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Spontaneous and induced radiation produced by relativistic particles passing through natural and pho-
tonic crystals has enhanced capabilities for achieving the radiation sources operating in different wave-
length ranges. Use of a non-one-dimensional distributed feedback, arising through Bragg diffraction in
spatially periodic systems (natural and artificial (electromagnetic, photonic) crystals), establishes the
foundation for the development of volume free electron lasers/masers (VFELs/VFEMs) as well as high-
energy charged particle accelerators. The analysis of basic principles of VFEL theory demonstrates the
promising potential of VFELs as the basis for the development of high-power microwave and optical

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Recent advances in generation of electromagnetic radiation
from relativistic particles led to the extension of the concepts
and techniques used in this field throughout the investigations
performed for different wavelengths from microwave to optical
and X-ray. In particular, theoretical and experimental studies of
spontaneous X-ray radiation in crystals (parametric X-ray
radiation, diffracted radiation from relativistic channeled particles,
diffracted radiation from a relativistic oscillator formed by a parti-
cle moving in the electromagnetic-wave field, and surface X-ray
radiation from relativistic particles) gave rise to the idea of
applying natural and artificial (photonic) crystals and diffraction
gratings to form a two(three)-dimensional distributed feedback
in free electron lasers (masers) [1-7]. This new generator type
was called the volume free electron laser/maser (VFEL/VFEM). It
was shown [2] that the law of radiative instability of relativistic
beams passing through a crystal, discovered in [1] while studying
the possibility of X-ray laser generation in crystals, can appreciably
reduce the lasing threshold current in VFELs (VFEMs) as compared
to conventional FELs (FEMs), backward wave oscillators (BWOs),
and traveling wave tubes (TWTs). The two- or three-dimensional
feedback used in VFEL (VFEM) resonators makes them similar to
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a system of several phase-locked generators. As a result, for micro-
wave and optical ranges, VFELs (VFEMs) offer a benefit of signifi-
cantly smaller size and higher radiation power over conventional
FELs (FEMs), BWOs, and TWTs, which makes them attractive for
use in heating thermonuclear plasma, long-distance power trans-
mission, etc. Since in the case of multi-wave diffraction photonic
crystals exhibit a high quality factor, they hold promise toward
high-rate acceleration of relativistic particles in the inverse VFEL
(VFEM) scheme.

2. Spontaneous emission of photons from relativistic particles
in crystals

2.1. Resonant and parametric (quasi-Cherenkov) X-ray radiation

In 1946, Ginzburg and Frank showed [8] the existence of
transition radiation when a relativistic particle moving at constant
velocity passes through a matter-vacuum boundary. It was initially
considered that the spectrum of transition radiation, like that of
Cherenkov radiation, lies in the optical range [9]. But Garibyan
[10] and Barsukov [11] demonstrated that as the particle energy
increases, the spectrum of transition radiation shifts to the X-ray
range, and the maximum frequency of radiation
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is proportional to the particle’s Lorentz factor
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Here m is the mass of the emitting particle, w;, = (%) is the

Langmuir frequency of the medium, p is the number of electrons
per 1 cm3, m, is the electron mass, and e is the electron charge.

Naturally, the discovery of a new type of radiation in the X-ray
range prompted a lot of research, particularly, an intense study of
the features of transition radiation produced by a particle passing
through periodically spaced plates (spatially periodic medium).
Finally, Ter-Mikaelyan [12-14] showed that in this situation a
new type of y-radiation is produced and called it the resonant
radiation of y-quanta.

The frequency w of resonant radiation increases as the particle
energy is increased and (when the particle’s velocity direction
coincides with the z-axis along which the medium is periodic)
can be written in the form:
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where d is the spatial period of the medium and n is the integer. The
dielectric permittivity of the medium ¢ = g, + & (z), where & (z) is
the periodic function of z with a period d.

Now, let us consider resonant radiation from a viewpoint of an
expert in microwave electronics (see, e.g., [15]). We shall immedi-
ately see that (1) describes the frequency of diffracted radiation
emitted by a particle passing through a periodic medium (or in a
vacuum along the periodic grating). In a microwave (optical) range,
diffracted radiation is accompanied by Cherenkov radiation,
because ¢, > 1 for many media. At frequencies greater than the
characteristic oscillation frequencies of electrons in atoms, the fol-
lowing universal expression [16] is true for the dielectric permit-
tivity of a medium, and hence for the refractive index n(w):

(6]
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According to (3), the dielectric permittivity ¢ < 1 (the refractive
index n=+/¢ < 1), and Vavilov-Cherenkov radiation should not
exist in the X-ray range. However, Baryshevsky showed in 1971
[17] that the diffraction of photons emitted by a high-energy parti-
cle passing through a crystal can cause a phenomenon similar to
induced (and hence spontaneous) X-ray Vavilov-Cherenkov radia-
tion. Diffraction of the emitted photons also has an appreciable
effect on the characteristics of transition radiation and bremsstrah-
lung (for details, see [6,7,17]).

The new type of radiation was called the parametric X-ray
radiation (PXR). It appears because photons in periodic media, such
as crystals, have several refractive indices n, some of which are
greater than unity (n > 1) even in the X-ray range. In contrast to
resonant (diffracted) radiation, the frequency of PXR photons emit-
ted in the forward direction is independent of the particle energy
and is completely determined by the properties of the crystal. In
other words, PXR generation in crystals is accompanied by the
excitation in the X-ray range of slow (n > 1) and fast (n < 1) waves.
The existence of slow and fast waves in the microwave range is
well known and widely used [18-20]. It is noteworthy that the
presence of several refractive indices in crystals dictates replacing
in (2) of the refractive index n = /€, describing the spectrum of
resonant radiation, by n;, one of the crystal’s refractive indices.

A significant research effort into the emission of X-ray photons
from relativistic particles moving at constant velocity in crystals
[6,7] followed the publication of [17,21]. In 1985, the phenomenon
of PXR was experimentally observed [22,23]. The application

e=1-

potential of PXR has made it the subject of extensive study in many
research centers worldwide [6,7,24-26].

Of course, the phenomena similar to quasi-Cherenkov paramet-
ric X-ray radiation in crystals, considered here, also occur when a
particle moves in or near the surface of artificial three(two)-
dimensional spatially periodic structures (electromagnetic and
photonic crystals) [2]. In a particular case of particle motion in a
one-dimensional spatially periodic medium, the phenomena
accompanying quasi-Cherenkov generation of slow waves are
thoroughly studied in a microwave range, where spontaneous
radiation is difficult to observe, whereas induced radiation is easy
to excite. This fact underlies the development of various types of
generators: BWO, TWT, and others [19,20].

2.2. Channeling radiation of relativistic particles in crystals, diffracted
channeling radiation, diffracted radiation of a relativistic oscillator

Charged particles incident on a crystal at small angles with
respect to crystallographic planes are captured into channeling
regime. The limited character of particle motion in the transverse
plane leads to particle oscillations in this plane. Such oscillations
of charged particles (lying in the optical range of frequencies)
cause the generation of X-ray and y radiation due to the Doppler
effect. This phenomenon, predicted theoretically in 1976 by
Baryshesky and Dubovskaya [27] and M. Kumakhov [28], was
called the channeling radiation. A particle channeled in a crystal
can be considered as a two(one)-dimensional relativistic oscillator.
From a quantum-mechanical viewpoint, channeling radiation
occurs through radiative transitions between the levels of trans-
verse motion of particles passing through the crystal [7,27]. The
first observations of channeling radiation were reported in
[29-31], and a considerable amount of work has been published
on this phenomenon since then.

The main characteristics of radiation produced by channeled
particles can be obtained from the following simple reasoning
[7,27,32-34]. Let a particle with the momentum p and the energy
E fall upon a plane-parallel crystal plate. Colliding with the crys-

tal, it emits a photon of energy @ and momentum k. In the final
state, the particle energy and momentum take on the values E;
and p;. It is important to remember that if the reaction proceeds
in an arbitrary constant field, the energy (not the momentum) of
the system is conserved. Thus, for particle energies we have the
equality

E=E +o. (4)

Here we use h=c = 1.

Due to the periodicity in the transverse plane of the crystal
potential responsible for channeling, the transverse component
of the momentum retains accurate to the reciprocal lattice vector
7T of the crystal

Bo=Pi+k +7 (5)

In the longitudinal direction, the potential responsible for channel-
ing is constant, and the particle has a certain longitudinal momen-
tum p,,

Don = P + kln(k2)7 (6)

where n(k;,) is the refractive index of the crystal (considered to be
real). In writing (5) and (6) we took into account that at radiation
in a finite crystal plate, the transverse component of the photon
momentum does not change through refraction at the boundary,
but its longitudinal component does.

Let us analyze (6), determining the change in the particle long-
itudinal momentum through photon emission. We shall write the
explicit form of (6) in terms of particle energy:
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Do = p* - 2men(E); Dy = p% - ngfkl (E1), (7)

where &, (&, ) are the energy levels of particle transverse motion, K
is the quasi-momentum corresponding to the transverse momen-
tum p, of the particle in the initial state, and x; is the quasi-
momentum of the particle in the final state [27].

Let us consider the case of radiation when the frequency
w < E,E;. Under such conditions we can write [27]

m
o[l — pn(w) cosv] — f(gn,( — &) = 0. (8)
It follows from (8) that

_ (& — &1, )7
1 - pn(w) cosv’
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To clarify the meaning of (9), let us compare it with the expression
determining the frequency of photons emitted by the oscillator
moving in a medium:

Q

wzl—/}n(a))cosé"

(10)

where Q is the oscillator frequency in the laboratory frame of refer-

ence; Q = Qyy/1 - p* = Qoy~1; Q is the oscillator frequency in its
rest frame. Comparing (9) and (10), we can notice that a particle
under channeling conditions may be considered as an oscillator mov-
ing in a medium and having the following frequency in its rest frame

QOrxf = &n — Efy - (11)

Thus, the frequency Qo is determined by the difference of energies
between the discrete zones (levels) of particle transverse motion
[27].

In the laboratory frame, the frequency of such an oscillator is

Qup = (Eme — &))" = e — &fre,- (12)

It should be pointed out that in contrast to conventional oscillators,
the frequency of the oscillator corresponding to a channeled parti-
cle in the rest frame depends on the particle energy, because the
value of the potential V.(p), produced by crystal axes (planes),

depends on particle energy V.(p) = yV(p) (V.(p) is the potential
of axes (planes) in the laboratory frame).

2.3. Diffracted X-ray radiation from a relativistic oscillator in a crystal
(DRO) (diffracted channeling radiation (DCR))

X-ray quanta emitted by a channeled charged particle may
undergo diffraction in a crystal. Depending on the frequency and
the propagation direction of the X-ray photon under Bragg diffrac-

tion conditions, the photon has several refractive indices n;(w, E).
As a result, under diffraction conditions the radiation of a relativis-
tic oscillator is essentially modified as well. For example, radiation
at large angles relative to the direction of particle motion becomes
possible. The periodic structure of a crystal leads to modification of
both particle motion and photon state. As a result, diffracted radia-
tion of a relativistic oscillator (DRO) (diffracted channeling radia-
tion) is formed. The radiation spectrum may be determined by
analyzing the equation of the form

(1 = pny(w, k) cos ) — Qur = 0. (13)

Moreover, the Vavilov-Cherenkov condition can be fulfilled,
because under diffraction conditions at least one of the several crys-

tal’s refractive indices n,-(w,l?) may be greater than unity, i.e., the
equation

1 - pni(w, k) cosd =0 (14)

can hold true.

As a result, along with the radiation produced through radiative
transitions between the discrete levels (zones) of transverse
motion of a relativistic particle in a crystal, there exists parametric
(quasi-Cherenkov) X-ray radiation (PXR) produced through longi-
tudinal motion of particles in a crystal at constant velocity 7 deter-
mined by the particle longitudinal momentum. It should be noted
[9] that the ordinary Cherenkov radiation can be considered as a
specific case of radiation from the oscillator with zero eigenfre-
quency. Similarly, the PXR frequency in a periodic medium can
be expressed by (13) (and hence, by (14)) in a specific case when
Q. = 0. Thus the modification of refractive indices in the crystal
under diffraction conditions leads to the appearance of two types
of radiation (PXR and DRO) with angular distribution forming a
diffraction pattern determined by the parameters of the crystal.

The considered features of radiation from a fast-moving oscilla-
tor in a crystal are of general character. They occur for relativistic
particles and the associated oscillators moving in an artificial (pho-
tonic) crystal. Let us note in addition that similar phenomena also
occur when a charged particle moves along the crystal surface or
between two crystals in a vacuum [2]. In this case, surface quasi-
Cherenkov (parametric) radiation arises (Fig. 1). With an electro-
magnetic wave (undulator) present in this region, surface dif-
fracted radiation of a relativistic oscillator occurs.

A relativistic oscillator can be formed not only by an unper-
turbed crystal channel, but also by an external ultrasonic or laser
wave which propagates in the crystal, creating a bent crystal
channel (crystal undulator) [33-38]. According to [7,33], in the
presence of an external variable field (for example, an ultrasonic
field), a crystal is characterized by an effective index of refraction,
depending on the external field parameters. By varying these
parameters we can change the properties of parametric radiation
and diffracted radiation of the oscillator. Diffracted radiation of
the oscillator formed by an ultrasonic wave was considered in [39].

3. Photon radiation from a spatially modulated relativistic
bunch of charged particles in natural and photonic crystals

Until now we have considered the process of emission of X-ray
quanta by a single relativistic particle. It is well known, however,
that a bunch of charged particles can emit far more intensely if
its dimensions are much smaller than the radiation wavelength.
Under such conditions, the intensity of radiation appears to be pro-
portional to Nﬁ rather than to N, (N, is the number of particles in
the bunch). In the case of microwave radiation, for example, having
the wavelength / of several meters, it is quite possible to produce a
relativistic electron bunch whose dimensions are smaller than A.
However, in the optical, especially in the X-ray, range a particle

Electron
beam

G o

Kt ﬁrl

Natural or artificial (photonic) crystal

Fig. 1. Surface quasi-Cherenkov (parametric) radiation.
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bunch with dimensions smaller than 4 is difficult to produce. The
solution, nevertheless, was found after there came an understand-
ing that the radiation power density of a spatially modulated beam
can rise sharply against the radiation power density of an unmodu-
lated beam.

In this regard, it would be useful to consider the possibility to
apply spatially modulated beams with the period within the
X-ray wavelength range for enhancing the radiation intensity of
the electron beams traversing the crystal [4,5,40]. At present, such
beams are produced in free electron lasers operating in the X-ray
range (DESY and other X-ray FELs).

Let us introduce the beam density p(7) and consider the beam
modulated as p(F) = p, + p; cos(TF). As a result, the total number
of quanta emitted by the bunch equals [4,5,40]

T 2 Po
—u- =], 15
:leu k§>/ 1)

d*N,
dwdQ

N—N9<N1+C

K
where pt = p;/py; Ny is the number of quanta of incoherent sponta-
neous radiation, which are produced by a single electron traversing
the target under study; ko = |T| = %—(’f, Jo is the radiation wavelength
equal to the spatial modulation period d of the beam; c is the speed
of light.

The ratio of the total number of coherently emitted quanta to
that of incoherently emitted quanta is

Neon T Hzpo
T , 16
Nincon — 2 kZ AKAQ 1o

Here Ak(AQ) is the characteristic range k (of solid angles), where
the quantum is emitted through incoherent spontaneous radiation:
Ak/k ~1/y, AQ ~ 1/y2, where y is the particle Lorentz factor. In

obtaining (16) we used the estimate N; ~ %AMQ The ratio of
the spectral densities of radiation within the range of the emission
angles AY ~ 1/kL,;, < 1/y of coherent radiation is y2N, (L, is the
transverse beam dimension).

Thus, within this range of emission angles, the intensity of
coherent spontaneous radiation exceeds that of incoherent sponta-
neous radiation when the modulation depth is y > 1/v/N,. For
example, when the number of electrons in the bunch N, ~ 102,

it is sufficient that u > 107, which enables one to appreciably
simplify the problem of experimental observation of coherent
radiation in the 10-100 keV X-ray range [4,5,40]. As follows from
the above analysis, using a spatially modulated beam, we can
observe coherent parametric X-ray radiation.

Transition radiation of a modulated beam was considered in
[41]. K. A. Ispirian [42] gave a detailed study of the possibilities
to use various mechanisms of spontaneous radiation for modulated
beam diagnostics. Spontaneous superradiation from the particle
bunch, leading to modulation of the initially unmodulated beam,
was considered in [43,44].

4. Induced radiation in a three(two-) dimensional spatially
periodic resonator (natural or artificial (photonic) crystal)

High spectral and angular densities of parametric (quasi-
Cherenkov) and diffracted radiation of the oscillator (DRO) give a
basis for using the considered mechanisms of spontaneous X-ray
radiation to observe induced X-ray radiation. Generation of
induced radiation in a crystal can be considered as generation in
a crystal X-ray free electron laser (FEL) [4,5].

The main feature of the crystal X-ray FEL is that the crystal tar-
get not only forms the mechanism of spontaneous radiation, but
also acts as a three-dimensional resonator for X-ray radiation, pro-
ducing a distributed feedback (DFB). Because the energy of

electrons is much greater than the energy of emitted photons,
the methods developed for describing induced radiation in the
microwave range are well applicable to study the phenomena
occurring in crystal X-ray FELs. This enabled formulating the con-
ditions of radiative instability of a beam of relativistic electrons
(positrons) passing through a crystal [1-5]. Let us recall that the
analysis of radiative instability of an electron beam requires the

solution of the dispersion equation D(IZ ), which yields the rela-

tion k() or w(k) [19]. Crystals in this case are considered as res-
onators in which a three(two)-dimensional distributed feedback
is formed. As a result, the increment of radiative instability in the
Compton regime was found to increase dramatically in the vicinity
of the points of intersection of the dispersion equation roots.
Particularly, if in the process of spontaneous emission two waves
are excited in a crystal due to Bragg diffraction, then the increment
of growth in the Compton regime appears to be proportional to
pV4 (p is the beam density) instead of p'/3, as it occurs in FELs,
BWOs, TWTs, etc. Under such conditions this law results in the
reduction of the lasing threshold current j,, as

1

Jth ~ (kL)3+257
where s is the number of extra waves produced in the system
through diffraction.

The law described here produced a significant effect on the very
possibility of generating induced X-ray radiation. If we neglect this
law, the generation threshold is achieved at inconveniently large
values of the relativistic beam’s current density: j > 10" A/cm?.
Under the conditions where several waves that appear through
diffraction participate in the generation process, the generation
threshold is reduced to j ~ 10® A/cm? for LiH crystals, which values
are available at the facilities for X-ray FELs [4,5,34]. In fact, with
increasing number of waves involved in the formation of a
three(two)-dimensional distributed feedback, the quality factor
(Q-factor) of the resonator grows. As a result, the lasing threshold
current drops. Moreover, the considered features of generation of
induced radiation in a three(two)-dimensional crystal (particu-
larly, the reduction of the threshold current) are of general charac-
ter and hold true for different types of spontaneous radiation in
different ranges of wavelengths from X-ray to optical and micro-
wave [2-5,7] (Fig. 2). This generality permits combining all genera-
tors using three(two)-dimensional distributed feedback under the
one name: volume free electron lasers/masers (VFELs/VFEMs)
[2-5].

The results [2-5] imply that the volume distributed feedback
(non-one-dimensional feedback) has a number of advantages that
make its application beneficial for generating stimulated radiation
in a wide spectral range (with wavelengths from microwave and
optical to angstrém). Moreover, generation in VFELs and VFEMs
evolves in a large volume, and thus the electrical strength of the
resonator is increased (the electromagnetic power and the electron
beam are distributed over a greater volume). This feature of VFELs
(VFEMs) is essential for generating power and super-power
electromagnetic pulses. Mode discrimination in such oversized
systems is carried out by multi-wave dynamical diffraction [4,5].
The energy transmitted by the electron beam to the radiation
energy can be increased using VFELs (VFEMs) with variable
parameters [45].

First lasing based on the above-described principles was experi-
mentally obtained in mm-wavelength range in 2001 [3]. In the first
experiment, the resonator of the generator was formed by two
diffraction gratings with different periods: one for exciting the
generation and the other for providing the feedback. In further
experiments, the resonators were based on photonic crystals made
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Fig. 2. Photonic crystal with the thread arrangement providing multi-wave volume distributed feedback. Threads are arranged to couple several waves (three, four, six, and
so on), which appear due to diffraction in such structures in both vertical and horizontal planes. The electron beam (or several electron beams) passes through the photonic

crystal.

from periodically strained threads. All these experiments sup-
ported the idea of using photonic crystals for generating radiation
[4,5,46].

5. Use of a dynamical undulator mechanism to produce short-
wavelength radiation in VFELs. Two-stage VFELs (VFEMs)

Low-relativistic electron beams in the undulator system can be
used for radiating in a short-wavelength range, but in this case the
undulator period must be small. For example, to obtain radiation
with the wavelength from 0.3 mm to 1 mm at beam energy
E = 800 keV-1 MeV, the undulator period must be ~0.3-1cm.
The development of such undulators is a very complicated task.
The use of a two-stage FEL with a dynamical wiggler generated
by the electron beam [18] is a possible solution to this problem.

The above-described capability to significantly reduce the
threshold currents and resonator dimensions enables the develop-
ment of two-stage VFELs (VFEMs) with a dynamical wiggler gener-
ated by electron beams. A dynamical wiggler can be created with
the help of any radiation mechanism: Cherenkov, Smith-Purcell,
quasi-Cherenkov, or undulator. There is a possibility of smooth fre-
quency tuning for both the pump and the signal waves by either
varying the geometric parameters of the volume diffraction grating
or by rotating the diffraction grating or the beam. The VFEL allows
one to create a dynamical wiggler in a large volume, which is hard
to achieve with a static wiggler. It should also be noted that in res-
onators with spatially-varied parameters of grating (photonic crys-
tal), the electromagnetic wave with a spatial period depending on z
is formed. This means that a dynamical undulator with a period
depending on z appears along the whole resonator length, i.e., a
tapering dynamical wiggler becomes settled, leading to an appre-
ciable increase in the generation efficiency of FELs with such undu-
lators (compare to FELs with conventional stationary undulators,
described in [18]).

5.1. Acceleration in two(three)-dimensional spatially periodic
structures. Mutual focusing of an electron beam and an
electromagnetic wave in a Free electron laser. The possibility of optical
phase conjugation in relativistic particle beams

A high quality factor demonstrated by three(two)-dimensional
electromagnetic (photonic) crystals in the case of multi-wave
diffraction can be used to develop inverted VFELs, i.e., such crystals
(resonators) can be used for particle acceleration [2,47], particu-
larly for acceleration of particles from optical (X-ray) lasers in
the range of super-high energies.

The motion of high-current electron beams in an electromag-
netic undulator (static undulator or undulator produced by an elec-
tromagnetic wave) is accompanied by a variety of instabilities,
which, as we showed earlier in this paper, change significantly if
the electromagnetic wave and the particle beam move in a crystal.
It was shown in [48] that parametric instability of a relativistic

beam in the presence of a nonmonochromatic pump wave leads
to a nonlinear contribution to the permittivity that is proportional
to the local magnitude of |£,(F, t)|?, where &,(F, t) is the amplitude
of the electric field strength of the pump wave at point 7 and time t.
This allows an optical phase conjugation to occur in such beams. A
detailed analysis was made by the example of the electron-beam
interaction with a strong laser wave in a vacuum. It was shown
that due to the interaction between the beam and the electromag-
netic wave &,, the beam permittivity proves to be space periodic,
the index of refraction of the beam turns out to be grater than unity
as in the case of the FELs exploiting an undulator magnet [49-51].
Such a beam may be regarded as a waveguide for the electromag-
netic wave. As a consequence, the photon and electron compo-
nents attract each other and a bound electron-photon state is
formed, where both the photon and the electron beams should
be considered as dynamically bound subsystems [48,52,53]. In par-
ticular, under the conditions considered, the electromagnetic wave
may also serve as a waveguide for the beam. As a result, the phe-
nomenon of mutual focusing of the electron beam and light occurs
[48,52,53]. According to the above-given analysis of radiative
instability of a beam in a crystal, mutual focusing of the particle
and laser beams is enhanced as the particle beam and the electro-
magnetic wave move in the crystal. Mutual focusing of the electron
beam and the light wave enables the rotation of the light beam as
the electron beam is rotated, and vice versa.

The experiments have now begun to accelerate electron
bunches using laser radiation [54-56]. Due to high density of elec-
tron bunches and large amplitudes of laser field, the phenomena
described in [48,52,53] can play an important part in further
acceleration of the bunches and generation of radiation from them.
The phenomenon of wave front reversal enables us to control the
parameters of electromagnetic radiation and guide it to the target,
which is important for practical applications, e.g. for heating ther-
mal nuclear targets. As the particle moves in a bent light channel,
not only bremsstrahlung appears, but also the beam’s spin rotates,
and the radiative self-polarization of electrons and positrons arises.

<y

Fig. 3. VFEL (VFEM) with several beams.
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Fig. 4. Hybrid klystron-type VFEL (VFEM).

6. Volume free electron laser-self-phase-locking system

The possibilities of coherent combining of the fields generated
by several microwave generators have been actively studied
recently. Particularly, phase-locking is a subject of vigorous study
[57-60]. The experiments confirm that, for example, using N num-
ber of BWOs, one can develop relativistic microwave generators

whose total power density will be as high as W ~ N* [59].
Two(three)-dimensional distributed feedback (DFB) arising in
VFEL resonators with two-three dimensional spatially periodic
structures (now often called electromagnetic or photonic crystals)
enables producing coherent radiation from wide electron beams or
several beams (see Fig. 3). A key feature of the VFEL is that as a
result of diffraction, the signal is transferred from one point to
another, thus linking the points of the beam and making them gen-
erate coherently (see Fig. 3). This means that the VFEL (VFEM) is a
self-phase-locking generator of radiation (phase-locking inside).
When N number of electron beams pass through an electromag-
netic crystal, the radiated power density increases in proportion
to N? as a result of self-phase-locking of the beams due to two(-
three)-dimensional DFB formed in the VFEL resonator. The theory
of this phenomenon is given in [5,60].

7. Hybrid klystron-type VFELs (VFEMS)

One of the ways to increase the generation efficiency is the use
of pre-modulated electron beams [19,20]. A remarkable embodi-
ment of such FELs is the optical klystron [61]. Because the incre-
ment of radiative instability in VFELs (VFEMs) is large, we can
use short sections formed by photonic crystals for beam pre-
modulation (Fig. 4). The modulation is enhanced as the beam
moves in the drift space, and the modulated beam enters into
the second photonic crystal. For VFELs (VFEMs) and hence for con-
struction of hybrid systems, some other mechanisms can be used
for beam pre-modulation in microwave range, too [4,5].
Particularly, to pre-modulate the beam, a vircator [62-64] or a
split-cavity oscillator (SCO) [65,66] can also be used. For a nonrela-
tivistic case, the split-cavity oscillator was first suggested and
studied in [65]; the SCO structures in the relativistic case were con-
sidered in [66]. What is more, according to [67-69], the application
of metal inserts (meshes, grids, and so on) inside the resonator
enables increasing the electron-beam-limiting current. Therefore,
in generators having a photonic crystal as a resonator (grid travel-
ing wave tube (TWT), VFEL, or VFEM), the presence of a metal grid
(photonic crystal) serves both for forming the resonator, where
interaction of the beam and the radiation occurs, and for increasing
the beam vacuum limiting current.

8. Conclusions

Use of a non-one-dimensional distributed feedback in vacuum
electronic devices removes the limits for available output power

and promotes the development of highly stable mode-selective
overmoded resonators. Such resonators open up new possibilities
in the range where the wavelength is much less than the size of
the resonator. Moreover, VFEL frequency can be tuned by rotating
the resonator relative to the direction of the beam motion (or the
beam relative to the resonator), and three(two)-dimensional
distributed feedback in a multi-wave case allows a significant
reduction of the lasing threshold. A high quality factor demon-
strated by three(two)-dimensional electromagnetic (photonic)
crystals (resonators) in the case of multi-wave diffraction can be
used to develop inverted VFELs.
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