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Abstract. The interaction between free electrons and a
laser field in an unbounded dielectric medium and above
the surface of a dielectric waveguide is discussed in detail.
Both classical and quantum approaches are applied. The
feasibilities of modulation and polarisation of an electron
beam by laser radiation are also discussed. Theories of the
Cherenkov laser and Cherenkov klystron are developed.

1. Introduction

The advent of a powerful source of electromagnetic
radiation —the laser—marked the beginning of active
research of electromagnetic effects in high-intensity fields.
The first works along this line were conducted as early as
1933 by Kapitsa and Dirac [Proc. Cambridge Philos. Soc.
29 297 (1933)]. They considered the scattering of an
electromagnetic wave by an electron in the presence of
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another wave (the stimulated Compton effect). Then the
theories of stimulated braking, magnetobraking, Cheren-
kov, and other effects were developed in parallel with the
cited problem. We have systematically studied the
stimulated Cherenkov, transient, diffraction, and Comp-
ton effects. In this review we present the results on the
stimulated Cherenkov and Cherenkov surface effects (in
the first case electrons travel in an unbounded dielectric
medium, in the second they travel over the surface of a
dielectric). For brevity we refer to either effect as the
stimulated Cherenkov effect (SCE).

Note that along with the scientific aspect of the issue—
how powerful fields affect the course of electrodynamic
effects—the problems in question are of extreme practical
importance: design of new sources of electromagnetic
radiation (free-electron lasers) and laser-driven charged-
particle accelerators.

The idea that the stimulated Compton effect could be
used for developing the Compton laser was suggested by
Pantell and co-authors [/IEEE J. Quantum Electron. 4 (11)
905 (1968)] and Madey (J. App!l. Phys. 42 (3) 1906 (1971)).
They proposed an undulator laser. Since then this last
scheme has been worked out in detail and at present it is
implemented experimentally. The main bulk of publications
on this laser is systematically surveyed in reviews [1 —6], the
collected volume [7], and monograph [8]. However, the
undulator laser is not efficient in the optical and shorter
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wavelength range. Therefore, there was a need to study
other electromagnetic effects. We have been developing the
theory of how to amplify an electromagnetic radiation on
the basis of the Cherenkov, transient, diffraction, and
Compton effects. In this review we present the analysis
of various operational modes of the Cherenkov laser.

The energy of an electron is changed by its interaction
with intensive electromagnetic radiation. At present there is
a variety of suggestions of how to accelerate electrons on
the basis of the Compton (including the undulator case),
Cherenkov, diffraction, and other effects. The present state
of the art of laser-driven accelerators is well reflected in the
collected volume [9] and the review [10]. We have confined
our study to the mechanisms of emission and absorption of
a photon on the basis of the listed effects. These results are
of key importance for an understanding of all effects in the
field of laser radiation.

One of the ways of increasing the efficiency of inter-
action of an electron beam with radiation lies in a
preliminary modulation of its density. The research of
modulation of an electron beam at optical frequencies
was initiated by Schwarz and Hora [Appl. Phys. Lett. 15
349 (1969)]. Modulated electron beams are the basis for
developing a free-electron laser of the klystron type. In this
review we present an analysis of the characteristics of the
Cherenkov klystron.

The polarisation states of an electron beam and laser
radiation are changed by their interaction. The laser
radiation will magnetise a nonpolarised electron beam or
modulate its magnetisation if it is polarised before the
interaction. As an elliptically polarised wave propagates in
an electron beam, the plane of polarisation rotates and the
ellipse is deformed.

The systematic analysis of the cited effects revealed the
following underlying general rules:

1. The possibility for modulation of electron beams,
amplification of electromagnetic waves, and magnetisation
of a particle beam occurs only if photons are emitted and
absorbed by electrons with different energies or if the
photons have different projections of wave vectors. In
what follows, for brevity, we refer to these processes as
asymmetric. If there is no asymmetry, then it must be
created.

2. Quantitatively, the listed effects depend on the
increment in the energy of an electron after the interaction
with radiation, in the linear approximation with respect to
the field.

Note that the references fall into two parts: the first part
consists of works which deal directly with the problems in
question [1—73], and the second part consists of works on
the stimulated Cherenkov [74—91] and Cherenkov surface
[92—-97] effects.

2. The stimulated Cherenkov effect

The spontaneous emission of a charged particle in a
dielectric—the Cherenkov radiation (C)—has been thor-
oughly studied theoretically and experimentally [11—15]. It
occurs only if the velocity of the charged particle is greater
than the velocity of the electromagnetic wave in the medium
(v>c¢/n).

If the same particle travels in a dielectric medium in the
presence of an external electromagnetic wave, then the
radiation becomes stimulated. In this case the dynamics of

the process acquires an essential feature which is absent in
the spontaneous effect: the particle may not only decelerate,
radiating its energy to the wave (the stimulated Cherenkov
radiation), but it may also accelerate, absorbing energy
from the external field (the stimulated Cherenkov absorp-
tion). As a rule these processes cannot be separated
completely for particle beams. Clearly, the competition
between absorption and emission will significantly restrict
the transfer of energy from the particle beam to the
electromagnetic wave.

In analysis of the SCE we use two models: (a) electrons
interact with radiation which can be described by a plane
monochromatic wave; and (b) an electron beam interacts
with a monochromatic spatially bounded wave. In Sec-
tions 2.1 and 2.2, the dynamics of electrons is studied for
both cases. A simple analysis of the classical equations of
motion shows that an electron can decelerate or accelerate
depending on initial conditions. For an electron beam this
effect results in modulation of its density and current at the
frequency of the electromagnetic wave (see Section 2.3). In
Sections 2.4 and 2.5 the quantum theory of the SCE is
presented [16—19]. This approach makes it possible to
consider absorption and emission separately.

Analysis shows that the asymmetry of these processes
lies at the heart of the modulation effect (see Section 1). The
asymmetry is responsible for magnetisation of the electron
beam [18]. Note that these effects are studied with account
being taken of angular and energy spreads of the electron
beam and also of angular and frequency spreads of the
photon beam (see Section 2.7). In Sections 2.8—-2.12, 2.14
we develop the theory of how to amplify an electromagnetic
wave on the basis of the SCE —the Cherenkov klystron
[16, 20] and the Cherenkov laser [21—-24]. Clearly, ampli-
fication is possible only if emission dominates over
absorption. An interesting possibility for total suppression
of absorption is considered in Section 2.12 [23]. In Sections
2.9, and 2.14 the SCE is considered in a constant magnetic
field [20, 24]. In this scheme the negative effect of the
angular spread of an electron beam can be neutralised and
the range of operation of the laser can be extended
significantly at the cyclotron resonance (see Sec-
tion 2.15) [25].

In section 2.13 the optical polarisation effects are
considered in a system of the Cherenkov laser type, related
to anisotropy and polarisation of the electron beam [22]. At
the end of Section 2 we discuss conditions under which the
effects in question can be observed experimentally.

2.1 Motion of an electron in the presence of a plane wave
in a dielectric medium

If an electron travels in an unbounded dielectric medium,
spontaneous Cherenkov emission occurs when the velocity
of the particle v, the wave vector k, and the frequency w of
the emitted electromagnetic wave are related by the
equation

w—kwv=0. (1
Let an electromagnetic wave with the vector potential
A = Aycos(wt —k-r) )

propagate in the same medium, i.e. it is the same wave as
that induced by the SC effect. (In the analysis which
follows we suppose that the magnetic permeability is

p=1)
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We shall determine the changes in momentum and
energy of a particle using the classical equations of motion,

dp e dé

= = ¢E+-vxH, -—=evE, 3

dt ety ’ ar = ®
in the linear approximation with respect to the field.
Remembering that E = —¢ '0A4 /dr, H = curlA and sub-

stituting the unperturbed trajectory of the particle in the
form
r=ry+vot, 4
into the right-hand sides of Eqn (3), we obtain
p=p,+A, E=68,+AE. (3)
Here,
N = —EAO - % cos[(w —k-vy)t —k-ro] ,
(6)
Agkz—igg%%%cmuw—kw@p—me 0

Vo :pocz/éfo is the initial velocity of the particle, and n is
the refractive index. The field is assumed to be switched on
adiabatically slowly at t = —oo. The amplitudes of the
quantities A&' and Ap'-k/|k| contain the Cherenkov pole
o — k-vy which coincides with the spontaneous emission
condition (1).

At first we suppose that the quantity w —k-vy > 0 (or
vocosf < ¢/n) and the inner product Ay-vy > 0. The
strength of the electric field of the wave [Eqn (2)] is
E = Eysin(wt —k-r). Hence, the electrons lag behind the
wave and are decelerated and accelerated in turn within the
intervals of time

2N +1 k-
(2N +1) + oo,

2nN +k°r0
>
(D—k'VO

(6] —k'VO

2 1 .
TC(N+ )+kr0>t

11',(2N+ ]) +k'r0
>
(D—k'VO

(D—k'VO

(here E = wAy/c, N =0,%1,42... are arbitrary integers). If
the quantity w —k-vy <0 (or vycosf > c/n), then the
electron overtakes the wave and is accelerated and
decelerated in turn within the intervals of time
|T(2N + 1) — k-ry| 2N — k-rg)
oo — kv o —k-vo| °

2n(N +1) — k-
r(v + 1) —kero] |

RN + 1) — koro
oo — k- vy '

| — k- vy

According to the above inequalities the intervals of time
within which these processes occur coincide and are equal to
Ty=mn/|w—k-vy|. For this time the electron travels the
distance Ly = mvy/|@w — k-vy|. In these terms the amplitude
of the energy increment (7) is A8 = (1/x)|e|Ey-Ly. Clearly,
the maximal increment (or decrement) in the energy of
particles is equal to the work done by the constant electric
field with the strength E, along the path L.

Thus, the quantities Ty and L; give intervals of time and
parts of the trajectory, along which processes of stimulated
emission of energy from an electron to the wave or
stimulated absorption of energy of the wave by the electron
proceed. They coincide with the intervals of time and the
forming zones, which were introduced to describe sponta-
neous emission of particles [26—29].

Let velocities of electrons be such that the quantity
w —k-vy tends to zero. Then the parameters T; and L;
increase indefinitely. This result is concurrent with the
analysis of the spontaneous SC effect: emission of uni-
formly moving particle occurs along its whole trajectory in
an unbounded transparent medium. If the quantity
w—k-vg =0, then the energy and momentum of the
particle are divergent. The divergence is caused by the
infinitely long action of the electromagnetic field of the
wave [Eqn (2)] on the electron. We shall consider the case of
® —k-vy =0 in more detail. We suppose that the field is
switched on for a time Az ~ 27 in accordance with the law

AOO)::%A6<14—m2Pt>. ®)

Substituting Eqns (2), (4), (8) into Eqn (3) and taking into
account Eqn (1) we obtain

1 h
Aég’ = —EeE()'VO |:t+fln (2 CO: t):| Sin(k'r()) . (9)

Here Ey = wAj/c is the amplitude of the strength of the
electromagnetic field of the wave [Eqn (2)]. If the time of
the electron—wave interaction At > t, then

Aég’ = —(fE()’Vot Sin(k°r0) . (]0)

Clearly, the sign of the expression depends on the phase
¢ =k-ry If AE <0, the particle is decelerated and
transfers its energy to the field [Eqn (2)]. If A&’ > 0, the
particle is accelerated at the expense of the energy of the
electromagnetic wave.

Expressions (6), (7), and (10) are true provided that the
synchronism condition @ — k-v, = const is satisfied for the
electron and the wave. Actually the equality is violated even
by a small change in velocity. Therefore, the correct
expression for the energy and momentum of a particle
in the presence of a plane wave can be obtained only by
solving Eqns (3) exactly [30]. However, formulae (6) and (7)
are of practical importance. This is because of the fact that
actual beams have certain spreads in energies and angles
and the Cherenkov divergence can be eliminated by
averaging over these spreads.

2.2 The stimulated Cherenkov effect in a finite laser
beam

The stimulated Cherenkov effect in a laser beam of a finite
diameter was studied theoretically and experimentally in
Refs [31 —38]. We consider the relatively simple case of an
electromagnetic wave propagating along the z axis and
which has a finite width in the x direction only:

o’ 2 2
Ax,y :‘[Ax,)-(ql)({;5<c_2n _|q’| )

x exp(ig’-r —iwt) dg’ +c.c. , (11)
1 q”d?
Ax,y(ql) :m“x,ydexp (_ K4 > (12)
a, = _iAOX N Lly :AOy N
A (r,t)=0.

Here w = 2mc/A is the frequency of laser radiation, 4 is its
wavelength in vacuum, and g’ is the wave vector of the
Fourier component of the field.
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The Fourier transform of the vector potential [Eqn (12)]
is chosen so that, in the plane z =0, the amplitude of the
field is attenuated on increase in |x| as the Gaussian
distribution of a width 2d. For simplicity the diffraction
divergence of the beam is assumed to be small (1/d <€ 1) so
that z-projections of the field can be neglected.

We want to determine the change in the energy and
momentum of an electron travelling in the xz plane and
intersecting the field [Eqn (11)] at an angle 6, which is much
greater than the angular divergence of the laser beam. It
follows from Eqns (3), in the linear approximation with
respect to field, that

AE' =A&cos¢ . (13)
Here the amplitude of the energy change is
A& =&, AE
d q¢d?
AE = 21\/T mc? 7 &P <— *‘4 ) , (14)

the phase is ¢ = ¢q-ry, and the dimensionless parameter is
& =eAg, /mc’.
The wave vector is found from the system of equations

®—qvy=0, 5)

¢+ = (? n)z, (16)
and its projections are

qx :v% [V0x —Voz'\/ (”ﬁ0)2 —1 ] >

q; :vﬂg [VO: +voe\/ (nBy)” — 1] ) 17

where f, = vo/c.

The system of equations (15), (16) has another pair of
solutions, different from Eqns (17) in the signs in front of
the radical signs. Since the amplitude of the energy change
A& drops on increase in ¢,, their contribution may be
neglected. The quantity Aé is very important in the theory
of interaction between free electrons and laser radiation. As
will be shown later, the characteristics of all processes in
which the electron is involved depend on Aé.

If the velocity of a particle is such that

qx :vﬂg [VO.x — Voz\/ (nBo)* — 1 ] =0,

then its interaction with the field occurs under the optimal
conditions. In this case,

(18)

AE = 21\/T mc? % , (19)
and the amplitude of the change in energy of the particle
A& peaks.

We want to express A& in terms of the width of the
angular distribution of the strength of the field [Eqn (11)].
Let the angle between the vector ¢’ and the axis z be 0. If
0 < 1, then

. 2T
g =n—sin@~n=—409.
c A

By substituting the last expression into Eqn (12), we obtain
the intensity of the luminous flux represented by the
Gaussian distribution in angles such that

dr 4(In2)6’
— ~eXp|——————|
dé 535

the quantity 4 = Av2In2/nnd characterises the angular
width of the distribution. We substitute the expression
d/A =2VIn2/mndy into

AE — 4v/mIn 2 mc? |
ndg
and compare formulae (13), (14), (20), and (7). Clearly, if a
photon beam has an angular spread, the Cherenkov pole
o/(w —k-v,) is replaced by the angular width d,4 according
to the remark at the end of Section 2.1.
Formula (13) is true provided that

A8 < & .

(20)

@1)

The condition (21) imposes a constraint on the parameters
of the laser beam. Note that the z-projection of the vector
potential can be neglected in Eqns (3) when the inequality
Yoy dx (22)
Voz q:
holds. It holds automatically when ¢, = 0 [see Eqn (18)].
If the electron beam crosses the field [Eqn (1)] then,
depending on the phase ¢, its energy spectrum contains
either accelerated (A& >0) or decelerated (A& < 0)
particles [Eqn (13)]. This results in a wider energy spectrum
of electrons, which was observed in experiments [27—30].

2.3 Modulation of an electron beam (the classical theory)
The stimulated Cherenkov effect causes the modulation of
energy [Eqn (13)] and, consequently, of the velocity of the
particle beam. In accordance with the theory of the
klystron, electrons can overtake those electrons which
have left the region of interaction at earlier instances of
time [35]. As a result the electron beam becomes inhomo-
geneous and its density and current break into oscillation
at the frequency of the external field and the harmonics of
the frequency. We shall neglect quantum effects in
considering the features of the modulated density and
current of an electron beam, with the aid of the kinetic
equation

(23)

where F = eE +e¢/c(v x H) is the Lorentz force.

Let an electron beam cross the electromagnetic wave
[Eqn (11)] propagating along the axis z at an angle 0. If the
electric and magnetic fields are of low strength, then the
electron distribution function can be determined by the
perturbation theory, in the region x > d, as

f=fo+sh. (24)
Here f, is the initial distribution function
. Vme q.d’
fr=—7cAudexp| == —
of; of;
X <6/x fo +gq. ﬂ) exp(ig-r —iwt) + c.c. , (25)
Op« op;
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and the projections of the vector g are specified by the
expressions (17) [in calculations we take into account
inequality (22)].

By substituting the function (24) into the expressions

P =po Jf(p) dp, Jj=ep, JVf(p) dp
for the density and current of the electron beam, we have

p=potp. J=Jotji, (26)
where p, and j, :epof\{fo dp are the initial density and

current of the electron beam,

X (%: % +4q, g%) exp(ig-r — iwt) dp + c.c. , 27

) Vr e q2d?
J1=—T?P0A0xd vexp(——,

X (qx % +q, %) exp(ig-r — iot) dp + c.c.

(28)

For simplicity we suppose that all particles of the beam
have the same momentum, fy = 8(p, — po.) 8(p, — po.) (py),
before the interaction. Integration of Eqns (27) and (28) by
parts yields

A 21
P =Py [1 +xéTf %sin(qzz — ot)
A
+_gc05(‘izz —wt)] , (29)
épo ’
. . A€ o> —1) .
Jx = Jox [1 +xéTO %Sm(qzl - wt)] ,
Jy=0,
2
Jz = Joz [1 +Xi7f %sin(qzz — ot)
& 1
—— —-c08(q,z —wt)| . (30)
& B, : )]

Here we have taken into account condition (18); the wave
vector ¢, = w/ vy, and the quantity Aé are specified by the
expressions (14) and (19).

Clearly, the density and current of the electron beam
break into oscillation at the laser radiation frequency w,
and also the depth of modulation increases in direct
proportion to the drift distance x (the second terms in
brackets). This result is well known from the theory of the
klystron. As for the third terms, they are responsible for
rearranging the density of particles when they move in the
field [Eqn (11)]; the rearrangement remains in the drift
region. However, the depth of modulation as a result of this
mechanism is not large.

In Section (2.7) the role of the angular, frequency, and
energy spreads of the light beam and particle beam will be
examined. We shall also give the conditions under which
formulae (29) and (30) are applicable. These conditions are

found by the perturbation theory. Since p; <€ p, and j; < j,
we have )

JAfol 1) 31

& Vox
2.4 Modulation of an electron beam (the quantum theory)
Let us now study the modulation effect for an electron
beam on the basis of a more general, quantum mechanical
approach. From the quantum standpoint a change in the
energy of a particle is caused by emission or absorption
(v =|Aé|/hw) of photons. Clearly, in the region x > d the
wave function of a particle beam is a superposition of
states describing different multiphoton processes. The
result is modulation of the density and current of the
electron beam. Since the amplitudes of emission and
absorption make opposite contributions, the depth of
modulation of the particle beam depends on the difference
between them.

We shall determine the depth of modulation of a
relativistic electron beam as a result of the SCE in the
simplest case— at the first harmonic of the field [Eqn (11)],
neglecting the spin effects. Let the electron beam be
described by the plane wave

p .8 .D
WO: iexp(—lﬁt—l—lﬁ-r)

(32)
before the interaction. Here p, is the density of electrons, &
and p are their energy and momentum.

We shall determine the wave function of the electron
beam after the interaction with the use of the Klein —Gordon
equation

2
O
or?
Its solution can be presented in the form

Y=vo+v,+y_.

Here ¥, is the initial wave function of the electron beam
[Eqn (32)], the terms . and y_ describe emission and
absorption of a photon. By substituting them into Eqn (33)
we have

A(p—SAY +(me) |y (33)

—(m'2)27h26—2+h2'2i+h2'2i1//
¢ 2 T a2 T 2|V

(1)2
s [aaato ()

x exp[£i(g’-r — wr)] dg; dg! Y,

where AL = A, (q), A_ =A}(q) [see Eqn (12)]. We suppose
that electrons travel in the xz plane before the interaction.
The solution to Eqn (34) is sought in the form

.6+ ho p. *+hg!
wi=J<pi(x,q;)exp(—l i z) dgr. .(35)

Then the partial differential equation (34) can be reduced
to the second order ordinary differential equation
42

(34)

4 20, = _2¢Px [Po
dx2 (58 + VP4 c ﬁz 28

li

2
. £ hg,
xinqzé(“’—z n2—|q’|2) exp (i”—* — x) da; . (36)
;
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where,
1
v =2 [(6 £ 70) — (p. gl P — (me?)]
Its solution has the form

2e p,

<Pi=—?§

1 X +o00
%E J da J dgy sinfys (x — )]

—00 —00
’ o’ 2 "2 . P :Eﬁq'.
XAiqzé(—2n —lq’| >exp(1%oc) . (37
-

In the region x > d the upper limits in the integral of
Eqn (37) can be replaced by +o0. Integrating with respect
to o yields

o 26 Px pO 1
b= 226,
2 /
[ Px £ g :
X{JA +d, 5(0—2 n - Iq’|2>5(T — h) exp (iyx) dd,

2 /
[0 . & hg, .
—JA +4-0 (C_z n — Iq'|2> ) (p—h B + 'Yi) exp(—iyyx) dqi}-

(38)

The second terms in Eqn (38) are responsible for one-
photon reflection of electrons from the laser beam. If the x-
projection of the momentum of an electron is p, > fi/d,
then the probability of such processes is exponentially low
and they can be neglected. The projections of the wave
vectors of photons ¢, involved in absorption and emission
are found from the laws of conservation of energy and
momentum, and from the dispersion equation

& tho = &F, pj:ﬁqlL :pi,
2

‘5—2 gt =0. (39)

Given the initial energy and momentum of the electron
we have

=5 {1520 -0
v, <n2ﬁ2 - [1 iz—;(l _n2)]2)1/2} ,
= :%{v:[l iz—;(l —nQ)]

+v, (n2ﬁ2 - [1 ig—;(l - nz)r)]/z} .

The second pair of solutions, which are different from
Eqns (40) in that they have different signs in front of the
radical signs, can be neglected as in the case of Eqn (17). If
B2 — 1> fiw(n* — 1)/2€, then the roots in Eqns (40) can
be expanded into the Taylor series,

¢ =q+Aq.

(40)

(41
The projections of the vector q are specified by expressions
(17), and we can write

_ho ot -1

=y, .= T
26 \/n2B =1 26 n2p* —1

Ag, qy -(42)

By neglecting the term in the conservation law
[Eqn (39)] we find the expression for the momenta of
electrons which have emitted or absorbed a photon

pt=p+hg, p =p—hq.

The quantum corrections [Eqn (42)] introduce an asym-
metry in these formulae and play a leading part in the
effect of quantum modulation of an electron beam. The
momenta can then be written as

pt=(p+nhg")—nAg, p =(p—hq )—TilAq.

Taking into account Eqns (38) and (40) we arrive at the
final expression for the wave function of the electron beam
in the region x > d,

_ & lAéj+ . s+,
¥ = 25[1—'—2 o exp(—iwr +ig " -r)
1 Aé_ . .
3 e exp(iot — ig r)] Y , (43)
+\2 2
A&, = 2n/mmc?E, %lexp [— %] .

The density of the electron beam is

)
p = ihy* alﬁ + c.c.

=5P0 [1—1—5% e exp(—iwr + ig™-r)
1 Aé_ € —ho

2 hw &

exp(iwt —ig™-r)| +c.c., (44)

in the linear approximation with respect to field. If an

electron interacts with the wave under the optimal
conditions:
q,x:()a Q::gzgns
v, C
1 fio* (n* — 1)
Ag, = Ag, == 4
¢: =0, Aq =3 o (45)
then
A¢ . .
p=po|l +2—sin(Ag,x)sin(q,z — wt)
hiow '
A&
+?cos(Aqu) cos(q.z — wt) (46)

Here the quantity A& is specified by the expressions (14)
and (19): the terms of order of fiw/& are omitted.

We will now analyse the expression in brackets in
Eqn (46). The second term is proportional to the difference
of amplitudes of emission and absorption of a photon, and
describes the quantum modulation of the electron beam.
Interestingly enough, this difference depends both on the
asymmetric part of the loss Ag, and on the distance to the
point of observation along the x axis. In the region
Ag,x <1 the modulation is classical in nature and the
expression for the density of electrons [Eqn (46)] coincides
with Eqn (29). Since the second term is proportional to x in
this limit, the associated modulation can be called the
klystron modulation. In the region Ag,x ~ 1 the difference
between the amplitudes of emission and absorption peaks,
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and the classical modulation goes into a quantum one with
depth 2Aé&/hw. Subsequently the factor sin(Ag.x) causes
the spatial modulation of the density of the electron beam
with the period L =2mn/Aq, along the x axis, whereas the
depth of modulation remains constant.

The amplitude of modulation of the density of electrons,
owing to the third term, is classical in nature and is well
below the amplitude in the previous case:

A8 A€

<70 (47)

As is noted in Section 2.3, it is associated with the
rearrangement of the density of electrons in the presence of
the laser radiation, and the rearrangement remains in the
drift region x >d. The quantum correlations cause an
additional spatial modulation of the density of electrons
with the period L = 2n/Aq, along the x axis. The modula-
tion of the electron current occurs similarly, and is given by

J=Jo+i1> (43)
where j, = ep,v is its initial value and
A&
Ji=ep, [211% sin(Ag,x) sin(g.z — wt)
gt A&
+? ?cos(Aqu) cos(q,z — wt) (49)

The gap between the regions of the classical and quantum
modulations can be determined from the condition

Ag.x, = 1:
l & ﬁ
= nhon® —1° (50
The expressions (46) and (49) are true for
A&
—~ «<1. 1
< (51)

Note in conclusion that the experimental and theoretical
research of the quantum modulation was initiated in
Refs [40, 41]. A comprehensive review of the results is
given in Ref. [42].

2.5 Modulation of a polarised electron beam

The expressions for the depths of modulation of the current
and density of an electron beam [Eqns (46), (48), and (49)]
are generally applicable.

Using these formulae, we will evaluate the contribution
of the magnetic moment of an electron in the modulation of
the electron beam. Since the quantity A& ~ uH in the case
of a spin interaction (here p=efi/2mc is the magnetic
moment of the electron and H is the magnetic field
strength), the amplitudes of terms responsible for the
klystron modulation are classical in nature. Interestingly
enough, the Planck constant 7 enters only into the
asymmetric part of the loss and has no effect over distances
X ~Xq.

We shall find the expressions for the density and current
of a polarised electron beam from the Dirac equation

)
iﬁ&lllz Ca.(q”—gA)—l—mczﬁ V. (52)

In order to extract the pure spin contribution we assume
that the electromagnetic wave is polarised along the y axis
such that

! ! (1)2 2 12
Ay:JAy(q)qzé c_zn _|q|

x expli(q’-r — wt)]dg’ +c.c. ,

A&
4 9
and the electron beam moves in the xz plane.
If we solve the Dirac equation in the linear approxima-

tion with respect to the field, the wave function of the
electron beam takes the form,

(53)

A (q )= Aoydexp(

2/n

Y=y +¥,+y_, (54)
in the region x > d. Here
g _p
VAES \/:éguexp[ (ﬁt_ﬁ.r)] (55)

is the wave function of the initial electron beam and the
terms

‘p:t:_

explilg®er F on)|(ps +me)Alg) ¥y (56)

_em
2hcp,
describe absorption and emission of a photon. The
quantities qi are specified by the expressions (40) and
(45); the operators

Pe = (puEhg)y*, AL =Aky,, A% =1[0,0,A,(q). 0],
At = (AR, p*=(8/cp). (¢ = (0/c.q")

are the four momenta of electrons and photons involved in
absorption (+) and emission (—).

We determine the density, p =Ty, and the current,
j=-ecyTay, of the electron beam under the assumption
that the polarisation matrix has the form

p=1(p+me) (1 —7%d)
before the interaction [Eqn (43)]. The four-dimensional
vector a* is related to the electron polarisation vector { by
the equations

(57)

p¢ E-pp
A Ry N L 58
4= ne a=C+ (& + mc?)m 58
Taking Eqns (54)—(57) into account we have
AE | mc® a .
P =po [1 +—-¢, i ﬁ sin(Ag,x) sin (b] , (59)
AE
e = Jo [1 BB me b, 7 1/; “sin(Ag.x) sin qb] . (60)
=0,
2
mc

J: = Jo: [l +— AE & —— 55 sin(Ag,x) sin ¢] .

é"ﬁﬁ

Here p, and j, = ep,v are the initial density and current of
the electron beam; the quantity A& is specified by Eqn (19);
¢ = eAO)./mc2; B..=v../c; and the phase ¢ = ¢,z — wr.
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In calculations we do not consider the terms of order of
(AE/&)¢ ho/E which are associated with the induced
magnetisation of the electron beam by the laser radiation
(see Section 2.6). The cited approximation is true when
hiow
7

Note also that the constraints on the angular and energy
spreads of the electron beam are specified by inequal-
ities (82). It is clear from Eqns (59) and (60) that the
modulation of a polarised electron beam is specified by the
asymmetric part of the loss Ag,.

Since an actual laser beam always has an angular
spread, it acquires an addition to its state, with polarisation
along the x axis, upon traversing the polariser. In order to
assess the possibility of extracting the spin contribution we
shall give the expressions for the density and current of an
electron beam in the general case of an elliptically polarised
electromagnetic wave [see Eqn (11)]. As done earlier, we will
determine the wave function and then the density and
current of the electron beam, given by

|la| > (61)

= o1+ 25 & sin(Aa) sin b+ s cos(8a.)

xcosd)—l—AE me?
& & B.p.

sin(Aq,x)

x(a, &, sin ¢ + a,é, cos qﬁ)] , (62)

. AE , . .
Jx =Jox |:1 + 2%6,\' sin (A(Ixx) sin d)

AE
&

2
me” ayg — f.a, . .
& v —ﬁﬁﬁ sin(Ag,x) sin (b] ,
AE | mc* ay — P.a,

jy = epo"?éx - Tﬁ;Sin(AqXX) cos ¢,

(63)

AE
/" :.i0: 1+ 2%6}& Sin(A(h'x) sin d)

AE 1 AE mc?
25 e L A arme
+ 7 &, ﬁ2 cos(Ag.x) cos ¢ + & & BB

x sin(Ag,x)(a, &, sin ¢ 4 a &, cos P)| .

In calculations we assume that inequality (61) holds. Note
that the expressions (62) and (63) go into formulae (59)
and (60) for £, = 0 and that they coincide with Eqns (46)
and (48) for a* =0.

For interpretation of the above results it is convenient to
make use of nonrelativistic quantum mechanics. In this
limit the Hamiltonians of the orbital (H, = —eA -p/mc) and
spin (H, = —fi-H, where i = ehe [2mc and ¢ is the Pauli
matrix) interactions enter independently. Thus each con-
tribution can be examined separately. We solve the Pauli
equation [44]in the linear approximation with respect to the
field and substitute the wave function ¥ into the definitions
of the current and density of electrons,

p=v"Y+cec.,

J :idﬁﬁxp +c.c.+ccurll .
2m

(64)

(65)

Here I= (efi/2mc)ytay is the magnetisation of the
particle beam. Since the polarisation matrix takes the
form p = (1 +¢6)/2 in the nonrelativistic limit, we obtain
the same expressions as (62), (63), for v/c < 1.

The calculations show that the second and third terms in
Eqn (62) are associated with the orbital motion, and the
fourth term with the spin motion. Analysis of the projec-
tions of the current [Eqn (63)] is more complicated. It
follows from Eqn (64) that the current modulation is caused
both by the modulation of the density of the particle beam
(the terms of the type Y'py) and by the magnetisation
modulation (the terms of the type of curll). The first effect
is associated with the oscillating terms in the x- and z-
projections of the current. It is shown in Section 2.6 that the
magnetisation breaks into oscillation due to: (a) the induced
magnetisation of the electron beam; (b) the magnetisation
modulation associated with the modulation of the density
of electrons; and (c) the oscillation of magnetic moments of
electrons about the magnetic field of the laser radiation.
The contribution of the first effect is negligible [see
Eqn (61)], therefore it is not considered. The effects (b)
and (c) are responsible for the emergence of the y-projection
of the current. Note that both effects also make a
contribution to the x—-projection of the current. However,
the terms which describe them are cancelled, with a part of
the terms responsible, as is noted above, for the density
modulation.

Clearly, the spin effects are large when the quantities
¢ yAE/E ~ 1. However, the perturbation theory is not
applicable for the orbital motion in this case
(& yAE/hw > 1). To avoid complicating the problem
with the analysis of multiphoton processes, we assume
that the field is polarised along the y axis and that electrons
travel in the xz plane [see Eqns (59), (60)]. If the conditions
are optimal, i.e., the particle beam is fully polarised along
the x axis, then it follows from Eqns (62), (63), that the
ratio of the x- and y-projections of the field obeys the
inequality

fiw me? a,
éx X

& T 26 6 BB

(66)

2.6 Magnetisation of an electron beam by laser radiation
The density, current, and state of polarisation of an
electron beam are changed as a result of the interaction
between the beam and the laser radiation in a dielectric
medium. Clearly, the last effect is associated with the
magnetic field of the electromagnetic wave. It is well
known that a constant magnetic field causes the magnetic
moment of a particle to precess. If, in addition, the electron
experiences an inelastic collision with the surrounding
medium, its magnetic moment is gradually oriented along
the magnetic field so that the potential energy U = —u-H is
minimum.

The pattern is complicated when the electron interacts
with the magnetic field of the laser radiation. Since the
direction and magnitude of the magnetic field oscillate with a
frequency w, the magnetic moment of a particle-at-rest
oscillates (not precesses) about the magnetic field at the
frequency o.

If an electron beam crosses the wave under the
synchronism condition (1), the magnetic moment of each
particle turns through the angle Ag which depends on the
phase of the field [Eqn (11)] and on the duration of
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interaction 7 =d/v,. Clearly, the magnetisation of the
electron beam oscillates at the frequency w at a fixed
point (x >d, y, z) after the interaction. If an electron is
involved in nonelastic processes of emission and absorption
of a photon, a magnetisation of the electron beam along the
magnetic field of the laser radiation results.

The magnetisation of the electron beam is determined
by use of the Dirac equation (52). In the linear approxima-
tion with respect to the field, the wave function of the
electron beam takes the form of Eqns (64)—(65) where the
vector A(q) is specified by Eqn (12). In the same approx-
imation the magnetisation of the electron beam is

1=y sy =1,+1, , (67)
mc

where

hife 0
2= and
2(0 o
is the spin operator and the initial magnetisation of the
electron beam, I, is the linear correlation with respect to
the field.
If the polarisation matrix of the particle beam has the

form of Eqn (57) before the interaction, then the projec-
tions of the vector I; are

e
I, =—uyty
0 C‘Po Yo

I, = Poﬂ{ B2) sin(Ag,x) sin ¢
2 pop.
_% % & P ) .lf.B(Nﬂ @) cos(Ag,x) cos ¢
AE mc* .
+2Fl_ & a, sin(Ag,x) sin d)} ,
1y = poef 25,1 - ) sin(Ag) cos ¢
AgE m(; 2 ﬁﬁﬁ(ﬁ )cos(Aqu)sin(b
AE me. ay sin(Ag, x) sin d)} , (68)
A
I, = Poﬂ{% ¢, sin(Ag,x) sin ¢
+A; m; ﬁ]ﬁ cos(Ag,x)(a &, cos ¢ — a,é, sin @)
+2§_Em & a, sin(Ag,x) sin qﬁ} ,

by virtue of Eqns (53)—(56). Here p=efi/2mc is the
magnetic moment of the electron, the vector I is related
to the initial polarisation of the electron beam { by the
equation

(69)

2 .
Io—poum [C +M] :

(€ +mc*)m

By comparing Eqns (69) and (58) we have

me?
Iy = p, b Ja.

The vectors ¢, Ag, and the quantity AE are specified by the
expressions (45) and (19); the dimensionless parameters &,
are £, , = €A va./mc2.

We will now analyse the above formulae. At first we
suppose that the electron beam is not polarised before the
interaction: |§| = 0. Analysis of the first term in Eqn (68)
shows that the asymmetric part of the loss Ag, causes the
induced orientation of magnetic moments of electrons along
the magnetic field of the wave [Eqn (11)], as well as along the
magnetic field H = [v,04 /0r]/c’, which appears when we
passto the frame of reference moving together with the initial
electron.

If the initial polarisation of electrons is not zero, |§ | # 0,
then, after the interaction with the laser radiation, the
magnetisation at a fixed point of observation oscillates at
the frequency w, first, due to oscillation of the magnetic
moment about the magnetic field of the wave [the second
terms in Eqn (68)] and, second, due to the modulation of
the density of the electron beam [the third term in Eqn (68)].
The expressions (68) are true when the angular and energy
spreads of the electron beam obey inequalities (82). The
spin current (j;, =ccurll) and the magnetic field
(H = 4nl) which occur in the electron beam can readily
be determined by means of the formulae for magnetisation.
Note that the terms responsible for the spin current arise
automatically when expressions (60) and (63) are deter-
mined. However, they are omitted since their contribution is
small under the condition (6). Several effects associated
with the spin current will be considered in Sections 2.11—
2.13.

2.7 Accounting for spreads in frequencies, energies, and
angles

We shall now examine the influence of the angular, energy,
and frequency spreads of electron and photon beams on
the effects we considered in Sections 2.3-2.6. Let the
central axis of an electron beam (the 7' axis) lie in the xz
plane at an angle 6 to the z axis, and let its momentum
distribution be Gaussian:

4m2\/? 1
fp) = ( > ——

2 2 2
xexp[—4ln2M—4ln2p’c’T—gm

Il L

(70)

(the axes y and y’ of both coordinate systems coincide). The
widths of the energy and angular spreads of such an
electron beam are 4 = vo4) and 0 = 4, /py, respectively. If
the duration of the electromagnetic wave is 1, its spread in
frequencies is specified by means of the formula

Since the photon wave vector distribution is specified by
the expression (12), the widths of spreads of photons in
angles and frequencies are J, = Av2In2 /mnd (see Sec-
tion 2.2) and Aw =+v8In2 /1, respectively. To simplify
the analysis we will average the expressions for the density
of the particle beam [Eqns (29), (46)] over the spread
[Eqn (70)]. Let the average momentum p, satisfy the
synchronism condition @ — ¢.vy = 0. Taking into account
the fact that |p, —pol, | pel, | Py| <€ Ppo, We can expand the

g(w) = (71
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projections [Eqn (17)] of the wave vector ¢ into the Taylor
series such that

wn 1) mc2 2
Gy =—— Py ————— (P —po) »
cpo voPo sin 0
w
= (72)
vy cos 6

[it is assumed that ¢, (0, 0, py) = 0].
By substituting the expressions (72) into (27), (43), and
averaging over momenta we have

A& (,O 2 .
Prn {l—i—R[ a — (n* — 1) sin(g.z — wt)
+%cos(q:z — a)t)] } , (73)
A& . .
pun = po{ 14 R [ sin(Ag)sin(az — o)
+A—;cos(Aqxx) cos(q.z — (ut)] } ) (74)

Here the quantities A&, Aq,, g, are specified by means of
formulae (14), (19), (45), where the quantities v, p, & are
changed for vy, py, &. The factor R is given by

) osmoe (T 51
npf, sin G exp — 1, (75

( ) & D},

where
& \*11/2

D, = [Aﬁ + A% n? B3 sin’ e(m—;)z) ] (76)

is the effective width of the electron beam, and

PINALE

Dye = [Dg + 8321 pi s sin20<m—f2> ] (77

is the combined effective width of the electron and photon
beams.

If the width of the angular spread of the photon beam is
small,

5 <mm{ 41 L;(m—czy ﬂ} (78)
¢ \/_Po V2 npysin 0 \ & o)’

then D,.~D. and R ~exp(—x’/d’). Since the drift
distance is x > d, the modulation effect is exponentially
low in this case. If

1 1

a4, Il
0y > mm{ 75 nfosin® ( > Po} , (19

\/_Po ’
the factor R is
2 @A)+ AP B sin® 0(8o/mc?)*

242 pRR3sin® (6, /me?)’

Clearly, the modulation effect is not small when the
index of the exponent (80) is less than or of the order of

R =exp [— ] . (80)

unity. We can now determine the constraints on the energy
and angular spreads of the electron beam:

A<2 In2 2 (éﬂo) Bisinf ,
me

gON T X

05 2vin2 i ! . 81)

T xn
The larger the drift distance x, the progressively greater will
be the requirements on the quality of the electron beam.
Since the quantum modulation occurs over distances
x ~1/Aq,, we obtain very severe constraints on the
spreads for the effect to be observed:

0, ho (&, 2
g SAVIn2hot =) o0z )
2
n—1 how
< -
5~2v1n2nﬁ0sin0 & (82)

Let the interaction between the electron beam and light
occur in a gaseous atmosphere (n = 1 + An, where An < 1).
In this case &y > me, 0 ~ mc2/é”0, and the angular spread
of the electron beam has a dominant role in the cutting
factor [Eqn (80)]. The factor R can suitably be rewritten for
the further analysis as

T =xnd

R = exp(—w’T? s . 83
p( ) 4mc_ ( )
After the interaction, electrons reach the point of

observation x at different instances because of the angular
spread of the electrons. The time T is proportional to the
maximal difference between these times. The factor R is not
small if

T<Ty, (84)

where Ty = 2mc/w, is the average period of oscillation of
the electromagnetic wave. Since the duration of the wave is
> T,

T<1. (85)

By averaging the expressions (73) and (74) over the
spread [Eqn (71)] under the condition (85), we obtain the
expression

(t —ngz/c)’

—(1)(2)T2 - >
T

R =exp (86)

[for simplicity we do not take into account the dispersion
of the gaseous atmosphere n(w) =ny]. Clearly, under
condition (84) the cutting factor coincides with the
envelope of the electromagnetic wave
R = exp[—(t — ngz/c)*/7°]. If the wave duration is greater
than the time for which the modulation effect is observed
(t > At) and if condition (81) is satisfied, then R =1 and
the depth of modulation is maximum.

2.8 The classical and quantum theories of the Cherenkov

klystron

We shall consider the possibility of transmitting the kinetic
energy of an electron beam to a wave on the basis of the
SCE. The change in the energy of a single particle after the
interaction with the field [Eqn (11)] is determined in the
linear approximation with respect to the field in Sec-
tion 2.2. Here we extend this result to the electron beam.
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First we consider the case of a spatially homogeneous
particle beam before the interaction. It follows that the
same number of electrons falls within each phase of the
field. Since the sign of expression (13) depends on the
phase ¢, half the particles of the electron beam are
accelerated (A& > 0), and the other half are decelerated
(A& < 0). This presents significant problems as regards
accelerating the electrons so as to amplify the electro-
magnetic wave. In the first case only a small fraction of
electrons which fall within a proper phase of the wave is
maximally accelerated. In the second case the effect is
absent since the number of decelerated electrons is equal to
the number of accelerated electrons.

The last result can be illustrated vividly by determining
the energy loss (W) for the electron beam,

W= Jj-Edv . 87
Integration is performed over the whole space where the
interaction between the field and electrons occurs. If we
substitute the expression for the homogeneous electron
beam j=ep,v and take into account the fact that the
electric field strength is E = —c~'0A /¢ [see Eqn (11)], then
we obtain W = 0. The calculation shows that the electron
beam must be inhomogeneous, p = p(r, ), for an exchange
of energies between the wave and electrons to occur.

If the period of its spatial inhomogeneity is of the order
of the emission wavelength 4, then the balance between the
electrons falling within the decelerating and accelerating
phases is violated. In order to amplify the electromagnetic
wave the initial conditions are to be chosen so that the
number of decelerated electrons is greater than the number
of accelerated electrons. The scheme of such an amplifier is
well known in radiophysics and bears the name klystron
[39]. It was considered for the first time in the optical range
of frequencies by A N Skrinskii and N A Vinokurov for
the undulator version of the amplifier [45]. An interesting
method for increasing the efficiency of the klystron was
proposed in Ref. [46].

We shall now consider the feasibility of the Cherenkov
klystron. It is shown in Sections 2.3 and 2.4 that the current
and density of an electron beam are modulated by the SCE.
Since the oscillating terms of the currents [Eqns (30) and
(48)] are proportional to the outer field, the exchange of
energies between electrons and the field [Eqn (11)] occurs in
the second approximation with respect to the wave only.
Since the modulation effect can be both classical (x < x;)
and quantum (x >x;) in nature, we shall find the gain in
both cases.

To determine the gain of the classical Cherenkov
klystron we use the closed consistent system of the
Maxwell— Vlasov equations,

A
64‘\’ 5+F &—Os (88)
i=epo [0 ap (89)
4n . n’ OE 1 0H
curlH—TJ—i—?a, curlE——ZE (90)

(it is assumed that the magnetic permeability of the
medium is p=1).

In what follows we also use the system of equations
which results from combining Eqn (88) with the wave
equation

n’> 0’A _ 4n
2 o - c
where A is the vector potential of the electromagnetic wave.
As a rule the amplitude of the field A, [Eqn (2)] depends
weakly on the r coordinate in the amplifying medium. In

this case the left-hand side of Eqn (91) can be accelerated
and written as

VA i o1

n’> 0’A =
VA —— 2 —iexpli(wt —k-r)](k-V)A, +c.c.

c
On solving Eqn (91) we can find the gain for the amplitude
of the electromagnetic wave I;. In what follows we shall
always determine the gain for the intensity of the
electromagnetic wave I', which is related to I, by I' = 21I}.

In the analysis of different versions of the free electron
laser we restrict ourselves to the linear approximations of
the amplified wave and the gain (the latter implies that we
neglect the dependence of the amplitude on distance and
time). The general remarks having been made, we can
return to calculations of the Cherenkov klystron.

Let us study the scheme in Fig. 1 for Hy=10. An
electron beam crosses an electromagnetic wave propagating
along the z axis at an angle 6 and then moves in the drift
region x > d. In this region the current of the electron beam
is specified by the expression (26). At the distance x = x|
the same beam of light is again directed at the electron
beam by means of two mirrors R and R, and is amplified

or absorbed.
X
\' //f \
X 0

Rz§:\ [/ /)

\ N\
N\ VA A
Z Z

/
v
C
e
x! \/ .
Ji

Figure 1.

The vector potential of the amplified wave has the form
A, = JA(kX) exp(ik-r —iwt — ik, xo +i¢) dk, +c.c.,

92)
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where the phase ¢ is a function of the distance R R,
between the mirrors, and the amplitude A, varies slowly
with the z coordinate. As in the case of Eqn (11) the
Fourier transform is chosen so that the beam of light has
the Gaussian envelope of width 4 in the plane z = 0. (The
diffraction divergence of the light beam is assumed to be
small and its width is assumed to be close to a constant).

The simplest way to find the gain for a spatially
inhomogeneous wave is to use the energy relations. By
multiplying Eqn (90) by H and E and summing them up we
have

e H H j-E d ExH

o™ JHP + |HI?) = ——div(ExXH).  (93)

If we integrate both sides of this inequality over the
space between two parallel planes at a distance dz from
each other and neglect the rapidly oscillating terms, we have

b/2 0o -
dP =P(z,) — P(z)) = — dzj } dyj dxj-E, (94)
—b/2 —00
where,
c b/2 +00
P:—J dyJ dx (ExH)-n 95)
an )y —o0

is the flux of the energy of the electromagnetic wave, the vec-
tor n is directed along the z axis. Since there is no feedback
between the amplified wave [Eqn (92)] and the electron
beam [Eqn (26)], on passing through the interval [0, z] the
time averaged flux of the electromagnetic wave takes the
form

1 2
P=Py|l1+=Tz]| ,
o(1+37)

where P is the energy flux through the plain z =0 and

(96)

1 b/2 —+00 o
r=-— dy dxj-E . o7
VPoP J—h/2 J—oo
If I'z<1, then the wave is amplified linearly:

P = Py(1 +I'z), where the amplification factor is specified
by Eqn (97). On substituting the expression for the current
[Eqn (28)] and for the energy flux

V2r
Py=c A}
0= Ten (c) ociibd ©8)
into Eqn (97), we have
d C 2 1 ¢
2 /A 2 i
I' =4x 2‘rl'.p0e Z (5) Pe
9y 9 . god’
XJW( 6P +4q aP exp | ig,xo > dp+c.c.(99)

Since the amplitude A, of the field [Eqn (92)] varies slowly
with the coordinate z, the flux P is specified by means of
formula (98) with A4, in place of A,. The projection of the
wave vector ¢q is specified by Eqn (17).

The analysis of the previous section shows that the
integral in Eqn (99) is not small when inequality (79) holds.
On substituting the distribution function (70) and the
expansion (72) into Eqn (99), and integrating with respect
to the variables P,/, P,, P, with regard to Eqn (79) we get

— d mc®
F:81T.2 ZTCpOrOxOE%
0

(%)
()=o) (%) el

Here ry = ¢*/mc is the classical electron radius.
Clearly, the gain is not small if the phase ¢ = n/2, and

x(n* — 1) sin ¢exp{—

(100)

Xy < min{2 AByco PO ,
AL
/ 2
2vin2 n0(—2> ﬁ}. (101)
mc A”

The angular spread of the electron beam gives rise to the
principal constraint on the drift distance x, for relativistic
particles (& > mc?). In Section 2.9 we will discuss how the
effect of the angular spread can be neutralised by a
constant magnetic field. If xo = Av/21n2 Po/nd, n, then the
gain is maximum:

dPO me? n® —1
j.A éao n

We shall now determine the gain of the quantum
klystron. If we substitute the expressions for the current
[Eqn (48)] into Eqn (97) and average over the spread
[Eqn (70)] with regard to Eqn (79), then

I = 45p0}’0).

(102)

= 8nvV2n poroﬁo ——sin 6
2 2
X %sin (Ag,x,) sin ¢ exp{— 4;; 3 <)%>

2 2\2
G G () a0
Py B2 sin 0
Here Ag, = hiw(n* —1)/(26,vysin ). Since the quantum
modulation of the particle beam occurs over distances
xo ~ 1/Aq,, very severe constraints on the quality of the
electron beam [Eqn (82)] result.
Note also that the perturbation theory we use to
determine the currents [Eqns (26), (48)] is true for field

inequalities (31), (51) specified. In the classical limit
(n — 0), formula (103) goes into Eqn (100).

2.9 Theory of the Cherenkov klystron in a constant
magnetic field

The negative role of the angular spread of an electron beam
in the Cherenkov klystron can be neutralised by a constant
magnetic field, which is applied in the direction of motion
of the electrons (see Fig. 1). The gain for the electro-
magnetic wave is determined using the system of equations
(88), (90). In the case considered, the Lorentz force is

F = eB+5[-(H +Hy)] (104)

where the strength of the constant
H(0, 0, — H,) is opposite to the z axis.

In determining the electron distribution function, we
take into account the constant magnetic field exactly and
the modulating wave [Eqn (11)] in the first approximation.

magnetic field
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In a constant magnetic field the solution to Eqn (88) takes sin 6 —ig
r=-2 —

the form m\/_poe xod €

fl :f()(pOX” Poy> pO:’) . (105) % J(] ) 6 (quxr>
Here the function f is specified by the expression (70). The Op. Q
equations

. . . V) .
Dox' = Py €08 Qt — p, sin Qf , X foexp (lq«‘xo Ty oy S (p>
Poy = Py €08 Qt +p,rsin Qt (106) P
xexp| —= dp +c.c., 111

Poz = P; p ( 2 ) P ( )

are the characteristics of Eqn (88); Q= Qomcz/é"; where ¢, = gy cosf+gysinf, and the phase ¢ is a

Qq = |e|Hy/mc is the Larmor frequency; and
é = [(m"2)2+C2(p(2)xr+p%y+p(2):r)]]/2
= [(me®)* +|p]"".

In the first approximation with respect to the field
[Eqn (11)] we have

f=h+f,
where
- . o V14 ’
fo = —2mesin 6 . JJO( 0 >q:
(1)2 2 72 2
X5 6—2 n — |q | 5((,0 — q:,v:r)

xE  exp (iq'-r — it — i % sin (p) dg’ +c.c. (107)

is the Fourier transform of the electric field
E; =iwA,(q)/c [see Eqn (12)]; 6 is the angle between
the axes 7’ and z; tan @ = p, /p,; Jo(a) is the Bessel function
of zero order. In Eqn (107) only terms responsible for the
stimulated Cherenkov effect are taken into account:

w—qv,=0. (108)

Clearly, the difference between Eqns (108) and Eqn (195),
which we used to derive (102), is that the former involves
only one projection of the velocity v,. The calculations
show that this fact is crucial in neutralising the angular
spread of electrons in a constant magnetic field.

Let us determine x —the projection of the current of the
electron beam in the region x > d. Remembering that
v, = v cosfh+v,sinf and retaining only the terms oscil-
lating at the frequency w, we have

) . Vy! fO Vidy!
Jx = —TWe"p, sin 0](1 +v:: t0> . ( 0 )

xE, exp <iq-r — it —igy % sin go) dp+cc., (109)

where
(0]
qr=—, qu=—\/nfi-1,
Vi v-
PJ_cz
VL=Sgm PL=AP (110)

By substituting these expressions into Eqn (97) we find the
gain of the Cherenkov klystron,

function of the distance R;R, between the mirrors (see
Fig. 1).

If the average momentum p, of the electron beam is
chosen such that g,(py) =0, then the wave vector is

e (2

2
. . aPL
Povo sin 0 &3y sin 0

By substituting this expansion into Eqn (111) and
integrating with respect to the variables p., p,, ¢ we get

d 1
I = 87T2V27tp070x01%
2\3 N2
mc . 1 A nsin @
— I
x(g()) sin ¢ 0[81n2 ( Qome ) ]
o Y 2 2 A” mc2 2y 2
P A) 4In2 Bysin 6
| [wA nsin 0
8In2 Qymc '
Here Iy(a) is the modified Bessel function; v
& = [(mc*)’ +py]' .
Note also that the term proportional to (p. —po)2 is
omitted in the Taylor series expansion of ¢, since its

contribution is negligible.
Expression (112) is valid for

22 (po\ .
A Lo 0.
xo < B, (AL> sin

Clearly, this constraint on x,, associated with the angular
spread of the electron beam & = A4, /p,, is considerably
weaker than that defined by Eqn (101). If the strength of
the constant magnetic field is

(112)

= Poc'z/go;

(113)

1  wd;nsinf

Hy> , 114
7 VEBm2 el (L4
the phase is ¢ =m/2, and the distance is
v21 Zi( ) Bosinf,
then the gain is max1mum,
d Po me* 1,
I' =45pyrgh = nf. (115)
070 A A” éao nﬁo

By substituting the expression for x into Eqn (113) we find
the range of energies in which the constant magnetic field
neutralises the angular spread of the particle beam:

, V2In2 [py |4
ﬁO AL AL

me? < &y < mc

(116)
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Note in conclusion that in Ref. [47] the gain of the
Cherenkov klystron is examined in the case of a constant
magnetic field which is perpendicular to the velocity of
particles in the drift region.

2.10 The classical theory of the Cherenkov laser
We shall discuss the interaction between an electron beam
and a plane monochromatic wave,

A, =1 Agexpli(ot —kz)] +c.c., (117)
propagating in a dielectric medium with the index of
refraction n. The current of the electron beam can be
expanded into a series of the perturbation theory in terms
of the field
J=Jot+jiexpli(wt — kz)] +Jj, expi(wt — kz)] + ... . (118)
The first term j, = ep,v corresponds to the zero approx-
imation and, as is noted in Section 2.8, does not contribute
to the exchange of energies between the electron beam and
the wave (W =0). The current j, exp[i(wt — kz)] is linear
with respect to the field. Clearly, the integral in Eqn (87) is
not zero in this approximation. Thus the energy of
electrons can be transmitted to the wave, i.e., the
Cherenkov laser is feasible. The terms of the second and
higher orders in Eqn (118) are responsible for harmonics
and are not considered here.

The amplification of an electromagnetic wave in the
Cherenkov laser has the following important distinctions
from that in the Cherenkov klystron.

1. In the klystron the difference between the phases (¢)
of the current and the amplified wave is a function of the
distance R{R, between the mirrors. Thus it may be chosen
so that the number of electrons falling within the deceler-
ating phase is greater than the number of accelerated
electrons (W < 0). In the Cherenkov laser the difference
between the phases ¢ of the current j, expli(wt — kz)] and
the amplified wave [Eqn (117)] is a function of the
coefficient j; which is proportional to the derivative of
the electron distribution function [Eqn (120)]. Clearly, if the
distribution functions have extrema, then the sign of the
derivative and, consequently, the difference between the
phases ¢ can be chosen so that the electron beam transmits
its energy to the wave (W < 0).

2. An important distinction between the Cherenkov
laser and the Cherenkov klystron lies in the nature of
amplification. In the klystron scheme the velocities of the
electrons are modulated near the x = 0 plane, whereas the
electromagnetic wave is amplified near the x = x, plane (see
Fig. 1); there is no feedback between the current and the
wave. Hence the intensity of the wave grows linearly
(I'z < 1) or quadratically (I'z > 1) with z [see Eqn (96)].
In the Cherenkov laser, the field and the current are
specified at the same point. Therefore the electromagnetic
wave is amplified exponentially [see Eqn (124)].

We shall determine the gain of the Cherenkov laser
using the closed consistent system of equations (88), (90).
We suppose that the width of the beam (d) of the amplified
radiation is large (1/d <, 4/&) and the beam is approxi-
mated by the plane wave [Eqn (117)]. We suppose also that
the amplitude of the wave A, varies slowly with the z
coordinate.

On solving Eqn (81) in the linear approximation with
respect to the field we obtain the electron distribution
function in the form

f=rh+sh. (119)
Here f; is the initial electron distribution function,
: i 9o
= F- — .Cc. 120
.fl o — kl/: Ey? +c.c., ( )
the force,
1 kv, k
F=3e [EO (l — (‘;) + 6(VE):| exp[i(wt — kz)]
[Eq = —i(w/c)Ay is the amplitude of the electric field
strength]. The field [Eqn (117)] is assumed to be turned on

adiabatically slowly at t = —oo0.

By substituting Eqn (120) into Eqn (89) and integrating
by parts we arrive at the expression for the x-projection of
the current:

1
o= _EezpocAo expli(wt — kz)]
vePufo(P)

x UOT@ dp + (n* — 1)J(g_m_pz)2 dp] Tee (121

The first term in brackets yields the index of refraction of
the electron beam, and the second term is responsible for
amplification or absorption of the electromagnetic wave.

By substituting the current [Eqn (121)] into Eqn (93)
and integrating over the space between the z =z; and z =z,
planes, we have

b/2 a/2
dP = —dzJ dyJ dxj.E, . (122)
—bJ2 —a/2
Here,
1 no? 2
=— — abA 12
e DA} (123)

is the flux of the energy of the wave through the area
S =ab, and dP = P(z,) — P(z;) is the variation of the flux
over the interval dz =2z, — z;.

The solution to Eqn (122) has the form
P =Py, (124)

where P, is the flux of the energy of the wave through the
z =0 plane,

(125)

21 mc2vxpx i
lmJ( 5> f(p)dp .

n-—
I'=—-2p,ryi
PoTo " & —nep.)

If the distribution function has a maximum at p = p,,
then

=1

I'=—2pyrok me* vy, po,d - (126)
Here the factor
J= - J 4\ r(p)d 127
= —Im _— N
dx x ) O\ P

x=¢&—ncp.; rg=e"/mc* is the classical radius of an
electron; 4 is the wavelength of the amplified radiation. The
notation for the gain [Eqn (126)] is convenient for various
models of the electron distribution function. To establish
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the dependence of the amplification factor for the we have
Cherenkov laser on the energy spread of electrons, 2(41n 2)2 00 on p 4
fo(p)dp must be replaced by g(&)dé. The change of J 2—3] dGJ do (—> (& —6,)
fo(p)dp for g(0, ¢) d6dy makes it possible to examine the md%0 o 0 me
role of the angular spread of electrons. (€ _50)2 02

We consider the general case of Gaussian spreads of an X exp [—4 In2 — 4In2 §] ) (133)
electron beam in energies and angles,

where & is found from the equation
f(p)dp = g(¢,0)dé& do % ; (128) & —ncpcos =0 . (134)

8In2 1 (tg’_gof 9>
g(¢.0) = - 5—Aexp{—4ln2[T+§ .

In this case it is convenient to determine the quantity

1 —+00 00 0 27 p d 1
J:—lmﬁj dé”J d J do g(é, )(5)7)’(129)

—00 0 0

in the system of coordinates associated with the beam of
particles.

We direct the 7" axis along the central axis of the particle
beam and pass the x'z’ plane through the 7’ axis and the
vector A (Fig. 2). The angle 6, is the angle between the wave
vector k and the 7' axis, 6 is the angle between the 7 axis
and the velocity vector v, and & is the angle between the
wave vector k and the velocity vector v. Since the integrand
damps rapidly for & # &, and 6 # 0, the limits of integra-
tion for these variables are chosen to be [—oo, + oo] and
[0, +00], respectively.

>

(>

6[

Vo v

X
®
yl
Figure 2.
We can now write the new variables as
u=&—ncpcos®, v=0, v=g¢p, (130)
on the interval [Eqn (129)]. Then
1 +00 00 27 aép d 1
J=—Im —J duJ dvj dvg(u, 0, v) |—[—-] .
21 ) _o 0 0 Ou|\ du u
(131)

Integrating this expression by parts and using the rule,

=l
X —in Ip—+0

= ind(x) +P)lc, (132)

In formula (133) the contribution from electrons of all
possible directions of the velocity v is taken into account.
The greatest contribution is made by particles moving along

the axis z/. We find from Eqn (134) that the energy &,, is
2
mc
En = . (135)
" [ —n*2(00500)72]]/2
[t must be close enough to &, for the gain to be
exponentially low.
For velocities which make the angle 8 with the z axis the
energy is specified by the expression

2
mc
6= .
[1 —n2(cos0) )"/
Since only particles with energies close to &,, make nonzero

contributions, the denominator in Eqn (136) can be
expanded into the Taylor series

2
& =6, [1 — ftan 0, singo(pm) ] .

mc

(136)

(137)

Here we take into account the relation between the angle &
and the angles 6 and ¢ (see Fig. 2):

cos 0 = cos 0 cos (1 + tan Otan 6, sin @)

~ cos 0y(1 + Otan O, sin @) . (138)
(Analysis shows that it suffices to consider the linear
approximation in the expansion in terms of a small angle
0.)

The expansion [Eqn (137)] is true for beams with
angular spreads

\2
o< <ﬁ) cot b, .
Po

By substituting the expansion [Eqn (137)] into formula
(133) and factoring the slowly varying functions of angle
outside the integral sign, we have

(139)

4
J=2/m(41n2)*? <P_0> éme; )
mc

(6w — &0)°
X eXp [—41112"‘T , (140)
where the effective width is
4 1/2
D= [A2 + 582 (”—") tan? 0, sin’ (p] . (141)
mc

Since the dependence of the integrand on the angle ¢ is
complicated, it is integrated approximately with respect to
this variable. In what follows we assume that sin’ ¢ takes
the largest value—equal to unity.

Note that the same result can be obtained exactly if the
initial electron distribution function is chosen in the form of
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Eqn (70). The gain [Eqn (126)] peaks for the energy &,
where &, =&, — D/v/8In2, and is given by

2 2 4 .2

—1 ) 0

I'=161n 2\/Ep0rol n 2(5”0’711;o(fo/mc) s4m o ,
2e no A* + 6 E5(py/mc) tan? 6,

(142)

where e =2.718 ... is the base of the natural logarithm.
The frequency corresponding to the energy &, is found
from Eqn (134) for & =6,.

If the angular spread of an electron beam is

A \’
S< = (ﬂ> |cot 8| . (143)
&y \Po
then the gain depends solely on the energy spread,
2 3 2
ant—1 &
I = 8.4p,rodf3 2 (ﬂ> (—°> sin? 6, . (144)
n mc Y|

Note that in this case I' depends strongly on the average
energy of the particles (I' o (§y/mc?)’ if 4/&y = const).
For ordinary relativistic beams the inverse inequality

A (me\?
0> —|— |cotby
Po

&, , (145)
holds. In this case the gain depends solely on the angular
spread of the electron beam and is given by
me? n* =11

Clearly, the dependence of the gain on the energy of a
particle is totally different when the angular spread is taken
into account: the gain starts to decrease on increase in the
average energy of the electron beam as mc2/¢5’0.

[t is shown in Section 2.14 that the negative role of the
angular spread can be neutralised by a constant magnetic
field. Note also that the computational technique we have
developed in this section, for the analysis of the operation of
the Cherenkov laser, can be applied for gains for which the
inequality

A
r<rt2Y,
v

147)
holds. Here Av/v is the relative spread of the electron beam
in velocities in the direction in which the wave propagates.

The exponential growth of the amplitude of the plane
transverse wave [Eqn (117)] and, consequently, corrections
to the initial distribution function (120) mean that the
electron beam and the decelerating medium are an unstable
system, and the instability is of the Cherenkov nature. The
issues of absorption and growth of perturbations as a result
of the stimulated Cherenkov effect are well known and
studied in the theory of plasmas: Landau damping and
beam instability [48, 49].

In contrast to the cited schemes, the longitudinal wave is
decelerated in a plasma. Therefore, a plasma can be used as
an active medium only if there are converters of the
transverse wave into a longitudinal wave, and vice versa,
at the entry and at the exit from the plasma. The mechanism
of amplification and the computational technique for the
increment of instability are alike in both cases.

Note that according to the terminology adopted in
plasma physics there are two types of instability,

namely, the hydrodynamic and the kinetic instabil-
ity [49]. In the first type, the temperature of the plasma
and the energy spread of the electron beam can be
neglected, i.e., the increment of instability is a function
of the density of particles and their velocity. In the second
type both spreads are essential and, therefore, the increment
of instability is defined by distribution functions both for
the particle beam and for the plasma.

In our work we assume that inequality (147) holds, i.e.
the kinetic Cherenkov instability of the system is studied. In
Ref. [50] both kinetic and hydrodynamic instabilities were
considered (see also Section 2.14).

2.11 The quantum theory of the Cherenkov laser

If the angular spread of an electron beam is 6 — 0, then by
substituting f(p) dp = g(€) dé into Eqn (127) and integrat-
ing by parts, we have that the sign of the gain of the
Cherenkov laser depends on the derivative of the electron
energy distribution function. The physical meaning of this
fact can be made clear by the analysis of the SCE with the
aid of the laws of conservation of energy and momentum:

T Fho=6,, pTFhk=p,. (148)

Given the angle 0, between the wave vector k and the
momentum of a particle p, the system of equations (148)
governs the energy and momentum of electrons involved in
emission and absorption of a photon,

E =6 +NE, €T =6 -A¢. (149)

Here the energy &, is found from Eqn (134) for 6 = 6, and

Aéﬂ:%‘” (- 1)(’”—')2 .

mc

(150)

Since different electrons are involved in emission and
absorption, the radiation can be amplified if the number of
emitting electrons N(€~) is greater than the number of
absorbing electrons N(&'). Taking into account that
AN =N(&7) —N(") x g(¢7) —g(é"), and expanding
the distribution function into the Taylor series in terms
of the small parameter A&, we establish that the
overpopula-tion is AN x2(dg/d&;)AE >0 on the left-
hand wing of the electron energy distribution function.
From the classical standpoint (see Section 2.10) it follows
that for dg/dé&; >0 the number of particles in the
decelerating phase is larger than the number of accelerated
particles.

We shall now examine the role of the spin and
polarisation effects in the Cherenkov laser. We shall
determine the gain for the elliptically polarised monochro-
matic electromagnetic wave,

A, =A cos(kz —t), A, =—A,sin(kz —ot), (151)
using the closed consistent system of the Dirac and Maxwell
equations,

iﬁ%: [ca (ﬁ—fA> +mc2ﬁ:|l//, (152)
-
n® 9*A 4 .
VA-Gor =i (153)
j=echtay . (154)
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If the wave amplitudes A, vary slightly with the z
coordinate, then the solution to the Dirac equation in the
linear approximation with respect to the field is

Y=vo+v,+y_.

Here Y, is the initial wave function of the particle
beam (55); the terms

(155)

ec(py 4+ me)A, expli(kz — wt)]
w81 — np. F (hw/28)(n* — 1)]

Vo= Yo,  (156)

describe the processes of emitting and absorbing a photon;
the four-vectors ply —p“ + k", k" (w/c, 0, 0 K); the oper-
ators p = p,y¥, Ai = ”y ; the vectors A* = 1A, :I:fiA2.

The polarisation matrix of the density is assumed to be
of the form Eqn (§7) before the interaction. Then the
projections of the current of an energy homogeneous
electron beam are:

o= [0 - () e -]

x{[(l ey S

I’lﬁ:)z]A]

Fi(l —n?) + [ﬁ B, +i ’;;j ’"; (a3 —nao)]A2}
x expli(kz — wt)] +c.c. , (157)
=2 Ly (-]
=) B, 152 (s nan)a
0= - (1= np 1.}
x expli(kz — ot)] + c.c. (158)

We shall compare the x-projection of the current
[Eqn (157)] with the classical expression [Eqn (121)]. First
of all, note that the energies of particles involved in
emission and absorption are split in quantum calcula-
tions. According to the pole of the expression (157),

(ﬂ -1

Here — corresponds to emission of a photon and + to
absorption. The solutions to these equations are specified
by the expressions (149) and (150).

We shall compare the coefficient of A; [Eqn (157)] and
the numerator in the second term of Eqn (121). Clearly, the
quantum calculation introduces an additional term propor-
tional to (1 —nﬁz)z. Analysis of the expression for the
current in the nonrelativistic limit [Eqn (64)] shows that the
term is associated with the induced magnetisation of the
electron beam (a similar effect was considered in Sec-
tions 2.5, 2.6).

We shall now consider the coefficient of A,. The term
proportional to 8, B, is absent in expression (121) because it
is assumed that A, = 0. The term proportional to a3 — nay
is associated with the initial polarisation of the electron
beam (a similar effect was considered in Section 2.5).

1 —np. —IF (159)

Clearly, the polarised electron beam is an anisotropic
medium, having hydrotropy [44], with the coefficient

1 (a)p>2ﬁa) <mc2>2 (n* — 1)(a3 — nay)
g = — e _ —_—
Y 2\e) ENE) (1-npy —(hw/26) (R 1)
(160)
If we substitute Eqns (157) and (158) into Eqn (153),
and take into account the fact that the amplitudes of the
field [Eqn (151)] vary weakly with the z coordinate, we

arrive at the system of truncated differential equations for
A 1.2+

A
L:aA] +bA, , (161)
dz
dA
S22 A 4 dA, . (162)
dz
Here the coefficients are
a=iR[(1 —n*)B; — (1 —nB,)"] .
b= _R[(l - n2)ﬁxﬁy - lV] >
=iR[(1 —n”)B; — (1 —nB.)"] .
g =RI(1—)B.B, +1].
(u mc* o\ ) 17
" 2nwc & [(l nf.) = (2(5’) (=1 ] ’
2 47Te2,00
O =
and
fiw mc?
=3¢ & @ —nag)(n* —1) . (163)

First we consider the amplification of an electromag-
netic wave, which is linearly polarised along the x axis,
neglecting spin effects. The electron beam is assumed to
move in the xz plane and have a Gaussian energy spread

4In2\/* 1 (& —&,)°
g(é”)—( - > Zexp[—4ln2T].

By presenting the factor R [Eqn (163)] as a difference
between the amplitudes of emission and absorption of a
photon,

R~ [0y - (§—§)< - 1)2]_]
:—[ﬁ%(#—l)]]{[l—nﬁ +— (n —1)+111]]

-1
—[1 —nﬁ:—z—;(n2— 1)+i11] } . , (165)
714)

(164)

and averaging the right-hand side of Eqn (161) over
energies by means of the rule [Eqn (163)], we obtain the
gain for the intensity of the electromagnetic wave,

mVo Po
nhw

x8o[g(&) + A8) — g(&) — A8)] .

I = 2mpyroh sin® 6,

(166)
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Clearly, the gain depends on the extent to which the
processes of emitting and absorbing a photon are split. If
the quantity

o 5 14! ’
A =— (n —1)(—) <4, 167)
2 mc
then, expanding the function into the Taylor series, we
come back to formula (144). If the quantity A& > 4, then
for relativistic particles the initial conditions can be chosen
[l —npB, — (hw/28)(n* — 1) = 0] such that the contribution
of absorption is exponentially low. In this case the gain is
purely quantum in nature:

mvy p 28
I'=59pyro =L (—0> 2% 5in2 9, .

168
nhow \mc) 4 (168)

However, for large energies the angular spread of the
particle beam [Eqn (145)] comes into play. The feasibility
of this limiting case is up against the complicated problem
of generating particle beams with a negligible angular
spread [Eqn (143)]. If we average the poles of Eqn (165)
over the energy and angular spreads [Eqn (128)], then we
return to formula (142) as 7 — 0.

We shall analyze the contribution of spin to the
amplification of the electromagnetic wave. In order to
extract the pure spin interaction between an electron and
the wave, we suppose that the electron moves in parallel
with the z axis (B, = B, = 0). Amplification of an electro-
magnetic wave by a polarised electron beam is analyzed in
the next section. Here we consider amplification of an
electromagnetic wave by a nonpolarised electron beam
(I€] =0) due to its induced magnetisation. If the electron
beam has the Gaussian spread in energies [Eqn (116)], then
it follows from Eqns (161) and (162) that

B (112—1)2 o\ [ po\ (€0
F—2.1p0rolﬁOT (9@_0 E Z

[the contribution of the angular spread is not essential for
0, = 0; see Eqn (141)] The gain of the spin Cherenkov laser
is not large since fiw/&, < 1.

(169)

2.12 Rules of selection in the Cherenkov laser

It is possible to suppress completely photon absorption by
amplifying circularly polarised electromagnetic radiation
by a polarised electron beam (|{|#0). We shall show,
using the law of conservation of moment of momentum for
the photon-electron system, that suppression is possible
when all photons are polarised in a clockwise manner and
move along the z axis. The moment of momentum of such
photons is 7. Let the electron beam have the same direction
as the wave vector of photons. Electrons emit and absorb
photons according to the laws of conservation of energy
and momentum [Eqn (148)], as well as by the law of
conservation of moment of momentum,

SI::IZI';:SZZ . (170)

Here the z-projection of the moment of momentum of a
photon /I, runs the values 7, 0, —7; the z-projection of the
moment of momentum of an electron S, takes the values
7i/2 and —H/2.

If I.="1, S;. ="%/2 (photons are clockwise polarised,
electrons are polarised along the z axis), then electrons can
emit photons by flipping the spin: S,, = —7#/2. If electrons
are polarised in the direction opposite to the z axis
(S1, = —h/2), then the conservation law [Eqn (170)] per-

mits absorption of photons only. Thus an electron beam
polarised in the direction of motion is a totally over-
populated medium for a right-hand circularly polarised
light beam which propagates in the same direction.

In this case the gain for an electromagnetic wave can be
determined as follows. Let

A, =Agcos(wr —kz) ,

A, = Agsin(or — kz) (171

be the vector potential of the wave. On solving the Dirac
equation (152) in the linear approximation with respect to
field, we have

Y=y +¥, +y_, 172)
where ¥ is specified by Eqn (55),
ec(py + me)A . exp|Fi(wt — kz
‘pi ( + ) + [ ( )] lpo , (173)

= T 4sho — kv F (1P 28) (2 — 1) £ in],
Ag :fAO :I:fiAO. The other symbols are the same as in
Eqn (156).

If the polarisation matrix of the density of electrons has
the form of Eqn (57) before the interaction, then the x-
projection of the current is

_épyc

Jx = 18
[ (@ —kv)(1+¢)

o —kv + (hw?[28)(n? — 1) — in

Agexpli(owr — kz)]

(0= o)1~ 1)
o — kv — (A [28)(n* — 1) —in],

(174)

The y-projection of current has a similar form.

The first term in curly brackets in Eqn (174) describes
the emission of a photon, the second describes the
absorption of a photon. If {. =1, i.e., the particle beam
is fully polarised along the z axis, then the absorption
amplitude is zero and the gain is maximum.

If {, =0, then the only cause of amplification is the
induced magnetisation (see Section 2.6) and the amplifica-
tion is a function of the difference of amplitudes of emission
and absorption of a photon [see Eqn (168)]. By averaging
the current [Eqn (174)] over the spread [Eqn (164)] for
{.=1 and substituting the result into the truncated
equation (153), we have

2
me*\ & 0

I =18. — .
8 5Porolcﬁo<g0> y

Here Ac = li/mc is the Compton wavelength of an electron.

Comparison of gains for the intensity of an electro-
magnetic wave [Eqns (169) and (175)] shows that the
efficiency of the Cherenkov laser is greater by a factor
of A/hiw when absorption is suppressed. However, the
absolute value of I' [Eqn (175)] is not large in comparison
with Eqn (142) since the spin interaction between an
electron and the wave (H; = —u-H) is significantly weaker
than the orbital interaction (H, = —ecA-B,).

Note also that, in the spin laser, electrons and the
amplified wave travel in the same direction with almost the
same speed. Therefore they interact over a prolonged period
of time so that the effect can be observed.

(175)
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Note in conclusion that the classical and quantum
theories of spontaneous emission of the magnetic moment
(including forward direction) were considered in detail in
Refs [52—-54]. According to the results of Refs [52—53], on
threshold [l — (nv/c) =0 or =&, where &, is the
energy of an initial electron moving with the speed of
the wave given by Eqn (149)] both spontaneous and
stimulated Cherenkov effects are absent in the forward
direction. The spontaneous effect is absent in the forward
direction since the equation

v o , 4

l—n c= 28, (n"=1)
yields the zero frequency of the emitted photon.

In the case of the stimulated effect, the factor 1 — (nv/c)
nullifies both terms in the current [Eqn (174)]. If the
velocity of an electron is greater than the velocity of a
photon

c ho , ,
v n |: + 251 " ):|

or & =&, + Aé [see Eqn (149)], then the spontancous and
stimulated effects are possible and are of the order of the
loss [22, 54]. It is worthwhile to evaluate the velocity of an
electron which has emitted a photon. Since v, :c2p2/¢5’2,

we have
n — 1)] R

v_cl 10}

2 n [ 26,

i.e., the velocity of the electron is less than the velocity of
the photon. Thus the electron lags behind the emitted
fieldf.

2.13 Rotation of the polarisation plane

The polarisation characteristics of an electromagnetic wave
travelling within an electron beam can be examined with
the aid of the system of equations (161), (162). Since a
polarised electron beam is an anisotropic medium,
deformation and rotation of the ellipse of the electro-
magnetic wave [Eqn (151)] result. We shall dwell on the last
effect since it is useful in the analysis of the structure and
polarisation of an electron beam.

To simplify the problem it is convenient to separate
polarisation effects from amplification effects. It suffices to
assume that the inequality

|61 — &y] > 4 (176)
holds for the average energy of the electron beam. Here &,
is found from Eqn (134), 4 is the width of the energy
spread of the electron beam. In this case the right-hand
sides of Eqns (161), (162) may be averaged over the spread
of the electron beam [Eqn (128)] by simply replacing all the
parameters of the beam with the average quantities: & — &,
etc. In what follows we assume that BX =0, By = Psin6,
p. = PBcosB, and the sign of the average is omitted.

The solution for the amplitude A, is sought in the form

Ai(z) = fexp(ix;z) + lexp(ixp2) - (177)

fThe authors are grateful to D M Sedrakyan and V O Papanyan for
valuable comments on the issues.

The field [Eqn (151)] is assumed to be elliptically polarised
at the point z =0:

A(z=0)=Ao, Asz=0)=4,, . (178)

The principal axes of the ellipse are directed along x and y.
At an arbitrary point z we have

A =a;cos(k 1z — wt) + ay cos(k,z — wt) ,

A2 :a3sin(k|z—a)t)+a4sin(k2(,—(1)t) . (179)
Here

1
ay :A—H{VAo,v — [+ (1 _nﬁ:)Q]AOX} )

1
ap :A—n{—VAo,v + [+ (1 _”ﬁ:)z]Ao.x} )

1

az = _E{VAOX +[m+ (1 —”ﬁ:)2]A0y} ,

1
as = E{VAO)C + [+ (1= nﬁ:)z]AOy} , (180)

where

ma=—(1=nf.f +5 (1 )

(1o 2 -] 1)

AH:l’ll—l’lQ, k],2:k+Rllly2:k+X112.

The quantities R and v are specified by the expressions
(163). Let the system of coordinates (x’, y’, z) be rotated
through the angle,

2

1 _
¢=5 arctan{ZV 1+ 42 (xr

2 2 -1
—1 —1 . 2 Akz
x[(l +4x2)r . —8x<xr - 1) sszZ] } ,
(181)

about the system (x,y,z). Then the vector potential
[Eqn (179)] describes an ellipse whose principal axes are
directed along x’ and y’. The quantity Ak =k, — k,, and
r=Ag /Ay, is the axial ratio of the ellipse at the point
z =0; the parameter y = fiwmc*(a; — nag)/(26°B3).

If || <1 [or 6> (homc?|as — nag|)'/? /2cp), then rota-
tion of the ellipse is due mainly to the fact that the electron
beam moves at an angle 6 to the direction in which the wave
propagates:

1 2 w, 2 .
@y = 5 arctan {ﬁ sin [n (j) B’ sin’ 0
1 —n? me? 1

n & (1—n/3:)2%]}'

If || > 1 [or 8 < (Rwmc?|as — nag|)'’? /2¢p), then the angle
of rotation is a function of the polarisation of the electron
beam

T l> sin(Akz)

(182)

Tz
, =— 83+ - 183
(p;. n 83 ) ( )
Here the factor g; is specified by expression (160).

We shall consider constraints on the angular and energy
spreads of the electron beam in more detail. When
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averaging the factor R [Eqn (163)] the angular and energy
spreads can be neglected if

02
1 —nf+ > > 6,

I ﬁ+92 LA (meyn (184)
—nf+=>—|—F)] 5.
276\ € )P
Let 0 # 0. For definiteness we assume that
02
I —nf+= =305 (185)

Then the average energy of the electron beam is limited by
the inequality

1 /41
We assume also that
A 2\2
1_,,5233(%) . (187)

for 8 = 0.
Using the relations (185) and (187), we can conveniently
transform formulae (182) and (183) for numerical evalu-

ation:
2

2
mc” 1 r l—n
<P0:0-1P0r012527§ﬁ P (188)

En—1
Oy = C.poroAczp A 2 (189)

Here A¢ is the Compton wavelength of an electron, { is the
rate of polarisation of the electron beam along the z axis,
and ry is the classical radius of an electron.

2.14 Theory of the Cherenkov laser in a constant
magnetic field

The analysis of operation of the Cherenkov laser in
Section 2.10 shows that the efficiency of the laser is limited
by the angular spread of the electron beam [Eqn (146)].
The negative role of the angular spread can be neutralised
by applying a constant magnetic field along the particle
beam. We assume that an electron beam propagates along
the axis and has the Gaussian spread in momenta:

o(p) (4 In 2>3/2 I
JO = 5

2 2, 2
X exp [—41n2M—41n2’%

l L

» (190

and the strength of the constant magnetic field is
H,=—H,. Let the amplified wave be linearly polarised
in the xz plane and let it propagate at the angle 0 to the z
axis.

Ay =1Agexp(ior —ikz") +c.c. (191)

The vector potential given by Eqn (191) is written in the
system of coordinates x’, y, 7 associated with the wave.

We shall determine the gain for the electromagnetic
wave using the system of Eqns (88) and (91). If we solve the
kinetic equation for the constant magnetic field exactly and
for the amplified wave [Eqn (91)] in the first approximation,
then

A(p) =fo(py) +f1(p) - (192)

Here the function f; is specified by the expression (190), the
vector p, has the projections

Pox = Py €O Qt — p, sin Ot ,

Poy = Py €08 Qt +p, cos Ot , (193)
Poz: =Pz »
¢
Q=le|Hy —
|€| Oéy)’

& = [(mc?) + 3|po 1" = [(mc?)* + &2|p[)* .

The second term is

S i %_ . afO i
A= (i kZVOZ {Fl . (aPOX 1 apOy ¢

X exp i[wt —k.z—kx —k, %sin (Qr — (p’)] , (194)

where

eE v
Fr,x = 7 (COS 60— nﬁO:)Jr (kx %) s

eE rQ2 v,
F,.=—%(—sinf = k) 195
84 2i ( sim +”BOJ_ ka0L> r( X Q ( )
C2P0L 2 2 \1/2
VoL ="g > Pl = (poL + Poy) / ,
BOL:%_,l’ tango’:@.
(& Pox

Note that f; is in fact a function of all harmonics of the
frequency £, given by

+00 Q
hi=23 w—kvy, +7Q

r=—00

In Eqn (194) we retained only the zero harmonic (r = 0)
which is responsible for the SCE. The terms with r# 0
describe the cyclotron radiation of electrons in a dielectric
medium. The gain of the cyclotron laser for »r=—1 is
examined in the next section.

By substituting Eqn (192) into Eqn (89), changing the
variables p to p,, and singling out the terms proportional to
expli(wt — kz')], we obtain the expression for the x'-
projection of the current which is responsible for the
amplification of the electromagnetic wave [Eqn (191)]:

Jor = me?py sin®(BE,) exp i(wt — kz')

—+00 00
X J dpo; J dpo1por
0

—00

Vo O of, vi
o= k:VOZ apO: JO (k’( Q) ( 96)

We integrate with respect to the variable p,, in
accordance with the rule given by Eqn (132). By substitut-
ing the resultant expression into Eqn (91) and taking into
account the fact that the distribution function [Eqn (190)] is
maximum for py, = po, = 0and p,. = p,, we obtain the gain
of the Cherenkov laser in a constant magnetic field,
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' = —2564/n(In 2)5/2p0rol sin @ cos @ and the parameter R < 1:
2 50 éo
- k =
% (P_o) pomc J dpor (po. _pO)JO( XPOL) oL I' = 8.4pyroAp, sin GCOSB(A”) v (205)
mc A Q

2

X exp 741112!%—41112M : (197)
Here Qy = |e|H/mc, and the quantity py._ is found from the
equation

w—kvy, =0. (198)

To simplify the subsequent analysis we extract the
explicit dependence of py, on pg,. Let the solution to
Eqn (198) have the form py, =0 for py, =b. If py, #0,
then the quantity py, can be presented in the form

Po: = b+ qipoL + @2po. - (199)

If we substitute the last expression into Eqn (198), then
g1 =0, and ¢, = (b/mc)?/2b. The expansion of Eqn (199)
is true for q2Al < b. Since by = p, the average momen-

tum—or the average energy &, = [(mc’ ) 0]]/2
the electron beam is limited by the inequalltles
0<po <14, (200)

0

where 0 =4, /py is the angular spread of the electron

beam. The explicit dependence of the integrand on p,, can

be extracted by substituting Eqn (199) into Eqn (197).

However, the integration cannot be performed exactly.
We consider the two limiting cases:

(1) the magnetic field H, is arbitrary but the momentum of

electrons is limited by the inequalities

@47 < |b—pyl

A” 1/2
0<py <1 4— —_—
Po Ve (AL>

[the latter is a more severe constraint than Eqn (200)];
(2) the magnetic field is large [see Eqn (206)] and the
momentum of electrons belongs to the interval [Eqn (200)].

In the first case it follows from the inequality (201) that
Do: —Po = b —py. Taking into account this last fact and
integrating Eqn (197) with respect to the variable py,, we
have

or

(201)

2
I = —32¢/x (In 2)* pyro A sin’ ecose(Z—O> Po 1)
|| mc

d (202)

b— b—po)*
VLl - _4IH2M_R] .
AII I

Here,

A w’n’ sin® 0

81n2(mc)* R
is the argument of the modified Bessel function of zero
order.

Clearly, in the region defined by Eqn (201) the gain
[Eqn (202)] grows proportionally to the average momentum
(or to the average energy & :poc2/vo) of the electron
beam. The gain is maximum if the detuning is

(203)

(204)

Taking into account the definition of R [Eqn (203)], we
establish that the constant magnetic field is limited by the
inequality:

Hy > 0.4A—l

le|

We shall now examine the gain given by Eqn (197) in a

wider range of average momenta [Eqn (200)] [case (2)]. We

suppose that the magnetic field strength satisfies the

condition (206). Since pg; < 4,, we have in this case

that J§(k.por /mQ) ~ 1 in the integrand of Eqn (197).
Integrating with respect to the variable py,, we get

I' = 32+/r(In 2)*pyreAsin® 6 cos O

2
(P pomc 4]n2(b po)

Vrin2 4 2
a{ Zzn Aﬁ' p(%) [1—(?(%)]—1}. (207)

Here the quantity a = 2v/In2g,/4), the parameter

A l)‘
A — , (208)
) (fiz LA”

and the function @(x) is the probability integral [55].

We suppose that the longitudinal and transverse spreads
of the electron beam are of the same order: A” ~ A4,, and
the detuning is b — py ~ 4. In this case the argument of the
probability integral [Eqn (208)] is a function of the param-
eter

1 /b\4,
A, ==(—) =£.
@241 2(mc> b

If ¢g,4, <1, then the quantity d/2a > 1. Taking into
account the asymptotic expansion of the function @(x) for
x > 1, given by

B(x) = 1 —ﬁ (1 —2)‘6—2) exp(—x2)

and the inequality R < 1, we have that the expression (207)
coincides with Eqn (202) in this limit and with Eqn (205)
under the condition (205).

We use this fact to sharpen the upper bound for the
momentum p,. We suppose that the detuning b —p, is
specified by Eqn (204) for all values of p,. The expansion
(209) is true for 1/2x2 < 1. For definiteness we set
1/2x2 =0.1. Then, by use of Eqn (208), we find that the
gain of the Cherenkov laser has the form of Eqn (205) in the
region

1/2
0<po < 09mc(Al A”)

The argument of the probability integral, x =d/2a, first
decreases to zero (g4, ~ 1) and then to —1 (¢4, > 1) on
further increase in the momentum, p,. The gain is inversely
proportional to the average energy of the electron beam
within the region: I' o< mc?/&,.

Note also that in this range of momenta the expression
in curly brackets in Eqn (207) first decreases to zero and

wnsin 6 . (206)

AJ_])

=
L Vin2 (142g4, S£2"F0
2 4 4

a

(209)

(210)
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then becomes negative. This effect is due to the fact that the
momentum pg, = b+ g,4% [see Eqn (199)] becomes larger
than p, and the electron beam absorbs the energy of the
electromagnetic wave on the right-hand wing of the
distribution function (199) on increase in p,. Thus the
region where the gain grows linearly on increase in the
average momentum of the electron beam is limited by the
inequality (210).

We shall show in conclusion that linear, not cubic [see
Eqn (144)], dependence of the gain [Eqn (205)] on the
average energy of electrons can be interpreted simply by
using the law of conservation of energy and momentum (see
Section 2.15). On solving the system of equations (212) for
r =1, we find that the z-projections of momenta of electrons
involved in emission and absorption of a photon differ in
Ap, where

_ﬁw

=— 211
T 211)

Ap
Clearly, in this case the asymmetric part of the momen-
tum and, consequently, of the gain does not contain the
factor (po/mc)*(n* —1) characteristic of the Cherenkov
effect [see Eqn (150)].

Note that the theory of the Cherenkov laser was also
developed by Walsh [S0]. Our investigations show that one
of the principal parameters on which the operation of the
Cherenkov laser depends is the angular spread of the
electron beam, . The principal distinction between Wal-
sh’s work and our work is that he does not consider the
angular spread of the particle beam. To justify his model,
Walsh supposes that an infinitely large magnetic field is
applied along the electron beam. Clearly, the magnetic field
does not eliminate the angular spread of an electron beam.
Let us consider a spatially homogeneous electron beam be
described at the point (x, y, z) by the distribution function
(190). If a constant magnetic field is applied along the beam
(the z axis), then electrons start to rotate in the xy plane. If
the electron beam is homogeneous, then the number of
electrons which have a momentum p,; and start from the
point is exactly equal to the number of electrons which have
the same momentum and come to the same point. Therefore
the angular spread of electrons is the same. (Here we have
not accounted for effects such as the magnetobraking
radiation and scattering of electrons by molecules of the
medium). This conclusion is verified by exact calculations
with the use of Eqns (192), (193). Therefore the energy and
the angular spreads are to be taken into account if one
wants to describe operation of the Cherenkov laser in the
region [Eqn (147)].

2.15 Stimulated cyclotron radiation near the Cherenkov
cone

The analysis of Sections 2.9 and 2.14 shows that a constant
magnetic field has a significant effect on the SCE. We shall
now study the influence of a dielectric medium on the
stimulated cyclotron radiation of electrons. The stimulated
radiation of electrons moving in a constant magnetic field
in vacuum (the cyclotron resonance laser) has been well
studied theoretically and experimentally [56—58].

We will see here how the feasible region of such
generators can be extended to the regions of the infrared
and visible spectrum of electromagnetic waves. The central
difficulty of this problem, i.e., how to create high-intensity
magnetic fields and high-precision high-energy electron

beams, can be bypassed by considering the cyclotron
radiation in a dielectric medium near the Cherenkov
cone [Eqn (1)].

We shall examine the operational characteristics of the
cyclotron resonance laser using the laws of conservation of
energy and momentum together with the dispersion equa-
tion:

S}

@ 2
pE Lk, =p, C—2n2:|k| . (212)

& tho=_¢,

Here the energy &, = [(mc*)* + p2+
2mc*hQy(r+1/2)]'?, r=0,1,2, ... are arbitrary num-
bers, n is the index of refraction of the gaseous atmosphere,
Qo = |e|Hy/mc is the Larmor frequency, Hy is the strength
of the constant magnetic field which is applied in the
direction opposite to the z axis. Emission or absorption of
a photon is accompanied by electron transition from the
level r to the level I

If r=1 then Eqns (212) describe the SCE (see
Sections 2.9, 2.14). Other transitions (r #[) describe the
stimulated cyclotron radiation on all harmonics of the
Larmor frequency. We dwell on the first harmonic:
r—1==1. Let the photon beam be directed along the z
axis (k, =0). Once the quantum numbers r and / are
determined and the frequencies €, and w are fixed, the
system of equations (212) specifies the z-projections of the
momenta of electrons which are involved in emission (—)
and absorption (4),

p: =poEAp. (213)
The quantity p, is found from the equation
o= m 214)
1—np, &,
and the asymmetric part of the momentum from
2
Ap = % ’1814:[;) : 215)

Here f, = poc/&,. If n > 1 then Ap > 0, and amplification,
as is the case with Eqn (150), occurs on the left-hand wing
of the Gaussian spread of the electron beam in the z-
projections of momentum.

Note that in the adopted geometry (the wave vector of
photons and the constant magnetic field are directed along
the z axis):

(a) the asymmetric part of the momentum and, conse-
quently, the gain of the cyclotron laser (I' ~ Ap 0f,/0Op,) are
nonzero in a dielectric medium (n # 1) only;

(b) the Cherenkov factor (I —nf,) in Eqn (214) can be
made arbitrarily small; thus amplification can be obtained
in the region of the optical frequencies even for weak
magnetic fields (clearly, n < 1 for x-ray frequencies and the
cited consideration is no longer true).

We shall find the gain for the electromagnetic wave
described by

A, =Aysin(of —kz), A, =A,cos(wt —kz), (216)

by using system of equations (88), (91). The constant
magnetic field is assumed to be applied along the z axis.
The electron propagation function is found from Eqn (88)
by taking account of the constant magnetic field exactly
and the amplified wave in the first approximation:

Ap) =fo(po) +11 - (217)
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Here the characteristics p, are specified by the expres-
sions (193) and the linear addition with respect to the field
[Eqn (216)] by

fi = —e{G, exp i[(w + Q)t — kz]

+B; exp i[(w — Q)t — kz]} +c.c., (218)
where
G i GoEy B,QE.
T e el —nfo;) Q@+ w(l —np))
it B,QE |
Q +o(1 —nfy,)’
5 _i GiE_ B3QE_
! Q—o(l —nfy,) [Q-w(l _nﬁ:)]2
. BIOE
Q ol —npy.)’
1 —npy, <afo afo) np_ ofy
Gy =—= — =)+ ==
: 2 Opox Opy, 2 aP0~
) 0
B .B (ﬁO) fo ﬁOx afo )
Poy
lw .
E, = 3 ?(_AI +45),  Bi=(Box £iBoy) >
mc? 21172
Q=07 &=[m)+cp}] (219)

The terms proportional to B; describe the amplification
at the normal frequency (1 —nf,, >0), and the terms
proportional to G; the amplification at the abnormal
frequency (1 —nfy, <0). In what follows we consider
only the first case and assume that the amplified wave is
circularly polarised (A; = A, = Ay):

(220)

(0]
E,=0, E_=-——A,.
B

Retaining only the time-dependent terms [such as
exp(iwt)] in expression (89) for the current, we have

i [0}
Jy = %poez—Ao exp i(wt — kz)
p

00 +00 27
VOJ_poJ_(l - ”Bo~)
X d d J d =
Jo Pos Loo bo: 0 ¢ Q—a(l —npy,) +in

9o i afo) afo]

X \a—+— +np
[(apu PoL 0@ = Opo;
Expression (221) is written in the cylindrical coordinate
system (po1, po.,» @). If the amplitude, A,, varies slowly

with the z coordinate, then the gain of the cyclotron laser
can be found:

om 00 —+00 27
I'=Reqi— 62,00 J dpoy J dpo. J deo
n 0 0

+c.c.
n—0

(221)

—00

Borpor (1 —npy,)
Q- 60(1 - nﬁOz) + ”1

O ;%) o ]
X [(apm * PoL O ﬁM }

X

(222)

n—0

We choose the initial electron distribution function, with
regard for the cylindrical symmetry of the problem, in the
form:
4In2 1

Ao

_ 2 _ 2
x expl —41n 2 (€ — &) —41n2 (0= ) ,
P A2 5

§(¢.,0) =

(223)

where 0 is the angle between the velocity of the electron and
the z axis. We are now going from the electron distribution
function in the momentum space fo(p) to the energy and
angle distribution functions given by Eqn (223). From rule
(132) we have that
2 .2
I = —16y/m(n2)"pyrgs ! i sin” 6y

(B, — ncosBy)’

2
¢1-% p[—4 In2 (511)——2&))] . (224)

where ry = ¢’ /mc? is the classical radius of an electron,
2 2y211/2
g=P0 . _ [65— (me )1
0 éyo 5 0 ¢ )
Be sin? 6, ] 12
(By — ncos )’

is the effective width, the energy &, is found from the
equation

mc épo éﬂ]
D’ D

£+ 88 (225)

Qomc’ &
_ _Seomc /) ) (226)
1 —np, cos B,
Br=05. and & =[me) + Pl
!
When integrating we use the inequality
|Bo — ncos O] > dnf sin 6 . (227)

If the frequencies w and Q, = |e|H,/mc are chosen such

that &, =&y — (D/v81In2), then the gain [Eqn (224)] is
maximum:
2 4.2
— 1
I'=42pyrgd Bosin” 0

(o — ncosbo)
ﬁg sin” 0, ) -

(B, — ncosby)’ (228)

x&ymc* <A2 +6°&n’

B3 sin 6, A

Sn—r0> 0y =
" |Bo —ncosby| = &~

then the amplification depends solely on the angular spread
of the electron beam and is independent of the angle 0,:

I'=42pyrgd —— (229)
Clearly, the amplification factors for the cyclotron laser
and the Cherenkov laser are practically the same.

Note in conclusion that the related issues of the
cyclotron laser were considered in Ref. [59].

2.16 Experimental observation of the stimulated
Cherenkov effect

In this section we will determine when the above effects can
be observed experimentally. Clearly, it is worthwhile to use a
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gasecous atmosphere for the spatial SCE. Thus the neg-

ative role of multiple scatterings of electrons by atoms can

be reduced. Since the index of refraction of a gaseous

atmosphere is close to unity (n = 1 + An, where An ~ 107%),

it follows from the condition 1 — nf cos 6 = 0 that the energy

& and angle 0 of the particle are limited by the inequalities
c

2\2
0> < 2An, <m—) <2An. (230)

3

If An=0.5x 107", then 8 < 107> rad and & > 50 MeV.

Consequently, the SCE is only possible for relativistic
electron beams in the usual gaseous atmospheres. If a
resonance gas is used, then An can be increased up to a
value of order of 1072, Thus the energy of the particles is
diminished from 3.5—1.1 MeV and the angle 6 is increased
from 0.1-0.4 rad. In this case, however, the resonance
condition imposes a severe constraint on the frequency of
the electromagnetic radiation: o ~ w,, where w, is the
frequency of the resonance transition of an atom or
molecule.

We shall determine when dynamic effects can be
observed. For estimates the following relations may be
useful:

& =0.85x1074/P,, & =0.61x107°1,/P, ,(231)

where P, and P, represent the wave power (measured in
watts per square centimetre), A is its wavelength (in
micrometres), &= |e|A,/mc® is a dimensionless para-
meter, and the indices 1 and 2 correspond to linear and
circular polarisation of radiation.

If the laser radiating power is P = 4.5 x 10" w cm_z,
A =1.06 pm, and the width of the beam is 2d = 2 mm, the
amplitude A& [Eqn (14)]is equal to 10° eV. Since the energy
of a photon is iw = 1.2 eV, an electron can emit or absorb
up to 10 photons due to the SCE. Clearly, multiple
repetition of this process is necessary to achieve a sig-
nificant acceleration.

We shall now evaluate the fields which are required for
quantum modulation of the current and density of the
electron beam [Eqns (46), (48)]. The depth of modulation
runs to 10%  for the laser radiating power
P=16x10*Wem™>, A=1.06um, d=1mm. If the
refractive index of the gaseous atmosphere is n = 1.021,
the energy of the particles is & = 2.5 MeV, and the angle is
6 =2.77 x 1072, the gap x; = 1/Aq, between the regions of
quantum and classical modulation is equal to 45.4 cm.

Let us now assume that the mechanism of emission and
absorption of photons is based on the interaction between
the magnetic moment of electrons and the radiation (see
Section 2.5). We suppose that the particle beam with the
above parameters is fully polarised along the x axis
({, =1). In this case the laser radiating power must be
P=49x10" W em~? for the depth of modulation to run
to 10 % [see Eqns (59), (60)]. We shall assess the possibility
of magnetisation of a particle beam on the basis of the SCE.
If an electron beam is not polarised before the interaction
(I€] = 0), then after the interaction the magnetisation level
n, = max (I, /poi) along the x axis [see Eqn (68)] is 31.6 %
for P=12x10"" Wem™, A=1.06 pm, n=1.021. The
depth of magnetisation modulation of a polarised electron
beam associated with the modulation ofits density, given by
Eqn (68), runs to 10 % for P =1.6 x 107* W ecm 2.

In all cited cases the angular and energy spreads of an
electron beam must satisfy the conditions (82). For the

above parameters 4/8 =~ 0.7 x 10_6, 0~ 1.02 x 10_6, and
the constraints on the angular and energy spreads can be
made weak by means of a constant magnetic field and the
use of a resonance medium with n = 1.1-1.01, respec-
tively. Note that such severe constraints on the quality of an
electron beam are the main obstacle to the experimental
observation of quantum effects.

We are coming to the analysis of several schemes of how
to amplify the electromagnetic radiation on the basis of the
SCE. Although the gain of the quantum klystron is large
[see Eqn (103)], unique particle beams, as is noted above,
are required for its implementation. Let us compare the
gain for the Cherenkov klystron [Eqn (102)], I = I'y;, with
that for the Cherenkov klystron in a constant magnetic field
[Eqn (115)], I' = I'}. Their ratio is

g nsinf A4,
—_— =, 232
Fa  By(n* —1) 4 32

If the angle 6 and the energy of particles & is related to the
refractive index n = 1 + An by the equation 6 = mc*/&, =
VAn, and the longitudinal and transverse spreads are of the
same order 4~ 4, then the ratio

L _ &
Fkl _2mc2

> 1

for relativistic particles.

Let us compare the gains for the Cherenkov laser
[Eqn (146)], I' =1, and for the Cherenkov laser in a
constant magnetic field (215): I' = I'!'. Their ratio is

i (& n’sin’0 (4, Y

o \me?) n?—1 4,)
If 6 =+2An, A ~ A”, mcz/zg’ < 0, then

I _ (&Y

(20 1

I, (mc2 >
in the range of momenta the condition (210) specifies.
Clearly, a magnetic field enables the efficiency of
amplification to be increased greatly both for the klystron
and for the laser.

Let us compare the gains of the Cherenkov laser, given
by Eqn (205), and of the Cherenkov klystron [Eqn (115)]:

(233)

F|H ). Po (590 2 .

—=02-—|— 0. 234

ra d A \mc? Posin @3
If, for example, d/A=py/4), 0 = mc? &, then the ratio is

FH

“L_o2 o )

Ff, mc?

Clearly, in this case I'! < I'f| if & < 5mc?; and I'f > I'f}
if &y > 5mc®. Let the average energy of an electron beam
be &=12.6MeV; A)/py=10""; p,=2x10""cm™;
n=1.0016; 6 =397 x 1072 rad; and the strength of the
constant magnetic field H =100 kG. Then the gain
[Eqn (205)] is I'f =02 em™'  over the wavelength
A=1pm.

In conclusion we will examine optical polarisation
effects in a system of the Cherenkov laser type (see
Section 2.13). If an electron beam moves at an angle to
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the direction of a propagating wave and it is polarised, then
a rotation of the polarisation ellipse of the test signal
[Eqn (181)] results. Taking account of Eqn (188), we find
that the contribution of magnetisation of the electron beam
in the effect is negligible. If the density of particles is
pPo = 10" cm™, their average energy is & = 6.65 MeV;
0=A4/6 =107, the wavelength of the test signal is
4 =0.67 um; the angle is 6 =6.9 x 1072 rad; the coeffi-
cient is r = 1.6. This implies that @y = 1.4 x 107 rad for
the region of interaction L = 1 cm.

Let a particle beam and a wave propagate in the same
direction. In this case, rotation is due to the spins of
electrons [Eqn (189)]. If the particles are fully polarised
along the z axis({, =1), & =4.98 MeV, p, = 10'2 cm ™3,
L =10 m, then the angle is ¢, =1.1 x 1077 rad. The
refractive index (n) of the gaseous atmosphere is assumed
to be equal to 1.005 in both cases.

3. The stimulated surface Cherenkov effect
(SCCE)

In the Cherenkov laser and Cherenkov klystron, the
electron beam propagates in a dielectric medium at an
angle to the amplified radiation. Clearly, this presents
problems in the transportation of the electron beam and
restricts the region of its interaction with the wave. The
region of interaction between electrons and the wave can be
chosen arbitrarily if the amplified wave propagates in a
waveguide and the electron beam moves over its surface.
As is known from Ref. [14], electrons moving over a
dielectric medium can spontaneously emit electromagnetic
radiation if the electron velocity, the frequency, and the
wave vector of the wave are related by the equation,

(235)

Here the z axis is directed along the surface of the medium,
v is the velocity of an electron along the same axis, and k_ is
the z-projection of the wave vector of the wave. Equation
(235) coincides with the condition for the spontaneous
emission of an electromagnetic wave in an unbounded
dielectric medium, given by Eqn (1). Note that in both
cases the spontaneous emission intensities are quantities of
the same order provided that the distance from the electron
to the surface of the dielectric medium is not large.

The situation is totally different in the case of the SCE.
In the first case (an unbounded medium) the asymmetric
part of the loss is always nonzero [see Eqns (42), (150)] and,
thus, the electromagnetic wave can be amplified (see
Sections 2.8, 2.10); in the second case it is often impossible
to separate the emission and the radiation of photons. We
shall show this using the law of conservation of energy of
momentum.

Let an electromagnetic wave propagate in a plane
waveguide placed in a dielectric (gaseous) medium. The
expressions for the projections of the electric field within the
waveguide and outside it, and the dispersion equation are
all given in Section 3.1 [see Eqns (247)—(250)]. Note that
unlike in an unbounded medium, the x-projection of the
wave vector over the surface of the dielectric is a purely
imaginary quantity: k, = ig,.

To establish the conditions for emission and absorption
of a photon we use the Klein —Gordon equations (33). The
principal problem is how to choose the initial wave function
of the electron. From the classical standpoint the electron

w—kyv=0.

moves only over the surface of the dielectric. To obtain a
quantum mechanical description adequate to the classical
description we suppose that the wave function of the
electron has the form of the de Broglie wave over the
surface of the waveguide and is zero inside the waveguide:

V= %exp(—i%t—i—i%z), x>a,

v =0, x<a.

(The field of the crystal is approximated by an infinitely high
potential barrier.) This choice is in good agreement with
experimental results according to which slow electrons
penetrate a crystal thickness of several atomic layers
[Maradulin A in Defekty i Kolebatel’nyi Spektr Kristallov
(Defects and Vibrational Spectrum of Crystals) (Moscow:
Nauka, 1968), p. 359].

We assume that the field, described by Eqn (247), is
adiabatically slow, and turned on and off at z = FFoo. The
z-projection of the vector potential is presented as

A, = —21—; E.explik.z — wt) — q.x] + c.c.

In the linear approximation with respect to the field the
wave function of an electron takes the form

Y=vo+v_+y,,

where ¥, is the initial wave function of the electron, and
the terms . describe emission and absorption of a photon.
We shall seek the function ¥ in the form

Ve = 02(0) exp Hw T o) — q] .

By substituting this expression into Eqn (33) and integrat-
ing the second-order equation as it is done in Section 2.4,
we find the wave functions after the interaction:

2neE, pvc2 p
Wq: —_ Rz o

w 26
EFh .p, F ik,
Xex‘p(—l :l;i mt—(hx—k#%z)

xé[((g’q: + hw)z + (h(hc)z - (mc2)2 - (p: + hk:)2c2] :

Taking into account the relation (248) we establish that an
electron can emit or absorb a photon when its initial energy
(¢ — &T) and momentum (p, — p7) satisfy the condi-
tions,

(67 F ho)’ + (figec) — (pT Fhk.)’e = (mc*)?
2

w

2 "% = k2 - %2: .

(236)

Since the electron moves in the region x > a, and the
field [Eqn (247)] does not have a determinate value of the x-
projection of the wave vector, there is no point in suggesting
a determinate value of the x-projection both for the initial
and for the final state of the electron in the case of the
SCCE in contrast to the SCE.

Formally we assume that the momentum of the particle
can take imaginary values. In this case conditions (236) can
be found with the aid of the system of equations
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éﬂ::F}’hl('o:éza !)?::Fhk::p2:9

(0]
FIKT =pac, ot =ki AL (237)

Here ki =iq,, k; = (k})*, where + corresponds to
absorption of a photon and — to emission of a photon.
Although only the corollary [Eqn (236)] to this system of
equations is physically meaningful [in calculations
&5 = me?) + (c|pa))’ (pL)* = —|pL|* are to be taken
into account], it is convenient for analysis since it is
analogous to the ordinary system of equations (148).
According to Eqn (236), in vacuum (n; = 1) the same
electron is involved in both processes. Its velocity can be
found from Eqn (235). Since the absolute values of the
amplitudes of both processes also coincide, the depth of the
klystron modulation (see Section 2.8), the overpopulation
of the electron beam (see Section 2.11), and the gains for
the Cherenkov laser and Cherenkov klystron are zero. This
peculiar degeneration can be removed in three ways: (1) by
placing the waveguide in a gaseous atmosphere; (2) by
applying a constant magnetic field along the waveguide;
and (3) by considering amplification by particles whose
velocities lie outside the Cherenkov cone.
(1) If the waveguide is placed in a gaseous atmosphere
(ny # 1), then it follows from system of equations (236)
that the energies of particles involved in emission and
absorption of a photon are different:

EF =6 LAE . (238)

Here the quantity & is found from Eqn (235), and the
asymmetric part of the energy is

2
A8 = % fiw(n? — 1) <i) . (239)

mc
(2) Let a constant magnetic field be applied along the
surface of a waveguide placed in vacuum. The energies and
momenta of electrons involved in emission and absorption
are found from the equations

(,02

EFFho =81, pTFhk.=p., —3=ki+k:. (240)

Here &,, where

1/2

é, = [(mc2)2 + *p? 4 2mc*hQ, <r + %)]
is the energy of an electron in the constant magnetic field;
r=1,2,...; Q= |e|Hy/mc is the Larmor frequency; k, is
the z-projection of the wave vector of the field described by
Eqn (247).

If r =1, and the frequency w and the wave vector k, of
the photon are given, then the system of equations (240)
specifies the z-projections of the momenta of particles
involved in emission (—) and absorption (4) of the photon:

pI=p+Ap. (241)
The quantity p is found from Eqn (235) and
Ap = ho . (242)
2v

Clearly, the degeneration is removed because the law of
conservation of momentum is violated along the x axis (the
direction perpendicular to the magnetic field).

(3) Let an electron, with an energy & and momentum
p(0, 0, p) before the interaction, interact with the field

[Eqn (247)] within a finite portion of the waveguide,
L >7>0. The calculation of the amplitudes of the
probabilities of emission and absorption of a photon
shows that, in this case, the law of conservation of
momentum along the z axis,

p. F ik, = pT (243)

can be violated. Therefore emission and absorption of a
photon [combined with the dispersion equation (248)] are
governed by the equations
?

EFho=6F, Fmkf=pF, c—2:k§ +k2 . (244)
Since the waveguide is placed in vacuum, n; = 1.

The z-projection of the momentum of the electron after
the interaction can be determined as follows. Taking into
account

1
pf == (%) = (pT) = (me?))'",
and using Eqn (244), we have
—k, i(w — k,
p: =p¢h(k: +u> ik, Mo —kev)
v pv

The comparison between this inequality and Eqn (243)
shows that in the field [Eqn (247)] an electron whose velocity
lies outside the Cherenkov cone absorbs and emits photons
which have the z-projections of the wave vectors QlL given
by

(245)

w—k.v

0F =k +——= FAQ #k. .
Here the term
AQ =k, Mo —kv). (246)
pv

Clearly it introduces an asymmetry in emission and
absorption. Since in this case the synchronism condition
(235) is not satisfied, it is not, strictly speaking, the
Cherenkov effect.

A somewhat different approach to the analysis of
stimulated processes in fields with singularities at certain
points [in our case this corresponds to turning on and off
the field at the points z =(0,L)] was considered by
V M Arutyunyan and S G Oganesyan [Zh. Eksp. Teor.
Fiz. 72 466 (1977)].

All three possibilities for removing the degeneracy are
used in Sections 3.2 and 3.3 to obtain a modulated electron
beam. In Section 3.3 the role of the angular and energy
spreads of an electron beam is examined. In Sections 3.4—
3.7 we show that the SSCE can be used to develop the
Cherenkov laser and the Cherenkov klystron [60—64]. In
Section 3.1 the dynamics of a particle in the field of a
surface wave is studied.

Since the quantum effects are thoroughly studied in
Section 2 in the case of the SCE, the analysis of this section
is based on the classical equations only.

3.1 Motion of an electron in the presence of a surface
wave

Let a monochromatic electromagnetic wave propagate in a
dielectric waveguide of thickness 2a and of infinite length
and width (Fig. 3). The waveguide is symmetric about the
yz plane. The strength of the electric field of an
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electromagnetic TM wave over the waveguide (x > a) is
given by
k. E,

E, =t
! k

E.=E expilk,x +k.z—wt), (247)

X

where k., k, =0, and k, are the projections of the wave
vector k [65]. Assuming total internal reflection, we find
that k, is a pure imaginary quantity, k, = ig,, where

2

L=k - (f—z . (248)
X
c
o— a
SN N\A .
O

Figure 3.

(It is assumed that the waveguide is placed in a gaseous
atmosphere of refractive index n;). In the waveguide,

E, = E, sin(kix)expi(kiz — wt) ,

!

k;,
E, =i— E, cos(kix)expi(kiz — wt) ,

249
v (249)
and the dispersion equation takes the form
2
= () + ()7 (250)

c
where n, is the refractive index of the waveguide.
Since the fields are continuous on the boundary, the z-

projections of the wave vectors of the fields [Eqns (247),
(249)] are related by the equations

2
— N dx
k)’
The amplitudes of the fields, given by Eqns (247), (249),
are related by the equation,

k. =k,

tank’a (251)

Ey, = Ey, sin(Ka) exp(q,a) . 252)

The solutions to Eqn (251) give the set of natural modes of
the waveguide.

Let an electron move in parallel with the surface of the
waveguide before the interaction:

x=x9, y=0, =29+ Vot . (253)

We shall find the changes in its momentum and energy in
two cases: (1) the field is turned on adiabatically slowly,
and (2) the electron interacts with the wave within a finite
portion of the waveguide (L >z = 0).

In the first case, by substituting the expressions for
electric [see Eqn (247)] and magnetic [H = c(k X E)/o]
fields into Eqn (3) we have

p=py+Ap, E=6E,+AE.
Here
eE . (w—k.c
Ap, = m exp(—qyxo) coslk zo + (k,vo —)t] ,

Ap, =0,

Ap. =— exp(—gqyxo) sinfk.zg + (k,vy — w)t] ,

€L,
w — k:VO

eEI:

A& = —v, exp(—qyxo) sinfk.zo + (k,vy — )],

w — k: Vo
(254)

where the velocity v, :poc2/é"0. Note that the expressions
(254) differ from Eqns (6), (7) in the cutting factor,
exp(—gyxg), only. Therefore all explanations to Eqn (5)
remain valid here.

Let the particle and the wave move synchronously,

w—kyvy=0, (255)

and the field is turned on for a time 2t by the law
1, tanh ¢
E], === E]., ] + .
20 T

By integrating Eqn (3) with respect to time, we find that
the increment of energy increases proportionally to the
duration of interaction between the electron and wave for
t> 1

A& = eE}, vyt exp(—q,xo) cos(k,zg) . (256)

We assume now that the electron interacts with the wave
within a finite portion of the waveguide L >z > 0.
Equation (3) integrates to

A& = ¢E\ L 2

i exp(—g,xg) cos (oc _e zo) , (257)
Yo

where the detuning is & = (w — k,vy)L /2v,. Depending on
the phase ¢ = a — wzy/vy, the particle is either accelerated
(A€ > 0) or decelerated (A& < 0). If the electron beam
crosses the interval [0, L], then the interaction results in
modulation of its energy.

Since the amplitudes of the fields E,, and E,, are related
by Eqn (252), the interaction between electrons and the
wave is efficient when the aiming parameter is

Xo—a<—. (258)
4x

Taking account of Eqns (248), (255) we find that

< Avg i , Ve 1/2
xo—a<—|1—ny = R
0 21c '

in a gaseous atmosphere (n; # 1), and

in vacuum (n; = 1). Note also that formulae (254), (256),
(257) are true when

4pl <po. A8 <&, . (259)

3.2 Modulation of the density and current of an electron
beam

Modulation of the energy of an electron beam due to the
SSCE [Eqn (256)] results in the modulation of its velocity.
However, it is not sufficient, as is noted at the beginning of
Section 3, to obtain the klystron modulation for the
current and density of the electron beam. Note yet
another fact which hampers the analysis of the modulation
effect on the basis of the SSCE. Actual electron beams



1032

V M Arutyunyan, S G Oganesyan

always have angular spreads. Clearly, if electrons move at
an angle to the surface of the waveguide, they either leave
the region of interaction with the field [Eqn (247)] or
penetrate the waveguide and are rapidly scattered there.
The number of such electrons can be diminished by
applying a constant magnetic field along the central axis of
the particle beam (see Section 3.3).

We will begin the analysis of the modulation effect with
a simple model. We suppose that all particles of the beam
move along the surface of the waveguide and have the same
momentum p,(0, 0, py). We determine the density and
current of the electron beam after its interaction with
the field given by Eqn (217), within the interval
L > 7 >0, using the kinetic equation (23). On solving it
in the linear approximation with respect to the field, we find
that the function

f=fHh+fi,
in the region z > L. Here fo = 3(p, — po) 8(p,) 8(p,) is the
initial electron distribution function,

£ = —Re {LF] %fo —Sm“

o'v,
. m_kx X /
xXexpilkx +———z—wt —«a , (260)

the force is

mszLO—51)+—
(0]

and the detuning is

, w—k-v

= L.
x 2y,

By determining the density and current of the electron
beam and retaining only the terms of the klystron type we

have
Jx=Jy=0, (261)
2
. . mc” L [ , w — kv
jo=jo|1 —4nE, o (n — 14—
0 &by 22\ of}

xﬁ%%gexp(—qu)shl(an——giz—%a)] . (262)
Vo

J
p=p . (263)
Jo
Here jo=-epyvy is the initial electron current,
¢, =eE./mcw, By =vy/c, and the detuning
—k,
o=V (264)
2V0

The notation in Eqns (261)—(263) for the current and
density of electrons is convenient for different limiting
cases. If the waveguide is placed in vacuum (n; = 1), and
the synchronism condition (255) is satisfied, then the
second term in Eqn (262) vanishes and we get

J=Jo» P=po;
according to the analysis at the beginning of Section 3.
If the waveguide is placed in a gaseous atmosphere

(ny > 1) and the synchronism condition (255) is satisfied,
then

: w
X exp(—g,x) sin (wt -— Z>] ,
Yo
p=py. (265)
Jo

If the waveguide is placed in vacuum (n; = 1) and the
velocities of electrons lie outside the Cherenkov cone, then
o # 0 and

J _;0[1—41té M Ging
oBo A
. 1)
X exp(—q,x) sin (mt ——z +a>] ,
Yo
_
p=p=. (266)
Jo

Clearly, in the last two cases the current and density of
the electron beam oscillate at the frequency w, and the
depth of modulation increases in direct proportionality to
the drift distance z (the klystron modulation).

Formulae (265), (266) are applicable when

2
= zL
anre, I 2 1y <1,
é., éﬂoﬁo 12 (nl )
4mé, ——smoz<l (267)
PoBo 4

3.3 Accounting for spreads of electrons in energies and
angles

Let us consider the modulation of an electron beam which
has the Gaussian spread in momenta before the interaction

oL (4m2)” (. — o)’ P
f(p) =" 5—=5exp|—4In2 = —4In2
AiA”Tl'.J/2 ﬁ Ai

(268)

The widths of the energy and angular spreads of this beam
are specified by the expressions 4 = vy4), 6 = A, /py. Let
electrons interact with the field [Eqn (247)] within the
interval L =z > 0. We shall determine their density and
current in the region z > L when a constant magnetic field
H, = —H, is applied along the z axis. Since our concern is
only with electrons which move over the surface of the
waveguide, the kinetic equation must be added by the
inequality

x>a.

(269)

On solving Eqn (88) for the constant magnetic field
exactly and for the field [Eqn (247)] in the first approxima-
tion, we have

f=rh+h.
Here f, is the initial electron distribution function (268),
L sina of

(270)

= - Smna YL
h = Re[El v a ap:10<(1x Q)

xexp( qusm(p qxx—i—lgz—lwt )],(271)

= le|Hyc/&, the velocity vl:cz(pﬁ—f—pf.)l/z/é”, the

detuning
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w—k.v, L

*= 2v, ’
the angle ¢ is found from the equation, tang = p,/p,. Note
that in Eqn (271) only the term responsible for the SCE is
taken into account.

We will now analyse inequality (269). When solving
Eqn (88) in a constant magnetic field, we need to use the
characteristics (106), in which the primes must be omitted.

Simultaneously the expressions

(272)

VoL . / ; __ Poy
—=sin(Qr—¢'), tang =—,

Q Pox

must be substituted in inequality (269). Since this inequality

must hold at any moment of time, xy>a+ vy /Q.

X =x9+

Returning to the variables k,v, and considering
Qt — ¢/ = —@, we establish constraints on the angle ¢:
T—¢>9>0 . (273)
Here
fo
¢, = g — o) = arcsin % R (274)

fora<x <a+2v,/Q; and ¢, = —n/2 for x Za+2v, /Q.

Inequalities have a simple physical meaning. Since v is
the projection of the velocity of a particle onto the xy plane,
v, /Q=nr is its Larmor radius. If we let a particle go
through a point x in the region a<x <a+2r, its
trajectory does not intersect the plain x =« if the angle
between the momentum p, and the x axis lies in the interval
defined by Eqn (273) (Fig. 4). If a = a + 2r, then the angle
@ can be chosen arbitrarily. Thus inequalities (273) take up
particles from the assemblage of particles going through the
point x such that their trajectories pass over the surface of
the waveguide.

On converting to the cylindrical coordinates in momen-
tum space (py, py, P, — @, p1, p;), we find the expression
for the z-projection of the current of the electron beam,

/: :.iO: +j|: > (275)
where jj. is the z-projection of the current of the electron
beam before the interaction,

jl: = _Re[ezpoLEl: exp(—qxx - l(l)t)

n—@ vy . —+00 00
XJ‘ d¢exn(—qngsﬂl¢> J dp:J prdpy

P —00 0

v\ sina 0f &)
ofog) e (2]

for a<x <a+2v,/Q, and

(276)

a

v/

al \ >
A y

&

P

—oy <o <o

Figure 4.

jl: =—Re [21te2p0LE]: exp(_(hx - lwt)

+00 00
XJ‘ dp:J prdpy

—00 0

xI2 (qx %) % 2% expi<V9 z— oc)] . Q1)

for x = a+2v, /Q.

We assume that the average momentum of the electron
beam satisfies the synchronism condition w —k,vy = 0. To
simplify further calculations, we also assume that the
strength of the constant magnetic field is

mcw

Hy>—9.

le

In this case the relative contribution of the term defined

in Eqn (276) to the strength of the current

] (/2
I, = J de dy j. ,
a —1/2

is of the order of dmcw/|e|Hy < 1 and can be neglected.

Taking into account p, <4y, [p;—po| <4, the
quantity 1/v, can be expanded into the Taylor series about
the point 1/v, as

111 chQ( )
Vv_Vo Povo \ €0 b= po

me®\' (p.—po)’ | Pl
+()*+

é'To Poéo 2pe6o

(278)

(279)

By substituting this expansion into Eqn (277) and applying
definition (268) we have

Y ZL
jl: =j0:41t2§: <ﬂ>
Po

}'2

2
X exp [— <i> - qxx] cos (wt _e (,> . (280)
21 Vo
Here &, = ¢E|,/mcw, and
2vIn2 (& \*, po
= 20 £ 281
f=20a(0) p o81)

In calculations it is assumed that the distance z is given
by

22 (po\ 1
T 41) By

and the average momentum of the electron beam is

A 1/2
po < 1.4mc P (—”) .
41 \ po

(282)

(283)

Note that under conditions (278) and (282) the current
[Eqn (280)] is independent of the angular spread of the
electron beam. The energy spread defines the drift region
for electrons, z < z;, where z; is specified by expres-
sion (281).

The perturbation theory used to determine the expres-
sion (280) is true for
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3.4 Theory of the Cherenkov laser (a plane waveguide)

We shall consider the feasibility of amplification of an
electromagnetic wave on the basis of the SSCE in the
simplest case, i.e. when the waveguide is placed in a
gaseous atmosphere and an electron beam moves in
parallel with the waveguide and has a spread in energies
only. The analysis at the beginning of Section 3 shows that

electrons involved in emission and absorption have
different energies [see Eqn (258)]. Since A& >0, the
number of electrons involved in emission

[N(67) ~g(6+A&)] is greater than the number of
electrons involved in absorption [N(&") ~ g(& — A&)] on
the left-hand wing of the Gaussian electron energy
distribution; the gain I' > 0.

We determine the gain of the Cherenkov laser using the
system of equations (88), (93). The electron distribution
function is determined from the kinetic equation (88) in the
linear approximation with respect to the field [Eqn (247)],
as:

f=rh+h,

where f;, is the electron distribution function before the
interaction,

(285)

-
h=iF g kv—w+iy (286)

9
n—0

where F = ¢E + (e¢/c)[v x H] is the Lorentz force.

The gain I' can be found from Eqn (93) under the
assumption that electrons move on either side of the
waveguide (see Fig. 3):

1 [~ /2
I' = —-2Re — J dxj dyj-E* . (287)
P, )
Here,
¢ [T (/2
Pz—J de dy (E* xH)n
4n ) _o —1/2 ( )
-k, -3
- l _(O |E :|2 exp(:2 gxa)
4 & kiqs
2 2
! X + kx
xp@d+£ﬁrm@q ~ (288)

is the energy flux of the wave [Eqns (247), (249)] along the
x axis; [ is an arbitrary width along the y axis; ¢, , = ”%,2 are
the dielectric constants of the gaseous atmosphere and
waveguide.

By substituting Eqns (89), (286), (288) into Eqn (287)
and assuming that the energy spread of the electron beam is
Gaussian in nature [Eqn (154)], we obtain

3 2
r:znmmmdf%>6%>
(&1 — 1)(e2B5 — 1)(1 — &185) &2 — &

2172 —1
x{1+2m{m+¢ﬂ1—em@]g—éyﬁl—} , (289)
ABoe18

where By = vy/c = poc/8y, and ry is the classical radius of
an electron. Clearly, in vacuum (¢ = 1), I' = 0 according

to the laws of conservation of energy and momentum.
Let us now analyse the case when electrons interact with
the wave in vacuum (g = 1) within a bounded portion of
the waveguide L (Fig. 5). The solution to the kinetic
equation (88) for this scheme has the form given by

Figure 5.

Eqn (285)], where

O
h _ng{k-v—w

The amplification, for which the first term in brackets is
responsible, has been analysed above. The second term in
the distribution function (290) is responsible for turning on
the interaction at the point z =0. The function brings
about modulation of the density of electrons, the velocities
of which do not coincide with the wave velocity,

w—kyv, #£0.

2
w—k-v (290)

N expli(w — k'V)Z/V:]} .

(291)

The analysis at the beginning of Section 3 shows that
this condition is satisfied for those particles of the beam for
which the law of conservation of momentum is not satisfied
along the z axis. We shall find conditions under which the
electron beam amplifies the field [Eqns (247), (249)] and
determine the gain in the case when the waveguide is a part
of a circular resonator (see Fig. 5). We assume zero losses,
and first integrate Eqn (93) over the space between the
planes at a distance L from each other:

d L 00 1/2
— W= 72ReJ dz J dxj dyj-E* . (292)
dt 0 a _i2
Here,
1 L 00 1/2
W:—Jd# d{[ @FWP+Wﬂ, (293)
81 Jo —00 —1/2

is the energy of the electromagnetic field.
By integrating Eqn (292) with respect to time, we find
the gain for the electromagnetic wave:

1 L 00 l/2
I' = —2Re —J dzJ de
cW o a —1/2

Taking account of Eqns (247), (248), (89), (290), and (293)
we find that the gain

2\3 22
mc d (sin“a
I = —21tp0r0L <?0> o a < (xz )

» &5 — 1 {1 P mc? [] te (mc2>2] }] (295)
Bole — 1) A & "\ & ’
where o= (w — k,vy)L /2vy. In calculations it is assumed

that the electron beam is monoenergetic: g(&) = 8(& — &).
This approximation is valid for

4 A&\
a<m(m—)ﬁ

dyj-E*. (294)

(296)
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The maximal value of the factor o = —2imépoEy. explik.z — ior — q,x)
. d <sin2 oc)
V=—0—— 00 00 g
da \ o2 /)~ 2 vi\ofy v,
X dp. dp, I — | =—— (301
J_oo p: JO p1dp, o(qx Q) . o kov. (301)

is v=10.8 for a = —1.75.

Note that this waveguide version of the Cherenkov laser
was considered for the first time in Ref. [66]. The authors
supposed that the electron beam could move in one direction
only (see Section 2.14) and considered the z-projection of
the electric field only. These suppositions result in an increase
of the gain, given by Eqn (295), by the factor
(1= k.vo /)~ (mc*/ &)’

3.5 Theory of the Cherenkov laser in a constant magnetic
field

Let an electromagnetic wave propagate in the plane
waveguide [Eqns (247), (249)]. Let us direct an electron
beam with the Gaussian spread in momenta along the
surface. The constant magnetic field H, = —H is applied
in the direction opposite to the z axis. The gain of the
Cherenkov laser is determined with the use of system of
equations (88), (93).

On solving the kinetic equation (88) for the constant
magnetic field exactly, and for the field, given by Eqn (247), in
the first approximation, and considering the inequal-
ity x > a, we have

f=fh+hi. (297)
Here f;, is specified by the expression (268), and
: : vi\oh 1
= —ieE .l —= =
h ieEy 1 (ﬁlx Q> . @ —Fkr.
. . vy .
X exp <1k:z —iot — g x —q, ol sin (p) . (298)

In the calculation of f;, only terms responsible for the
stimulated Cherenkov effect are retained; Io(R) is the
modified Bessel function; the angle ¢ is specified by the
relation tan ¢ =p, /p,, p, = (p? +p§)]/2; andv, =p,c?/é.
The inequality x > a imposes constraints on the angle ¢:

n—(p|>q0>q0|, (299)

where

_arcsina+v, /Q—x
= vi/Q ’

fora<x <a+2v,/Qand ¢, = —n/2 for x Za+2v, /Q.
The analysis of Section 3.3 shows that only electrons
moving over the surface of the waveguide are taken into
account in this case.

By substituting Eqn (298) into Eqn (89), we find the
z-projection of the current of the electron beam:

jl: = _ie2p0E|: CXp (lk:Z — it — qxx)

gl 0 o0 vi\ 9 v,
N I —_ | ==
X J do Jﬁoodl’g L prdpily (Q.x Q) . @ — kv,

?1
X exp (—qx % sin (p) R (300)

fora<x <a+2v,/Q, and

for x = a+2v, /Q.
Let electrons move on either side of the waveguide.
Then the gain is found from Eqn (93):

1 a+2vy [Q /2
I'=—-2Re— J dxj
p )

00 (/2
—i—J de dy jo,E .
a+2v, /Q —1/2

Here the quantities j,, j,,, and the flux P are specified by
Eqns (300), (301), and (288). Integration with respect to the
variables x, y, p, yields

4102\ ~ 2
=322\, 1 fome (o
s AiAﬁ mc

dy /I:E:

a

(302)

2 2
k' q,

X
k.wla(eqs + k) + ek? +q3) /4]

a+2v) [Q T—Q, vy
X {J dx exp(—2¢,x) J dy exp (—Ch- a sin qo)

a ?1

o0 y
x J pLdpi(p. — po) Io (qx 5)

0

2

2
X exp [—4111 2 % —41In 2([)34172[)0)]
1 |

T oo 2 Vi
+—exp(—2g.a) | pLdpi(p. —po)lo| 4. °
qx 0

2 2
P p:—P v
X exp [—4]n2ﬁ—41n2%—4% 5]} . (303)

The momentum p, is determined from the equation

w—kyv,=0. (304)

If we assume that p, =b for p, =p, =0, then p, can
explicitly be expressed as a function of the projection of the
momentum onto the xy plane,

p.=b+aqpi . (305)

Here the quantity ¢, = (1/2b)(b/mc)*. The expansion (305)
is valid provided that qui < b or, taking into account
b ~ Do, 0= AJ_/[)(), that

%
5

The explicit dependence of the integrand in Eqn (303)
on the variable p;, can be extracted by substituting
Eqn (305) into Eqn (303). However, the integrals in
Eqn (303) cannot be taken in general form. To simplify
the calculations we assume that the parameter ¢, v, /Q < 1.
Since the maximal value of the wvelocity is
v =c’p /ESEAL /&y, the constraint on the constant
magnetic field follows the inequality

po < 1.4 (306)

ome
Hy> 25,

(307)
le|
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where 6 =4, /p, is the angular spread of the electron
beam. In this case the ratio of the first term in curly
brackets in Eqn (303) to the second term is of the order of
q,v1/Q <1, and it can be neglected.

The analysis of Section 2.14 shows that the second
integral in Eqn (303) is maximum for q2A3_<|b—Po|.
Since ¢, = (1/2b)(b/mc)* and |b— po| ~ 4, the average
momentum of the electron beam is

me A” >I/2
<14 —=|—— .
=% (AJ_

If the detuning is b—py=—4/(5In2)"* (see Sec-
tion 2.14) and inequalities (307), (308) hold, then the
final expression for the gain of the Cherenkov laser in a
constant magnetic field is

2 2
r:84mMzG&)T£%@L_l
Po Bo(n* — 1)

4
oo
(nBy)* 4Po & '

3.6 Theory of the Cherenkov laser (a tubular hollow
waveguide)

We consider the amplification of an electromagnetic wave
propagating in a hollow tubular waveguide (Fig. 6). The
axis of the tubular waveguide, of inner and outer radii d
and b, is the z axis. The projections of the electric and
magnetic field strengths of the TM, mode onto the z axis,

(308)

(309)

E. = exp(ik)z — iwt)

Alg(kor), r<d
x{ BJo(k'.r) + CNo(k'r), d<r<b p+cec.,
DK (kr), r>b
(310)
H. =0,
define the other components of the wave,
_ Kk _
E, =i exp(ikz — iot)
ki
—AI (k7). r<d
k
X _i[le(li_r) —CN,(k'r)], d<r<b+tce.,
DK (k,r), r>b
1(kor) a1
Eyg=0,
Hg=i % exp (ik)z — icor)
—Al(kyr), r<d
k
XQ —n? i [BJ (k' .r)+CN,(k'')], d<r<b p+ecc.,
DK, (k,r), r>b
H.=0.

Al
" )

Figure 6.

Formulae (310), (311) are written in the cylindrical
coordinates r,0,z; the constants A, B, C, D are given
below; J,,, N, 1,,, K,,, where m =0, 1, are common and
modified Bessel functions. The projections of the wave
vector onto the z axis and onto the xy plane inside and
outside the waveguide are related by the equations
2 1/2 241/2
ki:E}#—wﬂ , klzkﬁ,”] .

2

By the sewing condition for the components of the
electromagnetic field [Eqns (310), (311)] on the boundaries
r=d and r= b, we obtain the existence conditions for the
modes,

Jo(u)I (uy) /1o (1) — n2(u|/u2)./] (u2)
No(ux) 1y (1) /Io(uy) — n*uy JusN | (ur)
_ Jo(u3)K, (us) /Ko (ua) + 1 (g fu3) 1 (113)
No(u3)K, () /Ko () + n*(us fus )Ny (u3) °

and expressions for the dimensionless quantities B/A, C/A,
and D/A:

(312)

B BC
A CA’
B _ n’(ui /us)N 1 (up) = No(uo)1, (1) /1o (1)
C Jo(u) () /To(ur) — n?(uy fun)J (up)
[ Io(u)
A No(uy) + (B/C)o(uy)
D _ (B/A)o(u3) + (C/A)No(us) 313)
A Ko(us)
The parameters u; (where i = 1,2,3,4) have the form
w=kd, w=~kd, u=~kb, u,=kb.(3l4)

Let a homogeneous electron beam with the Gaussian
spread in momenta [Eqn (268)] enter the hollow of the
waveguide and interact with the field [Eqns (310), (311)]
and the constant magnetic field of strength H, = —H,. We
determine the gain of the Cherenkov laser using the system
of equations (88), (93). On solving the kinetic equation in
the region » < d, we find the electron distribution function

F=to+h -

The first term f; is specified by the expression (268), the
linear component with respect to the field [Eqns (310),
B11)] is

- (!A klvl . .
fi = o —kp) [lo(kﬂ) + sin(p — 0)1, (k1)
X % exp(ik|z — iot) +c.c. , (315)

p.
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where Q = Qymc?/&, Q= |e|Hy/mc is the Larmor fre-
quency, and the angles 6 and ¢ are related by the equations

tan0 = y/x, tang = p, /p,.
In calculations the magnetic field is assumed to be
CAJ_

sufficiently large, i.e.
CkJ_AJ_}
Hy > max{— ; ,
leld " e]

(316)

and only terms which contain the Cherenkov pole are
taken into account. Given the coordinates of the point of
observation r(r, 6,z), the inequality r < d implies that the
constraints on the angle ¢ are

—T—v+O<p<v+0, d—2v,/Q<r<d,

O<op<22n, 0<r<d—-2v,/Q. 317)
In this case,
& —2dv, |Q -1
v = arcsin # (318)

ZVVJ_/Q

The constraints (317) take up electrons which go through
the point » and do not penetrate the walls of the waveguide.
The gain of the Cherenkov laser is found from Eqn (93):

1 [t ~+00
F:_FJ dxj dy j-E .

—00

(319)
—00
Here P is the flux of the energy of the electromagnetic wave,
described by Eqns (310), (311), through the xy plane as
specified by the expressions (325), (322), (323). In
Eqn (325) the numerator and denumerator are time
averaged.

Taking Eqns (88), (315), and (317) into account, we get
the gain,

2
=84 pyroh =< (”—°> (1-7)G, (320)
po \4)

where p, is the density of the initial electron beam; ry is the
classical radius of an electron; & :pocz/vo is the average
energy of the electron beam; and f, = vy/c. The parameters
y and G are specified by the expressions

. [%(Lt]) CAL
I§(w) = 1 (u) lelHod °

y (321)

G = (1) = A { 1) = )+ 1) 1 o)

Duy\’ 2
+<A—4> [K%(M) — K1 (ug) +— Ko(ug) K (11g)
uq Uy

2 -1
n
ta 1) - L:%w(uz)]} , (322)
where the quantity
2 2
B C
Y= (K) (T —Jol2) + (X) (NT = NoN,)
BC
Formula (320) is valid under the conditions
po |4
po<ldmey[—[—, 7y<1. (324)
4,4,

The factor G is related to the flux of the field energy, given
by Eqns (310), (311), by the equation

d* ok,
4> G

pP=A>

(18 ) = 17 )] - (325)

We shall consider the amplification of an electro-
magnetic wave by an electron beam of moderate energy
(&, = mc?). If the parameters of the waveguide are chosen
so that d > A, the expressions (312) and (320)—(323) can be
simplified. Considering that u; > 1 and using the asymptotic
representation for the Bessel function [S5], we obtain

K (b—d) n’k,
tan ————= = R (326)
2 k'
(b — d)me [ 1 n’ (mc2>2] }—'
G=1:2+2n —+ — , (327
et mm (D))o
y=1.1 gfpi . (328)

Note that only the first (principal) terms are taken into
account in the asymptotic representations of the Bessel and
Neumann functions when we estimate the energy flux in the
waveguide (d > r > b). We also cite the expression for G in
the case where the second terms are retained:

n? gy — 1 (b—d)yme 1
=SB 14+mn Py
W0~ 1) T

i) ]}

The quantity y is associated with the first correction in the
parameter wmcd, [|e|Hgpy (it is omitted when determining
the gain in the plane waveguide). Clearly, in line with the
analysis at the beginning of Section 3, the gain diminishes
on decrease in the magnetic field H,.

The feasibility of amplification of electromagnetic
radiation in plane and tubular waveguides was also
considered by Walsh et al. in Refs [61-64] in case of a
one-dimensional electron beam (6 =0) that moves in
parallel with the waveguide (we examined this model at
the end of Section 2.14). In calculations of the amplification
the authors assumed that the electron beam is monoener-
getic (4 =0) and they studied only the case when a large
gain is achieved. Clearly, in the limit 4 = 0 the mechanism of
amplification is different from the one described in this
paper. The role of the magnetic field is also different.
Walsh et al. consider it as the leading field (see [Ref. 50],
page 303), whereas we introduce it to create an asymmetry
in emission and absorption of photons by electrons, i.e. to
create the mechanism of amplification.

Large gains and the related issues of nonlinear effects
(saturation, generation of harmonics, etc.) are not con-
sidered in this review.

Note that, strictly speaking, the magnetic field strength
does not enter the original equations given by Walsh et al.
as a parameter: they simply postulate that one-dimension-
ality of an electron beam is equivalent to a very strong
magnetic field. Therefore, the results obtained on the basis
of this model can be considered as qualitative.

In Refs [71 —73] the experimental research of the SSCE
was initiated.

(329)
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3.7 Theory of the Cherenkov klystron in a constant
magnetic field

The scheme in which the amplified wave moves in a
waveguide and electrons move over its surface can be used
for developing the Cherenkov klystron. Let electrons move

in a constant magnetic field H, = —H, and interact with
the field [Eqn (247)] within two portions of the plane
waveguide: (0, L) is the modulating interval and

(29> zo + L) is the amplifying interval; the drift distance
7o > L, L;. To determine the gain of the klystron we use
system of equations (88), (93).

On solving Eqn (88) for the constant magnetic field
exactly and for the field [Eqn (247)] in the first approxima-
tion, we obtain the electron distribution function in the
region z > L, given by Eqns (270), (271). By substituting
Eqn (271) into Eqn (89), we find the z-projection of the
current, given by Eqns (276), (277).

We shall find the gain of the Cherenkov klystron from
Eqn (93) in the case where particles move on either side of
the waveguide. After the interaction with electrons within
the interval [0, L] the radiation flux is given by

P=Py(1+irL,)*,

where
2 00 /2 Z0+L _]"E*
r=—— ReJ de dyJ dz . (330)
L, a -2 2 VPP,

Here P, is the flux of the energy of the electromagnetic
wave [Eqn (288)].

To simplify further calculations we assume that the
magnetic field strength is large enough [see Eqn (278)]. In
this case the current [Eqn (276)] can be neglected. We also

assume that the relation,
w—kyvy=0, (331)

is obeyed for the average momentum of the electron beam.
By substituting Eqns (277), (279) into Eqn (330) and
integrating with respect to the variables x, y, z, p,, p, we
have

5 2 202
' , -1
I' = 4mpyryL (_mc) 2 2o €Xp (_Z_g> a ljo
Po/) ¢ 7] —

. 2n amc 5 (mc? 1!
me¢+ﬂﬂ{l+;%gZ£[L+n(§§>]} .(332)

Here the distance

)

T ﬂ’l(,‘2

71 = (333)

and the phase difference ¢ between the current [Eqn (277)]
and the amplified wave [Eqns (247), (249)] depends on the
drift distance z,. When determining Eqn (332) we assumed
that the average momentum of the particle beam is

P A1
41\ po
If zo = z,/v/2, and the phase ¢ = 37m/2, then the gain is

maximum

po (mc\ By —1
F:lT9prL——(—J——————
0% Ay \po) Bo(n* —1)

X{] n 2n amc [] g (mc2>2] }]
- n|— .
n*B§ Apo €

po < 1.4mc (334)

(335)

3.8 On the experimental observation of the stimulated
surface Cherenkov effect

We shall determine when the SSCE can be observed. Since
the refractive index of a waveguide n reaches the value of
1.5-2, the synchronism condition (255) can be satisfied for
high-precision low-energy electrons. If &, > mc’, then the
interaction between electrons and the wave is efficient for
the aiming parameter x, — a of the order of the wavelength
A [see Eqn (258)].

Let us consider the amplification of an electromagnetic
radiation in a plane waveguide (see Sections 3.5, 3.7). The
comparison of the gains for the Cherenkov laser I'f
[Eqn (309)] and Cherenkov klystron ' [Eqn (335)] shows
that

E:()sip_o nY 1
ré 7L A\mc) By’

Let A”/po = A/L. Then

ry AR

—=05(—] —.

I (mc) By
Clearly, in this case I'l! < I'ti when B, <1 and I'f' > I'f}
when py > 1l.4nmc. If the current of the electron beam is
1kA ecm™ and its average energy is &y =1 MeV, then it
follows from Eqn (309) that the optimal region of
amplification for spreads 6 =A4/8y = 107" is the milli-
metre range of wavelengths. If the thickness of the
waveguide is 2a = 1 mm, its refractive index n = 1.5, the
strength of the constant magnetic field H > 22 kG, then
the gain given by Eqn (309) is I' =0.1 em™" over the
wavelength 4 =5 pum.

If the quality of the electron beam is one order of
magnitude better (§ = 4/& = 107%), the gain I' = 0.1 cm ™'
can be achieved over the wavelength 4 =5 pm. In this case
the strength of the constant magnetic field is Hy, > 220 kG.
(The ratio a/4 and the refractive index n are assumed to be
the same in either case.)

We shall now consider amplification of an electromag-
netic wave in a tubular hollow waveguide made from
quartz. We assume that the wavelength of the amplified
radiation is A =4 mm. The dielectric constant of quartz is
¢ =3.8 in the millimetre region of wavelength. The inner
and outer radii of the waveguide are chosen to be equal to 5
and 10 mm. Let the average energy of the electron beam be
&y = 150 keV; its density is p, = 0.5 X 10° em™; and its
angular and energy spreads are 0= 107> and
4/ =0.5 % 1072, If the strength of the constant mag-
netic field is Ho =4 kG, then the gain [Eqn (320)] is
r'=0.1cm™".

The exponential growth of the radiating power for the
Cherenkov laser is obtained in the linear approximation
with respect to the field. Clearly, this result is true in the
region in which nonlinear effects are negligible. In this
review we have not considered these issues. In this regard
we note only that the limits of the region where the linear
theory is applicable can be estimated by considering a cubic
addition, with respect to the field, to the current of the
electron beam and requiring that it is small in comparison
with the linear part. For electron beams of moderate
energies (& ~ mc?) this condition implies that the inequal-
ity &< (4/€)* (where &= |e|Ey/mcw is a dimensionless
parameter). Hence, for the above parameters of the tubular

(336)
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waveguide the nonlinear effects become significant for a
power of about 1 kW.

4. Conclusions

In this review the interaction between electrons and a
monochromatic electromagnetic wave is studied in detail in
an unbounded dielectric medium and over the surface of a
dielectric waveguide. The dynamics of particles and also
the feasibilities of modulation and polarisation of an
electron beam by a laser radiation are examined. The
feasibility of the Cherenkov laser and Cherenkov klystron
are considered. The studies are performed in the linear
approximation with respect to the field on the basis of
classical and quantum approaches. The latter is especially
fruitful for analysis of mechanisms underlying the cited
effects, as well as in the search of possible ways to affect
their course. It is established that a constant magnetic field
provides extensive means for affecting the SCE.

The theory of the SCE is far from being complete. We
list below the issues which are partly clear by now or are
under development. On the theoretical side, there is the
analysis of the quantum modulation effect when individual
particles are described by a wave packet [9]. Together with
A M Akopyan we conducted the theoretical work on
amplification of electromagnetic momentum in the Cher-
enkov waveguide laser. The nonlinear theory of the SCE is
in its completion stage. Note that several results in this field
were obtained in Ref. [84].

There are a number of outstanding issues as regards the
experimental realisation of the SCE. There is the negative
role of multiple scattering of an electron beam in a medium.
This difficulty can be bypassed for the SSCE. In this case,
however, another problem arises—deposition of electrons
on the surface of the waveguide. The electrostatic charge
perturbs the trajectories of particles and thereby upsets the
normal operation of the laser, while the breakdown destroys
the walls of the waveguide. In this connec-tion we, together
with R A Akopov and E M Lasarev, have developed the
Cherenkov waveguide laser with conducting surfaces. The
optimal shape of the waveguide is yet to be found. The SCE
can find a very important application in the acceleration of
particles.

Finally, note in conclusion of the review that the
experimental and theoretical research of the SCE is
fundamental in nature because the stimulated transient,
diffraction, and Compton effects are reduced to it in the
end.
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