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A method is more important than a discovery,
since the right method will lead to new
and even more important discoveries.

L. D. Landau
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1. Introduction

Everyone knows how powerful a radar can be in hands of a policeman,
but few know how valuable it can be in hands of a scientist.

A standard method of investigating an unknown object in a physics labo-
ratory is to determine its scattering properties when exposed to a collimated
beam of particles or electromagnetic waves. This approach is applied in the
radar (radio detection and ranging) astronomy to study celestial objects, in
meteorology, ionospheric physics, and many other fields. A radar transmits
a beam of radio waves in the direction defined by the antenna system and
records a signal reflected (scattered) by objects lying in the radar beam path.
The energy flux in the transmitted beam decreases as the square of the dis-
tance from the transmitter, and the reflected energy flux falls in the similar
way. Consequently, the overall echo power falls off as the fourth power of
the distance. Therefore, it seems that study of objects by radar will be forever
confined to the solar system.

The Sun exhibits a verity of physical phenomena, some of which are still
not at all or only barely understood, such as coronal heating and acceleration
of the solar wind. The Sun is studied mainly on the basis of its radiation. The
idea to use a radar to study the Sun appeared in the 1940’s along with the
first successful experiment in detecting a space object, the moon [68, 5]. The
theoretical background for solar radar experiments was laid out by Ginzburg
(1946) [23], Kerr (1952) [48], and Bass and Braude (1957) [4], who estimated
the expected echo and necessary radar parameters. The first reflections from
the Sun were claimed to be observed by a group at Stanford University in
1959 using a radar at 25 MHz [18]. The first systematic radar experiments
were conducted from 1961 to 1969 by an MIT group led by Jesse James at
the dedicated solar radar facility build at El Campo, Texas [42, 34]. All other
solar radar experiments until now were unsuccessful. Thus, the experiments
performed with the El Campo radar remain the only source of solar radar echo
data to date.

The results obtained at the El Campo were to a large extent unexpected.
Initially, it was assumed that echoes would come from a layer of a zero re-
fractive index (the so-called specular reflection), which corresponds to the
altitude of about 1.6 R� in the solar corona and would have intensity, ex-
pressed in scattering cross-sections, of about 1.5 πR2�, where R� is the radius
of the Sun. However, the observed echoes were coming from different alti-
tudes, from −2.6 R� (reflection from the back side of the Sun) up to 5 R�.
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The observed cross-section values varied significantly from day to day, rang-
ing from less than πR2� to up to several hundreds of πR2�. It became apparent
that the specular reflection model was not sufficient to explain the observa-
tions, and that the echo signal may result from more complex wave-plasma
interactions in the turbulent solar corona [30].

Scattering by wave turbulence is routinely studied in laboratory and iono-
spheric radar experiments. The latter are very similar to solar radar experi-
ments and thus might be very useful. Both the ionosphere and the solar corona
have magnetic fields and gradients of density. The wave turbulence in the iono-
sphere can be excited by the natural phenomena, e.g. by field-aligned currents,
as well as by the manmade, i.e. transmitting of a powerful HF (high frequency)
electromagnetic wave, so called heating experiments. In the solar corona the
wave turbulence can be excited by an electron beam accelerated on the Sun
or interplanetary shock. Existence of such electron beams in the solar corona
is manifested by the radiation of the excited wave turbulence, known as solar
radio bursts.

The space weather program1 recently stimulated interest in solar radar ex-
periments, with a major goal of early detection of the Coronal Mass Ejections
(CMEs), traveling towards the Earth. Such geoeffective CMEs can have a se-
vere impact on the life of astronauts, may damage satellites, cause intense ge-
omagnetic storms, which in their turn can lead to the damaging of the power
lines, and black-outs of vast territories [80]. Recent proposals of new radar ex-
periments can be found in the references [87, 13, 78]. It is likely that new radar
observations with modern techniques of transmission, reception, and process-
ing of signal, combined with modern optical, UV, and X-ray observations, will
make a significant contribution to our understanding of the physics of the Sun.

This thesis comprises four papers. Papers I and II are devoted to the problem
of radar scattering by an anisotropic Langmuir turbulence in the corona. Paper
III considers the impact of plasma density fluctuations on propagation of radar
signals, and Paper IV introduces a new emission mechanism of solar type II
radio burst.

The purpose of the first part of the thesis is to present a background for the
successful reading of the papers it is comprised of. The next chapter introduces
the reader to the Sun, its structure, “quiet” and sporadic (radio burst) radio
emission, and emission mechanisms. Chapter 3 gives an overview of solar
radar experiments and the main results. An overview of the theory of solar
radar experiments is presented in Chapter 4. Chapter 5 contains a summary of
the papers.

1See for example http://www.spaceweather.com
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2. The Sun and its corona

2.1 Overview
The Sun is a the closest and, by far, the most important star for life on the
Earth. From the Earth it might look small (0.53◦ or 32 arcmin), but this is
only because it is located at the distance of 150 million kilometres (one astro-
nomical unit [a.u.]) from the Earth. For light it takes about eight minutes to
travel this distance.

All of the Sun’s energy is produced in the form of γ-rays by the fusion
of hydrogen into helium, in the dense, high-temperature core, which extends
from the centre of the Sun to about one quarter of the radius of the visible
disk, R� ≈ 6.9×1010 cm.

Nuclear reactions cannot occur in the cool, less dense regions outside the
core. Thus, no energy is produced there. The energy from the core is trans-
ported outward through a number of more or less concentric shells, character-
ized by different mechanisms of energy transport. They are called the radiative
zone and the convective zone.

In the inner shell, called the radiative zone, the energy is transported out-
ward by radiative diffusion. Photons are traveling in a random walk, being
continuously absorbed and re-emitted by plasma particles on their way. This
process leads to a downshifting of photons to lower energies so that their
wavelength becomes longer. Because of the continuous scattering in the ra-
diative zone, it takes about 200 000 years for radiation to reach the bottom of
the convective zone (at ≈ 0.71R�).

The plasma temperature decreases from 1.55×107 K in the centre to some
2×106 K at the bottom of the convective zone. At this point the temperature
gradient becomes too steep for the plasma to remain in static equilibrium and
convective motion sets in, becoming the dominant mode of energy transport.
The heated plasma carries energy through the convective zone, from the bot-
tom to the top, in about 10 days. Then it cools, by radiating out into space,
sinks back down to become heated and rise again. This plasma motion, in
combination with the solar rotation, leads to the generation of Sun’s magnetic
field.

The convective zone is covered by a thin (about 500 km thick) shell, called
the photosphere (after the Greek word for light “photo”), at a temperature of
5780 K. At this point the outer layers of the Sun become transparent to optical
light, and the most of the Sun’s energy finally escapes out into space. White
light observations of the photosphere show the underlying convecting process
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Figure 2.1: The sunspot surrounded by the granulation (chromosphere). Observed
at 468 nm by P. N. Brandt and G. W. Simon at the Swedish Vacuum Solar
Telescope (SVST) at La Palma with the support of G. Scharmer. Adapted from
http://www.kis.uni-freiburg.de/∼pnb/spot/snap3.gif

as bubbling granulation, a coarse cell structure with a mean size of 1300 km
(Figure 2.1). Larger and deeper convection cells, called the supergranules, are
about 35000 km across; but they are not visible in white light.

Most of the time the photosphere is pitted with dark spots, called sunspots
(Figure 2.1). The largest of them can be many times larger then the Earth
and may be observed with an unaided eye. Sunspots appear to be dark be-
cause their temperature are some 2000 degrees lower than the temperature of
the photosphere. Exceptionally bright patches are also present in the chromo-
sphere, and they are called faculae, from the Latin word for “little torches.”
Faculae are associated with strong magnetic fields. The magnetic field in the
center of the sunspot is very strong (∼ 0.1 T) and nearly radial. It weakens
(down to ∼ 0.01 T) and inclines strongly on the edge of the sunspot. The
strong magnetic field of the sunspot prevents the upward convection and out-
ward flow, keeping the region cooler than the surrounding plasma.

Sunspots normally occur in pairs of opposite magnetic polarity which are
joined by magnetic loops and rise into the overhead solar atmosphere. These
magnetic loops confine the hot plasma above the sunspot pairs and can be ob-
served in ultraviolet (UV) or X-ray, because they usually dominate the solar
radiation. Sunspots and the corresponding magnetic loops are also called ac-
tive regions. A magnetic loop changes its topology continuously. Sometimes
it may release its energy in a sudden and catastrophic explosion, called a solar
flare.

Solar activity changes periodically with a 11-year cycle. Various
approaches exist for measuring the activity and various indices have
been devised to characterize this activity quantitatively. The simplest, but
nevertheless one of the best activity index is the Wolf sunspot number R,
given by

R = k(10g+ s), (2.1)
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Figure 2.2: Sketch of the temperature and gas mass density in the solar photosphere,
chromosphere, and lower corona, including the transition region [87].

where g is a number of sunspot groups, s is the total number of sunspots in all
the groups on one and the same day, and k is a factor based on the estimated
efficiency of the observer and the telescope used.

Just above the photosphere lies a relatively thin layer, called the chromo-
sphere (from chromo, the Greek word for “colour”). It is about 2500 km thick
and quite faint compared to the photosphere. A small temperature rise in the
chromosphere is accompanied by roughly a millionfold drop in density (Fig-
ure 2.2). Because of this, absorption lines are not formed any more, but in
contrary the gas starts to strongly emit spectral lines. There are more than 3500
known lines, mostly in optical and UV range. The chromosphere is jagged, ir-
regular and by no means smooth. It consists of needle-shaped spicules, about
2 km in width, which shoot up to the heights of about 25 000 km at speeds of
about 20 km/s.

Still higher, above the chromosphere, within a narrow transition region of
only a few hundred kilometers, the temperature rises dramatically from 104 K
at the top of the chromosphere to a more than 106 K in the corona. The density
drops down as the temperature increases, in such a way as to keep the gas
pressure spatially constant. The paradox of the corona being hundreds of times
hotter then the underlying chromosphere is still unresolved. Further away, the
coronal temperature and density slowly decreases, reaching some 1.4×105 K
and a few particles per cubic centimetre near the Earth. The coronal plasma
is not static, but flows continuously outward from the Sun. This phenomenon
is called the solar wind. Spacecraft missions detect the average solar wind
speed of about 400 km/s near the Earth. However, sometimes the speed may
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exceed 800 km/s. This has been measured by spacecraft in the regions of open
magnetic field lines of the Sun, called the coronal holes.

2.2 Plasma density in the corona
The plasma density in the corona drops as the distance from the Sun increases.
Here we present the most popular models which describe the radial depen-
dence of the electron plasma density in the corona, assuming anisotropy. The
reader may also consult more sophisticated models, which take into account
the dependence on heliographic latitude [91, 90, 8].

One of the oldest but nevertheless very widely used model is the Allen’s
revision [1] of Baumbach’s model which is based on the intensity of the white
light of the corona

Ne(r) = 108 ×
[

1.55
(

r
R�

)−6

+2.99
(

r
R�

)−16
]

cm−3 (2.2)

[94, 28]. It is referred as the Baumbach-Allen model.
Another popular model is the Newkirk model [71], which gives the electron

density as
Ne(r) = 4.2×104 ×104.32R�/r cm−3. (2.3)

The most recent and advanced model is the the heliospheric density model
of Mann et al. [55]. In the inner region of the corona where the solar wind
velocity is subsonic (much smaller than the ion sound velocity) this model
has an analytical solution in the form of a barometric formula

Ne(r) = Ne� exp
[

A
R�

(
R�
r

−1
)]

, (2.4)

with Ne� = Ne(r = R�) and A = GµmpM�/κBT , where T is the temperature
of the corona, κB is Boltzmann’s constant, µ is the relative mean molecular
mass, assumed to have the value 0.6 [74], mp is the proton mass, G is the grav-
itational constant, and M� is the mass of the Sun. Actual values of Ne�, A, and
the altitude where the solar wind becomes supersonic for different tempera-
tures of the corona T are given in Table 2.1. Note that the Newkirk model
corresponds to the Mann model with the temperature of 1.4×106 K.

The local plasma frequencies in the solar corona calculated from the density
given by the three models presented are plotted in Figure 2.3.

2.3 Radio emission of the Sun
The Sun and its atmosphere radiate in a broad electromagnetic spectrum. Ra-
diation from γ-rays to radio, come mostly from the regions containing dense
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Table 2.1: Electron number density Ne�, the radius, where the solar wind becomes
supersonic Rc, and coefficient A for different temperatures of the corona T [55].

T (106 K) Rc/R� Ne� (m−3) A (m)

1.0 6.91 5.14×1015 9.64×109

1.4 4.90 1.61×1014 6.87×109

2.0 3.43 1.40×1013 4.82×109
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Figure 2.3: The radially dependent plasma frequency of the solar corona at a tempera-
ture of 1.0×106 K according to the models of Mann et al., Eq. (2.4), Baumbach-Allen,
Eq (2.2), and Newkirk, Eq. (2.3). The grey strip covers 1 R�.

matter associated with the visible Sun — the photosphere and chromosphere,
the metre radiation comes from the lower corona, and longer wavelengths ra-
diation comes mainly from the upper corona which extends into interplanetary
space. Here we will mostly concentrate on the emission in the radio frequency
band starting from metre wavelength (300 MHz) and longer and mechanisms
of its generation.

The discovery of metrewave radiation from the Sun was very exciting. In
February 1942, two circumstances combined: the largest sunspot group ever
recorded appeared on the face of the Sun, and Britain, at war with Germany,
was constantly monitoring the skies for hostile aircraft with the aid of a
recently developed metre-wavelength radar. And it so happened that strong,
noise-like and highly variable jamming, reported by radar operators, was
traced to electromagnetic radiation from the Sun. The discovery was made
by J. S. Hey, who led the British Army Operational Research Group which
investigated the jamming. Hey noted the presence of a major solar flare at the
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time. The discovery was kept secret until after the war, and in 1945 this first
well-documented example of metrewave bursts and their association with
solar flares was published [2].

Much of the Sun’s radio radiation is due to individual electrons when they
are accelerated either because of collisions with ions (free-free emission or
bremsstrahlung) [82, 56] or because of spiraling in a magnetic field (gyro-
magnetic emission) [56].

Bremsstrahlung (“breaking radiation” in German) or free-free emission is
an incoherent process and is the basic emission process for a plasma of rela-
tively low temperature � 106 K. It is important for the quiet Sun. The inverse
process, free-free absorption occurs when electrons begin to oscillate in res-
onance with electric field of a wave and then electron-ion collisions destroy
the oscillation; dumping of radio waves in the corona due to this process is
considered in Section 4.2.

Gyromagnetic emission comes at harmonics of the electron gyrofrequency
ωce, and for this emission to escape out into space, its frequency should exceed
the local electron plasma frequency ωpe. Although gyro emission is usually
treated as a single-particle incoherent process — and this is the case of most
interest for solar radio physics — it is possible for gyro emission to occur in a
collective way, e.g. in electron-cyclotron maser emission.

Another coherent mechanism of plasma emission is often called plasma
emission [27, 66], since in involves the generation of radiation near the local
plasma frequency (fundamental plasma emission) or its harmonics. Plasma
emission occurs in solar metre-wave radio bursts, which we will describe later
in this Section. The most familiar is the type III solar radio burst, which is at-
tributed to a subrelativistic electron beam travelling along open magnetic field
lines out of the Sun. Plasma emission is necessarily a multistage process, un-
like the direct emission process such as thermal and nonthermal synchrotron
radiation and electron-cyclotron maser instability. Plasma emission process
consists of two steps: i) the generation of plasma turbulence that cannot escape
from the source and ii) its partial conversion into escaping radiation through a
secondary nonlinear process.

The appearance of the quiet solar atmosphere at radio wavelengths is
governed by the plasma parameters (temperature, density, and magnetic
field strength) and the radiation mechanisms that generate radio emission
(free-free emission, gyromagnetic emission, and plasma emission). Figure 2.4
shows the height versus frequency of three characteristic frequencies — the
plasma frequency, the gyrofrequency, and the frequency at which free-free
(bremsstrahlung) emission reaches unity optical depth.

2.3.1 Plasma emission mechanisms
As the plasma emission mechanism involves the generation of wave turbu-
lence we will describe it in detail. The first theory for plasma emission was
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Figure 2.4: The highest curve shows the emission mechanism that will dominate at
different frequencies in the solar atmosphere. The curves are based on the dependence
of different emission mechanisms on the plasma parameters of temperature, density,
and magnetic field strength [21].

proposed by Ginzburg and Zheleznyakov (1958) [27] for type III bursts. At
the time this theory was proposed it was accepted that type III bursts involve
emission of transverse waves at the fundamental (ω = ωpe) and second har-
monic (ω = 2ωpe), and that the emission is excited by a beam of electrons
that is accelerated at the Sun, often in solar flares. A variant of this theory is
outlined in Figure 2.5. Although the details of the plasma physics have been
updated, the basic ideas are unchanged.

The first step in the production of plasma emission is the generation of
Langmuir waves. Langmuir waves are excited by bump-in-tail instability due
to a beam of suprathermal electrons with velocity vb, which creates a positive
derivative of the electron distribution function d f (vz)/dvz > 0. For ωce/ωpe <
1 the growth of Langmuir waves is maximal for propagation along the beam
direction (θ = 0) with phase speed vph � vb, and the fast growth is confined
to a small range of θ and vph. The mutual interaction of the waves and the
particles is described by a pair of quasilinear equations. The feedback on the
distribution of particles, referred as quasilinear relaxation, involves smoothing
out of the bump to form a plateau d f (vz)/dvz ≈ 0. It was pointed out by Stur-
rock (1964) [84] that in a homogeneous beam-plasma model the beams should
propagate only a few kilometre before losing all their energy to the Lang-
muir waves. However, the electron beams were known to propagate through
the corona and some beams were known to propagate beyond the orbit of
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Figure 2.5: Steps in the theoretical description of emission of electromagnetic radia-
tion by an electron stream in a plasma.

the Earth, still generating Langmuir waves and radiation. A variety of theo-
ries have been proposed to explain beam stabilization. A first set of theories
is based on the saturation of the instability due to the inhomogeneity in the
stream. A second set considers the influence of the ambient density fluctua-
tions on the growth rate of the beam-plasma instability, i.e. quasi-linear relax-
ation of the electron stream to marginal stability. A review of these theories
can be found in Ref. [69].

Nonlinear processes will cause partial conversion of the energy of the Lang-
muir waves into electromagnetic radiation. In fact, such nonlinear processes
were considered as an additional mechanism to the nonlinear saturation of
the beam-driven Langmuir instability. There are at least four known mecha-
nisms of conversion of Langmuir waves into plasma emission. They include
i) wave-particle interaction involving both spontaneous and induced scatter-
ing of Langmuir waves into electromagnetic radiation by thermal ions [27, 3,
86], ii) wave-wave interactions involving either merging of Langmuir wave
with low-frequency waves to produce electromagnetic waves or, alternatively,
the decay of Langmuir waves into low-frequency and electromagnetic waves
[85, 64, 65, 86], iii) strong turbulence involving emission of electromagnetic
waves by a Langmuir soliton [29] or incoherent emission due to scattering
of long-wavelength Langmuir waves on collapsed Langmuir cavitons [50],
and vi) direct coupling between Langmuir and electromagnetic waves due to
large-scale gradients or local inhomogeneities in the electron density [94, 63].

At present the most popular nonlinear process for the generation of type II
and III radio emission include ion-sound waves. The process that can lead to
fundamental emission are the l + s → t (coalescence) and l → t + s (decay),
where l refers to a Langmuir wave, s to an ion-sound wave, and t to transverse
wave. The primary Langmuir wave may also decay into a secondary Langmuir
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wave in the process l → l′ + s. The coalescence of the primary and secondary
Langmuir wave l + l′ → t can then produce the second harmonic emission.
However, ion-sound waves can only exist in plasmas with Te � Ti, otherwise
they are heavily damped. Therefore the accepted nonlinear mechanism of gen-
eration of plasma emission including ion-sound turbulence can only work in
the regions where Te � Ti. For instance in the solar corona Te ∼ Ti, while in
the fast solar wind Te/Ti ∼ 3−5.

The presence of a magnetic field extends the wave modes that can par-
ticipate in the coalescence and decay processes. For example, upper-hybrid,
Bernstein or Z mode waves can replace the l waves; lower-hybrid, Alfvén or
whistler waves can replace the s waves, and O mode or X mode waves can
replace of the t waves.

2.3.2 Solar radio bursts
Radio emission from the Sun is highly variable, and is often much brighter
then can be expected in terms of thermal radiation from the solar corona. The
various kinds of nonthermal radio emission are called solar radio bursts. The
bursts discussed in this section are at decimetrewave ( f ∼ 0.3− 3 GHz) and
metrewave or longer ( f � 300 MHz), here f is the frequency of observa-
tion, which is related to the wavelength λ as λ = c/ f . Decimetre bursts are
generated low in the corona, metre bursts at heights ∼ 1R� above the Sun’s
surface and kilometre bursts (observed from spacecraft) originate in the inter-
planetary medium (IPM). Emission at higher frequencies in the radio range
(mm and microwaves at � 3 GHz) is related to solar flares. The classification
of radio burst is based primarily on its appearance on a dynamic spectrum,
which exhibits f versus time t with the intensity of emission represented by a
gray (or colour) scale (Figure 2.6). Important characteristics of bursts are their
drift rate d f / f t, their bandwidth ∆ f (at fixed t), their duration ∆t (at fixed f ),
harmonic structure and other fine structures.

Metre bursts were originally classified (in 1950) into three types, denoted
as type I, type II, and type III, according to their appearance on a dynamic
spectrum. Later (ca 1960) this classification was extended to include type IV
and V bursts. Detailed investigation of bursts at decimeter wavelength started
in the late 1970s. We present this classification below.

Type I emission
Characteristics: Type I emission (Figure 2.6) is not associated with flares, but
occurs in storms that can last from hours to days. The term type I burst was
applied to the individual short-duration (∼ 1s) narrow-band (∆ f / f ≈ 0.025)
bursts f which metre-wavelength storms are composed. These storms were ac-
cordingly called type I storms. Type I emission is strongly (∼ 100%) circularly
(O mode) polarized, has high brightness temperature (from 107 to 109 K), and
contains only fundamental (F) emission and no harmonic (H) components.
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Figure 2.6: Solar radio noise storm. OSRA Solar Radio Observa-
tory Potsdam-Tremsdorf, Germany. May 31, 1999. Adapted from
http://www.aip.de/groups/osra/gallery/99053133_sp4.gif.

The bursts can drift to either higher of lower frequencies, with most bursts
having negligible drift.

Interpretation: The short duration of the individual bursts suggests local
acceleration of electrons to a few times the thermal energy. It is generally ac-
cepted that type I bursts must be some form of fundamental frequency plasma
emission. This hypothesis explains important observed characteristics of type
I storms, notably the high brightness temperature and strong O mode polar-
ization. The long life of a storm points to continuing local energy release in
the source region, which is probably related to magnetic field recombination
after new flux intrudes into existing fields.

Type II bursts
Characteristics: Type II bursts (Figure 2.7) show a slow drift from high to
low frequencies with a rate of � 1 MHz s−1, often with a fundamental (F)
(ω = ωp) and harmonic (H) (ω = [1;2;3; . . . ]×ωp) structure. The instanta-
neous bandwidth may be as narrow as a few Megahertz, but this is not al-
ways the case. The starting frequency of the fundamental component is usu-
ally < 150 MHz, although starting frequencies as high as 500 MHz have been
observed. Type II bursts are sometimes seen in the interplanetary medium, al-
though most fade from view at ∼ 1 MHz. With the exception of the very long-
lived interplanetary events, the duration of a typical type II burst is 5 to 15 min.
Many of the bursts show a band splitting in which the F and/or H component
splits into two or multiple-lane structures (Figure 2.8). Some bursts exhibit
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Figure 2.7: Type II burst with fundamental-harmonic struc-
ture and band-splitting. OSRA. February 21, 1999. Adapted from
http://www.aip.de/groups/osra/gallery/990221_4.gif.

Figure 2.8: Band-splitting type II burst with different drift rates observed at the radio
telescope UTR-2 (Ukrainian T-shape Radio telescope, second modification) [61].

herringbone structure in which type III like bursts emanate from a “backbone”
of emission, and propagate either to lower and/or to higher frequencies (Fig-
ure 2.9). This gives the appearance of a fish bone on the dynamic spectrum,
hence the name.
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Figure 2.9: Type II burst with a herringbone structure and a waving backbone observed
at the UTR-2 [61]. Fundamental radio emission of this burst is probably visible close
to 10 MHz.

Early observations showed that the ordinary type II bursts are usually unpo-
larized or only weakly polarized. However, the herringbone structure is some
bursts was found to be quite strongly polarized, e.g. up to 70%.

Interpretation: Type II burst is caused by a shock wave propagating from
the low corona into interplanetary medium. This explains the slowly drifting
feature in the dynamic spectrum. It is widely accepted that the radio emis-
sion itself occurs as a final step in a series of physical processes: initiation of
the shock, particle acceleration, generation of plasma waves, and finally con-
version of plasma waves into electromagnetic waves (plasma emission mech-
anism). In Paper IV we suggest an additional emission mechanism, which is
related to crossing of the shock by energetic particles, known in electrodynam-
ics as transition radiation (see Section 2.5). The herringbone structure in type
II bursts is explained by the escape of the electrons upstream and downstream
from the shock front. Early split bands interpretations involved magnetic split-
ting or Doppler splitting. Neither is satisfactory. Magnetic splitting in some
cases requires unacceptably strong magnetic fields, and Doppler splitting re-
quires a current which would cause electrons to flow at unacceptably high
speeds relative to the ions in a laminar shock model. Two other alternative
models have been proposed: emission from different parts in the shock front,
or emission from in front and behind the shock front. It is still not possible to
make a definite choice between two models.

Type III and related bursts
Characteristics: Type III bursts (Figure 2.10) occur over the frequency range
1 GHz � f � 10 kHz, corresponding to a height range extending from the
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Figure 2.10: Group of type III bursts. OSRA. February 11, 2000. Adapted from
http://www.aip.de/groups/osra/gal_2000/000211h3.gif.

low corona to beyond the orbit of the Earth. They were originally identi-
fied by their rapid drift (d f/dt ≈−0.01 f 1.84, with f in MHz), short duration
(∆t ∼ 220/ f , with f in MHz) and a relatively broad bandwidth at a given
time due to their high drift rate. The bursts occur sporadically in isolation or
in groups during a persistent storm. A significant fraction of type III bursts
exhibit harmonic structure: the F and H components are seen simultaneously
with their frequency ratio, from about 1:1.6 to 1:2.0. The fundamental emis-
sion is highly O mode polarized, and the second harmonic is weakly (15%) X
mode polarized.

In general, bursts have low degrees of circular polarization, i.e. < 0.15.
However, some bursts, those identified as fundamentals, have degrees of po-
larization up to about 0.5.

There are various subclasses of type III bursts. Inverted-U bursts turn over at
some minimum frequency and then drift back from lower to higher frequency
(Figure 2.11). J bursts are similar to U bursts without returning stroke. About
10% of the F components of type III bursts are type IIIb bursts, which con-
sist of stria bursts (fine structures with double or triple splitting drifting more
slowly than type III bursts), with an envelope similar to the profile of a type
III burst.

Type III bursts are characteristic of the impulsive phase of solar flares:
groups of several to several tens of type III bursts are associated with small
to moderate-sized flares. There are also non-flare associated storm type III
bursts.
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Figure 2.11: U burst. OSRA. February 19, 1999. Adapted from
http://www.aip.de/groups/osra/gallery/990219.gif.

Interpretation: The exciting agency for type III bursts is a beam of ener-
getic electrons, with speed 0.1c � v � 0.6c, propagating outward from the
Sun through the corona. These beams provide energy for the plasma emis-
sion mechanism. Inverted-U and J bursts are generally interpreted as being
produced by electron beams traveling along closed magnetic field lines.

Stationary type IV bursts
Characteristics: A stationary type IV burst is a storm which follows a major
flare. Initially the continuum is often intense with a few bursts, but it later
evolves into a normal type I storm without any shift in the source position.
During the early stages of an event the degree of circular polarization usually
increases from a very low level to close to 100%.

Interpretation: The onset at a particular frequency indicates the arrival at
the corresponding plasma level of a slowly expanding energy-release region
in which the type I emission process takes place.

Moving type IV bursts (IVM)
Characteristics: A moving continuum source, which may be followed out
from the Sun to large distances, but usually fades after moving up to ∼ 1R�
(Figure 2.12). Source speeds are roughly constant during any one event
but range from 200 up to 1600 km s−1. Most IVM bursts are observed for
∼ 30 min at 80 MHz, but some last as long as 2 hours.

Interpretation: The source is identified with a moving plasmoid ejected dur-
ing a flare. Moving type IV radiation must be either: (a) gyro-synchrotron

24



Figure 2.12: Type IV burst. OSRA. January 19, 2000. Adapted from
http://www.aip.de/groups/osra/gal_2000/000119k4.gif.

emission from electrons with energy ∼ 100 keV in a strong magnetic field
transported by the plasmoid; or (b) plasma emission. For plasma emission
a the observed source heights the electron density in the plasmoid must be
many times the normal background density. The gyro-synchrotron emission
mechanism was accepted for many years and has been worked out in some
detail. However, recent combined white light and radio observations support
the plasma emission theory.

Type V bursts
Characteristics: A type V burst is a continuum burst which starts during
shortly after a group of type III bursts and lasts for ∼ 2 min. The emission
is particularly strong and long-lasting at frequencies between about 20 and
100 MHz. The degree of circular polarization is generally low, but when it is
measurable the sense of polarization is usually opposite to that of the preced-
ing type III bursts.

Interpretation: Early theories invoked synchrotron, or plasma emission
from electrons trapped in high loops, but these have been rejected. Probably
the best explanation for the long duration of type V bursts is that pitch-angle
scattering removes electrons from the type III stream and slows down their
propagation. The observed reversal of the sense of polarization between type
III burst and the associated type V burst can be explained if the latter is due
to the plasma emission from the scattered electrons.
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Figure 2.13: The overall background flux of the galactic background and the Sun at
various activity levels [21].

2.3.3 Solar and galactic background flux density
Solar radio bursts are observed along with the background radiation coming
from the Sun and our Galaxy. Let us briefly discuss the flux density levels of
this radio sources. Figure 2.13 shows this for various states of solar activity
as a function of frequency (scale along the top of the figure) and as a function
of wavelength (scale along the bottom). The gap between about 2 MHz and
10 MHz is due to the ionosphere, which does not allow penetration of radio
waves with the frequency below the maximum plasma frequency in the iono-
sphere (about 10 MHz), and observations from space at the time of this figure
were limited to the maximum frequency of about 2 MHz. Nowadays, space-
craft measurements have closed the gap (going up to 15 MHz with the WIND
spacecraft), and the curves shown with gaps actually join together rather con-
tinuously. At quiet times, the Sun dominates down to about 300 MHz, but be-
low that the galactic background dominates. The curve labeled slowly varying
component basically means active regions, which may slightly dominate the
quiet Sun in flux density, but rather strongly dominate in terms of brightness
temperature. At times of storm activity and outbursts, the Sun can dominate
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Figure 2.14: Coronal mass ejections (CMEs) have been identified in the optical fre-
quency range by instruments as LASCO on the SOHO spacecraft (left) [52].

strongly at all frequencies, being four or five orders of magnitude above the
quiescent Sun at lower frequencies.

2.4 Coronal mass ejections (CMEs)
Coronal mass ejections (CMEs) constitute a form of intermittent massive ex-
pulsion of mass from the solar corona (Figure 2.14). They may appear with a
frequency of one event per every few days during solar minimum to several
events per day during solar maximum. They form a bursty type of solar ac-
tivity and are—if earthward directed—known to be a key causal link between
solar events and geomagnetic storms [37, 44].

CMEs were first directly identified in white-light images from a corona-
graph flown on OSO-7 [88] and their rather frequent occurrence has been es-
tablished through continuous space-borne observations on OSO-7 [88], Skylab
[54] and various subsequent spacecraft. The Large Angle and Spectromet-
ric Coronagraph Experiment (LASCO) [9] flown on the Solar Heliospheric
Observatory (SOHO) [15], launched in 1995, has by now provided the most
extensive set of CME observations at different optical and near-optical wave-
lengths during solar conditions ranging from solar minimum to solar maxi-
mum. Optical signatures of CME structures have been observed from 1.1 out
to 30 solar radii (the inner and outer limits of the LASCO field-of-view).

Only 65% of the shocks observed as fast (v > 500 km s−1) coronal mass
ejection radiate type II emission [6]. On the other hand, CMEs slower than
200 km s−1 are occasionally accompanied by type II bursts [43].

At solar minimum, the vast majority of CMEs is produced at low solar
latitudes, and at solar maximum, at virtually all latitudes in a regime of slow
to moderate ambient solar wind speed. At the inner edge of the coronagraph
images, CMEs are observed to start at a wide range of velocities, often at
a rather low speed of a few tens of km/s, and then they frequently undergo
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acceleration all the way to the outer edge of the coronagraph image [39] up to
a velocity of many hundreds of km/s.

The typical CME structure (33% of the cases according to [10]) can be
related to the well-known prominence-cavity pattern leading to a three-part
configuration: a leading density enhancement, followed by a density deple-
tion, the disconnected coil-shaped flux system supporting the former promi-
nence, again followed by another density enhancement part of the uplifting
prominence. The probable conservation of the magnetic support of the former
prominence is the physical key factor for the later identification of in-situ ob-
served magnetic clouds in the solar wind with preexisting CMEs and before
existing prominences on the disc.

The other extreme of the CME morphology is a diffuse and structure-less
mass cloud (about 25% of the cases). The total mass ejected in one single
CME is typically in the 1012 to 1013 kg range [36]. The plasma temperature
and density within CMEs seem to be highly inhomogeneous. There exist early
reports on long-standing confinement of cold prominence matter within the
CME body. Woo [93] presents a density and density inhomogeneity histogram
of different coronal structure elements including CMEs.

At large distances from the Sun, the plasma density and plasma speed in
CMEs are not necessarily different from those of the ambient solar wind. A
number of characteristic features including low ion and electron temperatures,
counter-streaming suprathermal electrons and energetic ions, higher alpha par-
ticle abundance and a strong magnetic field are often found to be associated
with CMEs [70].

From solar observations it is evident that the explosive, short time-scale en-
ergy release during flares and the long term, gradual energy release expressed
by CMEs can be reasonably understood only if both processes are taken as
common and probably not independent signatures of a destabilisation of pre-
existing coronal magnetic field structures. Configurations of several active re-
gions, quiescent prominences and large scale magnetic arcades outside active
regions can be source regions of CME formation. The study of formation,
acceleration, and propagation of CMEs requires advanced and powerful ob-
servational tools in different spectral ranges at as many “levels” as possible
between the photosphere of the Sun and the magnetosphere of the Earth.

2.5 Transition radiation
In Paper IV we present in situ satellite observation of the source of radio emis-
sion of associated with a CME-driven interplanetary shock. The intense emis-
sions above the electron plasma frequency along with the energetic particles
are observed in close vicinity of the ramp of the shock. We suggest that the
generation takes place locally at the shock front and just behind it and propose
a generation mechanism known in electrodynamics as transition radiation.
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Figure 2.15: Crossing a boundary of two media by a charge q.

The process of transition radiation is a very general one. It appears if some
source, which does not have a proper frequency (for example a point charge,
multipole etc.), is moving with a constant velocity in an inhomogeneous
and/or nonstationary medium. Here we present the theory of transition
radiation by the simplest example of the crossing by a charge the boundary
of two media [25, 26]. In this case the most simplest explanation of the
transition radiation is as follows. It is well known that the electromagnetic
field of the charge in one (the first) of the two media can be constructed as a
superposition of the field of the charge “itself” and the field of an “image”
charge, which moves in the other (second) medium. At the moment when the
charge is on the boundary from the “point of view” of the field in the first
medium the charge and its “image” partially “annihilate” each other, which
creates radiation.

Transition radiation on a boundary of two media
1. Initial equations. Let us consider first the main and the simplest (in some
sense) problem of the theory of transition radiation, appearing when a charge
q with a constant velocity v passes through a boundary of two media [17]. For
simplicity, we will suppose that the charge is moving in the direction normal
to the boundary (see Figure 2.15). The isotropic media 1 and 2 are char-
acterized by the dielectric permittivities ε1, and ε2, which have in a general
case complex values. The starting equations are obviously the equations for
the fields

∇∇∇×B =
1
c

∂εE
∂ t

+
4π
c

jq; ∇∇∇×E = −1
c

∂B
∂ t

, (2.5)

for which the current density of a charge q has the form

jq = qvδ (r−vt). (2.6)

Since the problem is homogeneous in time and homogeneous in both of the
media in the directions perpendicular to the particle trajectory, it is useful to
decompose all the quantities (fields, current, density etc.) in Fourier compo-
nents in time and in the coordinates r⊥ perpendicular to the charge trajectory

29



(the z axis perpendicular to the boundary). Then

jq
z (r, t) =

∫
jq
κκκ,ω(z)eiκκκr⊥−iωt dκκκ dω,

E(r, t) =
∫

Eκκκ ,ω(z)eiκκκr⊥−iωt dκκκ dω, (2.7)

B(r, t) =
∫

Bκκκ ,ω(z)eiκκκr⊥−iωt dκκκ dω.

(2.8)

Here vector κκκ has two components κx and κy. For the component jq
z of the

current density jq we find from (2.6)

jq
κκκ ,ω(z) =

q
(2π)3 exp

iωz
v

. (2.9)

2. The field, created by the charge crossing the boundary of two media. It
is useful to divide the total E into the component along the charge trajectory,
denoted simply by E, and a perpendicular component E⊥. By the definitions

E =
1
v
(E ·v); E⊥ = E− 1

v2 v(E ·v). (2.10)

The vector E⊥ has two components Ex and Ey. Below we will mainly use
the field equation in the Fourier decomposition (2.7) and, therefore, for sim-
plicity, we will not keep the indices κκκ and ω for the corresponding Fourier
components. We think this will not lead to confusion. We can find for these
components, by a projection of equations (2.5) on the direction of the charge
velocity v, the following equation

κxBy −κyBx = −ω
c

εE − 4πi
c

jq, (2.11)

By = − c
ω

(
κxE + i

∂Ex

∂ z

)
; Bx =

c
ω

(
κyE + i

∂Ey

∂ z

)
. (2.12)

From these equations it follows that(
κ2 − ω2

c2 ε
)

E + i
∂
∂ z

(κκκ E⊥) =
4πiωq
c2(2π)3 exp

iωz
v

, (2.13)

where κ2 = κ2
x +κ2

y . The charge current does not contribute to the projection
of the Maxwell equations on the direction perpendicular to the charge velocity,
and we find (

∂ 2

∂ z2 +
ω2

c2 ε
)

(κκκE⊥) = iκ2 ∂E
∂ z

. (2.14)

We can eliminate κκκE⊥ from these equations by applying the operator
∂ 2/∂ z2 +(ω2/c2)ε to both sides of equation (2.13) and by using (2.14). This
gives a single equation for E:

∂ 2

∂ z2 εE + ε
(

ω2

c2 ε −κ2
)

E = − 4πiωq
c2(2π)3

(
ε − c2

v2

)
exp

iωz
v

. (2.15)
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In derivation of (2.15) we took into account that inside each of the media 1
and 2 the dielectric permittivity ε is constant and does not depend on z. But
on the boundary ε has a jump. Equation (2.15) can be solved in each medium
and the solutions should be joined by using the boundary conditions which
are nothing but an equality on the boundary of the normal components of the
inductions and tangential components of the electric fields 1

ε1E1|z=0 = ε2E2|z=0; (κκκE⊥)1|z=0 = (κκκE⊥)2|z=0. (2.16)

Let us consider first the solution of (2.15) for a homogeneous medium (which
could be one of the two media). Such a solution will be a sum of a field induced
by the charge (the charge field in the medium)

Eq = − 4πiq(1− c2/v2ε)
ω(2π)3(ε − c2/v2 −κ2c2/ω2)

exp
iωz
v

(2.17)

and the free field (the field of the emitted radiation)

ER = − 4πiq
ω(2π)3 a exp

{
∓ i

ω
c

√
ε − κ2c2

ω2 z

}
. (2.18)

Remember that E = Eq + ER is a component of E along the charge velocity
v. The factor 4πiq/ω(2π)3 in the amplitude of the radiation field was intro-
duced only for simplification of the further calculations. The amplitude a then
becomes dimensionless. The “+” sign in (2.18) corresponds to a wave prop-
agating in the z > 0 direction and a “–” sign corresponds to the wave propa-
gating in the z < 0 direction. The field ER in the wave zone will be the field
of the transition radiation. This field should propagate from the boundary, i.e.
in medium 2 it is necessary to use the “+” sign in (2.18) and in medium it is
necessary to use the “–” sign in (2.18).

It is necessary to mention two reservations. Strictly speaking, the field
(2.18) is a radiation field only in the case when (2.18) describes a propagating
wave, i.e. when

ε > κ2c2/ω2. (2.19)

For ε < κ2c2/ω2 the field (2.18) should decrease exponentially from the
boundary. This means that for both the “+” and “–” signs it is necessary to
use for (2.19) the relation√

ε − κ2c2

ω2 = i
ω
|ω|

√
κ2c2

ω2 − ε. (2.20)

Such fields decreasing from the boundary should without doubt be present in
the consideration of transition radiation since the waves excited by the charge

1 Here and further the lower indices 1, 2 correspond to the field in the medium 1 and medium 2,
respectively; for the signs ± and ∓ the upper sign corresponds to the medium 1, and the lower
to the medium 2.
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can afterwards be completely reflected by the boundary. Strictly speaking,
there exists also a transition radiation of the surface waves. This process is not
considered here.

The second reservation concerns the possibility of existence of a solution
of the homogeneous equation (2.15) ε = 0, which corresponds to emission of
longitudinal waves. The characteristics of these waves depend very essentially
on the spatial dispersion and consequently on the properties of the medium
close to the boundary. We will not consider them here either.

Considering the transition radiation we will suppose that the criteria for
Vavilov-Cherenkov emission are not fulfilled (i.e. we suppose that c2/v2ε >
1). To use the boundary conditions (2.16) it is necessary to know the tangential
components of the electric fields. They can be easily found from (2.14) for the
charge field (index q) and for the radiation field (index R)

(κκκE⊥)q = − κ2c2

vω(ε − c2/v2)
Eq; (κE⊥)R = ± ω

c

√
ε − κ2c2

ω2 ER. (2.21)

It is possible then to use the boundary conditions (2.16) to find two equations
for the two amplitudes a1, and a2 of the radiation fields in media 1 and 2

κ2c2/ω2

ε1 − c2/v2 −κ2c2/ω2 − ε1a1 =
κ2c2/ω2

ε2 − c2/v2 −κ2c2/ω2 − ε2a2, (2.22)

κ2c2/ω2

vε1(ε1 − c2/v2 −κ2c2/ω2)
+

1
c

√
ε1 − κ2c2

ω2 a1 =

κ2c2/ω2

vε2(ε2 − c2/v2 −κ2c2/ω2)
− 1

c

√
ε2 − κ2c2

ω2 a2. (2.23)

It is not at all difficult to solve this system of equations with respect to the
amplitudes a1, and a2:

a2 =
v
c

κ2c2

ω2
1

ε1
√

ε2 −κ2c2/ω2 + ε2
√

ε1 −κ2c2/ω2
×




1+
v
c

√
ε1 − κ2c2

ω2

1− v2

c2 ε1 +
κ2v2

ω2

−
ε1

ε2
+

v
c

√
ε1 − κ2c2

ω2

1− v2

c2 ε2 +
κ2v2

ω2


 , (2.24)

a1 = −v
c

κ2c2

ω2
1

ε1
√

ε2 −κ2c2/ω2 + ε2
√

ε1 −κ2c2/ω2
×




1− v
c

√
ε2 − κ2c2

ω2

1− v2

c2 ε2 +
κ2v2

ω2

−
ε2

ε1
− v

c

√
ε2 − κ2c2

ω2

1− v2

c2 ε1 +
κ2v2

ω2


 . (2.25)
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It is easy to see that a1 can be obtained from a2 by substituting ε1 � ε2 and
v →−v.

3. The energy of transition radiation. Let us find an expression for the
energy of the emitted transition radiation in terms of the amplitudes a1, and
a2. To find this value it is not necessary to calculate the Poynting vector, but
it is sufficient to calculate the energy of the radiation field ER asymptotically
as t → ∞, when the radiation field and the charge field are separated. We will
also suppose that the medium in which we consider the transition radiation to
be transparent. This method of calculating the energy emitted corresponds to
the Hamiltonian method described in [24]. For simplicity we will neglect the
dispersion of dielectric permittivity in our calculations of the energy emitted
and will take into account that for electromagnetic wave the electric and the
magnetic energies are equal

W R
2 =

1
4π

∫
dr⊥

∫ ∞

0
dz ε2

[
(ER)2 +(ER

⊥)2] . (2.26)

Index 2 shows that the radiation in medium 2 (i.e. in a forward direction) is
considered. The result obtained (although the dispersion of ε2 was neglected
in the derivation of the result) is valid for any dispersive medium. The factor
1
2 ∂/∂ω(ω2ε2(ω)) which replaces the factor ε2 in (2.26) in the case of dispers-
ing media is canceled as can be seen from the calculations given below. Let us
insert the decomposition (2.7) into (2.26) and take into account that according
to (2.20) we have

|ER
⊥|2 = (ω/κ2c2)(ε2 −κ2c2/ω2)|ER|2. (2.27)

Then we obtain

W R
2 = π2 lim

t→∞

∫ ∞

0

∫ ∞

−∞
dω dω ′ |ER|2 ×

ω2ε2
2 sin [(ω −ω ′)t]

κ2c2

[
(ω/c)

√
ε2 −κ2c2/ω2 − (ω ′/c)

√
ε2 −κ2c2/ω ′2

] .(2.28)

We can find finally by using the relation

lim
t→∞

1
π

sin [(ω −ω ′)t]
ω −ω ′ = δ (ω −ω ′), (2.29)

that

W R
2 = 2π3

∫ ∞

0

ω2

κ2c2 ε2

√
ε2 − κ2c2

ω2 |ER|2dκκκ dω

=
q

2πc

∫ ∞

0

dκ2

κ2 |a2|2ε2

√
ε2 − κ2c2

ω2 dω (2.30)
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It is useful to introduce the angle θ2 between k and v (remember that the
charge moves normally to the boundary from medium 1 to medium 2). Then

sin2 θ2 = κ2c2/ω2ε2.

We find the total energy emitted into medium 2 (i.e. in a forward direction) by
taking into account relation (2.25)

W R
2 =

∫ ∞

0
dω

∫ π/2

0
2πW R

2 (ω,θ2)2π sinθ2 dθ2, (2.31)

where

W R
2 (ω,θ2) =

q2v2√ε2 |ε2 − ε1|2 sin2 θ2 cos2 θ2

π2c3|ε1 cosθ2 +
√

ε2

√
ε1 − ε2 sin2 θ2|2

×

×

∣∣∣∣1− v
c

√
ε1 − ε2 sin2 θ2 − v2

c2 ε2

∣∣∣∣
2

∣∣∣∣
(

1− v2

c2 ε2 cos2 θ2

)(
1− v

c

√
ε1 − ε2 sin2 θ2

)∣∣∣∣
2 . (2.32)

The radiation emitted into medium 1 W R
1 (i.e. in a backward direction) can be

obtained from W R
1 by swapping ε1 � ε2, v → −v, and θ2 → θ1, where θ1 is

the angle between k and −v.
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3. Solar radar experiments

In this chapter we review solar radar experiments. It is based essentially on
review by Gordon [34], which is revised and complemented.

3.1 A review of solar radar experiments
The first solar radar experiment was conducted in 1959 at a frequency of
25.6 MHz [18]. Transmitters with comparatively low power (≈40 kW) and
also the inadequate gain of the broad side array (≈25 dB) over the isotropic
radiator, could only demonstrate that solar echos were actually detected dur-
ing a successful three-day experiment. On the grounds of the reduction of the
data carried out later on with allowance for the frequency spreading of the
reflected signal, an estimation of the scattering cross-section was performed.
The estimated value (σ ≈ 80 πR�2) [17] was found to be much higher than
that expected from theoretical considerations. Repeated attempts to obtain ra-
dio echoes at the same frequency, undertaken in the years 1963, 1964 and 1965
(the total number of experiments exceeded 200) failed to detect any significant
signal although the transmitters’ power was raised to 300 kW [72]. As a re-
sult of these experiments only the upper limit of the cross-section (≈ 2 πR�2)
could be estimated.

An attempt was also made to obtain radio echos at 450 MHz with the aid of
the 1000-ft radio telescope in Arecibo but it was also unsuccessful [16]. Radar
experiments at 50 MHz were carried out also by Bowles at the radar obser-
vatory in Jicamarca (Peru). For several series of experiments, in which the
combination of the transmitters output power and the gain of the antenna ar-
ray was more favourable than in all known solar radar experiments, the results
were negative [16].

Systematic radar studies of the Sun began in 1961 at the Lincoln Labora-
tory of the Massachusetts Institute of Technology radar station near El Campo,
Texas [41]. The antenna was constructed in the form of an array of 1016 half-
wave dipoles distributed on an area of 9 acres (Figure 3.1). A fan-beam aper-
ture with EW dimensions equal to 6.5◦ and NS dimension of 0.7◦, allowed
the observation of the radio echo from the Sun during its culmination. The
transmission of the coded signal lasted for 16 minutes – the round trip time of
the signal travel, and thereupon the reception of the radio echo began.

The gain for the zenith direction equaled 36 dB above that of an isotropic
radiator. The power supply by the transmitter to the antenna in the continu-
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Figure 3.1: El Campo solar radar.
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ous wave signal regime was between 480 and 500 kW. As the received signal
was 20 to 30 dB lower than the noise level, an integration time of ≈ 103 sec
was usually needed. The contribution of the galactic radiation and of sporadic
radio-emission of the Sun was eliminated by subtracting the outputs obtained
in two frequency ranges — the first range containing the radio echo compo-
nents, and the second, being free from the echo components. For about 5 to
10% of the daily experiments, the echo energy was insufficient to obtain re-
liable values of the cross-section. The limit of detectability was ≈ 0.1 πR�2.
For about 75% of the experiments the energy received was insufficient to ob-
tain significant frequency shift-time delay spectra. All the spectra which have
appeared in different publications correspond to cross-sections between lim-
its from about 1 πR�2 to about 7 πR�2. The spectra corresponding to larger
cross-sections are absent, probably because of a high level of interferences.
Spectra corresponding to smaller cross-sections are difficult to obtain because
of the low signal-to-noise ratio (SNR).

Along with the individual spectra the number of average spectra corre-
sponding to a definite period of time or selected by large or small scattering
cross-sections, by the presence of components reflected from high levels in
the corona, were also published.

In 44 cases out of a total of 1144 experiments presented in the report by
James [42], reflections from the back-side of the Sun were detected. In
17 cases cross-section was smaller than 2 πR�2 and sometimes as high
as 30 πR�2 were recorded. But no ideas about the interpretation of these
apparently quite reliable observations were offered.

In 1977 and 1978 Benz and Fitze attempted to observe scatter from Lang-
muir waves in the corona using a 2380 MHz, 500 MW CW transmitter at
Arecibo [7, 20] but were not successful, most likely because of the very high
frequency used.

From 1996 to 1998 solar radar experiments were carried out at 9 MHz using
the Russian Sura high-power radio transmitter together with the Ukrainian
UTR-2 radio telescope in a bistatic mode [79, 77], and there was a likely
marginal detection of the corona with a Doppler bandwidth of about 40 kHz.
During this period Sura was also used in a monostatic mode at 9 MHz [46, 47];
the analysis of the monostatic data is still in progress [45].

3.2 Main results of El Campo experiments
3.2.1 Scattering cross-sections
In spite of the theoretical prediction of the scattering cross-section of the Sun
at 38.25 MHz to be ≈ 1.5 πR�2 (see Section 4.3) the experiment shows vari-
ation of the scattering cross-sections within very wide limits, over four orders
of magnitude, ranging from ≈ 800 πR�2 to ≈ 0.1 πR�2 and lower [42]. As
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Figure 3.2: Scattering cross-sections observed by James [42]. Corrections allowing
for the band width are introduced according to James [42]

to the character of these changes, see Figure 3.2. It must be emphasized that
possible changes of the global electron density and the temperature of corona
can neither explain the very large nor the very small cross-sections observed
at El Campo.

A comparison of the large cross-sections observed with the angular aperture
of the beam of the receiving antenna makes it evident that the reflected signal
must be highly directive or (and) significantly amplified during the two-way
propagation in the corona. It will be shown below that the reflection takes
place only above active regions. This makes the demand on the mechanisms
of the directivity and (or) amplification even higher.

The second remarkable feature of these observations is the rapid day-to-day
change of the cross-sections. There are, for instance, some cases when in two
successive experiments the effective cross-section increased from 0.6 πR�2 to
251 πR�2. In another case, in three consecutive days after the decrease of the
cross-section from 151 πR�2 to σ < 0.1 πR�2, a new rise to σ = 185 πR�2

was observed. It is of vital importance for the elucidation of the mechanism
which is responsible for the formation of the radio echo from the Sun that the
increase in the effective cross-section is invariably accompanied by a rise in
the level and an enhancement of the fluctuations of the Sun’s sporadic radio
emission at 38 MHz. It is interesting to note that these coincidences were of
such a remarkable character that it permitted James to formulate the conclu-
sion: “This suggests very strongly that the same mechanism was responsible
for both the noise level and the increase in cross-section” [41].
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3.2.2 Structure of radio echo spectra
A typical spectrum of a reflected signal in James’ experiment is presented in
Figure 3.3. The main part can be distinguished in this spectrum. Its compo-
nent usually originates from layers with heliocentric distances in the direction
of the observer ≈ (1.2− 1.5) R�, and with a thickness of ≈ 0.3 R�. Along
with the main part of the spectrum, which contains the principal portion of the
reflected energy, diffuse components can be observed at different distances
and with different frequency shifts. These spectra were classified as spectra of
type A [32]. Their fraction amounts to 70%.

There are also spectra in which the main part cannot be distinguished. Spec-
tra of this kind are classified as type B spectra; they possess a more diffuse
character, the reflected energy is more smoothly distributed between different
ranges (see Figure 3.4). A predominant number of type A spectra is observed
when there are plage areas near the center of the solar disk [32].

A remarkable feature of the time-frequency structure of radio echo spectra
is the quasi-symmetric distribution of the frequency shifts in which the total
energy contained in the positive and negative components is of the same or-
der of magnitude. Such a structure is quite unexpected because in the model
of the reflection from moving inhomogeneities frozen into the solar wind an
overwhelming predominance of the “red” shifted components would be ex-
pected.

The second unexpected feature of the radio echo spectra is the persistent
presence of components with high-frequency displacements up to 50 kHz and
more. In the case of a Doppler nature of these frequency shifts the correspond-
ing velocities components would be as high as 200 km/s and still higher. From
the quasi-symmetric structure of the signal, a complete equality of the number
of descending and ascending motions follows in self-evident contradiction to
the theory of the solar wind.

The third peculiarity of the radio-echo data is the presence of components
reflected from very high levels in the corona, up to 5.2 R�, see Figure 3.5.
In the model of the reflections from the layer with a refraction index n = 0
(specular reflection), an enhancement by three orders of magnitude of the
undisturbed coronal density is required. Such a density enhancement cannot
be reached in shock waves.

3.2.3 Comparison of the results of radar experiments with the
characteristics of solar activity
A study by Gerasimova (1974) [22] was performed in order to find the cor-
relation between the scattering cross-sections and the area of the hot radio
emission region observed at 9.1 cm. The results are in accordance with those
obtained by James [41], who found that no stable correlation between the
cross-sections and plage areas exists. Autocorrelation curves were constructed
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Figure 3.3: Radio echo spectrum [41] of type A, presenting the distribution of the
received energy according to different ranges and frequency displacements. Range
marks are located on the delay-time scale for an assumed excess group delay of two
seconds.
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Figure 3.4: Radio echo spectrum [41] of type B. The distribution of energy between
different delays and frequency shifts is more diffuse than in the spectra of type A.
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Figure 3.5: Radio echo spectra are characterized by the presence of components re-
flected from very high layers of the corona [42].
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Figure 3.6: Autocorrelation curves of the cross-sections for three periods of five
months [22].

from the cross-sections for the three five-month periods for which the most
complete experimental evidence was obtained. The principal result, which is
illustrated by Figure 3.6, is that no significant periodicity, including a 27 day
one, was found. This fact is in complete accordance with the conclusion
that the enhanced scattering cross-sections are connected not simply with the
existence of the active regions but with definite phases in their evolution [32].

It was also found that the long periods of large scattering cross-sections
are connected to simultaneously observed explosive phases of flares. James
[41] emphasized particularly the frequent coincidences of the enhanced cross-
sections with the rise of the level and the intensification of the fluctuations of
sporadic radio emissions of the Sun at 38 MHz. A more extensive analysis
of the data connected with the large cross-sections was carried out by Gerasi-
mova (1974) [22]. Usually, large effective cross-sections were observed for
several days at times of meridian passage of sunspot groups of a complicated
magnetic structure with high flare activity. A high correlation with the total
quantity of type III bursts and the continuum connected with type III storms
or with noise storms observed in the frequency range (41–8) MHz has been
found (Figure 3.7).

Along with cases of the prolonged rise of the scattering cross-sections there
were some cases exhibiting isolated rises [42]. These cases coincided with
the “birth” of new sunspot groups, or with the rise of flare activity in the
already existing active regions. The case of a sudden rise of the cross-section
were accompanied by type II bursts, which were followed by the appearance
of continuum radio-emissions of type IV and by large quantities of type III
bursts.
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Figure 3.7: Large scattering cross-sections observed during the transit of an active re-
gion: (a) Observed cross-sections, (b) Distance from the central meridian, (c) Numbers
of the type III and type I radio bursts [22].

When the flare active region appears on the solar disk, the cross-section
begins to rise long before its passage through the central meridian. So the
indicator of the radio echo cannot always be sharp.
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4. Theory of reflections from the Sun

This chapter is devoted to the theory of propagation of radio waves in the solar
corona and the mechanisms of reflection (scattering) of these waves.

4.1 Radar equation and scattering cross-section
The fundamental relation between the characteristics of the radar, the target,
and the received signal is called the radar equation. The geometry of scattering
from an isolated radar target (scatterer) is shown in Figure 4.1, along with the
parameters that are involved in the radar equation. Let us consider the simplest
case of the vacuum, where the waves will not suffer refraction or absorption.
When a power Pt is transmitted by an antenna with gain Gt in the direction of
the scatterer, the power density at the scatterer is

Ss =
PtGt

4πR2
t
, (4.1)

where Rt is the distance from the transmitter to the scatterer. To obtain the
total power intercepted by the scatterer, the power density must be multiplied
by the effective receiving area of the scatterer:

Prs = SsArs. (4.2)

Note that the effective area Ars is not the actual area of the incident beam
intercepted by the scatterer, but rather is the effective area; i.e., it is that area of
the incident beam from which all power would be removed if one assumed that
the power going through all the rest of the beam continued uninterrupted. The
actual value of Ars depends on the effectiveness of the scatterer as a receiving
antenna.

Some of the power received by the scatterer is absorbed in losses in the
scatterer unless it is a perfect reflector; the rest is reradiated in various direc-
tions. If the fraction absorbed is fa, the fraction reradiated is 1− fa, and the
total reradiated power is

Pts = Prs(1− fa). (4.3)

In general, the scattering results in a non-isotropic re-radiation pattern (sim-
ilar to an antenna pattern) and the gain in the direction of the receiver Gts is
the relevant value in the re-radiation pattern. Thus, the energy density at the
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Figure 4.1: The schematic representation of a radar experiment.

receiver is

Sr =
PtsGts

4πR2
r
, (4.4)

where Rr is the distance from the scatterer to the receiver. The power entering
the receiver is

Pr = SrAr =
PtGtAr

(4π)2R2
t R2

r
[Ars(1− fa)Gts], (4.5)

where Ar is the effective aperture of the receiving antenna, not its actual area.
This equation is called the radar equation. The factors associated with the
scatterer are combined in the square brackets. These factors are difficult to
measure individually. Hence, they are normally combined into one factor, the
radar scattering cross-section:

σ = Ars(1− fa)Gts. (4.6)

4.2 Free-free absorption
A radio wave propagating through the solar corona suffers attenuation due
to the free-free absorption, and for a radar experiment it is important to esti-
mate the amount of this attenuation. The process of free-free absorption occurs
when electrons begin to oscillate in resonance with electric field of a wave and
then electron-ion collisions destroy the oscillation. Here we answer the ques-
tion of how free-free absorption effects energy flux of the emitted radar wave
ωt along its way to the specular reflection point (ωp = ωt) and back, assuming
propagation parallel to the plasma density gradient without any refraction.
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The absorption of a radio wave along a unit path is given by the coefficient
[94]

µ =
1− ε

nc
νeff, (4.7)

where ε = 1−ω2
p/ω2

t is the dielectric permittivity, n is the refractive index, c is
the speed of light, and νeff is the effective frequency of collisions of electrons
and ions, given by

νeff =
5.5N
T 3/2 ln

[
104 T 2/3

N1/3

]
, (4.8)

where T is the electron temperature, and N is the electron density. The refrac-
tive index n is given by

n2 = ε/2+
√

(ε/2)2 +(2πσ/ωt)2 (4.9)

with
σ = (1− ε)νeff/4π. (4.10)

Evidently, the energy flux for a plane wave is attenuated due to the relation
S = S0e−τ(r), where S0 is the flux outside the corona, τ is the optical depth,
and r is the radial distance from the Sun,

τ =
∫ r

r0

µ(r′)dr′. (4.11)

Here the integration is done along the wave propagation path. This formula is
valid in the approximation of geometrical optics and when the condition

|ε | � νeff/ωt (4.12)

holds.
Figure 4.2 shows the optical depths τ calculated for waves of different fre-

quencies traveling radially towards the Sun. The plasma of the solar corona
is assumed to have a density profile described by the Baumbach-Allen model
(Equation 2.2) and the electron temperature of T = 2×106 K. For easier com-
parison the abscissa axis does not contain the radial distance from the Sun, r,
but the corresponding normalized local plasma frequency ωp(r)/ωt .

The reflection coefficient, taking the absorption for two-way propagation
into account, can be written as

R2 = e−2τ0 , (4.13)

where τ0 is the optical thickness at in the reflection point. For the emitted radio
waves with frequencies ωt = 2π ×10, 50 and 100 MHz, the reflection coeffi-
cients are R2 ≈ 0.92, 0.41 and 0.07, respectively. With this we can conclude
that it is preferable to use the lowest possible frequencies for radar probing
of the Sun. This, however, will obviously decrease the range of the studied
altitudes.
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Figure 4.2: Optical depth τ as a function of a normalized plasma density ωp(r)/ωt for
T = 2×106 K and ωt = 2π × (10;50;100) MHz.

4.3 Specular reflection
A radio wave propagating towards the Sun will, in general, suffer deviation
from its original direction (refraction) together with absorption attenuation.
After a time, a wave will encounter an plasma density sufficient to turn it
away from the Sun. For a wave propagating along the plasma gradient, this
critical density is that which makes the refractive index n = 0, whereas for the
obliquely propagating wave a smaller electron density will suffice.

Let us assume a spherically symmetric solar corona. Ray trajectories, thus,
may be computed using the equation

θ = a
∫ ∞

ρ

dρ
ρ
√

n2ρ2 −a2
, (4.14)

where θ is the angle to a point on the ray measured at the center of the Sun,
a is the distance in units of R� between a tangent to the ray at infinity and
the center of the Sun, and n is the refractive index at the point (ρ,θ ). Ray
trajectories for 38 MHz, the Baumbach-Allen model and no-magnetic field
case are shown on Figure 4.3. For each ray, the point of closest approach
to the photosphere is called the turning point. Note that as a increases, the
turning point lies farther out in the corona.

If the reflecting surface were smooth, the reflected signal would be formed
from the first Fresnel zone. In reality, the corona is not smooth and the re-
flecting surface may be considered as rough. Each part of the reflecting sur-
face will contribute something to the backscattered echo, since in each region
it will be rays which will meet some n = 0 surface normally. To obtain the
scattering cross-section of the Sun corresponding to a given frequency, an in-
tegration of the energy scattered back into the direction of the observer from
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Figure 4.3: Computed ray paths at 38 MHz in a spherically-symmetric corona assum-
ing an Baumbach-Allen density model [41].

all points of the scattering surface must be performed with allowance for the
two-way absorption of the signal. Assuming the reflection coefficient being
proportional to cos2 θ (Lambert reflection), or isotropic law give the scatter-
ing cross-section of the Sun at 38 MHz of about 1.5 πR�2.

This theory of specular reflection from a spherically-symmetric solar was
introduced by the Australian radio astronomer Kerr [48] and later supple-
mented by Bass and Braude [4] and James [41].

4.4 Scattering by density fluctuations
This section concerns with the geometrical optics method, which is one of
the approximate methods of solving problems involving wave propagation
through media containing large-scale random inhomogeneities, whose char-
acteristic dimensions lε are large as compared to the wavelength λ [81]. We
apply this method in Paper III in order to answer the question of weather
density fluctuations in the solar wind and Earth’s foreshock strongly diffuse
angularly the radar beam on the way to the reflection point and back.

In the process being considered, large-angle scattering (and, in particular,
backscattering) is negligible. Fluctuations of the wave field are dominated by
those inhomogeneities that lie in the path of the wave, i.e., in the vicinity of the
ray connecting the source with the observation point. It is more convenient,
therefore, to speak not of scattering but of wave propagation in random media
with large-scale random inhomogeneities. Other approximate approaches to
fluctuations of shortwave (λ � lε ) fields in a random media are the method of
smooth perturbations (MSP) and the parabolic equation method (PEM). GOM
is the simplest, unlike MPS and PEM, and the most graphic, it does not take
into consideration diffraction effects, and is therefore not as versatile as the
other two methods. However, within its scope the GOM offers definite advan-
tages. First, in enables a number of effects to be analyzed (e.g., the influence
of regular refraction and larger field fluctuations in the vicinity of caustics)
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that are not as easily described by the other techniques. Second, some of the
results of the method hold even beyond the range of its validity; e.g., phase
(but not amplitude) fluctuations and directions of wave propagation.

4.4.1 Geometrical optics equation
The following is a brief derivation of the geometrical optics equation for
the simplest case of the scalar monochromatic wave propagation through a
medium with stationary continuous inhomogeneities. Suppose that the per-
mittivity ε(r) in the Helmholtz equation

∆u+ k2ε(r)u = 0 (4.15)

varies only slightly over the wavelength λ (λ |∇ε| � ε , i.e., the medium is
smoothly inhomogeneous). It is natural to assume under these conditions that
the field u at each point can be approximated by the plane wave

u = AeiS = Aeikϕ , (4.16)

where the amplitude A and phase gradient ∇S are slow (in the scale of λ )
functions of the coordinates.

Since A and ∇S vary slowly, we can easily derive the equations for A and S
or for the quantity ϕ = S/k, which is the phase path of the wave and is known
as the eikonal.

Debye suggested the following derivation of equations for A and ϕ . We
expand A into a series in reciprocals of powers of the wave number

u =

(
A0 +

A1

ik
+

A2

(ik)2 + . . .

)
eikϕ . (4.17)

The coefficients Am in this expansion are generally complex and, therefore,
also contribute to the phase of the resulting field.

Substituting (4.17) into the Helmholtz equation and equating to zero the
coefficients at the same powers of k gives the set of equations for ϕ , A0, A1,
A2 . . .

(k2) : (∇ϕ)2 = ε, (4.18)

(k) : 2(∇ϕ∇A0)+A0∆ϕ = 0, (4.19)

(k0) : 2(∇ϕ∇A1)+A1∆ϕ = −∆A0, (4.20)

(k1−n) : 2(∇ϕ∇An)+An∆ϕ = −∆An−1. (4.21)

Equation (4.18) is called the eikonal equation, and the subsequent equations
for An(n = 0,1,2, . . .) are termed the transport equations for the amplitude of
the nth approximation. The treatment is generally confined to the zeroth ap-
proximation of the GOM, where in (4.17) only A0 is kept. The higher-order
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Figure 4.4: A ray tube of infinitesimal thickness [81].

terms in (4.17) are discarded not only because of computational difficulties,
but mainly because the series is asymptotic; and it is well known that, with
asymptotic expansions, an approximation is not always improved by increas-
ing the number of terms retained.

The eikonal equation (4.18) yields the characteristics (rays) along which
the functional

∫ √
εds is extreme (Fermat’s principle). Ray equations can be

written in different forms. In this treatment it is convenient to represent them
in the form

dr
ds

= t,
dt
ds

=
1

2ε
[∇ε − t(t∇ε)], (4.22)

where ds is an element of the ray length, and t is the unit vector tangent to
the ray, which doubles as the normal to the phase front S = kϕ = const. Since
|∇ϕ| = √

ε , we have

t =
∇S
|∇S| =

∇ϕ
|∇ϕ| =

∇ϕ√
ε
.

If in some way or other we have found a solution to the ray equations (4.22),
the eikonal equation (4.18) and transport equation (4.19) can be integrated
along the ray paths. The eikonal ϕ is found from the Equation

ϕ =
∫ S

0

√
εds =

∫ S

0

√
ε[r(s)]ds, (4.23)

and A0 from the conservation condition for the intensity I =
√

εA2
0 in the ray

tube of infinitesimal thickness and with cross-sectional area dΣ (Figure 4.4)

IdΣ =
√

εA2
0dΣ = const. (4.24)

This relationship follows directly from (4.19), if we write the latter in the
form

∇ · (A2
0∇ϕ) = ∇ · (√εA2

0t) = ∇ · (It) = 0 (4.25)

and integrate over the volume between the cross-sections of the infinitesimally
thin ray tube.

We can pass to the geometrical optics approximation (i.e., we can neglect
all the terms in (4.17) save for the zeroth) only if the radius of the first Fresnel
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zone
√

λL is small (L is the distance covered by the wave) as compared to the
characteristic scale of the inhomogeneities, lε ,

√
λL � lε . (4.26)

We will now turn to random media. It is possible to obtain an analytic solu-
tion to the eikonal Equation (4.18) or ray Equation (4.22) for the permittivity
ε , which depends on the coordinates in arbitrary way. So here, too, we have
to make use of approximate methods, notably of the perturbation method. Let
ε(r) = ε(r)+ ε̃(r), where the fluctuational component ε̃ is small as compared
to the regular one (σε � ε). We represent the eikonal in the form

ϕ = ϕ0 +ϕ1 +ϕ2 + . . . , (4.27)

assuming that ϕ0 satisfies the “unperturbed” eikonal equation

(∇ϕ)2 = ε (4.28)

and |∇ϕ1| ∼ σε � |∇ϕ0|, |∇ϕ2| ∼ σ2
ε � |∇ϕ1|, and so on. Substituting (4.27)

into (4.18) and taking (4.28) into account, for the corrections ϕ1, ϕ2, . . . we
get the following linear equations

2(∇ϕ0∇ϕ1) = ε̃,

2(∇ϕ0∇ϕ2) = −(∇ϕ1)2. (4.29)

Given the unperturbed eikonal ϕ0 and unperturbed rays r0 = r0(s) and t0 =
t0(s) which obey the ray Equations (4.22) at ε = ε , the solutions to these
equations can be expressed in quadratures. Note that in a zeroth approximation
∇ϕ0 =

√
εt0, where t0 = dr0/ds is the unit vector tangent to the unperturbed

ray r = r0(s). The Equation (4.29) for the first-order correction ϕ1, which is
generally the only one retained in calculations, will then be

2(∇ϕ0∇ϕ1) = 2
√

ε(t0∇ϕ1) = 2
√

ε
dϕ1

ds
= ε̃ , hence (4.30)

ϕ1 =
1
2

∫ s

0

ε̃√
ε

ds′. (4.31)

The integration here is along the unperturbed ray r = r0(s), i.e., the integrand
includes the functions ε̃ = ε̃[r0(s′)] and ε = ε[r0(s′)].

4.4.2 Eikonal fluctuations
In a first approximation to the perturbation theory the eikonal is ϕ ≈ ϕ0 +
ϕ1. The mean of the first-order correction ϕ1 is zero (ϕ1 = 0), since in the
approximation chosen the functional component of the eikonal ϕ̃ = ϕ − ϕ
coincides with ϕ1, and the covariance is

ψϕ(r1,r2) = 〈ϕ̃(r1)ϕ̃(r2)〉 = 〈ϕ1(r1)ϕ1(r2)〉. (4.32)

52



Figure 4.5: Effect of the integration region (shaded) in (4.34) [81].

We will begin with the simplest case. Consider a plane wave exp(ikz) prop-
agating through a statistically homogeneous medium with mean electric per-
mittivity ε = 1. From (4.31), the eikonal covariance is

ψϕ(r1,r2) =
1
4

∫ z1

0
dz′

∫ z2

0
dz′′ψε(ρρρ1 −ρρρ2,z

′ − z′′), (4.33)

where r1 = (ρρρ1,z1) and r2 = (ρρρ2,z2) are the radius vectors of the observation
points, and ψε is the covariance of the fluctuations ε̃ . We will now pass in
(4.33) to new variables ζ = z′ − z′′ and η = (z′ + z′′)/2. In these variables

ψϕ(r1,r2) =
1
4

∫∫
Σ

dζ dηψε(ρρρ1,−ρρρ2,ζ ), (4.34)

where Σ is the region of integration in the plane (ζ ,η). If z2 > z1, the region
is a parallelogram, as shown in (4.5).

The integral (4.34) is dominated by the narrow layer −lε � ζ � lε (shaded
in Figure 4.5), where the covariance ψε is markedly distinct from zero. There-
fore, the integration limits with respect to ζ can be made infinite, and the
integral with respect to η will be taken from 0 to z1

ψϕ(r1,r2) ≈ 1
4

∫ z1

0
dη

∫ ∞

−∞
dζ ψε(ρρρ1 −ρρρ2,ζ ) =

z1

2

∫ ∞

0
ψε(ρρρ1 −ρρρ2,ζ )dζ .

Here we remember that ψε is even in ζ . For z2 < z1 we would arrive at a
similar expression, z2 being substituted for z1. Thus

ψϕ(r1,r2) =
z<

2

∫ ∞

0
ψε(ρρρ,ζ )dζ , (4.35)

where z< = min{z1,z2} is the smaller of z1 and z2, and ρρρ = ρρρ1 −ρρρ2. Specifi-
cally, for isotropic fluctuations

ψϕ(r1,r2) =
z<

2

∫ ∞

0
ψε(

√
ρ2 +ζ 2)dζ . (4.36)

The eikonal covariance may also be expressed in terms of the spatial spec-
trum of ε̃ . Substituting into (4.35) the spectral expansion

ψε(ρρρ ,ζ ) =
∫ ∞

−∞
Φε(κκκ⊥,κκκz)exp(iκκκ⊥ ·ρρρ + iκzζ )d2κ⊥dκz
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and integrating with respect to ζ gives

ψϕ(r1,r2) =
πz<

2

∫ ∞

−∞
Φε(κκκ⊥,0)exp(iκκκ⊥ ·ρρρ)d2κ⊥. (4.37)

If ε̃ is isotropic, then Φε(κ⊥,0) = Φε

√
κ2
⊥ +02 = Φε(κ⊥). If we now change

to polar coordinates κ = |κκκ⊥| =
√

κ2
x +κ2

y ,α = arctan(κy/κx) and integrate
with respect to the angle α , we obtain

ψϕ(r1,r2) = π2z<

∫ ∞

0
Φε(κ)J0(κρ)κdκ, (4.38)

where J0(κρ) is the zeroth-order Bessel function.

4.4.3 Fluctuations of arrival angles
The arrival angles of waves are determined by the direction of the normal to
the phase front, which in an isotropic medium coincides with the direction of
the unit vector t = ∇ϕ/

√
ε tangent to the ray. Let us find the deviation of the

vector from the unperturbed position t0 = ∇ϕ0/
√

ε . In a first approximation,
we have

t =
∇ϕ√

ε
=

∇(ϕ0 +ϕ1 + . . .)√
ε + ε̃

=
∇ϕ0√

ε
+

1√
ε

[
∇ϕ1 − ε̃∇ϕ0

2ε
+ . . .

]
.

But, by (4.30), ε̃ = 2
√

ε(t0∇ϕ1), so that

t ≈ t0 +
1√
ε

[
∇ϕ1 − t0(t0∇ϕ1)

]
,

and the first-order correction to the unperturbed direction t0 will be

t1 = t− t0 =
1√
ε
[∇ϕ1 − t0(t0∇ϕ1)] ≡ ∇⊥ϕ1√

ε
, (4.39)

where ∇⊥ is the operator of transverse (relative to the unperturbed ray) differ-
entiation.

From (4.39), t1 is normal to t0 and lies in a plane tangent to the unperturbed
phase front ϕ0 = const. Let ααα and βββ be two unit orthogonal vectors in this
plane that, together with the vector t0 tangent to the unperturbed ray, form
an orthogonal frame of reference. We can decompose t1 into two components
along the directions ααα and βββ

t1 = t1αααα + t1β βββ .

Up to second-order terms, the arrival angles of the ray θα and θβ , measured
from the direction of the unperturbed ray t0 (Figure 4.6), are t1α and t1β re-
spectively
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Figure 4.6: Variations of arrival angles in two mutually orthogonal planes [81].

θα ≈ t1α =
1√
ε
(ααα∇⊥ϕ1) =

1√
ε

∂ϕ1

∂ρα
, θα ≈ 1√

ε
∂ϕ1

∂ρβ
.

It follows that the mean arrival angles in both mutually orthogonal planes
(t0,ααα) and (t0,βββ ) are zero (θ α = θ β = 0), as ϕ1 = 0 and the elements of the
correlation matrix for these angles are given by

ψθ
αβ (ρρρ1,ρρρ2) ≡ 〈θα(ρρρ1) θβ (ρρρ2)〉 =

1
ε

∂ 2ψ⊥(ρρρ1,ρρρ2)
∂ρ1α∂ρ1β

. (4.40)

We can simplify this equation somewhat by considering that the
eikonal fluctuations in a plane tangent to the unperturbed phase front
are quasi-homogeneous: the transverse covariance of the eikonal,
ψ⊥(ρρρ1,ρρρ2) = ψ⊥(ρρρ,ρρρ+), varies “fast” (on the space scale ∼ lε ) with
ρρρ = ρρρ1 − ρρρ2, and “slowly” (on space scale Lε � lε ) with the coordinate of
the center of mass ρρρ+ = (ρρρ1 + ρρρ2)/2. Therefore, when we pass in (4.40)
from ρρρ1 and ρρρ2 to ρρρ and ρρρ+, we can only differentiate with respect to
ρρρ = ρρρ1 −ρρρ2. If, for simplicity, we discard ρρρ+ in ψθ

αβ and ψ⊥, we will get

ψθ
αβ (ρρρ) = −1

ε
∂ 2ψ⊥(ρρρ)
∂ρα∂ρβ

. (4.41)

Thus, the variances of the arrival angles are given by

〈θ 2
α〉 = ψθ

αα(0) = −1
ε

∂ 2ψ⊥(0)
∂ρ2

α
, 〈θ 2

β 〉 = −1
ε

∂ 2ψ⊥(0)
∂ρ2

β
, (4.42)

and, in the general case, the anisotropic fluctuations of the eikonal are differ-
ent.
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4.4.4 Coefficient of angular broadening
Here we show how the coefficient of angular broadening µ = 〈θ 2〉/z< of a
radio wave can be calculated from the power spectrum of density fluctuations.
This derivations extend the ones presented in Paper III.

The variance of the arrival angle for isotropic fluctuations can be obtained
by substituting the eikonal correlation function from (4.38) into (4.42) at ρ →
0

〈θ 2〉 = −π2z<

ε

∫ ∞

0
Φε(κ)κ

∂ 2J0(κρ)
∂ρ2 dκ

∣∣∣∣∣
ρ→0

, (4.43)

where Φε(κ) is a 3D spectrum of permittivity. The second derivative of the
Bessel function is

∂ 2J0(κρ)
∂ρ2 = κ2

(
J1(κρ)

κρ
− J0(κρ)

)
. (4.44)

The argument κρ in the limit ρ → 0 in the general case does not approach
zero (because κ changes in 0 � κ � ∞), but assuming that the spectra of per-
mittivity vanishes at small scales (Φε(κ) = 0 for κ > κmax) it always does.
Using the expansion

Jn(δ ) =
δ n

2nn!

{
1− δ 2

2(2n+2)
+ ...

}
we get

∂ 2J0(κρ)
∂ρ2

∣∣∣∣∣
κρ→0

= κ2

(
1
2
−1

)
= −κ2

2
. (4.45)

Thus the variance becomes

〈θ 2〉 =
π2z<

2ε

∫ κmax

0
Φε(κ)κ3dκ. (4.46)

The 3D power spectrum of electric permittivity is related to the 1D power
spectrum of density fluctuations by

Φε(k) =
1

4π
ΦN(k)

N2
0

k−2, (4.47)

where N0 is a density of plasma with plasma frequency equal to the frequency
of a radio wave ωt ,

N0 =
ω2

t me

4πe2 . (4.48)

Assuming the spectrum of density fluctuations of the power law form

ΦN(k) = N2 ×a× (kρi)−b, (4.49)
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where ρi is the ion thermal gyroradius, yields the coefficient of angular broad-
ening

µ =
π

8ερ2
i

(
N
N0

)2 a(kρi)2−b

2−b

∣∣∣∣∣
kmaxρi

kminρi

=
π

8ερ2
i

ω4
p

ω4
t

a(kρi)2−b

2−b

∣∣∣∣∣
kmaxρi

kminρi

. (4.50)

4.4.5 Application to the El Campo experiments
Scattering by density fluctuations as the possible mechanism explaining the
El Campo experiment was considered by Chashei and Shishov [11]. These
authors assume scattering of a λ = 8 m (38 MHz) radio wave by MHD waves
propagating from the base of corona [12] having the 3D power spectrum of
density fluctuations

ΦN(k) = CN k−3, (4.51)

with the cutoff at the smallest scale l = 2π/kmax ≈ 105 cm. The coefficient of
angular broadening is assumed to depend on the altitude in the corona as

µ = µ0(r0/r)ν , (4.52)

where µ0 and r0 are scaling factors. From the condition

µ0

∫ r

r0

(r0

r

)ν
dr ≈ 1, (4.53)

and the temporal parameters of a reflected pulse from the El Campo exper-
iments it is estimated that reflections may occur at altitudes of ≈ 2 R� with
scattering cross-section of ≈ 10 πR�2. The authors also conclude that the
scattering by density fluctuations is more effective than the surface specular
reflection only for radar signals of sufficiently long wavelength (λ > 4 m).

4.5 Induced scattering by wave turbulence
As the El Campo experimental results could not be explained within the
framework of specular reflection theory, and it was proposed that the radar
echo can be formed due to the process of induced scattering by a wave
turbulence.

We may explain the physical picture of this process by the example of in-
duced scattering of a electromagnetic wave by the plasma (Langmuir) turbu-
lence. An electromagnetic wave t in the presence of an longitudinal plasma
wave l may emit a longitudinal wave with transition to an electromagnetic
wave of different wave vector and frequency t ′ (t → l + t ′), see Figure 4.7.
The inverse process of absorption of a longitudinal plasma wave l by the elec-
tromagnetic wave t ′ with a transition to t (l + t ′ → t) may also occur. These
processes are called decay and coalescence respectively. They are described,
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Figure 4.7: Decay of a transverse wave t into a longitudinal l and a transverse wave t ′.

in the random phase approximation, by the following kinetic wave equations
[89]:

dNt
kt

dt
= −

∫
w̃(kl,kt,kt′)

dkldkt′
(2π)6 (Nt

ktN
t
kt′ −Nt

kt′N
l
kl

+Nt
ktN

l
kl
), (4.54)

dNt
kt′

dt
=

∫
w̃(kl,kt,kt′)

dkldkt

(2π)6 (Nt
ktN

t
kt′ −Nt

kt′N
l
kl

Nt
ktN

l
kl
),

where Nt
kt

, Nt
kt′ , and Nl

kl
are the number densities of electromagnetic and lon-

gitudinal wave quanta, w̃(kl,kt,kt′) is the probability of emission of kl by kt
with transition into kt′ which is equal to the probability of absorption of kl by
kt′ with transition into kt. Number density of quanta Nk is related to a spectral
energy density of the turbulence Wk as

Nk =
Wk

h̄ω
, (4.55)

where k and ω are wave vector and frequency, respectively; and the energy
density of the turbulence W is related to the spectral energy density as

W =
∫

Wk
d3k

(2π)3 . (4.56)

The kinetic wave equations (4.54) are valid only in the weak turbulence limit,
which basically requires the energy density of the turbulence to be much less
than the thermal energy density of the plasma [14],

W
nT

< (klλD)2, (4.57)

where n and T are the electron plasma density and temperature, and λD is the
electron Debye length.

The coalescence and decay processes must comply with the laws of the
momentum and energy conservation (so called “resonant conditions”)

h̄kt = h̄kl + h̄kt′, (4.58)
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h̄ωt = h̄ωl + h̄ωt′, (4.59)

which are present as Dirac delta functions in a probability coefficient. We
may notice that after a decay, the electromagnetic wave frequency decreases
with an amount which equals the frequency of the scattering wave and after
coalescence it increases by the same amount.

The radar wave when propagating through a region “filled” with the plasma
turbulence, assuming the resonant conditions to be satisfied, generates satel-
lite waves at frequencies ωt ±ωl . The equation which describes the loss of
intensity of the radar wave due to satellite line generation, taking also into
account the inverse process of re-scattering of satellites back to ωt , may be
written as follows:

dNt
kt

dt
=

∫
w̃(kl,kt′′,kt)

dkldkt′′
(2π)6 (Nt

ktN
t
kt′′ +Nt

kt′′N
l
kl
−Nt

ktN
l
kl
)−

−
∫

w̃(kl,kt,kt′)
dkldkt′
(2π)6 (Nt

ktN
t
kt′ −Nt

kt′N
l
kl

+Nt
ktN

l
kl
). (4.60)

Here the first integral accounts for the t + l � t ′′ and the second accounts for
the t � l + t ′ process.

Let the intensity of the satellites kt′ and kt′′ be much smaller than the in-
tensity of the incident wave kt. Then, in Equation 4.60 we can drop terms
containing Nt

kt′ and Nt
kt′′

dNt
kt

dt
= −

∫ [
w̃(kl,k,kt)Nl

kl
Nt

k + w̃(kl,kt,k)Nl
kl

Nt
k)

]dkldk
(2π)6 . (4.61)

The first term describes the appearance of the “red” satellite and the second
describes the “blue” satellite. The probability of the process of decay and co-
alescence is proportional to the intensity of the waves which are already ex-
isting. It is a characteristic feature of induced processes of scattering that they
lead to an exponential rise of the satellites intensity.

The same mechanism as we have considered, works not only for plasma
waves, but also for other wave modes, e.g., upper-hybrid, Bernstein, Z mode,
lower-hybrid, Alfvén, whistler, or ion-sound waves. The radar wave and the
echo may also be considered as being an O mode and/or an X mode wave.

In principle, more complicated processes are possible, in which the radar
wave transforms into three other waves, or the radar wave and another wave
transform into two other waves.

The mechanism of formation of the echo due to induced scattering by wave
turbulence was considered in a number of articles. This includes scattering by
isotropic ion-sound turbulence [30, 31, 33, 34], isotropic Langmuir turbulence
[35], and lower-hybrid waves [92]. Scattering by the anisotropic Langmuir
and ion-sound turbulence, is studied in [59, 58, 60], Paper I, and Paper II.
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5. Summary of the papers

This chapter contains a brief summary of the publications included in this
thesis.

Paper I. Combination scattering by anisotropic Langmuir turbulence
with application to solar radar experiments.
In this paper we study the feasibility of radar detection of an anisotropic
Langmuir turbulence in the solar corona due to a nonlinear scattering
process t + l � t. The turbulence is assumed to be generated by elec-
trons, responsible for type III solar radio burst, which propagate towards
the radar site. These electrons generate Langmuir waves with wave vec-
tors quasi-parallel and antiparallel to the propagation direction. Using
wave-kinetic theory we obtain expressions for the frequency shift, the
scattering cross-section, the coefficient of absorption (due to scattering),
and the optical depth, which result in an estimate for the echo spectrum.
We show that i) the optical depth can exceed unity, which means that
the process considered is efficient, ii) the turbulence can have large scat-
tering cross-section σ � πR�2, iii) the frequency shift of the scattered
signal lies in the range −ωt/2 < ∆ω � −ωt/8 and ωt/7 � ∆ω � ωt ,
where ωt is the frequency of the radar signal, and iv) the efficiency of
the scattering process (the coefficient of absorption) increases with the
increase of ωt .

Paper II. Radar detection of interplanetary shocks: scattering by
anisotropic Langmuir turbulence.
Earth-directed interplanetary shocks associated with Coronal Mass
Ejections (CMEs) are known to have a severe impact on the
magnetosphere, causing geomagnetic storms and substorms. Thus,
early detection of such shocks is very important. The feasibility of
radar detection of an interplanetary shocks is studied. The reflection
mechanism considered is based on the induced scattering t + l � t of a
radar wave by an anisotropic Langmuir turbulence, which is generated
by shock accelerated electrons. We focus on the dependence of the
scattering process on the angle between the electron beam and the
radar wave, vbˆkt (extending the theory presented in Paper I, where
only the particular case of vbˆkt = π is considered). Using wave-kinetic
theory we obtain expressions for the frequency shift, the scattering
cross-section, the coefficient of absorption (due to scattering), and
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the optical depth. These parameters show strong dependence on the
angle vbˆkt for the process of decay (t → t ′ + l), and relatively weak
dependence for the process of coalescence (t + l → t ′). The altitudes
in the solar corona, where scattering is allowed are different for the
decay and coalescence processes. If expressed in the local plasma
frequency, the altitudes span the range ωt/7 � ωp � ωt for vbˆkt = π
and ωt/120 � ωp � ωt for vbˆkt = π/2, for the coalescence process (ωt

is the frequency of the radar signal). For the decay ωt/8 < ωp � ωt/2
for vbˆkt = π and for vbˆkt = π/2 the decay does not occur at all. It is
essential that the region of scattering moves significantly closer to the
radar with a decrease in the vbˆkt angle. In this case the radar signal is
scattered at an angle to the radar, thus, its detection must be done in a
remote location. If transmitting from the Earth the scattered signal can
be detected, for example, by a satellite or on the moon. A successful
experiment at the radar frequency ωt = 2π × 100 MHz, requires the
energy density of the turbulence to exceed W = 10−5 nT (nT is the
thermal energy density of a plasma), which is quite realistic according
to our estimations.

Paper III. Scattering of radio waves by density fluctuations in the solar
wind and terrestrial foreshock.

The radio beam emitted by a solar radar propagates through a number
of different media on its way to the reflection point and back: the iono-
sphere, the magnetosphere, the Earth’s foreshock, and the solar wind. In
this paper we estimate the angular broadening of a radar beam caused
by density fluctuations in the terrestrial ion and electron foreshocks and
the unperturbed solar wind. The power spectra of density fluctuations
in these regions are obtained from Cluster satellite data. These spectra
are used to calculate coefficients of angular broadening of a radio wave
in the regions studied. Minimum broadening is expected in the unper-
turbed solar wind and maximum in the ion foreshock. The results sug-
gest that total angular broadening will not seriously affect the probing
of the Sun by the radar beam. The density fluctuations play an important
role also in other physical phenomena (plasma wave generation, prop-
agation and interaction), thus, the density fluctuations spectra obtained
can have a broader use.

Paper IV. In situ observation of type II solar radio burst source region: a
new generation mechanism.

Type II solar radio bursts are known to be associated with interplanetary
shocks travelling through the space plasma. It is widely accepted that
the radio emission itself occurs as a final step in a series of physical
processes: particle acceleration on the shock, generation of plasma
waves, and finally conversion of plasma waves into electromagnetic
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waves (plasma emission mechanism). The conclusions about such
mechanism are drawn mainly on the basis of remote observation of
the radiation, and there is clearly a lack of in situ observations of the
source region. In this paper we present in situ satellite observation of a
type II solar radio burst associated with a CME-driven interplanetary
shock. The intense emissions above the electron plasma frequency
are observed along with energetic electron beams in close vicinity of
the ramp of the shock. On the basis of the observations and analytical
calculations we suggest that the generation is taking place locally at
the shock front and just behind it and we propose a possible generation
mechanism. The mechanism is related to the energetic particles passing
the shock front, known in electrodynamics as transition radiation.
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7. Summary in Swedish

Sammanfattning påsvenska
En allmän metod som används för att undersöka okända objekt i ett
fysiklaboratorium är att bestämma objektets spridningsegenskaper efter det
att man bestrålat det med partiklar eller vågor. Denna metod används inom
radarastronomi (radiodetektion och avståndsbestämning) för att studera
himlakroppar, inom meteorologi, jonosfärsfysik och många andra områden
inom fysiken. En radar sänder elektromagnetiska vågor i den riktning
som definieras av antennsystemet och registrerar en reflekterad (spridd)
signal från objekt som ligger i radarstrålens väg. Energiflödet i den utsända
strålen avtar som kvadraten av avståndet från sändaren, och det reflekterade
energiflödet avtar på samma sätt. På grund av detta kommer förmodligen
metoden att studera objekt med hjälp av radar att för alltid vara begränsad till
vårt solsystem.

En mängd olika fysiska fenomen upptrder i och på solen, varav vissa fort-
farande knappt eller inte alls är förklarade, till exempel uppvärmningen av
koronan eller accelerationen av solvinden. Man studerar huvudsakligen solen
genom att undersöka dess strålning. Idén att studera solen med hjälp av radar
uppkom runt 1940 i samband med det första lyckade experimentet att detek-
tera en himlakropp, månen [68, 5]. Den teoretiska grunden för radarexper-
iment av solen lades av Ginzburg (1946) [23], Kerr (1952) [48], och Bass
och Braude (1957) [4], som gjorde en uppskattning det förväntade ekot och
de nödvändiga radarparametrarna. Det hävdas att de första reflektionerna från
solen observerades 1959 av en grupp vid Stanford universitetet som använde
en radar som opererade vid 25 MHz [18]. De första systematiska radarexperi-
menten utfördes från 1961 till 1969 av en MIT grupp ledd av Jesse James vid
den välkända solradar faciliteten El Campo, Texas [42]. Alla övriga solradar-
experiment har hittills misslyckats. Därför förblir experimenten utförda med
El Campo radarn den enda källan till solekodata till dags dato.

Resultaten som erhölls vid El Campo var till stor del oväntade. Från början
antog man att ekona skulle komma från ett skikt vars refraktionsindex var noll
(så kallad spekulär reflektion). Det skulle motsvara en höjd omkring 1.6 R�
i solens korona och borde ha en intensitet, uttryckt i spridningstvärsnittet, på
ungefär 1.5 πR�2, där R� är solens radie. Emellertid visade det sig att de
observerade ekona kom från olika höjder, allt från −2.6 R� (reflektion från
baksidan av solen) till 5 R�. De observerade värdena på tvärsnitten varierade
markant från dag till dag, från mindre än πR�2 upp till flera hundra πR�2. Det
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blev tydligt att den spekulära reflektionsmodellen inte var tillräcklig för att
förklara observationerna och att ekot kan vara ett resultat av en mer komplex
våg-plasma-växelverkan i den turbulenta solkoronan.

Spridning mot vågturbulens studeras rutinmässigt i laboratorier och i jonos-
färsradarexperiment. De senare är mycket lika solradarexperiment, och kan
således vara mycket användbara. Både jonosfären och solkoronan har mag-
netiska fält och densitetsgradienter. Vågturbulensen i jonosfären kan uppstå
till följd av naturliga fenomen, till exempel av fältparallella strömmar, eller
på konstgjord väg, till exempel då man skickar upp en högfrekvent elektro-
magnetisk våg, så kallade upphettningsexperiment. I solkoronan kan vågtur-
bulensen skapas av elektronstrålar, som accelereras från solen eller från en
interplanetär shock. Existensen av sådana elektronstrålar i solkoronan syn-
liggörs genom strålning från den exciterade vågturbulensen, känd som solra-
dioutbrott.

Rymdvädersprogrammet1 skapade nyligen ett intresse för solradarexperi-
ment, med det ultimata målet att tidigt kunna upptäcka massutkastningar från
solkoronan som färdas mot jorden. Sådana massutkastningar kan medföra
allvarliga konsekvenser för astronauters liv och hälsa, skada satelliter, samt
skapa intensiva geomagnetiska stormar, som i sin tur kan leda till skador på
kraftledningar och slå ut elnätet i stora områden [80]. Förslag till nya radar-
experiment har till exempel givits av Thidé [87], Coles [13], och Rodriguez
[78]. Det är sannolikt att nya radarobservationer med modern teknik för sänd-
ning, mottagning och signalbehandling, kombinerat med moderna UV- och
röntgenobservationer kommer att bidra betydligt till vår förståelse av solens
fysik.

Den här avhandlingen består av två delar. I den första delen presenterar jag
översiktligt teorin och den praktiska delen av solradarexperiment. Den andra
delen består av fyra artiklar som är mitt och mina kollegors bidrag till teorin
om solradarexperiment.

Artikel I. Inducerad spridning från anisotropisk Langmuirturbulens
med tillämpningar för solradarexperiment.

I denna artikel undersöker vi möjligheterna att med hjälp av radar
påvisa anisotropisk Langmuirturbulens från en t + l � t-process
i solens korona. Vi antar att turbulensen genereras av samma
elektroner som ger upphov till solradioutbrott av typ III, samt
att dess vågutbredningsriktningar är kvasi- eller antiparallella
med riktningen mot radarkällan. Följaktligen behandlas endast
bakåtspridning. Vi använder vågkinetisk teori för att härleda uttryck för
frekvensförskjutningen, spridningstvärsnittet, absorptionskoefficienten
(till följd av spridning), samt det optiska djupet, vilket sammantaget
leder till en uppskattning av ekospektrumet. Vi visar i) att värdet för

1se till exempel http://www.spaceweather.com
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det optiska djupet kan överstiga ett, ii) att turbulensen kan ha ett stort
spridningstvärsnitt (σ � πR�2), iii) att frekvensförskjutningarna hos
den reflekterade signalen ligger i intervallen −ωt/2 < ∆ω � −ωt/8
och ωt/7 � ∆ω � ωt , där ωt är radarfrekvensen, samt iv) att
spridningsprocessens effektivitet (absorptionskoefficienten) ökar med
ωt .

Artikel II. Radardetektion av interplanetära chockvågor: spridning från
anisotropisk Langmuirturbulens.

Det är väl känt att interplanetära stötvågor förknippade med massutkast-
ningar från koronan har en betydande inverkan på magnetosfären i form
av geomagnetiska stormar och substormar. Därför är det viktigt att på ett
tidigt stadium kunna registrera sådana stötvågor. I denna artikel studerar
vi möjligheterna till detektion av inducerad spridning från anisotropisk
Langmuirturbulens, som genereras i en t + l � t-process av elektroner
som accelererats av stötvågen. Vi fokuserar på spridningsprocessens
beroende av vinkeln mellan elektronstrålen och radarvågen, vbˆkt (i
motsats till artikel I, där endast fallet vbˆkt = π behandlas). Med hjälp
av vågkinetisk teori erhåller vi analytiska uttryck för absorptionskoeffi-
cienten på grund av inducerad spridning samt det optiska djupet. Dessa
parametrar uppvisar ett starkt beroende av vinkeln vbˆkt i sönderfall-
sprocessen (t → t ′ + l), medan beroendet vid koalescens (t + l → t ′)
är svagt. På detta sätt ändras frekvensförskjutningen hos den reflekter-
ade signalen vid sönderfall från att ligga i intervallet −ωt/2 < ∆ω �
−ωt/8 vid vbˆkt = π till 0 < ∆ω < 0 vid vbˆkt = π/2, medan förändrin-
gen i fallet med koalescens är från ωt/7 � ∆ω � ωt vid vbˆkt = π till
ωt/120 � ∆ω � ωt vid vbˆkt = π/2. Eftersom frekvensförskjutningen
måste vara av samma storleksordning som den lokala plasmafrekvensen
i spridningszonen, förflyttas gränsen för spridning avsevärt i riktning
mot radarkällan med ökande vinkel vbˆkt. I detta fall sprids radarsig-
nalen i en vinkel mot infallsriktningen, och måste därför fångas upp på
stort avstånd från radarkällan. Vid transmission från jorden kan detek-
tionen exempelvis ske med en satellit. Ett framgångsrikt experiment vid
radarfrekvensen ωt = 2π × 100 MHz kräver att energitätheten i turbu-
lensen överstiger W = 10−5 nT , där nT är den termiska energitätheten i
plasmat. Detta är enligt våra uppskattningar fullt realistiskt.

Artikel III. Spridning av radiovågor på grund av täthetsfluktuationer i
solvinden samt jordens förchock.

En radiostråle från en solradar genomkorsar ett antal olika skikt på
vägen mot reflektionspunkten och tillbaka: jonosfären, magnetosfären,
jordens förchock och solvinden. I denna artikel uppskattar vi vinkel-
breddningen hos en radarstråle till följd av täthetsfluktuationer i jordens
jon- och elektronförchocker, samt i den ostörda solvinden. Energispek-
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tra för täthetsvariationerna i dessa regioner fås från mätningar utförda
med Clustersatelliterna. Dessa spektra används för att beräkna radiovå-
gens vinkelbreddning i respektive område. Breddningen förväntas vara
minimal i den ostörda solvinden och maximal i jonförchocken. Resul-
taten ger vid handen att den totala vinkelbreddningen inte bör ha någon
allvarlig inverkan vid radarundersökning av solen.

Artikel IV. In situ-observationer av solradioutbrott av typ II: en ny
genereringsmekanism.

Solradioutbrott av typ II hänger samman med interplanetära
stötvågor som utbreder sig i rymdplasmat. Enligt gängse teorier
utgör själva radioemissionen slutsteget i en hel serie av fysikaliska
processer: partikelacceleration i stötvågen följs av uppkomsten
av plasmavågor, vilka i sin tur omvandlas till elektromagnetiska
vågrörelser (plasmaemissionsmekanismen). Slutsatserna om denna
mekanism dras vanligen från fjärrobservationer av strålningen, och
det råder en klar brist på in situ-observationer i källområdet. I den
föreliggande artikeln redogör vi för satellitobservationer in situ av
ett solradioutbrott av typ II, associerat med en interplanetär stötvåg
orsakad av en massutkastning från koronan. Samtidigt med den
intensiva strålningen ovan elektronplasmafrekvensen observeras
subrelativistiska elektronstrålar i stötvågsfrontens omedelbara närhet.
Vi föreslår att strålningen genereras lokalt vid vågfronten och precis
bakom den, och presenterar en möjlig mekanism för dess uppkomst.
Mekanismen involverar högenergetiska partiklar som passerar
vågfronten, och är ett exempel på det som inom elektrodynamiken
kallas övergångsstrålning.
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