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ON THE WAVE GENERATION IN A MAGNETOACTIVE WAVEGUIDE
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The conditions for generation in the superradiance regime and the formation of a waveguide field taking into
account reflection from the ends are discussed. In different generation modes, as shown in this work, both the
waveguide field, determined by reflection effects and the geometry of the system, and the field of the total radiation
of core particles, that is, the superradiance field, can dominate.
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INTRODUCTION

Let us consider the excitation of an electromagnetic
TE wave in a cylindrical open waveguide by electrons
rotating in a constant magnetic field. Electron injection
occurs at the left end of the waveguide. Then they drift
along the system and, upon reaching the right end of the
waveguide, are removed, and the same number of
electrons are injected at the left end of the waveguide.
The transverse velocity of electrons significantly
exceeds the longitudinal velocity, which is small and
comparable to the group velocity of the wave near the
cutoff frequency. Rotating electron oscillators are
capable of exciting natural oscillations of the waveguide
in the transparency region. The traditional description of
the generation process involves the excitation of an
initially specified waveguide field of small amplitude,
which is formed due to reflections in the waveguide. In
this case, the particles in the active zone do not interact
with each other, but interact only with the waveguide
field.

A super-radiation regime is also possible, when
particles interact only with each other, while the
existence of a waveguide field in a completely open
waveguide without reflection from its ends is ignored.
Each particle, an electron (oscillator) rotating in a
magnetic field, emits waves that are transparent to the
waveguide and which propagate in two directions. Thus,
first the total field of radiating particles is formed,
essentially a superradiance field. Moreover, it is
important to note that in the superradiation field it is
impossible to identify integral waves that propagate in
the volume of the waveguide in two directions and form
a standing wave — the waveguide field.

In an open system, without taking into account
reflection effects, when describing the excitation of a
cyclotron wave, one can consider only the total field of
interacting electron oscillators (this field is actually a
superradiance field). The possibility of generating
superradiance in this regime was pointed out in the
work of A.G. Zagorodniy and P.l. Fomina [1].

However, the numerical simulation of field
generation in such a waveguide, carried out in [2, 3],
drew attention to the two-stage nature of the process.
This work shows that the total radiation field of
particles in the active zone of the waveguide is first
generated, that is, in fact, a superradiance field. Then,
due to the effects of multiple reflections of the field, two
integral waves traveling in two directions can be

formed. This is the waveguide field, which is a standing
wave.

Below we will discuss the influence of reflection
effects, as well as the influence of particle injection and
drift in the core on the ratio of the amplitudes of the
particle superradiance field and the waveguide field.
This relationship significantly influences the choice by
the system of either the traditional waveguide field
generation mode, or the generation of the superradiation
field, which was discussed in [1].

1. SYSTEM OF EQUATIONS

Excitation of a waveguide field. Let us present the
equations that describe the generation of the field of a
TE wave, the electric vector of which is perpendicular
to the axis of the waveguide. The structure of the
waveguide field is formed by the boundary conditions in
the transparency zone and, generally speaking, its
spatial form weakly depends on the active zone filled
with rotating electrons-oscillators. The traditional
description of the process of excitation of a waveguide
field assumes that the interaction of particles with each
other in the active zone is neglected. Particles interact
only with the waveguide field. The equations for the
longitudinal component of the magnetic field and
electromagnetic waves propagating in both directions
have the form [2-6]
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where the total value of the magnetic field of the waves
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and B, =B, |exp{ip,}. Equations of motion for
electrons rotating in a constant magnetic field
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should be supplemented with two more equations that
take into account the longitudinal motion of the
oscillators:
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a=Knslg =KnsV / wg, Zj =kz;j /27 is the position of

the center of rotation of the electron along the axis of
the waveguide, and Ny is the number of particles of the

unperturbed beam per unit length. Here is b the wave
amplitude, and the longitudinal component of the
wave’s magnetic field has the form

B, =b-J,(Ksr) -exp{-iat +ik,z +im5}

in a cylindrical coordinate system (r, 4, z); m — is an
integer; J,,(x) and J,'n(x):dJm(x)/dx— is the Bessel
function and its derivative. The requirement that the
tangential component of the field wvanish at the
waveguide boundary determines the values of the
transverse wave numberk, =Ky, =Xy /1, , and x,,—

s — is the root of the equation dJ,(x)/dx=0.

Superradiance mode. Another approach to
describing the process of field generation by the same
system of oscillators in this waveguide assumes that
each such oscillator emits the same wave in both
directions [7]. Because the oscillator is capable of
emitting only waves located in the zone of transparency
of the medium (or system — in this case, a waveguide).
In this case, the field of this radiation will act on all
particles of the ensemble of oscillators. In other words,
all oscillators interact with each other. This mode can be
considered a superradiation mode, if, of course, the
phase synchronization of the oscillators occurs in the
future. The case of radiation of an individual particle
(out of a total number of particles equal to ) should be
considered as follows. The equation for the field that an
individual particle emits can be written as
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the solution of which is B; =C+4-0(z—z;), where C

is a constant that should be determined. Since for the
wave emitted by the oscillator the equation is valid
D(w,k) =0, the roots of which are
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then for a wave propagating in the direction z > z;, the
wave number k, =k,, >0and the value of the constant
C should be chosen equal to zero in order to avoid

unlimited growth of the field at infinity. For a wave
propagating in the directionz <z;, the wave number

k, =k,, <0, value of the constant should be chosen

equal —A to for the same reasons. The field amplitude
in this case
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Let us pay attention to the fact that the direction of
the strength vector of the longitudinal component of the
magnetic field in this case does not depend on the
direction of wave propagation. This is due to their
suppression of the rotating electron’s own magnetic
field when emitting waves in both directions.
Obviously, for a system of N oscillators, the equation
for the field can be written in the form
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where 3=2V Nq, /M =2v, /d-Jis the ratio of the

maximum incrementd to the attenuation decrement due
to radiation from the ends of the system 2v,, /d .

2. FIELD GENERATION SUPER-
RADIATION IN OPEN SYSTEM

For an open system, in the absence of field reflection
from the ends, one can be convinced that there is no
waveguide field, but only a superradiance field, that is, a
field that is determined only by the interaction of
rotating electrons. To describe the total magnetic field
of the waves, you can use the expression
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The equations of electron motion will retain the
same form, but with the replacement of the expression
for the field
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The total radiation field of all particles B, (Z)is

found according to formula (10). Particles move along
the waveguide at a speed of 7 (7).

When particles are removed outside the resonator
(0<Z<1), they are replaced by new ones with an initial
coordinate Z=0, an initial velocity,, an initial
amplitude a,, and a random phase. Calculations were
carried out with fixed parameters: N =900, «=0.5,
0=1, R=01, a,=1.
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The field in the waveguide is a function of time and
coordinates. Next, the time dependences are plotted for
the maximum field modules in the volume of the
waveguide:

By (r) = max By (7,2) , By (7) = maxB,,(z,2).
Fig. 1 shows the time dependence of the maximum

field of particles (in the volume of the waveguide) at a
fixed initial speed 7, =0.05.
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Fig. 1. Time dependence of the particle field maximum
at zero reflection coefficientsr, =0, r; =0

Attention should be paid to the fact that the
generation mode in the superradiance mode is possible
only if there are noticeable fluctuations of the
electromagnetic field in the system or due to an external
initiating field. In our case, a small number of model
particles generates significant density fluctuations,
which make it possible to exceed the threshold for
radiation generation [8].

It is worth noting that in the absence of reflection
there is no waveguide field; only the presence of
reflection effects allows the formation of a waveguide
field.

3. GENERATION OF FIELDS
IN A WAVEGUIDE WITH PARTIAL
REFLECTION

As already noted, the waveguide field, subject to
noticeable reflection, will have the form

B, (Z,7) =B, (r)e?"* +B_(r)e ?™*. (14)

Thus, the total field in the waveguide can be
represented as

B(Z,7) =B, (r)e*™ +B_(r)e ?"* + B (Z,7) . (15)

Here B, (Z,7) is the total radiation field of rotating
electron-oscillators; the field reflected from the left end
B, (z)e?™%, reflected from the right end -

B_(r)e ?"?, and the amplitudes of these fields are

almost equal. It is the total field (15) that acts on the
particles. To find the amplitudes of two differently
directed wavesB,, we will follow the following

simplified procedure.

The amplitudes of the reflected waves are found
from the conditions of reflection at the ends of the
waveguide based on the condition for the amplitudes on
the left (Z=0) and right (Z=1) sides of the incident and

reflected wave: B_/B_|;_o1=—f, 1. T

re

reflection coefficients at the left and right ends. Total
radiation field of particles at the ends of the system
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Let's consider the fields at the ends of the resonator

Z=0 and Z=1. The field incident on the boundary of the
Z=0 waveguide is equal to

B_(r)e?"% |,_, +Bg (Z =0,7), and the reflected field

is equal to B_(r)e®™?

field B, (r)e?™? |, +B, (Z =17), reflected field -
B_(z)e*™ |,_, . From here we obtain equations for the
amplitudes of reflected wave
B+(T) =-0 (Bf(T) +By (=0, T)) J
B_(r)=-r, (B+(r)+Bsr(Z :1,1')),
wherer;;r, are the reflection coefficients, respectively,
at the boundaries of the waveguide Z=0 and Z=1.

From the above expressions we obtain the values of
the amplitudes of the waves that make up the standing
wave

B, - h(r By (Z=17)-B(Z=0,7))

(1_ f- rr)
By (Z=0,7)-Bg(Z=17))
d-f-r) .

4. NUMERICAL SIMULATION

OF WAVEGUIDE FIELD FORMATION

When modeling the formation of a waveguide field,
system (14)—(18) was solved to find the total field,
including the field of particles (superradiance) and the
waveguide field. Calculations were carried out with
fixed parameters: N =900, «=05, =1, R=0.1,
a, =1 and different initial particle velocities and
different reflection coefficients. Figs. 2-4 shows the
time dependence of the particle field and the reflected
field at a fixed initial velocity 7, =0.05and different
reflection coefficients.
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Fig. 2. Time dependence of the particle field and the
reflected field at reflection coefficientsr, =1, r, =0
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Fig. 3. Time dependence of the maximum of the particle
field and the reflected field at reflection coefficients
n=1rRr=04
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Fig. 4. Time dependence of the maximum of the particle
field and the reflected field at reflection coefficients
r =1 rp=038
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Fig. 5. Time dependence of the maximum of the particle
field and the reflected field at the initial velocity
17, =0.01

It is also of interest to consider the influence of the
intensity of injection of new particles and the speed of
their drift along the length of the waveguide.

In Figs. 5-7 the time dependences of the maximum
of the particle field and the reflected field are shown for
fixed reflection coefficients and different initial
velocities of injected particles.

Let's also repeat Fig. 3, but
interpretation.
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Fig. 6. Time dependence of the maximum of the particle
field and the reflected field at the initial velocity
1o = 0.05
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Fig.7. Time dependence of the maximum of the particle
field and the reflected field at the initial velocity
170 =0.1

CONCLUSIONS

In this work, the conditions for the generation of TE
cyclotron waves in a magnetoactive waveguide by an
electron flow, the rotation speed in the cross-sectional
plane of which significantly exceeds the longitudinal
speed of movement, are studied. It is shown that for
completely open gyrotron-type  waveguides, a
superradiance regime is realized, for which the
interaction of rotating electron-oscillators with each
other is dominant. As a result of this interaction, the
effect of synchronization of emitters and oscillators and
the appearance of intense coherent radiation occurs.
However, the greatest interest is in the studied
conditions for the generation of superradiance and the
formation of waveguide fields when reflections from the
ends of the system are taken into account. In different
generation modes, as shown in this work, both the
waveguide field, determined by the geometry of the
system, and the field of the total radiation of core
particles, that is, the superradiance field, can dominate.
A similar flexible approach to describing the generation
of an open system—gyrotron, in particular in the
superradiance regime, was proposed by A.G. Zagorodny
and P.I. Fomin [1].

An increase in reflection coefficients can
significantly increase the amplitude of the waveguide
field, while the total radiation of the particles remains
virtually unchanged. At a fixed level of reflection, an
increase in the rate of injection of particles into the
system and an increase in the speed of their drift leads
to an increase in the amplitude of the waveguide mode,
which, with a sufficiently large energy pumping, leads
to the dominance of the waveguide mode, and the
amplitude of the field of particles decreases slightly. A
rational choice of generation modes can explain the high
level of output radiation characteristic of the operation
of such gyrotron devices, which was subsequently
confirmed by numerical modeling of such processes [8].
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OCOBJINBOCTI FEHEPAHIi XBHWJIb Y MATHITOAKTUBHOMY XBUJIEBOAI
€.B. lloxknoncokui, B.M. Kyxnin

OOroBOprOIOThCS YMOBH T€Hepalil Iojisi HaIBHIIPOMIHIOBAaHHS Ta (OPMYBAHHS XBHJICBOIHOIO TIONS 3
ypaxyBaHHSIM BiIOWBaHHS BiX TOpHiB. Y pI3HUX pEXUMax TeHeparii, fK MOKa3aHO B NaHiii poOoTi, Moxe
JOMIHYBaTH SIK XBHJICBOJHE IOJIE, II0 BH3HAYAETHCS ©(EKTaMU BiIOMBAHHS IOJS Ta TEOMETPIEI0 CHCTEMH, TakK i
TI0JIe CYMapHOTO BUINIPOMIHIOBAHHS YaCTHHOK aKTUBHOI 30HH, TOOTO TI0JIC HaJBUIPOMiHIOBaHHS.
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