data common programs exist like guisdap [Lehtinen et al.,
1996] and RTG, where RTG is a program to monitor a radar experiment.
Guisdap can be used to analyze raw data and obtain important plasma prop-
erties as electron density, electron temperature, ion velocity and the ratio of
electron and ion temperature. In order to get useful estimates of this proper-
ties usually time and altitude integration of the raw data is necessary. For the
arcl radar program useful time integration is one dump (4 s) minimum and
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altitude integration which is dependent on the altitude. For E-region data no
altitude integration is needed whereas in the F-region altitude integration over
several altitude bins (~ 10 km) is useful due to the reduced signal strength
from higher altitudes. All these processing parameters can be set using the
guisdap software package.

For ion line spectra the RTG package was used to process these and save
the spectra in binary files which then could be read for further analysis by
other software packages already existing in IDL and software which had to be
developed.

4.2 Optical Data and Software

For the ASK data a software package developed by the University of Southamp-
ton and Alfvén Laboratory exists. This software package contains simple view-
ing scripts up to specialized routines. The software package is written in IDL
and some of the scripts were modified to analyze this data set.

In the following also figures showing the intensity of the three imagers are
used. These figures have been produced with an existing script integrating
the intensity over the radar field of view, i.e., a circle of 1°. The intensities
are then shown in line plots with the intensity vs. time.

4.3 Overview of Data

In Figure 4.1 an overview of the radar data is shown where the lower panel is
the returned power and the upper panel the electron density. In the bottom
of this Figure colored inlays are shown which show heater on times, red corre-
sponds to O-mode heating and blue to X-mode heating. In the beginning of
the experiment (16:40 - 17:40) the heater was operated in a continuos mode
i.e. the heater was on during the 2 min cycle time. At 17:40 the operating
mode was changed from continuous to 2 min cycles of 10 Hz modulated (on -
off) heating of the ionosphere.

As stated above the experiment site is located close to the statistical auroral
oval. On the day of the experiment the ionospheric conditions are disturbed
and during the experiment auroral arcs passed the ionosphere above the ex-
periment site. Especially during 18:10 and 18:30 strong activity can be seen
in the radar data, see Figure 4.1. Later on the activity is getting weaker and
the ionosphere more stable. In the end of the data set a sporadic E-layer
crosses the radar beam (19:54 - 19:58). Besides this also a change in the back-
ground ionosphere goes on. From the beginning of the experiment until about
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Figure 4.1: Overview plot of the radar data showing power profiles in the
bottom panel and electron density in the upper panel. The colored bars indi-
cate heater on where red corresponds to O-mode heating and blue to X-mode
heating.
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17:30 the ionosphere contains a E-layer which peak density decreases during
this time and disappears completely later on due to sunset at 16:41(at sea
level)[TimeandDateAS, 2010].

In some of the heating cycles a rise in the electron heating is observed. This
phenomenon is well understood and has been of scientific interest many years.
A general review of the interaction experiments of powerful HF-waves with
ionospheric plasma is given by Leyser and Wong [2009].

For this thesis I will concentrate on heating cycles with enhanced response
from narrow altitude layers seen in the radar, e.g., during the heating cy-
cle 17:44-17:46. Below a list of such enhanced responses is given to get an
overview of available data and ionospheric and auroral conditions. Some of
the details given below are not obvious or can not be seen in the overview
Figure and more analysis was done for this descriptional overview. However it
is not possible to show all Figures here. Also the spectral characteristics are
not shown for all events. Nevertheless a brief description of the ion line spec-
tra will be given. For making the description easier the spectra are described
either as three ion lines (TIL) where the three lines represent the two ion lines
and a central line or as not resolved (NR). The name “not resolved” might not
be the correct interpretation of the spectra but is however useful. An example
for TIL and NR is shown in Figure 4.2. As stated before, no plasma line data
have been recorded.

The description of auroral activities seen with the ASK instrument is valid for
all three cameras unless stated explicitly.

In the listing of enhanced responses below only heating cycles with O-mode
heating are mentioned, this is because only for O-mode waves the swelling of
the heater wave (see section 3.2 in chapter 3) occurs. The swelling increases the
electric field strength of the heater wave close to the reflection altitude and
therefore exceeds the threshold for instabilities more easily. Those O-mode
heating cycles with no enhancements are listed to give a better overview of
physical conditions.

Heating in 2 min cycles and mode inversion every 4 min.

e O1 16:52-16:54
Radar: During the first seconds of heating a plasma instability is trig-
gered close to the critical density for the heating wave and is seen as
enhanced power in the power profile. The density in the E-layer de-
creases and the heater wave propagates higher up and / or is absorbed.
Approximately 30 s later at 16:52:29 the density in the E-layer gets close
to critical again and once more plasma instabilities are triggered, the IL
spectrum is of the TIL type. Some seconds later the altitude of insta-
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Figure 4.2: Computed ion line spectra of the two typical spectra. On the
abscissa the frequency is plotted and on the ordinate the strength for different
altitude bins is shown i.e. each line corresponds to one altitude given by the
ordinate. The spectra for each altitude bin are normalized to the same value.
In the upper layer with enhancement a typical NR spectra is seen with a strong
central (w = 0) feature and small not resolved shoulders. The lower layer at
about 118 km altitude shows a TIL spectra. Clearly three spectral lines are
resolved with a central line and two lines at about 4+5 kHz corresponding to
the UIL and the DIL.

bility decreases slowly and a second layer of enhanced returned power
is seen about 5 km above with NR spectral characteristics. After some
seconds of coexistence the lower turbulent layer disappears and some
seconds later also the upper layer vanishes. Despite density being close
to critical or even overdense no further turbulence is observed. Below
the E-region peak as seen in Figure 5.1(a) an increase in electron tem-
perature is observed during the heating cycle.

The two distinct layers of turbulence are discussed in more detail in the
section 5.1.

Optics: About five minutes before the heating cycle (17:45-17:49) fast
changing aurora is seen with the ASK instrument. The aurora also shows
small structures with scale sizes of the radar beam width. During the
heating cycle the aurora is diffuse and except for a less intense bar pass-
ing 18 s after heater turn on no structures are observed. Irregularities
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and structures are passing from north-east to south-west. A plot of the
auroral intensity across the radar beam is given in section 5.1 for all
three imagers.

02 17:00-17:02

This heating cycle begins with plasma instability at about 120 km which
also corresponds to an altitude with electron density close to critical. At
this altitude the instability is seen over about 20 s and 10 s after heating
begin even a second layer of turbulence is seen at about 6 km below the
first turbulent layer. Again the upper layer is characterized by the NR
spectra and the lower layer of turbulence by TIL. First the upper layer
disappears about 20 s and the lower layer at 25 s after heater on. Later
on short enhancements in returned power are seen at the altitudes of
the two layers before. Compared to cycle O1 the electron temperature
below 120 km increases even more during this cycle.

This heating cycle will be analyzed in more detail in section 5.2.

Optics: During this heating cycle a diffuse arc is passing the radar beam
between 17:00:38 and 17:00:42 in the north-east to south-west direction
as seen with all three imagers. The data also reveal weak an arc passing
at 17:01:01 more clear to see in ASK2 and ASK3. Later on at 17:01:17
a diffuse boarder crosses - in the same direction - with stronger aurora
afterwards. A plot of the auroral intensty across the radar beam is given
in section 5.1.

03 17:08-17:10

Only a short enhancement of returned radar power is observed 80 s after
heater on afterwards the E-layer electron density is just below critical.
The electron density is slightly above 101! m~3 between altitudes from
110 to 250 km increasing slowly. Therefore the heater beam might be
bent slowly, reflected and absorbed.

Optics: In the ASK image data no structures or enhancements are seen
in area of the radar beam. From 17:09:50 on a very weak arc is close to
the southern boarder of the radar beam till the end of the heating cycle.

04 17:16-17:18

The electron density in the E-region is below critical and no enhance-
ments are observed. At the end of the heating cycle at about 17:17:30
an auroral arc enters the radar beam until about 17:18:30 which is seen
in the radar data (Fig. 4.1) and in ASK optical data (not shown here).

Optics: A very intense auroral arc is crossing the field of view of the
ASK instrument during this heating cycle. The intense center of the
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arc is crossing the radar beam between 17:17:45 and 17:17:55 and has
width of about 1.5 x beamwidth. This arc corresponds to the increase
in electron density as seen in the radar.

e O517:24-17:26

Before this heating cycle at about 17:22 weak electron precipitation
above 160 km starts with changing intensity and altitude. During heat-
ing the altitude in the E-region with electron densities close to critical is
at 150 km. In the power spectra it can be seen that two different altitude
regimes exist where enhanced power is observed. The time development
of these two layers are kind of alternating due to close to critical electron
density in the lower E-region. The first enhancements which are strong
enough for good spectral data analysis are 15 s and 30 s after heater
turn on for E-region and F-region. Both of these events are more of the
NR type with strong central features. The other events at 50 s and 90 s
are of the TIL type with three distinct spectral lines.

Optics: Prior to the heating cycle starting at about 17:23:55 auroral
activity is seen in the northern edge of the ASK field of view. In the
beginning a precursor reaches the radar beam the main part of the active
region at 17:24:15. At 17:24:40 a less intense area is crossing the radar
beam followed by aurora with water wavelike structures till the end of
the heating cycle. The direction of the structures passing is from east
to west.

o« O6 17:32-17:34

The auroral event from the above heating cycle is still going on. In
the first half of the heating cycle electron precipitation is rather weak
and the E-region electron density is well below critical. At heater turn
on a very short event (< 1 s) is observed in the F-region at 190 km.
The enhancement is spread over approximately 5 km in altitude and the
lower part is of TIL type where as the upper part is of the NR type.
After about 1 min at 17:33 electron precipitation increases again leading
to a overdense E-region and in consequence 10 s of intense turbulence
are observed with enhancements in returned power just above noise the
following 20 s. Spectra are of the NR type.

Optics: Prior to the heating cycle measured auroral activities are rather
low with an increase at 17:32:48 where an active region is fading into the
beam. Around 17:33:45 north and partially in the radar beam structures
move westward and at the southern border of the beam structures move
eastward with low intensities inbetween.
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Change in heating mode from 2 min cycles to 2 min 10 Hz modulated cycles

o O7 17:44-17:46 As stated above during the following heating cycles the
heater is operated in a 10 Hz modulated mode.
This cycle is characterized by a layer of enhanced returned power during
almost the whole 2 min of heating. The electron density in the E-
region is above or close to critical leading to heater induced instability
at ~ 120 km. Because of high backscatter power and the use of a phase
coded radar program no further analysis of the radar data can be done
during times with turbulence i.e. electron density and temperature are
only available before, after and for a few seconds of this heating cycle.
In the available electron temperature data no electron heating below
reflection is seen. The spectral characteristic is changing and in the first
part until the short interruption at about 25 sec is more of the NR type
and afterwards of the TIL type. At times when the layer lies within two
altitude bins the lower part has a less intense central line compared to
the upper part of the layer. Further analysis of this cycle is given in
section 5.3.

Optics: Irregularities in intensity are seen previous to the heating cycle
and in the first 5 s. The rest of the cycle is characterized by wavy
structures passing from east to west. In section 5 Figure 5.11(b) shows
the observed intensities. The enhancements in auroral emissions in this
Figure correspond to structures in the active region passing the radar
beam.

e O8 17:52-17:54

As well as during heating cycle O7 the induced turbulence is rather con-
stant during this cycle. Starting with the onset of the heater at about
120 km altitude with slight altitude variations and close to the critical
density. In the second half of the cycle the E-region density decreases
with consecutive vanishing turbulence. During the first 40 s spectra show
a very strong central feature whereas the spectra later on also show re-
solved ion line peaks. At the end of the cycle single events of enhanced
power are recorded at the same altitude.

Optical data reveals rather constant auroral conditions with slightly de-
creasing intensity and small structures. This cycle will be represented
with more details in section 5.4.

Optics: ASK image data show low intensities with less intense bars in
east-west direction passing the field of view in north-south direction. In
section 5 Figure 5.16(b) shows the intensities observed with the three
cameras across the radar beam.
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o 09 18:00-18:02
During this cycle electron density is almost monotone increasing to al-
titudes of 250 km and higher and no clear over critical E-region peak
seen. Also auroral conditions are quiet. No enhancements are observed.

Optics: No activity.

e 010 18:08-18:10
Compared to the O-mode heating cycle described above the electron
density in the E-region increased again leading to heater induced tur-
bulence in the E-region. While in the above listed heating cycles the
returned power of the turbulent layers is above noise and clearly to see
in the power spectra the returned power during this cycle is sometimes
close to noise level and only seen with time integration.

Optics: After very low intensities in the beginning at 18:09:10 strong
activity - specially seen with ASK1 - is seen at the northern edge of the
image data. The activity increases and fades into the center of the ASK
field of view and the radar beam. The strongest activity is reached at
about 18:11 with the end of the event around 18:14. Structures during
this event move from west to east.

o O11 18:16-18:18

This heating cycle differs from the heating cycles before because it’s
the only cycle with rather continuos turbulence in the F-region. The
ionosphere is characterized by very low electron density in the E-region
- below 10! 1/m3 - and auroral electron population in the region above
160 km. Enhancements in the backscattered power are measured for
more than 1 min with more spreading in altitude than for the events
listed above and again rather weak enhancements. Due to the fact that
the electron temperature in the F-region is typically higher than in the
E-region the ion line frequencies are also higher - see equation (3.29). In
our case the ion line frequency for this altitude is about 10 kH z leading
to well resolved spectra with ion lines and a central line.

Optics: Low activity during this heating cycle.

« O12-23
From 18:30 to the end of the experiment at 20:00 the ionosphere got more
quiet with weak and less intense electron precipitation. Consecutive
the ionospheric electron density profile is more smooth and flat without
high gradients. During this time only a few and very short events of
turbulence (~ 1 s) are observed in the F-region.
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e 19:54 - 19:58 In the end of the heating experiment a sporadic E-layer
passed the region above the Experiment leading to enhanced radar echoes
during this time. Also the heater was operated from 19:56 till 19:58 in

X-mode.



Chapter 5

Parametric Decay Instability in
the auroral E-region

As described in the previous section during the heating experiment plasma
instabilities were triggered in the E-region as well as in the F-region. In this
section we will take a closer look on some of the events with enhanced returned
radar power from the E-region.

5.1 Heating cycle O1

This is the first O-mode heating cycle starting at 16:52 and ending at 16:54
after 2 min of continuous heating. Radar data of this heating cycle are shown
in Figure 5.1(a). Due to the use of a phase coded radar program the data
set during strong enhancements is not useful for further analysis e.g. electron
density. This can be seen in the power profile as noisy data at altitudes above
and below enhancements. Panels in Figure 5.1(a) with physical properties are
therefore without data during such times.

After ~ 1 s till ~ 6 s instability is triggered at 122 km with three orders of
magnitude higher power in the returned radar signal at the beginning of the
instability. The signal then decreases to the end of the event and returns to
normal power, see the top row of plots in Figure 5.2. The spectra of this
short event are of the NR type as described in section 5 and illustrated by
Figure 4.2.

From 16:52:29 on at the same altitude as before (122 km) a second ehance-
ment is observed until 16:52:54. The altitude of the layer is decreasing during
the first 10 s to an altitude of 118 km. Integrating the power of the enhanced
layer over altitude reveals again a quick rise (~ 1 s) of returned power by
three order of magnitudes and then decaying to the end. Unlike during the
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first enhancement the IL spectra show three distinct lines.
At 16:52:45 a third enhancement about 5 km above the previous enhancement
appears lasting till 16:53:07. Hence two layers of enhancement exist for 10 s
and will be referred to as upper and lower layer. Contrary to the lower layer
the upper layer spectra are of the NR type, see Figure 5.3.

The spectra discussed here were obtained using the rtg program to calcu-
late and save in binary files. In order to summarize the spectral details in a
more illustrative way the spectra of altitudes with enhancement were fitted
with three gaussian curves. Where the three parameters shown in Figure 5.2
are determined by:

(W) = — exp [~ (w — w0)?/(207). (5.1)
2o
Plotted are the amplitude A, the center frequency wy and v/2mo which is
proportional to the width. Blue indicates the lower layer, red was chosen for
the upper layer and for the event at the beginning of the heating cycle due to
the similarities in the IL spectra.

The amplitude of the lines compared to the center frequency gives the
impression that these two parameters are coupled to each other. Also the
width of the spectral lines is decreasing with decreasing amplitude which is
clearly seen for the lower (blue) layer. However the upper layer with in general
smaller amplitude reveals higher widths. Interesting to state is also that the
center frequency of the central ion line (CIL) which is usually at w = 0 drifts
to negative values (—0.5 kHz) at the end of the event. This could be due
to a movement of cavitations, however the spectral resolution is only about
1.3 kHz and the data set should not be over interpreted.

Out of Figure 5.2 it might be difficult to distinguish between the two different
layers but Figure 4.2 clearly shows the difference of the upper and lower layer.

Power profile: Because of no useful electron density data could be com-
puted while ongoing turbulence using standard programs such as guisdap a
different procedure was used. The power profiles were modified so that they
represent the electron density as best as possible. Therefore the averaged
power profiles were compared to averaged electron density data computed
with guisdap before and after the event of interest:

electrondensity = powerprofile - g(h), (5.2)

where g(h) is a weighting factor. In Figure 5.5 such modified power profiles
are shown where the blue solid line corresponds to the modified power profile
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and the blue dashed line to a polynomial fit of 5th order. Furthermore each
Figure shows a blue and red asterisk. The red asterisk corresponds to the
critical density and altitude according to the fitted curve whereas the blue
asterisk is placed at the altitude of the matching height, see section 3.4.

The plots shown in Figure 5.5 were chosen to represent the ability of the
procedure described above. It shows two plots at the bottom where the critical
density is close to or at the same altitude of one of the turbulent layers and the
matching height lies at the altitude of the lower turbulent layer which occurred
in many cases. However the two plots at the top show that this process was
not easy and that the layers not always coincided with the calculated altitudes.
The main problem is the same as for standard software to fail the use of a
coded radar program.

Electron density profile: In order to get a satisfactory density profile time
or altitude averaging has to be done. Since auroral processes were going on
during the experiment changing the density this averaging has to be done with
care. For this heating cycle the time of integration has been chosen to start
during the heating cycle right after the events of turbulence at 16:54:30. The
result is shown in Figure 5.4 and it shows two local peaks in the E-region at
115 km and 132 km altitude. As seen at higher altitudes these peaks might
not be the result of the electron profile but could be noise as seen also higher
up. However as mentioned earlier in section 4 data from low altitudes usually
have a better SNR since less reflected power is received from higher altitudes
with the radar.
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Figure 5.1: a) Radar data during heating cycle O1. The panels show lon
temperature, electron temperature, electron density and the power profile.
On the bottom of each panel a red bar indicates heater on. In the upper three
panels red polygons represent altitudes of enhanced backscattered power. b)
Observed intensities with the three ASK imagers integrated over the width of
the radar beam.
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Figure 5.3: Computed ion line spectra for heating cycle O1. The line plots
show amplitude vs. frequency (abszissa) at there corresponding altitude (or-
dinata). The amplitude is normalized to the highest value occurring in one
plot and the scale is noted at the ordinata. a) for the dump ending 16:62:36
and b) for the dump ending 16:53:00
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Figure 5.4: Average of electron density data (blue line) close to heating cycle
O1. Electron density data has been averaged between 16:53:00 and 16:54:30.
The two horizontal red lines indicate local peaks in the density profile at
115 km and 132 km altitude.
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Figure 5.5: Modified slice power profiles (see eqn. 5.2) during heating cycle
O1 showing enhancements of up to two orders of magnitude in the returned
power. The blue solid line corresponds to the modified power profile and
the dashed blue line to a 5th order polynomial fit. Figure 5.5(c) shows the
appearance of two layers of enhancements at the same time.
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5.2 Heating cycle O2

During heating cycle O2 continuous O-mode heating was done for 2 min as
before during heating cycle O1.

Approximately 5 s after heater on enhancement at 125 km altitude is observed
and lasts till 17:00:27. Just 3 s after the first layer appears a second layer of
enhancement ~ 5 km below and is detected till 17:00:31. Again the upper
layer of enhancement is characterized by spectra with a strong central line
and non-resolved ILs. The lower layer is characterized by spectra with two
well resolved ILs and a central line. During this time of enhancements and
also later on for a couple of seconds the decoded data is disturbed and no
useful data analysis could be done.

At the altitude of the lower layer enhancements continue till 17:00:52 with
interruptions in between. Also at the altitude of the upper layer enhancement
is seen from 17:00:57 till 17:01:03.

In the analyzed data it can be seen that the electron temperature rises after
about 17:00:40 below the E-region which can be interpreted as higher absorp-
tion in this region.

Not shown in Figure 5.6(a) is the altitude above 150 km where between
17:01:04 and 17:01:19 enhancement of the returned power is seen at approxi-
mately 190 km as described in section 5.

This heating cycle has more data points with both layers at the same time
due to longer time of coexistence and more data points within the predefined
maximum fitting error. The decay of the lines taken into account for the fits
is not as strong as in the case for heating cycle O1l. Also a change of the
parameters for the width and the center frequency with time is not noticeable
for this heating cycle. However in the plot for the center frequencies the
upper and lower layer are still to distinguish with an average center frequency
of about 4 kHz for the upper (red) and 5 kHz for the lower (blue) layer. The
parameter for the width of the lines is also different for the two layers. Still it
has to be taken into account that the amplitude for the lines of the two layers
is not the same. Two spectra of this heating cycle showing the upper and the
lower layer are shown in Figure 5.8.

Power profile: As described previously to overcome the problem of non-
available data for physical properties during strong enhancements the power
profile was modified to represent electron density. The result for this heating
cycle is shown in Figure 5.10. The first plot shows the first layer above 120 km
continued by the second layer below 120 km. And in the last plot just the lower
layer remains. During this heating cycle the approximated critical density
coincides well with the top layer. Also the lower layer with the matching
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Figure 5.6: same as Figure 5.1 for heating cycle O2.

height which will be discussed in section 6.

Electron density profile: Compared to the electron density profile shown
for heating cycle O1 (Fig. 5.4) a longer integration period could be used for
this profile leading to a better SNR. Electron density data between 17:02 and
17:08 has been averaged to obtain the profile shown in Figure 5.9. This was
possible due to a rather stable density distribution in the E-region, also seen
in Figure 4.1. Again the profile has two peaks in the E-region this time at
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Figure 5.7: Same as Figure 5.2 for the second O-mode heating cycle.
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Figure 5.8: Plots showing spectra for heating cycle O2 the same way as
Fig. 5.3. a) for the dump ending 17:0:16 and b) for the dump ending 17:0:30.
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Figure 5.9: Same as Figure 5.4 for the time after heating cycle O2 showing the
electron density profile averaged between 17:02 until 17:08. The two horizontal
red lines indicate local peaks in the density profile at 115 km and 132 km
altitude.
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Figure 5.10: Same as Figure 5.5 for heating cycle O2. Figures 5.10(a)
to 5.10(d) are placed in chronological order. In Figure 5.10(c) the upper
layer of enhancement appears. Later on (Fig. 5.10(b) and 5.10(c)) two layers
with enhancement are observed simultaneously. In the end of the event only
the lower layer is seen in the power profile.
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5.3 Heating cycle O7

As seen in Figure 5.16 this heating cycle is characterized by strong enhance-
ments in the returned power during almost the whole 2 min of heating. There-
fore no useful analysis leading to electron density and temperature is possible.
Compared to the heating cycles discussed above the heater was not operated
in a continuos mode. Instead the heater was operated with 10 Hz on-off mod-
ulation. The resulting period of modulation is 0.1 Hz which is considerably
less than the time resolution of the decoded radar data. Hence no comments
regarding the characteristic of triggered instabilities on time scales of the mod-
ulation can be done.
The enhancement of the returned radar power is detected from the first dump
until approximately 17:45:55. At 17:44:20 the enhancement has a dip and
gets weaker for about 5 s. Compared to the other discussed events of en-
hancement this one is very steady also in terms of altitude variation. The
enhancement starts at 125 km and stays at this altitude with small variations
as seen in Figure 5.11(a). As stated above this event is characterized by strong
enhancement in the returned power making it impossible to get useful data
for the plasma properties. However in the analyzed data previous, afterwards
and during the dip in returned power at 17:44:20 no rise of the electron tem-
perature below reflection is observed. Also the electron temperature in the
E-region (=~ 500 K) is below observed values therein during the heating cycles
discussed above (= 900 K).
In Figure 5.11(b) - showing the observed auroral emissions - it is seen that
the three lines show similar behavior during this heating cycle. During the
beginning of O7 and at 17:45:25 the auroral activity across the radar beam
is rising for several seconds. A closer look at the image data which is not
shown here reveals that the aurora is wavy and soft but with structures. The
movement of irregularities and structures is from east to west.
Characteristics of the ion line spectra as shown in Figure 5.13 are summa-
rized in a separate Figure (Fig. 5.12) as before. Generally spoken the spectra
shape of the turbulent regions is of the TIL type showing two ILs and a central
line well resolved. The center frequency of the ILs are at around 4+4 kHz for
the first 30 s. Afterwards the center frequency rises to values above 4 kHz get-
ting lower again in the very end. The width of the three spectral lines during
the whole 2 minutes is just below 4 kHz. Comparing the amplitudes of the
lines shown in Figure 5.12 with the auroral intensities shown in Figure 5.11(b)
shows a correlation of these properties. This correlation is also valid for the
shape of the spectra in that case that the central line is more dominant during
times with higher optical intensities. However this is the only heating cycle
where a correlation has been found.



46 CHAPTER 5. PDI IN THE AURORAL E-REGION

lon temperature

150 -

altitude

100

1507

altitude

100

150 -

altilude

100

1507

altitude

100 s - ;
103.5 104 104.5 105 1055 106 106.5
time in minutes starting 2006 10 20 16.00

(a)

Figure 5.11: Same as Figure 5.1 for heating cycle O7.

Power profile: Shown in Figure 5.15 are power profiles during times of
rather low enhancement for this heating cycle. Compared to previously shown
power profiles the peaks of enhancement are rather wide showing even a small
dip in some of them as seen in Figure 5.15(b).

Electron density profile: To obtain the density profile it was chosen to
average electron density data between 17:47 and 17:49. The profile shown
in Figure 5.14 has only one clear peak in the E-region where the turbulent
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Figure 5.12: Spectral characteristics of enhancements during heating cycle
07, same as Figure 5.2. Although two separated layers are not observed the
automated analysis program categorized some of the data points as a separated

layer marked red.

events had been observed. The peak is again indicated by a red line at 125 km

altitude.
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Figure 5.13: Same as Fig. 5.3 for heating cycle O7. a) for the dump ending
17:45:4 and b) for 17:45:40.
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Figure 5.14: Same as Figure 5.4 for the time after heating cycle O7 showing
the electron density profile averaged between 17:47 until 17:49. The horizontal
red line indicates the local peak in the density profile at 125 km altitude.
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Figure 5.15: Same as Figure 5.5 for heating cycle O7. Because of the strong
enhancement during most times of the event the power profiles shown here has
been chosen to show times of enhancement with rather low "decoding noise".
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5.4 Heating cycle O8

For this heating cycle the same 10 Hz modulation as for heating cycle O7 was
used.
This heating cycle gives a more stable enhancement than O1 and O2. However
compared to the previous O-mode heating cycle the enhancement is shorter
and and also in terms of altitude variation not as stable, see Figure 5.12.
The enhancement starts with heater on at 125 km lasting till 17:53:05. For
about 12 s starting at 17:52:18 the peak of the enhancement is at an alti-
tude slightly above the previous peak and the enhancement afterwards. The
change in altitude is not a continuos change and in Figure 5.20(b) two peaks
of enhancement are seen at the same time. At 17 53:40 a short event of
enhancement is recorded at an altitude of 125 km.
In the region below and close to the enhancement analyzed radar data reveals
electron temperatures below 600 K.
Optical data for this heating cycle shows auroral emissions with the ASK1
camera (6730 A) which is structured on small scales before and in the be-
ginning of the heating cycle. During the heating cycle the auroral emission is
getting weaker and returns to background values at the end. ASK2 and ASK3
show only very weak emissions in their covered bandwidth, see Figure 5.16(b).
The spectral characteristics of the turbulent region during this heating
cycle are shown in Figure 5.17. In Figure 5.18 spectra of two dumps are
explicitly shown. Generally spoken the spectra shape of the turbulent regions
is of the NR type in the beginning. After 17:52:44 the peaks for the IL are
seen but still dominated by the central line. The center frequency of the ILs
are below £4 kHz for the whole period. The width of the three spectral lines
during the times of turbulence is just below 4 kHz as for heating cycle O7.

Power profile: The first of the plots in Figure 5.20 shows strong enhance-
ment with disturbances of the decoded power profile up to 180 km. It also
shows the event in chronological order with the turbulence below 120 km and
a second peak in enhancement at an higher altitude around 17:52:20, shown
in Figure 5.20(b).

Electron density profile: To obtain the density profile it was chosen to
average electron density data between 17:50 and 17:52 right after the heating
cycle and the observed enhancements in returned power. The profile shown in
Figure 5.19 has only one clear peak in the E-region at an altitude of 122 km.
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Figure 5.16: Same as Figure 5.1 for heating cycle OS8.
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Figure 5.17: Spectra characteristics of enhancements during heating cycle
08, same as Figure 5.2. Although two separated layers are not observed the
automated analysis program categorized some of the data points as a separated

layer marked red.
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Figure 5.18: Same as Fig. 5.3 for heating cycle O8. a) for the dump ending
17:52:16 and b) for 17:52:56.
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Figure 5.19: Same as Figure 5.4 for the time after heating cycle O8 showing
the electron density profile averaged between 17:50 until 17:52. The horizontal
red line indicates the local peak in the density profile at 122 km altitude.
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Figure 5.20: Same as Figure 5.5 for heating cycle O8. In the range from 110
to 175 km "decoding noise" is clearly to se in Figure 5.20(a). As for heating
cycle O7 the modified power profiles shown here have been chosen to have
rather less noise.
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5.5 Further Analysis

During the evaluation of the analysis done on the spectral characteristics of
the triggered instabilities it was observed that the downshifted IL (DIL) was
stronger than the upshifted IL (UIL). In Figure 5.21 a histogram plot shows
the relative difference in amplitude of the two ILs: (Aprr — Aurn)/Aprr. Red
refers again to turbulent layers rated as top layer and blue to bottom layer. It
clearly shows another difference of the top and bottom layer since for both data
sets - O1 and O2 - it is only the bottom layer which shows the characteristic
of a stronger DIL. The upper layer on the other hand shwos a distribution
centered at zero.
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Figure 5.21: Difference in amplitude of DIL and UIL in percentage of the DIL

amplitude: Apr;r, — Avrr)/Aprr. a) For heating cycle O1. b) For heating cycle
02.

5.6 Summary of observations

As stated above two altitude separated layers of enhancement were obseroved
during the heating cycles O1 and O2. During the other two discussed heating
cycles which are discussed no separation was observed. In order to clarify the
observations and ionospheric conditions a summary of the most important
issues with respect to the differences between O1-O2 and O7-O8 is given here.

o Heating mode:
During heating cycle O1 and O2 continous heating was used whereas a
10 Hz on-off modulated heating scheme was used during O7 and OS.
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o Electron density profile:

The density profile in the E-region for heating cycle O7 and O8 has a
rather parabolic shape with a peak electron density of ~ 2.2 - 10 m=3
above 120 km.

During O1 and O2 the electron density is close to critical from the
bottom to the top of the E-region. Because of the short averaging time
for the O1 profile the profile is noise. For O2 however the profile shows
two density peaks one at 115 km and the second at 127 km both with a
density close to or above critical.

Electron temperature:

Electron temperature data computed with guisdap reveal temperatures
of up to 1000 K at altitudes between 100 and 120 km for heating cycle
O1 and O2. For the heating cycles O7 and OS the electron temperature
is ~ 500 K.

Optics:

ASK1 intensity is higher in the beginning of the experiment than later
on e.g. ~ 1000 a.u. during O1 and O2, ~ 700 a.u. for O7 and ~ 400 a.u.
for O8. The intensities observed with ASK2 and ASK3 are very low in
the beginning - approximately 100 a.u. respectivly 20 a.u. for O1 and O2
- and rise later to about 200 a.u. and 90 a.u. during O7 and O8. During
all four heating cycles structures could be seen in the image data moving
from north-east to south-west. No direct link could be found between
observed aurora with optics and the observations discussed here except
during heating cycle O7. For O7 the intensity of turbulence correlates
to the auroral intensities observed with the ASK instrument.

Spectra:

During the heating cycles O1 and O2 two in altitude separated enhance-
ments were observed. The spectra of this layers are different from each
other. The upper layer shows a strong central line and the ion lines
with frequencies of about 4 kHz are not resolved. The lower layer shows
well resolved ion lines with frequencies of 5 kHz and a strong central
line. Another difference between the lower and upper layer is that in the
lower layer of enhancement the downshifted ion line is stronger than the
upshifted ion line.

For heating cycle O7 also the shape of the spectra seems to correlate to
the observed auroral intensities with ASK i.e. the central line is more
dominant during increased auroral intensities. Ion lines are resolved dur-
ing almost the whole time and are centered around 4 kHz up to 5 kHz.
During O8 the ILs are only resolved the last 20 s of the enhancement
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centered at 4 kHz while during the 40 s in the beginning the central line
is dominant.






Chapter 6

Discussion

Ion line spectra in the auroral E-region

The dispersion relationship for the ion acoustic waves - presented in section 3.3
eqn. (3.29) - shows that the ion acoustic frequency is proportional to the
square root of the electron temperature. In the ionosphere the electron tem-
perature rises with altitude therefore the ion acoustic frequencies are usually
~ 4 — 10 kHz from the bottom to the top. Combined with the fact of high
damping at low altitudes the ion acoustic spectra as seen with incoherent scat-
ter radars are usually washed out at low altitudes i.e. the downshifted and
upshifted ion line are broad and very close to each other. The spectra pre-
sented in chapter 5 which were observed during heating differ to the usually
observed ion line spectra in the E-region. Well resolved are the two ion lines
and the central peak which was observed during almost all enhancements.
The high ion line frequencies specially seen in the lower layer of enhancements
during the heating cycles O1 and O2 could imply heating of the electrons
during the turbulence.

Dubois et al. [1993] show the altitude allocation of Langmuir turbulence where
in the top region close to the reflection altitude a central line is observed and
below the reflection altitude enhanced ion lines. This was observed in some
of the cases were the turbulence spread over two altitude bins and is seen e.g.
in Figure 5.13(b).

Temperature enhancements

During the heating cycles O1 and O2 temperature enhancements at altitudes
between 100 and 120 km were observed. Because of increased electron tem-
peratures at this altitude were not only observed during the heating cycles
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this enhancement could be caused by auroral processes heating the electrons.
However the further enhancement to temperatures of ~ 1000 K during O1
and O2 could be due to absorption of the heater wave at this altitude leading
to electron heating.

Correlation of aurora to observed instabilities

During heating cycle O7 correlation between the enhancements and auroral
activity is eventual. As seen in the spectral characteristics the increase in
returned power during increased auroral activity is mainly due to a stronger
central line during such times. This means the shape of the ion line spectra
change from the characteristic three lines towards a dominant central line. As
stated previously aurora introduces irregularities in the density profile which
could favor the OTSI where irregularities and depletions are amplified.

Mode conversion

In the paper by Rietveld et al. [2002] where they observed in a similar exper-
iment enhancements in the ion line from two separated altitudes they argue
with E-region topside and bottomside enhancements. The bottomside en-
hancement occurs due to PDI. Parts of the heater waves energy is converted
to a Z-mode wave which then triggers instabilities at the E-region topside -
see also Gondarenko et al. [2003].

Electron density profiles computed with EISCAT radar data and presented in
section 5 for heating cycle O1 and O2 do not suggest this explanation of the
two separated layers for this experiment. According to these it is more likely
that the two layers originate from two local and narrow density peaks in the
E-region. However the difference in the spectra on the other hand indicate
different processes for the two layers. Also the presence of irregularities in the
density profile favors the mode conversion which happens usually in a region
around the Spitze region. In the case of a smooth profile this region would
be out of the region detected with the radar since the UHF radar was used in
field aligned position. With this explanation it remains unclear why at times
only the topside enhancements are seen.

Comments on PDI

In the presentation of analysis done on data for heating cycles O1, 02, O7
and O8 - see section 5 - the plots of the modified power profiles contain an
approximation for the matching height. Although this approximation coin-
cides in many cases pretty well with the lower layer theory does not predict
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such observations. The matching height refers to the height where the induced
Langmuir waves match a k-vector of twice the radar k-vector. Therefore the
induced Langmuir waves rise the measured backscattered radar power at this
height - see section 3.4, DuBois et al. [1990], Kohl et al. [1993]. To the au-
thors understanding of of PDI and associated turbulence ion line data with
two separate layers is not included in the theory.






Chapter 7

Conclusions

The aim of the heating experiment carried out in october 2006 during auroral
conditions was to trigger flickering aurora (see Whiter et al. [2008]) which was
not achieved. This report is concentrated on instabilities in the auroral E-
region triggered by the heater wave. Such instabilities as seen in the enhanced
backscattered radar power of the incoherent scatter radar were found at alti-
tudes of ~ 120 km and at altitudes ~ 150 km close to the reflection altitude
of the heater wave. The enhancements in the lower part of the E-region were
analyzed in more detail as presented in chapter 5.

During two cycles with 2 min of continuous heating simultaneous enhance-
ments at two altitudes with a separation of about 5 km were observed. The
observed ion line spectra imply different processes for the two layers since the
upper layer is dominated by a central line (w = 0) and the lower layer by
equally enhanced ion acoustic and central lines.

Rietveld et al. [2002] also observed two layers of enhancement in the E-region
in a similar experiment. They argue that the lower enhancement is caused
by the heater wave triggering PDI. Whereas the upper enhancement is due
to mode conversion of parts of the heater wave to a Z-mode wave triggering
instabilities at the topside of the E-layer (see also Gondarenko et al. [2003]).
The radar program used for the experiment underlying this report has a fairly
low altitude and time resolution in order to observe and characterize instabili-
ties. Also it is a coded program which leads to the problem that during strong
enhancements the radar data is noisy. In order to make statements about the
density during enhancements modified power profiles (see section 5.1) were
made. Although the accuracy of these density profiles has to be questioned
they reveal enhancements at the reflection altitude and ~ 5 km below.
During one heating cycle of 2 min 10 Hz modulated O-mode heating enhance-
ments were observed during the whole period (with short interruptions). The
comparison of the strength of the enhancements and spectral characteristics
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reveal a correlation to auroral intensities measured with the ASK instrument.
In the manner of a more dominant central line during times of high auroral
emissions.
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