
A joint meeting of the Editorial Board of the Journal
``Izvestiya Vuzov. Radiofizika'' and the Scientific Council of
the Institute of Applied Physics of the Russian Academy of
Sciences dedicated to the ninetieth birthday of Vitalii
Lazarevich Ginzburg was held in the Conference Hall of the
Institute of Applied Physics, Russian Academy of Sciences
(Nizhnii Novgorod), on 4 October 2006. The following
reports were presented at the session:

(1) Zheleznyakov V V (Institute of Applied Physics,
Russian Academy of Sciences, Nizhnii Novgorod). ``On the
Nizhnii Novgorod school of Vitalii Lazarevich Ginzburg'';

(2) Andronov A A (Institute of the Physics of Micro-
structures, Nizhnii Novgorod). ``Chirality: optical rotation,
the detailed balance principle, and life'';

(3) Bratman V L (Institute of Applied Physics, Russian
Academy of Sciences, Nizhnii Novgorod). ``Fast moving
radiators and their use in high-frequency electronics'';

(4) Derishev E V, Kocharovsky V V, Kocharovsky Vl V
(Institute of Applied Physics, Russian Academy of Sciences,
Nizhnii Novgorod). ``Cosmic accelerators for ultrahigh-
energy particles'';

(5) Frolov V L, Bakhmet'eva N V, Belikovich V V,
Komrakov G P (Scientific-Research Radiophysical Institute
(NIFRI) Federal State Scientific Organization, Nizhnii
Novgorod), Vertogradov G G, Vertogradov V G (Rostov
State University, Rostov-on-Don),Kotik D S,Mityakov N A,
Polyakov S V, Rapoport V O, Sergeev E N (NIFRI, Nizhnii
Novgorod), Tereshchenko E D (Polar Geophysical Institute
of the Kola Science Center, Russian Academy of Sciences
(PGIKSCRAS),Murmansk),Tolmacheva AV, Uryadov V P
(NIFRI, Nizhnii Novgorod),Khudukon B Z (PGI KSCRAS,
Murmansk). ``Modification of the earth's ionosphere by
high-power high-frequency radio waves.''
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Chirality: optical rotation, the detailed
balance principle, and life

A A Andronov

A chiral system is a system that has no mirror symmetry Ð a
center or plane of inversion. The subject of the first part of my
reportÐoptical rotationÐwas not selected at random: the
first scientific work by the author of this report (a 4 ± 5th year
student at that time) ``On the natural rotation of the
polarization plane of sound'' [1], which was carried out at
the suggestion of Vitalii Lazarevich, was concerned with the
chirality problem.

Vitalii Lazarevich himself gave quite a bit of space to the
natural rotation of the polarization plane in electrodynamics
in his work dedicated to media with spatial dispersion [2]. In
particular, in his report [3] he discussed the problem of
boundary conditions in media with natural optical activity.
This problem may also be formulated as follows: what takes
place when a linearly polarized wave is (normally) incident on
a naturally active medium? Two types of (phenomenological)
boundary conditions were considered in Ref. [3]. With one
type of boundary condition, the polarization becomes elliptic
on reflection and with the other type it remains unchanged.
What occurs `in reality'? The situation is unclear.

As far as I know, there are only two papers in which an
attempt was made to measure the rotation of a polarization
plane at (normal) reflection from a naturally active medium
[4, 5], the results being different. The effect is weak and, as
noted in Ref. [3], any surface contamination (modification)
can easily mask the result. And the phenomenology should
not be in force. An example is found in the recent measure-
ment of appreciably elliptic polarization in the reflection of
linearly polarized light from a silicon surface that accom-
modated multiply (6� 106 cmÿ2) deposited chiral metallic
microobjects [6]. In the absence of these objects, the effects of
surface polarization variation are weak, and it is therefore
expedient to study them using the methods of nonlinear
optics.

The effects at a chiral boundary of semiconductors where
quantum wells were grown were observed and investigated
jointly by a group from the Ioffe Physicotechnical Institute
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and Regensburg University (Germany). An investigation was
made of the chiral rectification of terahertz radiation (i.e., the
emergence of current along the semiconductor surface, whose
direction depends on the sense of circular polarization): the
circular photogalvanic and spin-galvanic effects [7, 8]. The
authors termed them the `bicycle' effects (Fig. 1): the
circularly polarized photons impart angular momentum to
spins (treadles), which produce, via the spin ± orbit coupling,
a current in the plane (bicycles ride), the current direction
depending on the sense of circular polarization in this case.
These investigations actually contain many interesting details
showing how all this emerges: considered is the dependence
on the crystal type, the type of quantum wells, the presence of
amagnetic field, the angle of wave incidence, etc. These works
are a continuation of research into the photogalvanic effect in
chiral media (see Ref. [9]).

The second part of my report is some speculation on the
following subject: why are biological macromolecules Ð
proteins and DNA Ð uniformly chiral (equally left or right
for all living beings). In his review of topical problems [10],
Vitalii Lazarevich placed primary emphasis on the life
sciences and considered them to be the currently principal
ones: ``On this planet, the last basic questions that remain
unanswered are the following ones: how did life originate and
how did thought originate?'' In the paper mentioned above,
he touched upon the question of `reductionism' Ð ``the
feasibility of explaining the living on the basis of physics, the
already known physics. This is the common problem of
biologists and physicists.'' In what followed, Ginzburg
noted that physicists would more and more engage in
biology, that they should move into biology. This is a rather
old motivation, of course. Outstanding physicistsÐM Del-
bruÈ ck, E SchroÈ dinger, FCrick and othersÐhad already gone
in for biology with this motivation (see Ref. [11]). But now the
question of such a propensity is even more acute.

We now turn to the principle of detailed balance. It has
two aspects: (i) the equal number of transitions there and back
in equilibrium and (ii) the symmetry of the probabilities for
scattering there and back (which may be significant under
nonequilibrium conditions) [12]. The former is always
obeyed. Here, we are dealing with the latter aspect. At the
time when Vitalii Lazarevich was Editor-in-Chief of the
journal Izv. Vyssh. Uchebn. Zaved., Radiofiz., published in
Nizhnii Novgorod (then the city of Gorki), submitted to the
journal was a manuscript (which was widely debated later)

concerned with the modeling of a Knudsen gas (the mean free
path ismuch longer than the vessel dimensions, andmolecules
collide only with the rough walls in random elastic scattering)
in a cylindrical tube (Fig. 2). The authors assumed a
seemingly reasonable model whereby the fraction of specular
reflection increased with the angle of incidence. And the gas
began to rotate! The editors rejected the manuscript on the
grounds that the scattering model assumed did not agree with
the physical models that lead to the principle of detailed
balance. Later there appeared a preprint from Dubna
concerned with the modeling of ultracold neutron transfer in
a cylindrical tube. Detailed balance in the scattering at the
walls was taken into account and the neutrons did not rotate.
And everybody calmed down.

But the principle of detailed balance is violated [9, 13 ±
14]! However, this is not widely known (although this
question is discussed in Ref. [12, Ch. 1, æ 2], cf. also
Ref. [13]): in the first Born approximation, the principle of
detailed balance is always obeyed. Effects related to the
violation of the detailed balance principle in scattering and
those responsible for skew scattering are known in solid-state
physics [14]. An example is provided by the anomalous Hall
effect, which occurs due to the magnetization at which skew
scattering occurs (and not due to the magnetic field).

What is to occur if we take a cylinder with a chiral
roughness for the Knudsen gas (Fig. 3)? Will the gas rotate?
This is unlikely. It is proven in Ref. [13] that in the chiral
elastic scattering, too, the entropy increases and the gas
supposedly must not rotate. It is likely that the relaxation to
themixed state is moderated. However, the author is unaware
of works (examples) of this kind.

But if the transition to the mixed state is suppressed, this
should (may) retard the transition to equilibrium of systems
consisting of chiral elements. Is it not the reason for the
chirality of living systems? Here, we do not discuss which
spiral, left or right, occurs or what is the underlying:
randomness (broken symmetry) or the action of an advan-
tage factor (circularly polarized light, magnetic field, etc.)
[15].

At the same time, Crick, who (jointly with D Watson)
discovered the chiral DNA structure, never mentions (never
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Figure 1. `Bicycle' continuous current J under the action of circular

polarization, which `treadles': the circular photo- or spin-galvanic effects

in chiral 2D structures near the semiconductor surface.
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Figure 2. Knudsen gas in a rough cylinder subject to the condition of

detailed balance at the surface in the case of equal probabilitiesW for the

scattering forth and back.
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emphasizes) the chirality of biological molecules in his story
of how he stayed interested in biology for 50 years [11].
Furthermore, he mocks at theoretical biologists who invoke
a priori schemes and are preoccupied with them. He believes
that evolution, or `The Blind Watchmaker,' as referred to at
the suggestion of the English pop biologist R Dawkins [16], is
far from different schemes: an accident is more important.
The blind watchmaker is seated in a chair in a field over which
the wind is carrying parts of a watch. He is assembling a
mechanism. He does not contemplate anything, he just
fumbles about under the chair, finds something, inserts into
the mechanism, and waits: will that do or not, will the
Mechanism start going or not? Most likely, he chanced
upon the left spiral and the mechanism started going, and all
the remaining parts that fitted the mechanism also turned out
to be left spirals. But the watchmaker could have chanced
upon the right spiral or no spiral at all!

However, if spirals live longer, owing to the violation of
the principle of detailed balance, they are to be in the `initial
broth,' fromwhich the watchmaker picks up the components.
Maybe therein lies, at least in part, the reason for the
emergence of the chirality of biomolecules.

However, all this is speculation, of course.
The author expresses his gratitude to V V Ivanov,

M A Novikov, and S V Sharov for helpful discussions.
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Fast moving radiators and their use
in high-frequency electronics

V L Bratman

In 1946, when discussing the possibilities for mastering the
then hard-to-reach region of millimeter- and submillimeter
waves, Ginzburg considered several generation techniques,
which turned out to be highly efficient for a substantially
broader spectrum of electromagnetic radiation. In Ref. [1], he
proposed the use of Doppler frequency conversion of fast
moving electron oscillators as ``the most interesting and
promising method.''

Let an electron move with a translational velocity
vjj � b jjc and oscillate in the transverse direction with a
frequency O in an electric field varying harmonically in time
(Fig. 1). Then, at an angle y to the direction of translational
motion, the electron radiates at the frequency

o � O
1ÿ bjj cos y

: �1�

For an ultrarelativistic velocity bjj � 1, when the Lorentz
factor g of the electron is large, theDoppler frequency gain for
the low-angle radiation is proportional to the squared particle
energy, o � g 2O, and may be quite high. For instance, for
energies 5 MeV and 5 GeV, we obtain Doppler gains of the
order of 102 and 108, respectively.

Ginzburg [1] also considered the possibilities that open up
when the cyclotron and synchrotron radiation of an electron
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Figure 3. Detailed balance violation in the Knudsen gas in a chiral

cylinder.
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Figure 1. Idea of a `dopplertron': an oscillating and rapidly moving charge

radiates forward at frequencies that are many times higher than its

oscillation frequency.
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following a circular path in a uniform magnetic field is used.
We note that in this case, too, the `dopplertron' is easy to
obtain by imparting to the electron a relativistic translational
velocity along with the rotational one, such that the electron
describes a helical trajectory (Fig. 2a). At the fundamental
cyclotron resonance, its radiation frequency is given by
formula (1), in which the oscillation frequency is equal to
the relativistic electron cyclotron frequency OB � O 0B=g,
where O 0B � eB=m. In a strong magnetic field, it is easy to
obtain a high O 0B frequency, but for large g, because of a
decrease in OB, this method ranks in frequency below the
dopplertron, for which the oscillation frequency is indepen-
dent of the energy. At the same time, as emphasized inRef. [1],
the synchrotron radiation of a particle describing a circular
path, which had just been discovered at that time, furnishes a
peculiar example of a dopplertron with a very high frequency
conversion ratio (Fig. 2b). As we now know, this dopplertron
is highly important for different realms of physics and
technology. In this case, the combined action of three
effectsÐ the relativistic angle transformation, which con-
tracts the instantaneous radiation pattern to a narrow cone
with the angle� gÿ1; the rotation of this pattern, which leads
to a pulsed temporal structure of the radiation in a given
direction; and the compression of a generated pulse by a
factor of g 2 due to the electron approaching the point of
observation (the longitudinal Doppler effect)Ðhas the
consequence that the radiation peaks at a very high cyclotron
harmonic with a frequency � g 3OB.

Along with the radiation of electrons rapidly moving in a
vacuum, Ginzburg [1] also proposed the use of the radiation

of electrons moving above a dielectric or in a dielectric
channel (Cherenkov radiation and the Doppler effect in the
presence of a decelerating medium). In these cases, obtaining
short-wave radiation requires substantially lower particle
energies.

It is pertinent to note that several years later, the British
physicist Motz [2] also proposed, independently of Ref. [1],
the use of the Doppler effect for the emission of short-wave
radiation. Furthermore, Motz proposed a highly efficient
technique of particle oscillation buildup in a spatially periodic
magnetic system producing a field transverse to the direction
of particle motionÐa static magnetic wave (Fig. 2c). These
devices, which impart a periodic shape to a thin electron
beam, have come to be known as ondulators (from the French
ondeÐwave). It was not long before the Doppler-converted
emission of isolated particles was discovered in diverse
situations and different frequency regions. For instance,
coherent Bremsstrahlung radiation was discovered in crys-
tals, which emerges in the particle motion at a specific angle in
an electrostatic ondulator produced by the fields of periodi-
cally located atoms.More recently, a discovery was made of a
highly directional X-ray and gamma radiation of ultrarelati-
vistic positrons and electrons related to another type of
motion in crystals, channeling, which is accompanied by
relatively low frequency transverse oscillations in the aver-
aged atomic field.

Devices relying on frequency conversion in the photon
backscattering by electrons (the inverse Compton effect), in
which the pump wave field is used as the ondulator, may also
be classed with dopplertrons. Another important example is
provided by the Smith ± Purcell radiation of particles moving
rectilinearly above a periodic structure. The simplest inter-
pretation of this effect is commonly given also in the spirit of a
dopplertron and consists in considering an oscillating and
rapidly moving dipole made up of the charge and its
(quasistatic) image in the structure. The radiation of a charge
penetrating through a periodic plate stack allows a similar
explanation.

All the methods considered above involve individual
(spontaneous) emission by particles or prepared compact
bunches with dimensions smaller than the radiation wave-
length. Preparing these bunches was a highly intricate
problem, and much effort was mounted to do it in the 1950s.
At the same time, these years saw the rapid development of
electric vacuum microwave devices such as klystrons, magne-
trons, traveling-wave tubes (TWTs), and backward-wave
oscillators (BWOs), in which electrons are automatically 1

grouped in compact bunches, resulting in their collective
(stimulated) emission. All these devices enabled generating
radiation in the millimeter range for relatively low voltages,
and it has even been possible to attain a wavelength of 0.2 mm
with the help of a BWO. It is significant that the synchronous
interaction (the Cherenkov or the transition interaction,
which reduces to it) of particles with slow waves, which for
low voltages requires electrodynamic systemswith small-scale
elements, is realized in these devices. The electrons must then
travel at a very small distance from the decelerating systems
(instead of the dielectrics proposed in Ref. [1], periodic metal
structures are typically used) or through narrow gaps. Owing
to wall overheating or the risk of a microwave breakdown,
this leads to a rapid lowering of the output power P of the
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Figure 2. Examples of `dopplertrons': cyclotron (a) and synchrotron (b)

dopplertrons in a uniform magnetic field, an ondulator dopplertron in a

spatially periodic magnetic field (c).
1 The operation of high-frequency charged-particle accelerators is also

based on particle self-bunching.
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above devices with decreasing the radiation wavelength l:
P / l 2 at best.

Entirely new opportunities opened up when ensembles of
electron oscillators were used as the active medium in short-
wave vacuum devices [3]. To realize the stimulated (Brems-
strahlung) particle radiation in these electron lasers and
masers, the fast eigenmodes of resonators and waveguides
with smooth walls can be efficiently used. This is possible, in
particular, in highly selective open large-volume electrody-
namic systems where electrons can move away from the walls
(and even in open space). Following a prehistory 2 rich in
ideas and inventions (see Ref. [3]), the 1950s saw the
introduction of two versions of electron masers, which are
under active development at the present time: ubitrons [4] and
cyclotron-resonance masers (CRMs, see, Ref. [3]).

Ubitrons (derived from `undulated beam interaction') are
a direct result of the elaboration of Ginzburg's and Motz's
ideas towards obtaining stimulated emission from an electron
beam propagating through a magnetostatic ondulator and
interacting with the field of a waveguide or a resonator. In the
1970s, ubitrons took a leap into the 3 ± 10 mm wavelength
range [5, 6] to obtain amore spectacular nameÐ free-electron
lasers andmasers (FELs and FEMs). This was the first and so
far the only classical generator of coherent electromagnetic
radiation that encroached so deep into the realm of quantum
devices and was capable of competing with them in many
cases (in what follows, we use the terms FEL and FEM in
reference to all devices based on the Doppler-converted
stimulated emission of rapidly moving electron oscillators).

We consider the principle of operation of an FEL ubitron
(Fig. 3) in greater detail. In this device, an electronmoves with
a translational velocity vjj lower than the phase wave velocity,
but its transverse oscillations under the action of the
ondulator field occur in phase (at resonance) with the wave.
This signifies the proximity of the phase otÿ kjjz �t� of
particle oscillations in the wave to the phase Out of
oscillations in the ondulator field, which gives resonance
condition (1). Here, Ou � 2pvjj=d is the frequency of electron
`collisions' with field periods. The electric field of the wave
works on the oscillating electron, while the magnetic wave
field acts on its transverse motion and produces a resonance
longitudinal force, which groups the particles as this occurs
under the action of a longitudinal electric field of the slow
wave in a TWT. This analogy becomes evenmore transparent
when relation (1) is represented in the equivalent form of the

synchronism condition for the electron and the field of a slow
combination wave produced by the high-frequency wave and
the ondulator field (magnetostatic wave with a wavenumber
ku � 2p=d and a zero frequency):

o � �kjj � ku� vjj : �2�

In this case, the frequency, the wavenumber, and the phase
velocity of the combination wave are respectively equal to the
high-frequency wave frequency o, kjj � ku, and o=�kjj � ku�,
while the amplitude is proportional to the product of the
amplitudes of the high-frequency and magnetostatic waves.
According to relation (2), the phase velocity of the combina-
tion wave in the ubitron is therefore equal to the translational
particle velocity (more precisely, should be close to it). Under
the action of the wave, a part of the electrons is decelerated
and a part of them is accelerated in the longitudinal direction.
This process, which is responsible for particle grouping in
compact bunches like ordinary TWTs and klystrons, is
inertial in character and may continue even in regions where
the high-frequency field is absent. This approach and the
analogy with a TWT are also easily extended to the motion
and stimulated emission of electrons in the field of a pump
wave with a frequency oi and the longitudinal wavenumber
ki, i.e., to the scattering of a wave (photons) by electrons:

oÿ oi � �kjj � ku� vjj : �3�

The backscattering from an ultrarelativistic charge
exemplifies the reflection of a wave by a mirror moving fast
towards it, which was considered by Einstein.

For a relatively small variation in the energies of particles,
their grouping under the action of the wave and the energy
exchangewith it in anFEL are described by precisely the same
equations as in a TWT. In particular, for the stationary
regime of an FEL oscillator with a high-Q resonator, in
which the wave amplitude may be considered constant, the
equations of motion of the beam electrons are brought to the
form [7]

dw

dz
� KRe a exp�i#� ; d#

dz
� mw� d ; �4�

which coincides with the equations for the oscillator version
of a TWT. Here, w and # are the relative energy variation of a
particle and its phase relative to the combinationwave, z is the
dimensionless coordinate, K is the electron ±wave coupling
coefficient proportional to the transverse particle velocity, a is
the dimensionless amplitude of the combination wave,
m � gÿ20 is the nonisochronity parameter of particle oscilla-
tions in thewave, and d is the dimensionless detuning from the
exact synchronism described by relations of type (1) ± (3). By
differentiating the equation for the electron phase # with
respect to z and using the equation for the energy w, it is easy
to verify that the nonlinear system of equations (4) is
equivalent to the equation of a mathematical pendulum.

A stationary electron beam in which particles are
uniformly distributed in the initial phase #0 from 0 to 2p is
normally fed to the oscillator input. For a negligibly small
particle energy spread, this corresponds to the initial condi-
tion

w �0� � 0 ; # �0� � #0 : �5�

o
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Figure 3. Scheme of a free-electron laser with an ondulator and an open

resonator. Electrons are grouped in the longitudinal direction (as in a

traveling-wave tube) under the action of the combination wave produced

by the radiated wave and the spatially periodic ondulator field (magneto-

static wave).

2 Interestingly, the first electron maser (a triode with a positive gridÐa

Barkhausen ±Kurtz oscillator) was realized shortly after Einstein intro-

duced the notion of spontaneous and stimulated emission of quantum

systems, i.e., long before the advent of the `laser era.'
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Integrating system of equations (4) with boundary conditions
(5) for a small amplitude a up to second-order terms and
averaging the result over the initial particle phase, we obtain
the efficiency of energy exchange between the electron
oscillators and the wave in the small-signal approximation as

Zs:s: � �Ka�2mx 3j 0 �c� ; �6�

where j �c� � �1ÿ cosc�=2c 2 is the function proportional
to the intensity of the spectrum of the high-frequency force (in
this case, `a stopped sinusoid') acting on an electron in its
transit through the resonator, c � dx is the particle transit
angle relative to the wave, and x is the dimensionless length of
the interaction space. According to expression (6), the
electrons transfer their energy to the wave in the main zone
of transit angles ÿ2p < c < 0, where the particle velocities
exceed the phase velocity of the combination wave and j 0 �c�
is positive.

Asymptotic nonlinear equations (4), as well as their
generalization to the case of a variable-amplitude high-
frequency wave, apply to all kinds of FELs and other devices
based on various mechanisms of inertial particle grouping
(see Ref. [8]). The possibility of a common approach on the
basis of universal equations significantly simplifies compar-
ison of different devices with each other.

The question of the efficiency attainable in an FEL is
significant for applications. In the approximation of a low
particle energy variation, the efficiency is found by integra-
tion of Eqns (5) in the regime of a relatively large signal. Here,
we restrict ourselves to simple estimates that can be derived
from the equations themselves or from their corresponding
phase plane (Fig. 4), or directly from the conditions that
particles come out of resonance (1) with the wave. All these
methods give the following estimates for the energy exchange
between electrons and a fixed wave, as well as for the
admissible particle energy spread:

Z � Dg
g
� 1

2N
; �7�

where N is the number of particle oscillations in the
ondulator. Similar estimates are obtained for the frequency
band generated in the FEL and the optimal detuning from
resonance:

Do
o
� d � 1

2N
: �8�

For very highN, the requirements on the spread become quite
stringent, while exciting the resonator for small N requires
very high currents. In all FELs, the interaction length and the
number of particle oscillations are therefore rather high and
the efficiency in the simplest scheme is rather low.

However, there are several ways to radically increase the
efficiency up to quite high values of several dozen percent,
which was achieved in experiment. The basic idea of this
improvement [9] was obtained by inverting the principle of
operation of high-frequency accelerators; it was also pro-
posed in papers on TWTs [10]. Unlike in the above method
involving the `conventional' regime of inertial particle group-
ing, whereby saturation occurs at the exit of the electron
bunches from synchronism with the wave (Fig. 4a), in this
method a substantial fraction of electrons is captured into the
potential well formed by the wave (a `bucket' formed by
separatrices, Fig. 4b), and then the particles remain in
synchronism with the wave due to the FEL parameter

profiling lengthwise to the system and are smoothly deceler-
ated together with the bucket. Also proposed, as a develop-
ment of this trick, was the `blowing-up bucket' technique [11]
(Fig. 4c), which permits, according to calculations, using a
beam with a wide parameter spread and obtaining wide
amplification bands.

Quite interesting regimes were realized in FELs, which
were previously unknown in vacuum electronics. In particu-
lar, the first infrared generator [5] already involved long-
itudinal resonator mode locking via periodic injection of
virgin electron bunches in time with the circulation of a
short electromagnetic pulse (the `slice' of the electromagnetic
field formed by a large number of modes) in the resonator.
Vinokurov and Skrinskii [12] proposed and later realized a
version of an FEL in the form of a so-called optical klystron,
in which particle energy modulation and the energy extrac-
tion from the bunches occur in short ondulator sections and
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Figure 4. Comparison of free-electron lasers with constant or lengthwise-

varied ondulator parameters in the phase plane `relative energy varia-

tionÐelectron phase'. For constant parameters (a), particles assemble in

a bunch, which sinks to the bottomof the `bucket' formed by thewavewith

a relatively low amplitude and imparts a small energy fraction to it (the

conventional low-efficiency regime of inertial particle grouping). For

slowly varying parameters (b, c), the particles are captured into the

bucket and adiabatically decelerated with it to donate a substantial

energy fraction to the wave (the capture regime with a high efficiency).

For a high-current electron beam and a rapid wave amplification on

reaching particle ±wave resonance (c), the blowing-up bucket is able to

capture different beam fractions with a wide velocity spread.
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the transverse magnetic field in a gap between these sections is
used to speed up the electron bunching. Several FELs use
highly selective large-volume electrodynamic systems, which
enable exciting a single mode at a high power level and at the
same time using one of themain FEL virtues, the capability of
radiation frequency tuning over an extremely wide range.

To date, a large number of FELs of different types have
been realized, from the millimeter range to the vacuum
ultraviolet range (see Ref. [13]); several of them have been in
successful operation for many years, enabling the pursuit of
diversified research. A high-power terahertz FEL was
recently developed in Russia [14]. In the 1980s, FELs were
considered essential elements of the so-called Strategic
Defense Initiative. Today, the most ambitious projects are
aimed at producing coherent X-ray radiation (see, e.g.,
Ref. [15]). Among its stated fantastic potentialities are, in
particular, shooting chemical reactions and the response of
materials and biomolecules with atomic resolution. Owing to
the absence of sufficiently strong input signal sources, the
planned X-ray FELs are to use the intrinsic e-beam noise
amplification self-narrowing in frequencyÐ the mode of self-
amplified spontaneous emission (SASE) demonstrated in the
long-wavelength ranges. Producing radiation in the X-ray
range requires electron energies of several gigaelectronvolts.
Such beams with pulsed kiloampere currents are produced in
linear accelerators several kilometers long, and the particle
oscillation is effected in ondulators several hundred meters
long.

It should be remembered that the field in the simplest
ondulator (Fig. 2c) decreases exponentially with the distance
from the magnets. To weaken this effect, two slightly spaced
parallel magnet systems (Fig. 3) or helical current ondulators
with a double winding or more complex systems are used. It
has been possible to make ondulators with periods down to
several millimeters or even shorter; in practice, however,
ondulators with periods less than several centimeters are
infrequently employed. Accordingly, beams with particle
energies above 1 MeV are used to obtain lasing in the short-
wavelength part of the millimeter range. Ondulators in the
form of a pump wave permit forming transversely uniform
fields with a short period; however, obtaining particle
oscillations with a sufficiently high amplitude requires very
high pump powers. It is much simpler to obtain short periods
of curvilinear particle motion for producing lasing in the
millimeter and submillimeter ranges by using a uniform
magnetic field for pumping and the stimulated cyclotron
radiation of electron beams for the radiation mechanism.
This Doppler version of a CRM is called a cyclotron
autoresonance maser (CARM) [8, 16].

The cyclotron autoresonance effect [17, 18] consists in the
exact resonance condition (1), if initially satisfied, being
automatically maintained for an electron that travels in a
uniform magnetic field and the field of a wave propagating
along the magnetic field in a vacuum. Indeed, in each event of
elementary interaction with the wave, the energy and
translational momentum of the electron change by fixed
values �ho and �ho=c. For finite variations in the quantities,
we therefore obtain DE=Dpjj � c. This implies the conserva-
tion of the left-hand side of the relation

g �1ÿ bjj�o � O 0B ; �9�

which is equivalent to condition (1), and the possibility for
unlimited (for a constant wave amplitude) electron accelera-

tion. Under these conditions, however, the nonisochronity
due to the relativistic dependence of the cyclotron frequency
on the particle energy (the nonequidistance of Landau energy
levels in the quantum interpretation), which is responsible for
the azimuthal particle displacement in the Larmor circle, is
exactly compensated by the nonisochronity of longitudinal
particle oscillations under the action of the magnetic field of
the wave (recoil in the emission of a photon) [19]. An electron
ensemble therefore behaves as an ensemble of linear oscilla-
tors. Accordingly, the stimulated absorption in it prevails
over emission.

For the emission to prevail, the above cancellation should
be slightly disturbed [16] by using a fast wave in whose field
the particle oscillation nonisochronity parameter
m � �c 2k2jj=o2� ÿ 1, which includes both mechanisms, is
nonzero. In this case, the deviation from resonance may be
small even for appreciable variations in the cyclotron
frequency and translational particle velocity, which allows
obtaining a high efficiency even for a large length without
profiling the parameters of the system [20]. However, this is
possible only for a very narrow particle velocity spread and a
high selectivity of the electrodynamic system. Each of these
goals is rather hard to achieve considering that the non-
isochronity parameter in a CRM strongly depends on the
phase velocity of the eigenwave of the electrodynamic system.
Among these waves, the occurrence of `parasitic' waves,
which propagate almost transversely to the magnetic field
and accordingly have high phase velocities in the direction of
particle motion, is practically inevitable. However, the
operation by precisely these waves is extremely attractive
and they are very efficiently employed in another, much
more widely used and highly efficient CRM version, the
gyrotron [3, 21].

The longitudinal Doppler effect is practically absent in the
gyrotron (Fig. 5), which deprives this device of oscillation
frequency conversion but in return affords it its main
virtueÐ the high nonsensitivity to particle velocity spread,
which in most cases outweighs the above drawback. Even for
a low particle energy, gyrotron operation is entirely based on
the relativistic effect discussed in the foregoing, the noniso-
chronity of electron cyclotron rotation. Owing to the
nonisochronity, the particles group in compact bunches in

e
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Figure 5. Schematic of a gyrotron with an open resonator in the form of a

leg of a weakly irregular cylindrical waveguide with a tubular electron

beam. The partial waves that make up the field of the working mode

propagate almost transversely to the magnetic field, which leads to a small

Doppler correction and a high nonsensitivity to the particle energy spread.

Under the action of the wave, electrons group in azimuthal bunches owing

to the relativistic nonisochronity of cyclotron rotation.
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the Larmor circles under the action of a `seed' signal, and then
the bunches impart their rotational energy to the wave. The
effectiveness of these processes may be so high that modern
gyrotrons range up to 50% in efficiency.

For the electrodynamic systems in gyrotrons, selective
resonators in the form of sections of weakly irregular
cylindrical waveguides are typically used (see Fig. 5), with
the highest-Q oscillations being those with one longitudinal
variation and with the frequencies closest to the cut-off
waveguide frequencies. These modes correspond to the least
values of the longitudinal wavenumber and the Doppler
correction to the frequency, and are therefore least sensitive
to electron velocity spread. To provide the optimal value of
the force acting on the particles, as well as to reduce the risk of
a high-frequency breakdown at the walls and decrease their
heating, high-power gyrotrons involve resonators that are
many times greater in diameter than the working wavelength
and working modes with a complex transverse structure. It is
remarkable that using the resonance in amagnetic field with a
high degree of uniformity and injecting the electron beam into
the domain with a high effective mode field, it has been
possible to excite these modes with only a small admixture of
undesirable waves.

Gyrotrons intended for plasma heating are broadly used
in controlled thermonuclear fusion facilities to provide
enormous power, of the order of 1 MW, in a cw oscillation
mode at frequencies 30 ± 170 GHz. Furthermore, lower-
power 5 ± 300 GHz gyrotron oscillators and amplifiers find
technological applications, as well as applications in radars,
spectroscopy, and diagnostics of various media. Recently, in
the prototypes of pulsed gyrotrons, it has been possible to
obtain oscillation at the frequency 1 THz. Obtaining this
frequency requires a hard-to-attain magnetic field, 36 T when
operating at the fundamental cyclotron resonance. In recent
years, efforts have been intensified to obtain generation at
higher harmonics, which requires lower magnetic fields.

Reverting to the beginning, we note that the millimeter
wavelength range and, to a large extent, the submillimeter
range are presently mastered by electronic devices based on
various principles. In accordance withGinzburg's predictions
[1], the role of devices that rely on the emission of electron
oscillators is great in these ranges. True, the stimulated
radiation of previously unphased particles resulting from
their self-bunching but not the radiation of preformed
electron bunches immediately considered in Ref. [1] has
turned out to be most efficient. The devices based on the
stimulated radiation of electron oscillators already provide
coherent high-power radiation not only in the above ranges
but also up to the vacuum ultraviolet range, and may allow
obtaining coherent X-ray radiation in the near future. The
analysis of elementary mechanisms of emission by `free'
electrons and the new ideas advanced in Ref. [1] have had
an impact on the development of all high-frequency electro-
nics.
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Cosmic accelerators
for ultrahigh-energy particles

E V Derishev, V V Kocharovsky,
Vl V Kocharovsky

1. Introduction

Ginzburg made a significant contribution to solving the
problem of the origin of cosmic rays, in particular, by
analyzing the synchrotron radiation of their constituent
high-energy electrons, developing the concept of the galactic
cosmic ray halo, and investigating several other problems (see
his reviewRef. [1] and theworks of his school, e.g., Refs [2, 3]).
Many questions still remain open in this area; however, as
before, according toRef. [1], ``themost important problemyet
to be solved in cosmic ray astrophysics is the origin of cosmic
rays of ultrahigh energy.'' This problem is discussed in our
report, which is based on previously published works [4 ± 6].

The cosmic ray composition is dominated by positive-
charged ions, primarily protons, while the particle distribu-
tion function over energies, dN=dE, is described with a high
degree of accuracy by a power-law dependencewith a break (a
knee): dN=dE / Eÿ2:7 for energies below � 3� 1015 eV and
dN=dE / Eÿ3 for higher energies (see, e.g., review Ref. [7]).
The properties of cosmic rays with energies up to 1017 eV,
which have galactic origin and are produced primarily in
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supernova explosions, were considered, e.g., in Ref. [3] and
are not discussed below.

The question of the highest energy of cosmic rays is still
unanswered. To date, particles with energies up to 1020 eV
have been detected. Observations at higher energies encoun-
ter serious difficulties, because the expected flux is less than
one particle per square kilometer per century. The sources of
these particles are not known, either; however, the extra-
galactic origin of ultrahigh-energy cosmic rays (01018 eV)
may be considered established. Two circumstances argue in
favor of this conclusion. First, protons with energies above
1018 eV and heavy ions with energies 02� 1019 eV are
weakly deflected by the magnetic field of our galaxy, and
therefore their production in galactic sources would lead to an
increase in the flux in the direction towards the galactic
nucleus and/or in the galactic disk plane, whereas the
observed cosmic ray flux is virtually isotropic. Second,
recently obtained evidence indicates that the cosmic ray
spectrum steeply drops for energies higher than 5� 1019 eV
[8], which is consistent with predictionsmade byKuz'min and
Zatsepin [9] and Greisen [10]. The effect they point out is that
protons with energies above 05� 1019 eV rapidly (on the
cosmological time scale) lose energy due to the interaction
with the microwave background radiation and reach us only
from distances 950 Mpc. This leads to a strong decrease in
the observed flux of particles with energies of the order of
1020 eV if they are produced primarily by distant sources.

We start from the natural hypothesis that the ultrahigh-
energy cosmic rays originate in the acceleration of ions in the
electromagnetic fields of astrophysical objects. An alternative
hypothesis (termed `top-down') requires invoking presently
unknown physical phenomena and states that the source of
cosmic rays is the decay of superheavy particles of dark
matter [11]; produced in this case are the highest-energy
cosmic rays, which subsequently lose their energy to form
the observed distribution.

The fact that particles with energies of the order of 1020 eV
exist in space should not come as a surprise. The cosmic
plasma is far from thermodynamic equilibrium, and the
effective temperature corresponding to its large-scale
motions exceeds the energy of cosmic ray particles by several
dozen orders of magnitude. A fraction of the ions would be
expected to accelerate to very high energies due to multiple
collisions with moving cosmic plasma clouds. This mechan-
ism was advanced by Fermi [12]. With the knowledge of the
lifetime of the cosmic rays in our galaxy, it is possible to
calculate the required source power. It turns out to be of the
same order of magnitude as the time-averaged power of
supernova explosions, which are the main driving force of
turbulence in the interstellar medium. This circumstance led
to the hypothesis that supernova explosions are the main
source of cosmic rays [13]. After the discovery of the diffusive
particle acceleration at a shock front [14, 15] and the
emergence of numerous detailed calculations (see, e.g.,
Ref. [16]), it became clear that cosmic rays emerge early in
the existence of a supernova remnant, while the shock
generated in its explosion remains strong. This picture was
borne out experimentally (see, e.g., Ref. [17]): hard gamma-
ray radiation caused by the inelastic collisions of accelerated
cosmic rays with interstellar medium particles was detected
from supernova remnants.

Shock waves in supernova remnants are capable of
accelerating protons to an energy approximately corre-
sponding to the knee in the cosmic ray spectrum and the

nuclei of heavy elements with the charge q � Ze can be
accelerated to a Z-times higher energy, which ranges up to
� 1017 eV for iron. The further acceleration is impeded by
the limited size of the remnant and the magnitude of the
magnetic field in it: the high-energy ions are not confined by
the magnetic field and escape from the shock. Explaining the
origin of ultrahigh-energy cosmic rays requires objects of
greater size or with stronger electromagnetic fields. But
introducing such objects leads to problems, which may be
divided into two groups.

First, these are mutually antithetic requirements on the
electromagnetic fields in the objects of interest. On the one
hand, they should be strong enough to allow acceleration to
the required energy in a time during which the particles are
confined in the accelerator. On the other hand, they should be
sufficiently weak so as not to lead to excessive radiative losses.
As shown in Section 2, the simultaneous fulfillment of the
above requirements significantly limits the minimal size of the
accelerator and dictates the minimal energy stored in its field.
Second, the acceleration mechanism should be efficient
enough: owing to the limited power of appropriate astro-
physical objects, they should transfer a significant fraction of
their power to ultrahigh-energy cosmic rays. The converter
acceleration mechanism considered in Section 3, which is a
Fermi-type mechanism, meets this requirement. In Section 4,
we discuss several peculiarities of the energy gain and
radiation for particles accelerated by this mechanism in
relativistic plasma flows.

2. Minimal requirements on cosmic accelerators

Themere existence of the ion accelerationmechanism and the
fulfillment of its realization conditions are not sufficient for
an astrophysical object to become a source of ultrahigh-
energy cosmic rays. It is also required that the acceleration
power exceed the total particle energy loss rate. A large
number of processes responsible for energy losses by high-
energy ions may be eliminated or brought to an admissible
low level by appropriate selection of the astrophysical
objectÐ the source of cosmic rays. Only the losses related to
the accelerating electromagnetic field itself are fundamentally
unavoidable. It is these losses that impose fundamental
limitations on the parameters of cosmic accelerators.

We consider a particle acceleration region of sizeR. It can
be naturally assumed that nothing like linear accelerators
exists in space, and hence the curvature radius of magnetic
and electric field lines is smaller than or of the order of R.

The accelerated particle trajectory depends on the energy
loss rate. A high radiative loss rate leads to a rapid decrease in
the particle momentum component transverse to the field
direction and compels the particle tomove along the field line.
In the case of slow losses, the field geometry has only a weak
effect on the particle trajectory at the angle � 45� with the
field lines.

A particle accelerates to the limiting energy defined by the
smallest of two values: either the work of the accelerating
force in a time during which the particle is confined in the
accelerator or the energy value at which the energy loss rate
_erad becomes comparable with the acceleration rate. The
balance of acceleration and losses is reached for

_erad � 2

3
g 4

q 2

R 2
c � ZqBc �1�
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in the case where curvature radiation [2] prevails (assuming
that the particle moves along an arc of radius R) or for

_erad � 2

3
g 2
�

q 2

mc 2

�2

c
ÿ
B 2
? � E 2

?
� � ZqBc �2�

in the case where synchrotron or Bremsstrahlung radiation
prevails. Here, g is the Lorentz factor of the particle, m is its
mass, B? and E? are the rms magnitudes of the field
components perpendicular to the particle momentum, and Z
is the dimensionless acceleration rate, i.e., the ratio of the
mean accelerating electric field Eeff to the magnetic one.

Comparing Eqns (1) and (2) shows that the curvature
radiation leads to lower (and hence more favorable to
acceleration) radiative losses when the particle energy
e � gmc 2 satisfies the condition

e < qR

������������������
B 2
? � E 2

?
q

: �3�

There is no way of violating condition (3), because this would
lead, somehow or other, to a contradiction: either the particle
gyroradius rH � e=�qB?� turns out to be formally greater
than R, and therefore the particle is not confined in the
accelerator and the acceleration terminates at the instant of
particle escape for e4 qRB?, or (when B?5E?) the particle
is not confined from the very beginning, and hence the energy
gain is bounded by the difference of the electric potential
across the acceleration region, i.e., e4 qREeff � ZqRB. In
what follows, we neglect a factor� 1 and assume thatB � B?
and E � E? � Eeff � ZB.

Therefore, the absolute upper bound for the particle
energy is defined by either the acceleration ± losses balance
condition (1),

e 4max �
3 ZBR 2

2 q
�mc 2�4 ; �4�

or condition (3), specifically, the lesser of these two values.
The total energy of the electromagnetic field in the

spherical volume of radius R for an accelerator capable
of` generating cosmic rays with an energy emax is W �
R 3�B 2 � E 2�=6, which gives

W >
2

27

q 2

R

�
emax

mc 2

�8
1� Z 2

Z 2
�5�

for Eqn (4) and

W >
R

6

�
emax

q

�2

�6�

for condition (3).
It is possible to minimize the requirements on the field

energy in the accelerator by increasing R in relation (5) and
decreasing it in relation (6). This implies the existence of the
optimal size

R �opt� � 2

3

��������������
1� Z 2

p
Z

q 2e 3max

�mc 2�4 ; �7�

which corresponds to the minimal possible accelerator energy
content

W �opt� � 1

9

��������������
1� Z 2

p
Z

e 5max

�mc 2�4 �8�

and the optimal magnitude of the magnetic field

B �opt� � 3

2

Z
1� Z 2

�mc 2�4
q 3e 2max

; �9�

with E �opt� � ZB �opt�. The energy requirements defined by
relations (5) and (6) are presented in Fig. 1. Also shown in
Fig. 1 are the parameter ranges typical for neutron stars,
rotating black holes with a near-Eddington accretion rate,
galactic clusters, and those regions of jets in active galactic
nuclei where the ejection velocities are no longer relativistic.
Figure 1 shows two types of such regions: hot spots, i.e.,
bright objects of subkiloparsec size located at a distance
ranging from several to dozens of kiloparsecs from the
nucleus, and radio lobesÐregions measuring several hun-
dred kiloparsecs formed by a shock wave that delimits the jet
substance and the intergalactic medium.

We estimate the optimal parameters for a source of
protons with the energy emax � 1020 eV. The total energy of
the electromagnetic field in the accelerator should be no less
thanW �opt� � 3� 1051 erg, the optimal size is of the order of
1017 cm, and the optimal magnitude of the magnetic field is
� 3 G. In these estimates, we assumed that Z � 1 to relax the
requirements on the field energy in the accelerator as much as
possible. An even greater value of Z (the electric field stronger
than the magnetic one) does not lead to an appreciable
lowering ofW �opt�.

Naturally, the above results also apply to an accelerator
that moves as a whole with a Lorentz factor G4 1; in this
case, all quantities are measured in the comoving frame of
reference. However, it is convenient to transform Eqns (7) ±
(9) such that W �opt� and emax are measured in the laboratory
frame of reference and R �opt�, B �opt�, and E �opt� in the
comoving frame of reference. We substitute emax � Ge 0max to
obtain

W
�opt�
rel �

W �opt�

G 4
; �10�

R
0 �opt�
rel � R �opt�

G 3
; �11�

B
0 �opt�
rel � G 2B �opt� ; �12�
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Figure 1.Minimal requirements on the energy content of a 1020 eV proton

source for acceleration efficiencies Z � 1 and Z � 10ÿ2: expressions (5)

(dotted lines) and (6) (dashed line) as functions of the acceleration region

size.
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where the quantities measured in the comoving frame of
reference are primed.

The energy requirements represented by Eqns (10) ± (12)
are shown in Fig. 2. The parameter domains characteristic of
the plasma flows in gamma-ray bursts (G � 300) and inner,
relativistic (G � 10) jet regions in active galactic nuclei are
indicated. Clearly, the acceleration of ultrahigh-energy
cosmic rays in ultrarelativistic flows has the advantage of
bringing the optimal size to a more `comfortable' range,
which is especially important for short-lived sources, for
instance, gamma-ray bursts.

3. Converter acceleration mechanism

The most universal supplier of high-energy particles is the
Fermi mechanism, and the acceleration is due to large-scale
gradients in the hydrodynamic velocity of plasma. In
particular, the acceleration in shear flows and collisionless
shock waves has long been known [1, 3, 10]. As shown in
Section 2, ion acceleration to ultrahigh energies is easier to
ensure in ultrarelativistic flows.

While on the subject of the Fermi mechanism, the so-
called stochastic acceleration is commonly implied. To
estimate the suitability of this mechanism for the generation
of ultrahigh-energy cosmic rays, we recall its scheme by the
example of a shock wave. In a collisionless plasma, particles
interact with each other via the magnetic field produced by
the currents flowing through the plasma. Themagnetic field is
frozen into the plasma on both sides of the shock front, where
the hydrodynamic plasma velocity experiences a jump;
therefore, for a particle with a sufficiently long mean free
path (i.e., with a sufficiently large momentum), the transit
through the front is like a collision with a moving wall. The
particles may either gain energy or lose it, depending on the
direction of its motion, but on average the energy increases.
This acceleration is similar to gas heating in a vessel with
approaching walls, with the only difference that there is no
second wall to reflect the particles back towards the shock
front. Long-term acceleration and a substantial energy gain
are possible only for the particles that can repeatedly cross the

shock front in the opposite direction by overtaking it due to
diffusive motion in the nonuniform magnetic field.

The average statistical particle acceleration rate in a
nonrelativistic shock increases proportionally to the square
of its velocity. The higher the velocity, the higher the
maximum energy of accelerated particles. However, in a
relativistic shock wave whose velocity is close to the speed of
light, the acceleration mechanism considered above turns out
to be inefficient. There are two reasons for this. First, the
hydrodynamic velocity of the flow behind the front of a
relativistic shock wave is equal to one third of the speed of
light, and therefore the regular motion of particles prevails
over their diffusive displacement and they have little chance
to return to the front and continue their acceleration. Second,
the plasma compression in the shock wave has the effect that
the component of the frozen-in magnetic field parallel to the
front increases, while the perpendicular component remains
invariable. As a result, the particle drift velocity in the
nonuniform magnetic field is directed approximately parallel
to the front and the particles describe cycloids that do not
cross the front. These theoretical considerations are borne out
by numerical simulations [18, 19].

Efficient particle acceleration in relativistic shock waves
and shear flows is nevertheless possible [5]. Paradoxically, the
main role is here played by the interaction of accelerated
particles with photon fields in accelerators, which is ordina-
rily regarded merely as an impediment, an additional channel
of energy loss. Under certain conditions, collisions with
photons may be treated as a mechanism of random
`activation' and `deactivation' of the electric charge. The
acceleration scheme described above is then modified as
follows (Fig. 3). When traversing the shock front and
experiencing reflections from the inhomogeneities of the
magnetic field, a charged particle increases its energy to
become neutral upon interacting with a photon, which
allows it to traverse the front in the opposite direction
unhindered by the magnetic field. On finding itself in front
of the shock wave, the particle comes to be charged once
again, such that the whole acceleration cycle is repeated over
and over again. This particle acceleration mechanism may be
termed the converter mechanism; calculations show that it
plays a crucial role in the radiation and dynamics of
relativistic flows [5, 6, 20].

Of course, the activation and deactivation of electric
charge is no more than a conventional way of describing the
processes occurring. For instance, we trace the chain of
transformations beginning with the interaction of a proton
with a high-energy gamma-ray photon. The photons whose
energy exceeds 300 MeV in the rest frame of the proton can
excite its internal (quark) degrees of freedom. The cross
section of this process rapidly attains its peak
sp � 6� 10ÿ28 cm2 for the photon energy Dp � 340 MeV
(which may be considered the effective threshold of the
reaction) and gradually decreases to � 10ÿ28 cm2 for
extremely energetic photons. The resultant excited hadron
(typically, a D resonance) almost instantaneously decays into
a nucleon and a pion:

p� g! D! n� p� �13�
or

p� g! D! p� p0 : �14�
In approximately one-third of the cases, a charged pion forms
and the proton transforms into a neutron. Neutrons have the
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Figure 2.Minimal requirements on the energy content of a 1020 eV proton

source as functions of the acceleration region size in the comoving frame of

reference R 0 � R=g. Expression (5), which scales as Gÿ7, is represented by
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same quark structure and interact with photons by the same
scheme, i.e., transforming to protons. A by-product of the
proton ± neutron cycle is high-energy charged pions, whose
decay gives rise to secondary electrons and positrons, as well
as neutrino radiation.

A similar transformation chain also exists for electrons. It
begins with photon scattering from a relativistic electron.As a
result of the inverse Compton effect (comptonization), the
photon energy upon scattering is many times higher, but for
Thomson scattering, it amounts to only a small fraction of the
electron energy. This interaction gradually takes energy from
the electrons and does not favor their acceleration. However,
the broadband radiation spectrum of cosmic accelerators also
involves high-frequency photons scattered in the Klein ±
Nishina regime. In this case, the comptonized radiation
spectrum has two peaks: with equal probabilities, an electron
either retains the major part of its energy or transfers it to the
photon. In the latter case, it can be said that the accelerated
particle changes its charge, because the photon produced
travels in the same direction as the initial electron and carries
almost all of its energy. The high-energy comptonized
photons interact with the relatively low-frequency back-
ground radiation to produce electron ± positron pairs, the
energy being approximately equally distributed between an
electron and a positron. The transformation chain described
above results in the closed cycle of activation and deactivation
of accelerated particle charge. The fact that the number of

accelerated particles doubles is of no fundamental impor-
tance. The converter acceleration of electrons and positrons
has no direct bearing on the origination problem of ultrahigh-
energy cosmic rays. We note, however, that the radiation of
particles accelerated by this mechanism exhibits unique
features (see Section 4): when recorded in the emission of
some astrophysical object, they allow judging whether the
converter mechanism operates in the object.

The small cross section of photopion reactions is the main
limiting factor for the converter acceleration. The most
favorable conditions for its realization exist in active galactic
nuclei and gamma-ray bursts, where both ultrarelativistic
matter flows in the form of jets and dense photon fields
simultaneously exist (see review Refs [21, 22]).

The optical thickness t that characterizes the accelerated-
particle interaction with photons depends on the source
geometry. For a continuous flow or a shock wave produced
by a central compact object and propagating with an angular
opening greater than 1=G, we have

t � spL�e��Y 2

4 pRce�
; �15�

where L is the observed luminosity per logarithmic frequency
interval for photons with energies in the vicinity of
e� � 2mc 2Dp=�eY 2�, where the nucleon ± photon interac-
tion is most efficient, e is the energy of the accelerated
particle, R is the distance to the central object, G is the
Lorentz factor of the relativistic flow, and m is the nucleon
mass. The beam pattern of the photon source has the width
Y � 1=G for jets and Y � 1 for regions with broad emission
lines in active galactic nuclei or for radiation scattered by the
interstellar gas in the vicinity of gamma-ray bursts.

We give estimates for three qualitatively different cases.
For internal jets in active galactic nuclei (with the inclusion of
only the intrinsic radiation of the jet with Y � 1=G ), where
the observed luminosity L�e�� per logarithmic frequency
interval is implicitly dependent on the particle energy, we have

t � 10ÿ1
�

L�e��
1045 erg sÿ1

��
e

1018 eV

��
10

G

�4�
1015 cm

R

�
:

�16�

Radiation from regions with broad emission lines in active
galactic nuclei produces the optical depth

t � 5� 10ÿ2
�

L

1044 erg sÿ1

��
10 eV

�e

��
1017 cm

R

�
; �17�

which is independent of the particle energy: for all particles
with energies e > 2mc 2Dp=�e � 5� 1016 eV, the number of
effectively interacting photons is invariable due to their
narrow spectral distribution (primarily in the vicinity of
�e � 10 eV). In gamma-ray bursts, the optical depth is

t � 3� 10ÿ3
�

E�e��
1052 erg

��
e

1016 eV

��
100

G

�2�
1016 cm

R

�2

:

�18�

Therefore, the conversion probability in every cycle is
ordinarily much lower than unity. There are exceptions, for
instance, at the base of a relativistic flow, where the optical
thickness is large and conversion losses suppress acceleration.
But as the distance from the jet base increases, acceleration

3 2

(3)

(2)

(1)

1

Figure 3. In the converter acceleration mechanism, a particle escapes from

the shock wave being neutral (time instant 1) and travels rectilinearly until

the moment it transforms to the charged one (time instant 2). During this

time, the particle overtakes the shock front by some distance and therefore

gains a sufficient store of time to start moving in the opposite direction in

the magnetic field before it is entrained by the shock once again (time

instant 3). The particle and shock front positions at the corresponding

instants are numbered 1, 2, and 3.
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becomes possible once again and encompasses particles with a
progressively higher energy as the radiation density decreases
to the extent that the conversion probability in a single
acceleration cycle becomes appreciably lower than unity. It
is clear from the aforesaid that the converter acceleration is
self-tunable.

We note that the neutron-to-proton conversion prob-
ability is always higher than

p�min�
cn � Rmc

tne
� 3� 10ÿ2

�
1015 eV

e

��
R

1018 cm

�
�19�

owing to spontaneous neutron decay. Here, tn � 900 s is the
free-neutron lifetime. The decay is important for low-energy
particles, especially in the first acceleration cycle, whereas
photopion reactions are more effective at high energies.

4. Features of the energy gain and radiation
by particles during converter acceleration

The converter acceleration mechanism enables particles to
attain the energy 1020 eV in only 2 ± 4 passages through the
shock front. For the standard diffusive acceleration, this
would require many dozens of passages; the difficulties of
realizing this mechanism are accordingly multiplied. This
distinction may be explained as follows.

The velocity of particles that escape from the relativistic
shock wave is, in the rest-frame system, directed almost
parallel to the velocity of the shock wave. But the trajectory
of charged particles immediately starts to bend under the
action of a magnetic field. As soon as the angle between the
particle velocity and the direction of the shock propagation
attains a value of the order of the inverse Lorentz factor, the
shock front catches up with the escaping particle and
completes the acceleration cycle. The cycle result is that the
particle energy increases twofold on average.

In the case of converter acceleration, a particle leaves the
shock wave being neutral and travels rectilinearly until the
instant of its transformation into a charged particle. During
this time, the particle overtakes the shock front by some
distance and hence acquires a sufficient time reserve to turn
towards the shock wave in the magnetic field before it is
entrained by the shock once again. Therefore, a converter
acceleration cycle has the result that the particle energy
increases not twofold but by about the factor g 2, where g is
the Lorentz factor of the shock wave.

The probability that the particle converting from charged
to neutral and backwards occurs in the right sequence and the
particles interact with photons that have the appropriate
energy is much lower than unity. On the other hand, the
energy of a particle that goes through a complete acceleration
cycle increases by a factor g � G 2, which ranges from several
hundred for jets in active galactic nuclei to several hundred
thousand for gamma-ray bursts. Upon experiencing several
acceleration cycles, the initial quasimonoenergetic injected-
particle distribution transforms into a saw-tooth distribution
(Fig. 4). Its envelope may be approximately represented as a
power-law function dN=de / eÿa with the exponent

a � 1ÿ ln k

ln g
; �20�

which depends only slightly on the particle energy. When the
cycle pass-through probability k times the energy gain factor
g exceeds unity, the converter mechanism peaks in efficiency:

the total energy content in accelerated particles increases
every cycle, the main contribution being due to particles
whose energy is close to the maximum attainable energy.

The shock front can be crossed in the opposite direction
only by the particles that manage not to lose energy (for
instance, by synchrotron radiation) in the time required to
complete a half-turn in the magnetic field behind the front.
The particles that lose half of their energy during this turn are
termed critical. In the diffusive acceleration, the particle
energy increases approximately twofold in each cycle (except
for the first one), and therefore the critical energy is also the
highest attainable, whereby the energy loss rate is comparable
to the acceleration rate.

Although the energy of particles escaping from the shock
wave is bounded by the critical value, the energy of particles
fed to the shock from the outside may be many times higher.
Supercritical particles lose energy on traveling a distance
many times shorter than their gyroradius, i.e., being
deflected only slightly from the initial direction of their travel
[almost strictly backwards in the frame of reference comoving
with the matter behind the shock front (Fig. 5)]. Accordingly,
the supercritical-particle radiation beam pattern is strongly
elongated in the direction opposite to the shock velocity, as
is the particle velocity distribution in the frame of reference
of the jet [6]. Due to the relativistic aberration of light, a
rest-frame observer nevertheless sees the beam pattern
elongated in the direction of jet motion, but it turns out
to be significantly broader than the beam pattern of the
lower-frequency radiation of subcritical particles. Radiation
of supercritical particles, which is primarily confined to the
X- and gamma-ray ranges, may be observed at a large angle to
the jet axis, i.e., it is off-axial (see Fig. 5).

The occurrence of off-axial radiation explains, for
instance, the phenomenon of delayed hard radiation of
gamma-ray bursts. The delay in this case is geometrical in
nature: owing to the broadened radiation beam pattern, the
off-axial emission is observed from a broader segment of a
spherical shock wave, whose rim is more distant from the
observer than its central part. The radiation beam pattern
broadening may also account for detection of so-called
unidentified sources of hard gamma-ray radiation (a large
number of such sources were discovered by the EGRET

lg
dN

de

lg e

lgG 2

Figure 4. Schematic view of the particle distribution (solid line) resulting

from the converter acceleration for a quasimonoenergetic injection. The

dips in the spectrumpersist as long as thewidth of the injection spectrum in

logarithmic units is less than lgG 2.
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(Energetic Gamma Ray Experiment Telescope) space tele-
scope in 1992 ± 1994). These sources are supposedly related to
those quasars whose jets are oriented at large angles to the
line-of-sight direction and therefore do not produce appreci-
able radiation in lower-frequency ranges, where the jet
emission is highly directional. High-energy neutrino emis-
sion of accompanying the decay of pions produced in inelastic
proton ± neutron collisions in relativistic jets may also have a
broad beam pattern.

5. Conclusion

We have considered the fundamental bounds for the cosmic
accelerator parameters. They indicate that the production of
cosmic rays with energies ranging up to the highest reliably
observed values is possible (at least theoretically) due to the
action of the electromagnetic fields of astrophysical objects
on the relatively low-energy ions present in these objects.
There also exists an acceleration mechanism involving
alternate conversion of protons to neutrons and back. This
mechanism is operable in a broad class of sources with
relativistic flows and is capable of transferring the power of
these flows to � 1020 eV cosmic rays with the efficiency
approaching 100%. Therefore, it is possible to interpret all
presently existing observations of ultrahigh-energy cosmic
rays without invoking `new physics,' i.e., using only reliably
established physical laws and astrophysical facts.

Estimates show that different regions in the relativistic jets
in active galactic nuclei, shock waves in galaxy clusters, and
gamma-ray bursts may `aspire' to play the role of accelerators
for particles with an energy91020 eV. With the exception of
gamma-ray bursts, these all are galactic-scale objects. In
particular, neutron stars and black holes, including the
supermassive ones, cannot be the sources of cosmic rays.

Finally, we dwell on the validity range of the origination
picture of ultrahigh-energy cosmic rays outlined in this
report. The converter acceleration mechanism leads to a
specific prediction about the particle composition of cosmic

rays: these particles should be protons and nothing but
protons. The existing data argue in favor of this proposition,
although an unambiguous conclusion cannot be reached at
the moment. If future observations reveal the presence of a
substantial fraction of atomic nuclei in ultrahigh-energy
cosmic rays, there will be no way of explaining their origin
on the basis of the converter mechanism. But it is not
inconceivable that there exists a different, and yet equally
efficient, particle acceleration mechanism.

We have shown, however, that general electrodynamic
considerations lead to a very strong dependence of the
required field energy in an accelerator on the energy of the
particles it produces, irrespective of the acceleration mechan-
ism. For the known astrophysical objects, the acceleration
limit for protons is therefore �3ÿ5� � 1021 eV in the frame-
work of the canonical model of cosmic ray generation. In this
case, the list of potential sources is restricted to hot spots in
the jets of active galactic nuclei, radio lobes, and galaxy
clusters. In all these cases, the acceleration is limited by the
particle escape, and attaining the specified energy value is
possible only under rather speculative assumptions about
large-scalemagnetic field ordering and the high dimensionless
acceleration rate Z � 1. Heavy nuclei may be accelerated to
even higher (Z times) energies, such that the acceleration
scenario can formally account for the cosmic rays ranging up
to 1023 eV in energy. At the same time, owing to the
fragmentation of the nuclei (in the interaction with the
photons of the microwave background radiation) their
propagation distance is bounded by � 1 Mpc. Gamma
bursts are the only sources in so close a neighborhood of our
galaxy, and hence the highest cosmic ray energy observable
on the earth cannot exceed the somewhat lower value
� 3� 1022 eV, which corresponds to the limit of acceleration
in gamma-ray bursts for iron nuclei (for protons, this limit is
� 1021 eV).
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Modification of the earth's ionosphere
by high-power high-frequency radio
waves

V L Frolov, N V Bakhmet'eva, V V Belikovich,
G G Vertogradov, V G Vertogradov,
G P Komrakov, D S Kotik, N A Mityakov,
S V Polyakov, V O Rapoport, E N Sergeev,
E D Tereshchenko, A V Tolmacheva,
V P Uryadov, B Z Khudukon

1. Introduction

The ionosphere, being the upper part of the terrestrial
atmosphere, has a decisive effect on both the nature of vital
functions on Earth and the properties of different tele- and
radio communication channels. In this connection, it has
attracted the close attention of researchers already for many
decades. The range of ionospheric research is extremely wide
and embraces problems such as the physics of plasma
formation, plasma dynamics and the mechanisms of plasma
turbulization, ionospheric chemistry, and the propagation of
radio waves in different ranges. The capabilities of conven-
tional methods of ionospheric research were greatly enhanced
when active ionospheric experiments were started. These
include plasma modification by high-power radio wave
beams produced by ground-based and space-borne high-
frequency (HF) radio transmitters, as well as the injection of
charged particle beams and chemical reagents from aboard
artificial earth satellites (AESs) and geophysical rockets. The
success achieved in active experiments allowed considering
the ionosphere as a natural space laboratory for modeling
different processes occurring in plasmas [1]. The relatively
high stability and the practically infinite volume of the
ionospheric plasma, as well as the variation over a wide
range in its possible parameter values, permit a broad class
of currently topical problems to be solved on an experimental
basis.

The variation in ionospheric properties in the field of
high-power radio waves was first encountered over 70 years
ago in connection with the discovery of the Luxemburg ±
Gorky effect in 1933 [2]. The decisive roles in the theoretical
interpretation of this effect were played by Ginzburg,
Gurevich, and Vilenskii. The explanation of the Luxem-
burg ±Gorky effect led to the understanding of the role of
the nonlinear properties of ionospheric plasma, which show

up under heating by a high-power radio wave and were
considered at length by Ginzburg and Gurevich in Ref. [3].
The investigations conducted lent impetus to the construction
of special-purpose high-power heater facilities for the mod-
ification of the ionosphere. In the USSR, the first facility was
put into operation in the Scientific Research Radio Institute
(Moscow) in 1961. More recently, constructed in the USA
were the facilities Boulder in 1970 andArecibo in 1971. At the
Radiophysical Research Institute (NIRFI), this line of
investigation was initiated by Getmantsev. Under his super-
vision, the Zimenki facility was constructed in 1973 near
Nizhnii Novgorod (formerly the city of Gorky). In 1976, the
Polar Geophysical Institute (PGI) of the Kola Branch of the
USSR Academy of Sciences succeeded in its efforts to
construct the Monchegorsk facility in polar latitudes near
Murmansk.

Already in the first experiments on ionospheric mod-
ification by high-power radio waves carried out in the
1960s ± 1970s, apart from the expected large-scale varia-
tions in plasma temperature and density, several new
phenomena related to the generation of artificial plasma
oscillations and artificial plasma density irregularities with
scale lengths ranging from fractions of a meter to several
kilometers transversely to the geomagnetic field were
discovered [4, 5], the Getmantsev effect was discovered [6],
and the formation of artificial periodic irregularities of
ionospheric plasma density in the field of a high-power
standing radio wave was experimentally borne out [7]. There
emerged a new line of research, which soon became one of
high-priority areas in radiophysics and found diversified
uses in geophysics, plasma physics, and space physics. An
important point is that modifying the ionosphere by high-
power radio waves does not pollute the environment and
has no undesirable ecological consequences, because this
action on the ionosphere is negligible in power in compar-
ison with natural actions. At the same time, the possibility
exists of conducting repeated measurements of the char-
acteristics of the upper terrestrial atmosphere on a regular
basis by using the thoroughly elaborated radiophysical
techniques for the remote diagnostics of artificially pro-
duced plasma perturbations.

The results achieved fostered the construction of new,
more powerful heaters in northern Norway (Tromsù, 1980)
and in the USSR (Sura, 1981). More recently, in the 1990s, a
start was made on the construction of a facility in Alaska
(USA) in the framework of the High Frequency Active
Auroral Research Program (HAARP); its érst stage was put
into service in the late 1990s. To this day, efforts are directed
towards upgrading the potentialities of the facility. Among
other facilities constructed in the 1980s ë 1990s are Gissar
(Tadjikistan, 1981), a facility near Kharkov (Ukraine, 1987),
and the High Power Auroral Simulation (HIPAS) facility
(USA, 1990). Today, experiments in the modiécation of the
ionosphere are conducted primarily at three facilities:
HAARP and Tromsù in polar latitudes and Sura in middle
latitudes. The remaining facilities either have fallen apart or
are no longer in active use. In recent years, the British have
undertaken the construction of the SPEAR (Space Plasma
Exploration by Active Radar) facility on the island of
Spitsbergen, in the polar cap zone. In 2004, the érst stage of
SPEAR was put into operation and heater experiments were
started.

In this report, we briefly outline the results of experiments
in artificial influence on the ionosphere by high-power HF
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radiation from ground-based transmitters. They were per-
formed at NIRFI in cooperation with many Russian and
foreign institutions and include investigations of the proper-
ties of artificial ionospheric turbulence (AIT), of the genera-
tion of combination-frequency signals by an ionospheric
source in the very low frequency (VLF), superlow frequency
(SLF), and ultralow frequency (ULF) ranges, and of different
ionospheric layerswith the help of artificial periodic irregular-
ities. These investigations commenced at the Zimenki facility
and continued at the Sura facility.

The Sura facility (NIRFI), which has received the status
of a unique Russian facility (registration No. 06-30), com-
prises three high-frequency PKV-250 transmitters with the cw
output power 3� 250 kW in the 4 ± 25MHz frequency range.
Each transmitter is loaded on its own antenna array with a
4.3 ± 9.5MHz frequency band. The three facility modules can
work independently and emit a wave with ordinary or
extraordinary polarization at its frequency, in its own
timing, with the pulse duration ranging from 50 ms up to the
cw output. In the regime of coherent radiation by all three
heater modules (in this case, the total dimension of the
antenna field is 300 by 300 m), the maximum effective output
power is 80 ± 280 MW, increasing with the frequency of the
radiated wave. The heater beam can be deflected in the range
�40� from the vertical in the plane of the geomagnetic
meridian. Different diagnostic facilities are deployed around
the Sura heater, which fulfill the function of probing the
ionosphere and detecting plasma perturbations induced by a
high-power radio wave.

2. Artificial ionospheric turbulence

The interaction between a powerful HF radio wave with
ordinary polarization and a plasma is accompanied by the
excitation of AIT of different types, which is determined by
the development of several nonlinear effects: (1) the
generation of high-frequency (different plasma oscillations
and waves) and low-frequency (first and foremost, plasma
temperature and density irregularities with different scale
lengths) plasma turbulence; (2) modification of the plasma
density profile under the action of striction and thermal
pressure forces, which results in the formation of focusing
(in the F2 region) and defocusing (in the E and F1 regions)
lenses, as well as of artificial periodic irregularities under the
action of a high-power standing radio wave; (3) electron
acceleration to suprathermal energies, which leads to
additional plasma ionization and the glow of neutral gas
in the optical and decimeter wavelength ranges; (4) the
generation of secondary electromagnetic radiation (in
particular, artificial radio-frequency ionospheric radiation);
(5) the excitation of electric and magnetic fluctuation fields,
etc. It is significant that the wide-ranging experimental and
theoretical investigations performed during the last three
decades, which are summarized in several dedicated journal
issues [4, 8 ± 13], have enabled a detailed study of the
features of high-power wave interaction with different
ionospheric plasma regions, an investigation of the produc-
tion features and properties of AIT, and an elaboration of
new methods for diagnosing the processes occurring in
magnetoactive plasmas.

In Sections 2.1 ± 2.4, we briefly formulate the main
properties of AIT excited by a high-power radio wave of
ordinary polarization in its reflection from the F2 ionospheric
region.

2.1 Development stages of the interaction between
high-power radio-frequency radiation and plasma
Four stages may be distinguished in the development of the
interaction of a high-power radio o-wave and the plasma of
the F2 ionospheric region [14]. During the first stage, which
lasts 5 ± 20 ms from the onset of the action and is character-
ized by a 10 ± 20 dB intensity lowering of the signal of the
pump wave (PW) reflected from the ionosphere, a striction
parametric instability [15] develops near the level of reflection
of the high-power radio wave, resulting in the generation of
Langmuir plasma turbulence and electron acceleration to
suprathermal energies. At the second stage, which lasts 0.5 ±
3 s (up to the onset of the development of the anomalous
attenuation effect), the signal of the reflected PW is observed
to regain its intensity level, which is accompanied by the
emergence of its characteristic quasiperiodic oscillations. So
far, this effect has not been adequately explained. At the third
stage, 0.5 ± 10 s after the onset of the PW, the generation of
upper-hybrid plasma turbulence and small-scale field-aligned
ionospheric irregularities (SFAIIs) of size l?4 30ÿ50 m in
the direction orthogonal to the terrestrial magnetic field is
observed due to the development of a thermal (resonance)
parametric instability [16, 17]. The scattering of the high-
power radio wave from the SFAIIs leads to its anomalous
attenuation (AA)Ða lowering of the signal reflected from
the ionosphere by 10 ± 30 dB. The fourth stage, which sets in
10 ± 30 s after the PW engagement, is characterized by the
development of a self-focusing instability of the high-power
radio wave [17, 18]. This leads to an increase in medium-scale
(l? � 0:1ÿ1 km) field-aligned ionospheric irregularities
(FAIIs), which are responsible for strong fluctuations in the
radio waves reflected from the perturbed region of the
ionosphere and for the formation of spreading Fspread on the
ionograms for the traces of probing transmitter signals
reflected from the ionosphere, which is characteristic of
radio wave propagation through a turbulent medium. The
generation of larger-scale irregularities with l?5 1ÿ2 km is
attributed to the intensification of natural plasma density
irregularities.

The ionosphere modification effects are markedly intensi-
fied when the conditions are fulfilled for the propagation of a
high-power radio wave beam along the magnetic field in the
region of resonance PW±plasma interaction (the `magnetic
zenith' effect) [19]. In this case, as a result of PW self-focusing
by the irregularities elongating along the geomagnetic
terrestrial field, which measure several hundred meters in
the direction transverse to the geomagnetic field and which
are filled with SFAIIs with l? � 1ÿ10 m, a strong local
plasma heating occurs due to the anomalous absorption of
the energy of the high-power ordinary radio wave in its
scattering by the SFAIIs into upper-hybrid plasma waves.
This leads to the formation of caverns, such that the high-
power radio-frequency radiation flux splits into narrow
beams and is confined to these caverns.

2.2 Dynamic and spectral characteristics of artificial
ionospheric irregularities
The development times tdev of the FAIIs with l?�1ÿ103 m
depend strongly on their scale length (as l 0:5? ), the PW power
(as Pÿ1eff ), and its schedule (via aftereffects), as well as the
ionospheric conditions [14]. On average, tdev � 2ÿ5 s for
l? � 10 m and Peff � 20 MW. The FAII relaxation times trel
are determined by the irregularity scale length l? [14]: a
quadratic dependence trel�l?�/ l 2? occurs for l?4 l �?, a
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weaker dependence trel�l?� / l 0:5? occurs for l?5 l �?
(l �? � 3ÿ20 m is some characteristic irregularity scale
length, the quantity l �? decreases in moving from daytime to
nighttime observation conditions). It is believed that the
SFAII relaxation in the domain of the quadratic trel�l?�
dependence is due to the transverse ambipolar diffusion and
is caused by longitudinal ambipolar plasma diffusion for
l? > l �?. The specific irregularity relaxation times also
depend on the hour of the day, the PW reflection altitude
hrefl, the location of the irregularities inside the disturbed
region, the PW radiation regime, the degree of ionospheric
perturbation, etc. For l? � 10 m and hrefl � 240 km, the
relaxation times in quiet geomagnetic conditions are 5 ± 10 s
in the daytime and lengthen to 15 ± 20 s in the evening and to
20 ± 40 s in the nighttime.

On the basis of cross section measurement data for the
aspect scattering of radio waves in the high-frequency and
very-high-frequency (VHF) ranges by anisotropic SFAIIs
and measurements of AES signal flicker in radio wave transit
through the disturbed region of the ionosphere, it was
possible to measure the plasma density fluctuation spectrum
in the l? � 1ÿ4� 103 m scale length range [14, 20, 21]. For a
piece-wise power-law approximation of the dependence
FN�l?� / l

p
? , it was determined that p � 4ÿ5 for l? �

1ÿ3 m, p � 2ÿ3 for l? � 3ÿ20 m, p � ÿ�0:5ÿ1� for
l? � 50ÿ200 m, p � 3 for l? � 200ÿ400 m, p � 1:5ÿ2 for
l? � 600ÿ800 m, and p � 3ÿ4 for l? � 0:8ÿ4 km. The peak
of FN�l?� for scale lengths l? � 50 m, which are close to the
free-space wavelength of the high-power wave, is caused by
the irregularity generation mechanism due to the develop-
ment of a thermal (resonance) parametric instability. The
second peak, which was observed for scale lengths l? � 400 ±
600 m, is attributable to the manifestation of the PW self-
focusing instability in the plasma. On average, the character-
istic magnitudes of the relative plasma density fluctuations at
the stationary AIT development stage are dN �
5�10ÿ3ÿ10ÿ2 for l?�1ÿ2 km, dN�10ÿ3ÿ2�10ÿ3 for
l?�200ÿ600 m, and dN�5�10ÿ4ÿ10ÿ3 for l?� 3ÿ30 m.
During the first several seconds after PW engagement, owing
to the faster growth of the irregularities with l? � 1ÿ3 m, the
SAIT spectrum is inverted in form, peaking for scale lengths
l? � 2ÿ3 m [14]. Measurements performed for different tilt
angles of the high-power radio wave beam in the plane of the
geomagnetic meridian enabled determining that SAITs are
most intensively generated for tilt angles � 12�ÿ16� south of
the vertical [21].

Therefore, by varying the power, frequency, polarization,
and schedule of the PW radiation, it is possible to control the
spectral FAII characteristics, which is important for the use
of AIT in solving research and applied problems [22].

Doppler measurements of the spectrum of HF and VHF
radio waves scattered by SAIT permit obtaining information
about the motion of scattering irregularities inside the
perturbed ionospheric region. On the basis of the measure-
ments of the Doppler spectra of the scattered signals, it was
determined in Ref. [23] that radial SAIT motions from the
center of the perturbed ionospheric region to its periphery are
induced during its heating. Furthermore, this method allows
studying the characteristics of moving ionospheric perturba-
tions [24] and local geomagnetic pulsations [25] as well as
measuring the electric field strength in the F2 ionospheric
region [26]. The authors of Refs [27, 28] investigated the effect
of broadening of the Doppler spectrum of the scattered signal
in conditions where the PW frequency is of the order of or

slightly higher than a gyroresonance harmonic frequency in
the PWÐplasma interaction region. This may be an
indication that a significant role in the processes of determin-
ing the dynamics of decametric SAITs is played by the
electron Bernstein plasma oscillations driven by a high-
power radio wave.

2.3 Artificial ionospheric radio-frequency radiation
It the more than 30 years since the discovery of stimulated
electromagnetic emission (SEE) in the ionosphere [29, 30],
intensive investigations of its properties have been pursued.
This radiation emerges due to all kinds of interactions of
electromagnetic waves and high-frequency plasma oscilla-
tions with low-frequency plasma turbulence whose produc-
tion and evolution are governed by SFAIIs. The interplay and
interference of different plasma processes in the generation of
SEE in magnetoactive plasma underlie its broad diagnostic
potential for studying the properties of both artificial and
natural plasma turbulence. More than 15 SEE components
are presently known; their comprehensive description is given
in reviewRef. [31]. Among its components whose spectral and
dynamic characteristics have been studied in greatest detail
are

(1) the main SEE spectral maximum, or down-shifted
maximum (DM);

(2) broadband down-shifted radiation, or broad conti-
nuum (BC);

(3) the up-shifted maximum (UM);
(4) the broad up-shifted maximum (BUM). The genera-

tion of this maximum is observed when the PW frequency is
close to or slightly higher than the frequency of a gyroreso-
nance harmonic in the region of the interaction between the
high-power radio wave and the plasma (under the conditions
of measurements performed at the Sura facility, the electron
gyrofrequency is fce � 1:3ÿ1:35 MHz);

(5) the striction narrow-band radiation component, or the
ponderomotive narrow continuum (NCp), observed at the
development stage of a striction parametric instability;

(6) the thermal narrow continuum (NCth) observed at the
development stage of a thermal (resonance) parametric
instability;

(7) the BUM-like broad up-shifted structure (BUS), which
shows up in the frequency ranges between the gyroharmonics.

The generation of different components in the SEE
spectrum depends heavily on the frequency and power of the
PW, as well as on the ionospheric conditions. The investiga-
tions carried out at the Sura facility [32] in its entire frequency
range 4.3 ± 9.5 MHz showed (Fig. 1) that (i) the shape of the
SEE spectrum changes radically in a narrow range of PW
frequencies, when fBH � nfce, where n is the gyroharmonic
number; (ii) the radiation is most intense in the frequency
range between the fourth and fifth gyroharmonics; and
(iii) the effect of gyroresonances also manifests itself outside
the regions where fBH � nfce.

Methods for diagnosing the high- and low-frequency
turbulence were developed on the basis of SEE, which
enabled carrying out measurements of the characteristic
buildup and relaxation times of the Langmuir and upper-
hybrid plasma waves [33], studying the SFAII effect on the
generation of different SEE components [34], and investigat-
ing the effects observed in the nonlinear interaction of two
high-power radio waves in a magnetoactive plasma [35]. The
diagnostic SEE method was employed to study the transport
properties in the upper ionosphere [36]. The characteristic
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velocities Vjj of the plasma perturbation propagation along
the geomagnetic field were found to be of the order of or
appreciably higher than the electron thermal velocity
VTe � 2� 107 cm sÿ1 under the typical conditions of our
experiments conducted in the F2 ionospheric layer. This may
testify to the importance of inclusion of thermal- and
accelerated-electron fluxes, as well as of short-circuit cur-
rents through the background plasma in the mechanisms of
AIT generation outside the regions of resonance high-power
wave ± plasma interaction [36 ± 38].

In recent years, the generation of artificial radio-fre-
quency radiation in the decimetric wavelength range (at
frequencies � 600 MHz) [39] has been revealed. It is
assumed that the SEE emerges in this case in the electron
transitions between the high Rydberg levels of the molecules
of neutral ionospheric plasma components excited by
accelerated electrons.

2.4 Spatial structure of the perturbed ionospheric region
Measurements of the spatial structure of the perturbed
ionospheric region above the Sura facility using the satellite
radio tomography technique were first performed in August
2002 [40] and repeated in August 2005. Figure 2 shows the
tomograms obtained in the evening (Figs 2a and 2b) and night
(Figs 2c and 2d) observation hours, when the PW was
reflected near the maximum of the F2 ionospheric layer at
altitudes� 270ÿ300 km. Shown are the tomograms for both
the plasma density (Figs 2a, 2c) and the difference reconstruc-
tion (Figs 2b, 2d), which demonstrates the fluctuations of the
plasma density with regard to its average value. The
experimental data were processed with the use of the Bayes
probabilistic approach to ray (phase) tomography relying on
the theory of stochastic inversion [41].

It is easy to see from Fig. 2 that the plasma density
perturbations exhibit a strongly pronounced orientation
along the geomagnetic field lines, are observed throughout
the altitude range possible under the given geometry of the
experiment, from � 200 km to � 600 ± 700km, and are
excited in a broader horizontal region (�200 km relative to

the center of the high-power radio wave beam) than the
ionospheric region irradiated by the main lobe of the heater
antenna directivity (� 60 ± 100 km). The radiation pattern of
the main antenna lobe of the heater is shown by dashed lines,
and the direction of the geomagnetic field for the Sura facility
location is shown with a solid line. From the tomograms
presented it is also clear that cavities with a strong (up to
20%) plasma depletion develop in the southern sector of the
antenna pattern of the heater. With the use of heating by
oblique high-power radio wave beams it was determined that
such structures are most efficiently produced when the
radiation direction of the high-power radio wave in the
ionosphere is close to the direction of geomagnetic field lines
and are a manifestation of the `magnetic zenith' effect [19]. It
was also determined that the plasma density irregularities
with l? � 100ÿ1000 m, which are responsible for the
scintillation of a signal transmitted through the perturbed
ionospheric region, are confined primarily within the large-
scale regions with a strong decrease in the plasma density.

Our attention is caught by the occurrence of regionswith a
pronounced wave-like form of plasma density perturbation,
which appear at the altitude of PW reflection and extend
upwards along the geomagnetic field to altitudes
� 500ÿ600 km. Referring to Fig. 2, these perturbations are
confined to narrow geomagnetic field tubes with transverse
dimensions � 30 km and their typical scale lengths along the
field direction are � 75 km for the evening ionosphere and
� 55 km for the night one. The nature underlying the
formation of these perturbations is still unclear.

Modification under daytime ionospheric conditions,
when the PW is reflected at altitudes � 200ÿ220 km, does
not give rise to regions with strong plasma depletion; the
plasma density perturbations are smaller in magnitude and
longer (5 50ÿ100 km) in scale lengths than at nighttime.
The aforementioned wave-like structures extended along
the geomagnetic field are not observed at these altitudes,
either.

In 2005, the investigation of plasma perturbations
induced by the Sura heater at altitudes � 710 km began at

ÿ60
D
f
�

f I
R
I
ÿ
f 0
,k

H
z

S
E
E
in
te
n
si
ty
,d

B
m

f0, kHz

ÿ40

ÿ20

0

20

40

60

80

100

ÿ70

ÿ80

ÿ90

ÿ100

ÿ110

4fce 5fce 6fce 7fce

4500 5000 5500 6000 6500 7000 7500 8000 8500 9000 9500

BC

DM

DM

2DM

UM

BUS

BUM
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NIRFI. The investigations were conducted with the help of
the French microsatellite DEMETER (named from the
`Detection of Electromagnetic Emissions Transmitted from
Earthquake Regions'), which has a unique set of instruments
enabling measurements of different plasma perturbation
parameters. The first measurements performed in the frame-
work of the Sura ±DEMETER program in the heating of the
nighttime F2 ionospheric region by an unmodulated PW,
reflected near the maximum of the F2 ionospheric layer,
allowed the following conclusions [42]:

(i) strong (up to 5 ± 10%) artificial fluctuations in the
electron temperature (Te) and density (Ne) and in the ion
density (Ni) are observed at the altitude� 710 km; variations
in the ion temperature (Ti) are within the natural background
fluctuation level of 1 ± 2 %;

(ii) artificial fluctuations in Te,Ne, andNi are recorded at
distances up to 400 km from the center of the perturbed
geomagnetic tube that rests on the ionospheric region
illuminated by a high-power radio-wave beam;

(iii) the excitation of electric field oscillations at frequen-
cies f4 1 kHz is observed in the central part of the perturbed
geomagnetic tube.

It is easily seen that on the whole, there is good agreement
between plasma density variations measured by radio tomo-
graphic and satellite techniques.

In concluding this section, we note that despite the wealth
of investigations made into AIT properties, several basic
problems remain unexplored. In particular, the absence of
adequate theoretical models of the generation of different
SEE components hinders the development of SEE-based
techniques for the diagnostics of natural and artificial
plasma turbulence. It remains to elucidate the reasons
underlying the generation of AIT far beyond the limits of
the central part of the perturbed region, which sees the
development of striction and thermal (resonance) parametric
instabilities and intense plasma heating. The problems related
to the nature of drift and wave-like motions induced by high-
power radio waves in the perturbed ionospheric region also
invite further investigation. Different manifestations of the
effect of electrons accelerated by plasma turbulence on the
high-power radio-waveÐplasma interaction dynamics and
the generation of different AIT components must be studied
further.

In this report, we did not set ourselves the task of outlining
the results of investigations into control of the propagation
channel for HF and VHF radio waves via their refraction in
large-scale FAIIs or scattering from SFAIIs. These investiga-
tions make up a separate important field of experiments
carried out at the Sura heater; a substantial fraction of this
field pertains to the study of the mechanisms of long-distance

21.08.2005, 16:28 UT

700

A
lt
it
u
d
e,
k
m

600

500

400

300

200

100

3.0

2.5

2.0

1.5

1.0

0.5

0

54 55 56 57 58

ÿ200 ÿ100 0 100 200 300 Distance, km

Deviation, deg

21.08.2005, 16:28 UT Ne � 1011, mÿ1

a 0.10

0.05

0

ÿ0.05

ÿ0.10

ÿ0.15

ÿ0.20

54 55 56 57 58

ÿ200 ÿ100 0 100 200 300 Distance, km

Deviation, deg

700

A
lt
it
u
d
e,
k
m

600

500

400

300

200

100

21.08.2005, 16:28 UT dNe � 1011, mÿ1

b

5453 55 56 57 58

ÿ200ÿ300 ÿ100 0 100 200 300 Distance, km

Deviation, deg

700
A
lt
it
u
d
e,
k
m

600

500

400

300

200

100

29.08.2002, 21:41 UT dNe � 1011, .ÿ1

0.3

0.4

0.2

0.1

0

ÿ0.1
ÿ0.2
ÿ0.3
ÿ0.4
ÿ0.5

d

29.08.2002, 21:41 UT

5453 55 56 57 58

ÿ200ÿ300 ÿ100 0 100 200 300 Distance, km

Deviation, deg

700

A
lt
it
u
d
e,
k
m

600

500

400

300

200

100

29.08.2002, 21:41 UT Ne � 1011, .ÿ1

4.0

4.5

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0

c

Figure 2. Tomographic reconstruction of the plasma density profile (a, c) and the density variations (b, d) in evening ionospheric conditions (a, b) and

night ionospheric conditions (c, d).

March, 2007 Conferences and symposia 319



propagation of HF waves under controllable conditions. We
only note that Uryadov et al. [46] experimentally demon-
strated the feasibility of controlling the long-distance propa-
gation of HF waves via extraction of waveguide modes from
the ionospheric channel due to aspect scattering fromSFAIIs.
In Ref. [26], a sporadic E layer was shown to have a
pronounced effect on the emergence of signals with a
frequency exceeding the highest applicable frequency (HAF)
of the F region, when their extraction to the terrestrial surface
may be effected by aspect scattering from the SFAIIs. The
SuraÐHAARP experiment, performed under Grant No.
RPO-1334-NO-02 from the Civilian Research and Develop-
ment Foundation (USA) in 2006, was an important milestone
in the pursuance of research in this area. For HF waves, the
path of their long-distance propagation controllable on both
ends was created in this experiment. The waveguide modes of
the ionospheric waveguide path were excited in the radio-
wave scattering from the SFAIIs induced in the ionosphere by
HAARP radiation, and the path modes were extracted by
their aspect scattering from the SFAIIs induced by the Sura
heater [44]. The existence of this path opens up new
possibilities for investigating the properties of channel radio
wave propagation.

3. Progress in the investigation of the effect
of low-frequency radio-wave generation in the
ionosphere under the action of high-power
modulated short-wave radio-frequency radiation

From the outset of research at the relatively low-power
Zimenki heater (transmitter output 100 kW), the head of
research Getmantsev took on the task of discovering the
effect of low-frequency radio-wave generation in the iono-
sphere irradiated by modulated high-power HF radio waves.
The formulation of this problem was based on the theory of
nonlinear phenomena in plasma developed by Ginzburg and
Gurevich [3] back in the 1950s. According to this theory,
irradiation of the ionospheric plasma by an electromagnetic
signal containing two carrier frequencies in its spectrummust
lead to signals at the combination frequencies f1 � f2. Upon
several attempts, the effect of combination-frequency signal
(CFS) generation was discovered at the frequencyO � f1 ÿ f2
[6, 45]. Closer investigation of CFS properties (spectral and
polarization measurements and determination of the altitude
of the low-frequency radiation source) led to an unambiguous
conclusion about the nature of this radio-frequency radia-
tion. It was determined that the mechanism of the observed
CFS generation was directly related to the modulation of
quasistationary ionospheric currents constantly present in the
ionosphere at dynamo-region altitudes (� 70ÿ130 km, the
site of the strongest ionospheric currents) [46, 47]. In 1981, the
discovery was registered as `The phenomenon of electromag-
netic wave generation by ionospheric currents under irradia-
tion of the ionosphere by modulated short-wave radio-
frequency radiation.' The effect discovered has come to be
known as the Getmantsev effect [48]. For modern heater
capabilities (Peff � 100ÿ300 MW) and the diagnostic techni-
ques developed, low-frequency radiation is detected not only
in the VLF range at the frequencies 0.5 ± 10 kHz but also in
the geomagnetic pulsation range at frequencies 4 10 Hz.

Putting the Sura heater (the total output power of HF
heater transmitters is P � 750 kW) into operation in 1981
opened up the possibility of carrying out research on a
qualitatively new level, because the level of the ionospheric

signal increased several-fold. This allowed more carefully
verifying the propositions of the CFS generation theory,
which had been developed by that time [49, 50]. Further-
more, two transmitters (with the total power P � 200 kW)
were additionally constructed on the basis of the Sura heater
in 1985 specifically for the pursuance of research into lower
ionospheric effects. The transmitters were loaded on an 8-
element antenna array for the zenith radiation of circularly
polarized waves at a frequency close to the gyrofrequency of
ionospheric electrons. This afforded a higher-efficiency ohmic
plasma heating and substantially broadened the possibilities
of the research conducted. The results of experiments
performed on the Sura facility and their comparison with
theoretical notions are summarized in review Ref. [51].

The experiments carried out at the Zimenki and Sura
facilities enabled studies of
� the spectral characteristics of the CFS;
� the daily CFS variation and its dependence on the

frequency, polarization, and power of the PW;
� polarization CFS characteristics;
� the fine structure of ionospheric currents;
� dependence of the low-frequency signal parameters on

the source altitude.
To date, the methods of receiving and processing CFSs

have been adequately elaborated, and the optimal conditions
for their generation have been found. This allows using the
Getmantsev effect for the diagnostics of the parameters of the
lower ionosphere (the dynamo region) and the magneto-
sphere, as well as for deep probing of the earth's core. In this
case, it is possible to gain information about
� the electric fields and currents in the terrestrial iono-

sphere and magnetosphere;
� the waveguide and resonance properties of the iono-

sphere and the conditions of low-frequency radiation propa-
gation through the earthÐ ionosphere waveguide, radiation
transmission through the ionosphere, and its propagation in
the terrestrial magnetosphere;
� the characteristics of low-frequency wave interaction

with energetic protons in terrestrial radiation belts;
� the effect of seismic activity and internal gravitational

waves on the dynamics of the upper atmosphere;
� the distribution of the terrestrial surface conductivity

with depth, which yields information about its geological
structure.

Using the possibilities for the spatial control of a high-
power radio wave beam furnished by the Sura heater, an
investigation was made of a new type of ionospheric source, a
traveling-wave antenna in the range of several kilohertz, and a
study was made of the radiation pattern of the traveling
ionospheric source [52]. This is, in essence, the Vavilov ±
Cherenkov radiation of a superluminal `light spot' produced
in the ionosphere by the tilting antenna pattern. The
capability of the facility to operate simultaneously at two
frequencies o1 and o2 also enabled investigating the cubic
thermal nonlinearity, which in turn allowed generating a
signal in the ionosphere with the low frequency
O � 2o1 ÿ o2 without resorting to the amplitude modula-
tion of waves directed to the ionosphere [53].

It was predicted in [54] that a natural resonance
structureÐan ionospheric Alfven resonator (IAR) located
at altitudes of 100 ± 1000 kmÐmust exist in the ionosphere; it
was experimentally discovered in [55]. At present, measure-
ments of its parameters are widely used for diagnostics of the
upper atmosphere.
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The equipment and methods for measuring weak low-
frequency electromagnetic radiation developed in the course
of investigations are validly used for the study of the natural
noise background in the 10ÿ3ÿ10 Hz frequency range. This
range occupies a special place in geophysical research because
it comprises the frequencies of the main resonances of near-
earth space: the magnetohydrodynamic (MHD) resonances
of the terrestrial magnetosphere, the Alfven resonances of
individual geomagnetic field tubes, the Schumann resonances
of the earth ± ionosphere cavity, the frequencies of Alfven
masers (the generators of short-pulse geomagnetic pulsa-
tions) and the ionospheric Alfven resonator frequencies.
This permits investigating the dynamics of terrestrial magne-
tospheric processes, studying the properties ofMHDwaves in
the IAR region at altitudes of the F ionospheric domain,
studying the efficiency of IAR excitation by different sources
(magnetospheric, VLF heater radiation, and energetic parti-
cle fluxes), and diagnosing the upper ionosphere at altitudes
of 300 ± 3000 km from the spatio-temporal behavior of the
spectrum of atmospheric noise background, whose variations
are related to variations in the geophysical conditions and to
the large-scale structure of the electron density profile in the
upper part of the F region.

The low-frequency signals generated in the ionosphere by
the Sura heater in the extremely low frequency (ELF) range
are used as a controllable source for the development of new
methods for measuring the spatial characteristics of radio
waves with frequencies below 30 kHz. In particular, a
differential gradiometering method [56] was tested in 2005.
The method relies on the possibility of detecting weak signals
against the high-power noise background by recording the
amplitude at two spatially separated points with the subse-
quent subtraction of the signals. For instance, because the
noise from a thunderstorm is uniform on a large spatial scale,
synchronous recordings made at two locations spaced several
dozen or even hundreds of kilometers apart have a high

degree of coherence. This enables weak emissions with small-
scale coherence to be extracted and experimentally investi-
gated (Fig. 3).

At present, research into the effect of low-frequency radio
wave generation by an ionospheric source is being intensively
pursued in the USA in experiments at the HAARP and
HIPAS heaters. The aim of these experiments is to find
possibilities for increasing the ionospheric source intensity
and reliability to the level required for the solution of
communication problems and for probing the earth's inter-
ior and the magnetosphere. As regards the Sura heater, the
prospects of its employment rely on (i) the development of
modern automated control over its parameters and operating
mode; (ii) the recovery of the transmitting complex with the
radiation frequency close to the electron gyrofrequency,
whose operation substantially broadens the heater potentials
for the CFS generation; and (iii) the development of new
pulsed superpower final stages. This will furnish the possibi-
lity of continuing, at a new level, research aimed at the
elaboration of practical applications of low-frequency radio
wave ionospheric generation.

4. Artificial periodic irregularities

The action of high-power radio waves on ionospheric plasma
is accompanied not only by the development of AIT but also
by the production of ordered structures. These primarily
include artificial periodic irregularities (APIs), which are
produced in the field of a high-power standing radio wave
resulting from the interference of an incident wave and awave
reflected from the ionosphere. In 1970, Vilenskii predicted
[57] that the electron gas in the antinode of a standing wave
must warm up to give rise to a periodic temperature structure
with the spatial period equal to half the wavelength of the
high-power radio wave. The temperature irregularities, in
turn, must produce electron density irregularities.
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Experiments aimed at discoveringAPIs were pioneered by
Getmantsev early in the execution of the Zimenki heater
(NIRFI) research program. These irregularities were discov-
ered in 1975 [7]. Further investigations showed that the APIs
were formed in the altitude range from 60 km to the altitude
of high-power wave reflection in the ionosphere. Based on
experimental and theoretical research, it was determined that
the API production and relaxation mechanisms, which
turned out to be substantially more complicated than
predicted by Vilenskii, had a different physical nature in
different ionospheric layers. In particular, the production of
APIs in the altitude range D (h � 50ÿ90 km) is due to the
temperature dependence of the coefficient of electron attach-
ment to oxygen molecules; in the E region (h � 90ÿ130 km),
the irregularities are produced due to diffusive plasma
redistribution under the excess pressure of the electron
component heated in the antinodes of the standing radio
wave; lastly, the APIs in the F region (h � 200ÿ350 km) are
produced under the action of the ponderomotive striction
force with the excitation of ion ± sound oscillations [58].

Because APIs are ordered in space, the radio waves they
scatter have an appreciable amplitude only if the signals
arising from all irregularities in the volume under investiga-
tion are added up in phase. This imposes certain constraints
on the wavelengths of a high-power transmitter and pulsed
radar. The resonance scattering condition (the Bragg condi-
tion) in the case of backscattering from the APIs implies the
equality l1 � l2, where l1 and l2 are the respective wave-
lengths of the high-power radiation producing the APIs in the
plasma and of the radar. This circumstance gave rise to the
other frequently used name of this method: resonance radio
wave scattering. The condition l1 � l2 can be satisfied in two
cases, which in fact define two possible ways of observing and
recording the APIs. The first, which has been used in the
majority of experiments, involves the API production and
radar by waves with the same frequency and polarization. In
this case, the API recording condition is the equality f1 � f2
and the scattered signal is observed from all altitudes at which
the APIs are sufficiently high in amplitude. The second way
requires using radio waves with different frequencies and
polarizations for the production of the APIs and their radar.
Then, the condition for recording the scattering from the
APIs is the relation f1n

o;x
1 � f2n

x;o
2 , where n1 and n2 are the

refractive indices for the ordinary (the superscript `0') and
extraordinary (the superscript `x') waves at the corresponding
frequencies. For given frequencies f1 and f2, this condition
virtually uniquely determines the electron density, which
underlies the method of determining the altitude dependence
of the electron density N�h�.

Obtaining the altitude electron density profile Ne�h�
requires varying the � 1 MHz radar frequency about the
heater transmitter frequency and recording the altitudes of
the signals scattered from the APIs. An important feature of
the method is the possibility of measuring the profileNe�h� in
the valley (the interlayer trough) between the regions E and F.
The upper measurement limit (in altitude) is due to the
altitude of high-power wave reflection and the lower limit is
due to the spectral width D f2 of the probing pulse. For
f1 ÿ f2 < D f2, the spatial matching between the API-produc-
ing wave and its diagnostic wave is satisfied for almost all
altitudes of the D region, making it difficult to determine the
altitude of signal scattering. This difficulty may be overcome
by measuring the phase of the scattered signal, because the
phase increment with altitude is proportional to the integral

electron density. This underlies the phase technique for
measuring the electron density [58].

Waves with extraordinary polarization are typically used
for generating APIs because such waves do not excite
ionospheric plasma instabilities and therefore experience
lower losses in the reflection from the F ionospheric region,
with the reflected wave having more regular characteristics.
As a rule, the high-power wave is radiated at frequencies
� 4ÿ6 MHz. Measurements using the resonance scattering
technique are performed as follows. The action on the
ionosphere is effected with the period of several dozen
seconds. In each measurement cycle, to produce the APIs,
the high-power transmitter operates in the cw mode for
several seconds to emit waves with extraordinary polariza-
tion vertically upwards. Subsequently, the transmitter is
converted to the pulsed mode to emit short (20 ± 30 ms long)
pulses with the same frequency and polarization. The radio
pulse repetition rate is several dozen Hertz. The signals
scattered from each of the probing pulses are received by an
auxiliary antenna array. The requisite circularly polarized
wave is extracted from the signals received and is amplified by
the receiver. The amplitude of this wave is recorded in the
digital form with the aid of an analog-to-digital converter in
the form of sine and cosine components in the 50 ± 400 km
altitude range. The experiment is schematized in Fig. 4, and
Fig. 5 exemplifies the recording of the signals.

The primary data processing involves calculating the
signal phase and amplitude at each altitude for each heating
cycle and approximating their time dependences by linear
functions of the form ln A�t� � ln A0 ÿ t=t, where t char-
acterizes the API lifetime after switching off the heating
transmitter. The understanding of the mechanisms of API
formation at different altitudes has enabled developing new
methods of determining the main parameters of the atmo-
sphere and ionospheric plasma. All these methods rely on the
production of APIs, their radar by probing radio ways, the
reception of signals scattered by the irregularities, and the
determination of altitude ± temporal characteristics of the
scattered signals.

The theory of API formation and the main results of the
experimental ionosphere research by this technique are
detailed in monograph Ref. [58]. By using APIs, it is possible
to determine
� the electron density distribution with altitude, including

the interlayer E-F valley (altitudes 60 ± 250 km);
� the temperature and density of the atmosphere at E-

region altitudes (100 ± 130 km);
� the velocity of vertical motion in the D and E regions

(60 ± 130 km);
� the characteristic turbulent velocity at turbopause

altitudes and the height of the turbopause (90 ± 100 km);
� the relative density of negative oxygen ions, the density

of atomic oxygen and excited molecular oxygen in the 1Dg

state in the D region (60 ± 90 km);
� the ionic composition of the sporadic E layer (85 ±

130 km);
� the electron and ion temperatures in the F region (200 ±

300 km).
Apart from the characteristics listed above, the method of

resonance signal scattering from the APIs also permits
determining the parameters of internal gravity waves and
their spectral characteristics; investigating the nonuniform
structure of the lower ionosphere, including the stratification
of the regular E layer; discovering weak sporadic ionization
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layers, which escape detection by ordinary ionosondes, and
additional layers in electron density profiles, beginning with
the lower part of the D region and up to the altitude of the
F-layer maximum; and investigating the features of sunrise
and sunset phenomena in the D region.

The ionosphere investigation method with the help of
APIs continues to develop. Proposed recently was a new way

of determining the electron density from API relaxation time
measurements at two sufficiently spaced frequencies [59]. This
opens the way to a more precise measurement of the altitude
profile of the electron density in the E region, as well as the
temperature and density of the neutral atmosphere at the
altitudes 90 ± 115 km. This also opens up the possibility of
determining the ambipolar diffusion coefficient and the
turbulent motion velocity independently of one another.

By comparing the API method with other methods of
remote ionospheric probing, it may be concluded that this
method is vastly superior to them in information value. The
API-based methods of plasma parameter determination
afford high temporal resolution, which favorably distin-
guishes them, e.g., from the method of incoherent scattering,
and may rival rocket research, substantially exceeding it in
economy. The method is environmentally clean, because it
does not introduce additional impurities into the atmosphere.
In the measurements, the heating of the electron plasma
component is insignificant and does not disturb the thermal
balance of the neutral atmosphere. It is significant that all
API-based methods of plasma diagnostics are easily com-
bined into a common complex technique, making it possible
to pursue research and monitor the ionosphere in a wide
altitude range, from the D region to the F region [58].

5. Conclusion

Our report outlines the main findings of research involving
the modification of the ionosphere by high-power HF radio
waves, which was carried out from 1973 to 2006, first using
the Zimenki heater and then, since 1981, the Sura heater. The
new effects discovered in these experiments have far exceeded
the expected phenomena due to ohmic plasma heating by
high-power radio waves. The experiments conducted have
enabled investigating the properties of different instabilities
responsible for the generation of artificial ionospheric
turbulence; studying the generation mechanisms of combina-
tion frequency signals and pointing out the areas of their
practical use; and developing new radiophysical methods for
the measurement of ionosphere parameters and plasma
turbulence with the help of artificial periodic irregularities,
stimulated electromagnetic emission, and aspect scattering of
HF and VHF radio waves. This has opened up new vistas for
research in which the ionosphere will be harnessed as a
natural plasma laboratory that allows the pursuance of
experiments to study a wide range of problems in plasma
physics, geophysics, and space physics.
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