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Deffraction radiation generated when fast and slow cyclotron waves
are exalted in a relativistic electron beam is examined thecretically.
The focusing magnetic field HO is shown to play a fundamental rcle Iin

this process and that 1t can be used to control the amplitudes of
radlated harmonics in multimode diffraction generators,

INTRODUCTLON

The development of powerful and ultrapowerful sources of cocherent electro-
magnetic radiation for the microwave region, using relativistic electron beams
and wide electrodynamie systems, is an urgent problem at present, The bulk-
wave generator ls an example of this in which multimede diffraction radlation
is emitted by a relatlvistic electron beam travellng near a pericdle surface
(diffraction gratingj. The design of such devices relies on theoretical anal-
yses of the properties of multimode coherent radiation from electron beams,
taking into account both the longitudinal and lateral motion of electrons,
since the experiment reported in [1] has shown that the radiated power depends
on the strength of the focusing magnetic field.

The digstribution of diffraction radiation from an electron beém in whick
transverse waves (synchronous waves, were first excited was investigated ex-
verimentally 1n [2]. Cyeclotron waves (lateral velocity waves) were absent from

the beam because the experimental conditions were too far from cyclotron reso-
nance,

In this paper, we examine thecretically the radiation emitted by a rela-
tivistiec electron heam under the conditions of ecyeclotron resonance at a Deoppler-
shifted frequency.

Interacting waves. We shall consider an electrodynamic system, analogous
to systems used in multimode diffraction generatcrs. We shall ccnsider that
rhysical processes are determined by the self-consistent interaction between
the relativistic electron beam and the multimcde diffracted field at a given
frequency w. The diffracting body will be aplane, perfectly conducting grating
with a rectangular profile (grating I). The length of the grating in the longi-
tudinal direction is L, but in the lateral direction the grating is infinite

(Fig. 1).
Consider the effect of the focusing magnetic fleld H

field. The wave number spectrum for HO = 0 is given by
© 1987 by Allerton Press, Inc.
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Fig. 1. The system under Fig. 2. Superposition

investigation. cf the spectra.
hm‘=¥g—+e-2%‘;lm. m=0,%1,%2, ...,

where hm‘is the longitudinal wave number and v 1s the velocity of electrons in
the beam. When HO # 0, we have two additional spectra, namely,

hf s—%-{--%‘-n*:F—mf!—, n*_:O,i 1,‘;-1:.2,....,

where Wy 1s the cyclotron freqguency. For each harmonic of number m there are
two components with numbers nt and n, shifted by —mH/v and wy/v. The shift
wH/v is due to the anomolous Doppler effect and the shift -wH/v to the normal
Doppler effact.

When HO is sultably chosen, 1.e., so that .
oy=TF i;‘-a(nt—m). FE—-m=1,2, ..., (1)
spectra with numbers n and m will coincide. Let w, = (2v/1)v. The super-~

H
position of the spectra (Fig. 2) then occurs so that the longitudinal wave num-

ter h_l of the m = 1 harmonic <f the main spectrum coincldes with the longi-

tudinal wave number h0+ of the zero component of the Doppler-shifted original

spectrum. The longitudinal wave number hl_of the m = +1 harmonic of the mailn
spectrum coincides with the longlitudinal wave number hO of the zero component

of the additional spectrum, shifted by the anomalous Doppler effect. In the
linear approximation, this wawve number matching leads to the excitation of fast
and slow cyclotron waves in the beam. The condition for the validity of this
appreximation is, in this case, that the amplitudes of the diffracted waves
must be small in comparison with the focusing magnetic field. In the termi-
nology cof the linear theory, the above superposition of the sSpectra corresponds
to the excitation of a fast cyclotron wave by the -1 diffracted harmonic and

to the excitaticn of a slow cyclotron wave by the +1 diffracted harmonie, It
1s well known [3] that a fast cyclotron wave transports negative power and a
slow harmeonilc transports positive power. Ccnsequently, when the magnetic field
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HO 1s suitably chossen, the excltation of the fast cyclotren wave leads to the

absorption of the -1 narmonic by the beam, whereas the excilitation of the slow
wave leads to the amplification of the +1 harmonie. We note that, according
to (1), the absorptiocn of the =1 and -2 diffraction harmonics occurs in fields
HO that differ by a factor of 2.

The longitudinal and transverse motion of the electrons must be taken Into
account when we conslder diffraction radiation emitted by a relativistic elec-
tron beam in a focusing magnetic field. This enables us to solve the problem
of the transformation of a H~polarized electromagnetic wave into an E-polarized
wave (see Fig. 1 in which we use the notaticn of [4]).. The transformation is
possible because the electron beam 1s uncoiled by the field of the Hipolarized
wave in the focusing magnetic field.

Diffractin theory. To analyze the longitudinal and transverse motion of

electrons, we introduce electric and magnetic currents [5] that vary slowly in
the longitudinal direction. The electric current density 1s given by

2 -
fi=vioe 1 B(z—b)eo, (2) .
and the magnetic current density by
Il‘l
1u=—-—[n><n]upoe T G(Z—b)e“"" (3)
where v, 1s the longitudinal velocity of the elsctrons, v, and r, are, respec-

tively, the transverse velocity and displacement of electrons, w is the modu-
lation freguency, LI is the constant component of the charge density, and b

is the distance between the current and the grating (1mpact parameter), It is
assumed in (3) that oe<€l.

The electric current ff excites"H-polarized waves:
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The magnetic current ji™ is the source of the E~polarized waves:
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E;,"E’:=0' H"=,—i%rﬂtﬁm,

where Ay and.Af'ére, respectively, the longitudinal components of the electric
and magnetic vector potentials.

The diffraction of the H- and E-polarized filelds by an infinite grating
can e described by the mathematical theory of diffraction [4]. The diffracted
ffield is the sum of an infinite number of harmonics that are damped in the
transverse direction and an infinite number of plane waves. For the H-polari-
zation,

Hy= ¥ Hind o Venig=iet, (&)
m .
and for the E-pclarilzation,

' E* =z Em:menm(l—b)elwe-ml.
m .

where pPa=i V o¥c*—#% 13 the transverse wave number, Amw=efvp+(2r/l}m, m=0, =1, +2, ...
is the longltudinal wave number, and er and EXm are the complex amplitudes of

the two types of wave. Diffracted harmcnics (plane waves) are characterized by
the angle Bm between the direction of propagation of the m-th harmonic and the

plane. of the grating, 8#s=z=arcsin{pmc/o), where 1t 1s assumed that 6, > 0 when h >
> 0 (wave propagates in the direction of the current) and 8, < 0 when h < O.

Numerical analysis of the self-consistent interaction., The complex ampli-
tudes Hexm and mem are found from the boundary conditions that the electro-

magnetic field must satisfy on the surféce of the perfectly conducting diffrac-
‘tion grating. These conditions lead to linear sets of algebralc eguations,
similar to those investigated in [4], which are solved by a computer using the

truncation methed. The dependence of HeX and mem on the longitudinal coordi-

m

nate corresponds to the slow variation in the amplitudes of the electric and
magnetic currents.

The motion of electrons can be investigated with the ald of the relativistic
equation [6] for the discrete model of the current:

B et X YTTFEE+[pxHI—B BE),

¥ me §, (5)
L g8 o dz B 4T o, L
@ By & Py - aY fiy

where pBmv/c, Yay/fd, T=aot, =2nc/f0:, & 15 the charge of the electron, and m is the zlec-
tron rest mass. We assume that the electron current enters the region of inter-
action (Y = 0) with zerc transverse velocity when its distance from the grating
1s equal to the impact parameter and T = 0. On the right hand side of the =qua-
tions of motion, the fields H and E are given as a set of diffraction harmonics
and the focusing magnetic field is also taken into account. The solution of (5)
is found numerically by the modified Euler method. The electric (2) and mag-
netic (3) currents are determinsd from the velocities and cocordinates of elec-
trons obtained in this way.

The interactlon between the electron current and the field 1s analyzed on
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Fig. 3. Transformation of ‘H-polarized diffraction harmonics into
E-waves. '

Fig. 4. Distribution of the amplitude of the E-polarized field along
the length of the system.

Fig. 5. Distribution of electrons in the beam at a gilven time (AH 1s
the cyclotron wavelength): the fast (1) and siow (2) waves are shown.

a computer by successively specifying the current and the field and repeatedly
solving the equations. The initial condlticns correspond toc a given electric
current and no transverse motlon of electrons. The transverge electric compo-

nent‘EZe of the spatial harmonics of the H-polarized diffracted wave uncoils

the current {(in which the fast and slow cyclotron waves are excited), and a
nonzero magnetic current appears. Its Interaction with the diffracticn grating
produces the E-polarized diffracted wave.

In our czlculations, we considered a two-mode difffacted field, i.e,, we
asgsumed that the spectrum was dominated by two plane waves, l.e., harmonics

with numbers m = =1 and m = =2 in (4), where the m = =1 harmonic propagates in
the direction of the current at the angle e_l = 86° to the plane of the dif-
fraction grating, and the m = -2 harmonic propagatzss in the opposite direction
at the angle 8_2 = -26°%, The product of the frequency by the periocd of the

grating is held constant: (w/¢l}l = 6.5. The 1mpact parameter b is chosen as
fcllows, When b is large enough, the effect of the damped diffracted harmonics
can be neglected because the radiation due to the slow cyclotron wave 1s neg-
ligible in compariscon with the radiation by the fast cyclotron wave, The intear-
action with the current is largely determined by the propagating diffraction
hagmonics excited by the fast cyclotron wave (mostly plane waves with m = -1,
=27,

The transformation of the waves was described by the amplitude Exm of the
E-wave and by the ratic E "/H © of this amplitude to the amplitude of the H-
polarized wave. Figure 3 shows Exm/er as a function of the focusing magnetic

field. Curve 1 refers to the transformaticn of the =1 diffracted harmonic of
the H-polarilized wave into the E-wave and curve 2 represents the transformation

¢f the <2 harmonic. The quantity HOl corresponds to the condltion eoxs=(2afl)vy.
The fact that curves 1 and 2 have maxima is explained by the excitation of a
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fast cyclotron wave by the diffracted harmonles with m=-1and m = -2, respec-

tively. When HD = HOl’ the power transported by the -1 harmonic is absorbed by

the electron current, and When HO = 2Hb1 the powér is absorbed by the -2 har-
monic,

Figure U4 shows the distribution of the amplitude of the E-polarized wave
alcng the lengtn of the sysftem, The two curves correspond to curve 1 of Fig. 3
Curve 2 was obtalined for a focusing magnetic field H0 = HOl and curve 1 for HO

= O.SHOl. The increase in the amplitude of the E-polarized wave along the length

of the system is an indicatlion of an increasing unceillng of the electron beam
and, consequently, the absorption by the current of the power carried by the
-1 harmonic of the H-polarigzed field. :

The excltaticon of the fast and slow cyclotron waves by the diffracted har-
monics i1s 1llustrated in Flg. 5.

The above effect can be used to control the amplitudes of harmonics radi-
ated in multimode diffraction generators. The above situation 1s typical for

such devicesg, i.e., e_l > 0 and 9“2 < 0, where the -1 diffracted harmonic ex-

tracts the electromagnetic field from the interaction region and the -2 harmonic
produces pesitive feedback in the system. By varylng the focusing magnetic
field, ocfie can control the output power of the generator optimize the feedback.
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