THE SUPERRADIANCE OF A BUNCH OF ROTATING ELECTRONS
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Equations describing the excitation of a TE wave by a beam of electrons rotating in an external magnetic field in
a waveguide in two regimes were considered. In the first regime the interaction of the oscillators — rotating electrons
in the magnetic field — was neglected. It was assumed that the beam electrons interact only with the waveguide
modes. In the second case, in the superradiance regime, the beam electrons interact with each other due to their
spontaneous radiation. In the article the basic features of the description of the gyrotron gain regime are discussed.
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INTRODUCTION

As a rule, in most papers the Larmor rotation radius
of beam electrons is small, less than the characteristic
size of the transverse field inhomogeneity, and is less
than or of the order of the beam thickness (the beam
electrons sufficiently uniformly fill a flat or a cylindrical
layer). Scientific school of A.V. Gaponov in the former
USSR has developed the methods for description of the
excitation of eigen oscillations of the waveguides in the
presence of an external magnetic field by an electron
beam [1, 2], which helped to develop a number of (vac-
uum) devices and equipment.

Later, it became necessary to study the processes of
excitation by charged-particle beams (usually electrons)
of cyclotron oscillations in plasma, for its further heat-
ing, mainly for controlled thermonuclear fusion purpos-
es. This led to a great cycle of the developments in
Kharkov (see, for example, [3 - 5]) in the nonlinear the-
ory of wave excitation in magnetoactive plasma media
(and waveguides) by the beams of charged particles, in
particular, and with finite values of the Larmor radius
[6, 7]. In these works it was also shown that the conser-
vation laws of the elementary effects of anomalous and
normal Doppler are also satisfied for more complicated
beam systems with stimulated radiation.

Similar original descriptions of nonlinear excitation
processes of oscillations by the beams of charged parti-
cles, where the main attention was focused on the rela-
tivistic effects and the spatial restrictions of the complex
resonant systems, were also considered by the authors
[8 - 14].

Great scientific interest to one of the most powerful
and popular generators — the gyrotron was associated
with the need to take into account the plasma medium in
its volume. Actually, if a certain value of the gyrotron
power is exceeded, the gas extraction from the elements
of the structure and its ionization takes place which
leads to the appearance of a plasma with comparatively
low density. The difficulty that deals with the impossi-
bility to separate waves of different polarizations in a
magnetoactive plasma was avoided in the work [15],
with the help of introducing the small parameter of their
coupling

g=(0’¢, /ck,*) <<l
here ¢, =iw? 0, | o(w’ -of) is the transverse compo-

nent of the dielectric permittivity of a cold magnetoac-
tive plasma. Moreover, the ratio of the longitudinal and
transverse components of the wave vector was also
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small (k, 7k )<l Taking into account such low density

plasma made it possible to increase the efficiency of the
device (see, for example, [16]). But nevertheless, the
dynamics of particles at resonances requires further de-
tailed study [17 - 20]. In this work we dwell on the
problem of radiation of an group of interaction with
each other electrons under the conditions of the cyclo-
tron resonance with a TE wave.

1. EXCITATION OF THE TE-WAVE
BY THE NONINTERACTICE
WITH EACH OTHER ELECTRONS

The dispersion equation of such wave in metallic

waveguide can be written as:
2
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where k - is the transversal wavenumber that is de-
fined by the boundary conditions, and the group veloci-
ty along the waveguide is expressed as
v, =D 2 iy,

! 9(wD)/ow
the longitudinal wave magnetic fields is written in the
form [7]

B, =b-J, (k r)exp{-iot+im@ +ik, z}, 2
and the field equation has the following form [7]
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is the number of the particles on the unit length of the
waveguide. The electrons motion equations that do not

interact with each other and interact only with the wave
have the following form:
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dt &
da /dt=-n-B-J,(a)-Sin@2nG +o.),  (4)

dn,/dt=-R-B-a-J,(a)-Sin(2ng, +¢,).

2. SPONTANEOUS RADIATION
OT THE SINGLE ELECTRON

The case of the radiation of the single particle (from
its total number, that is equal to N) it is necessary to
consider in the following manner. The equation for the
field, that is radiated from a single particle, can be writ-
ten in the form

aB; .3 (5)
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or %:1_5(2721_), where
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its solution has the form B, =C+4-6(z-z;), where C —

is a constant which must be defined.
Since for the wave that is radiated by the oscillator
the equation D(w,k) =0 with the following roots

k,,=tReD(+iImD/ReD)~ +( -k2)¥*(1+i0)

is valid, so for the wave that propagates inthe z>z,
direction, the wavenumber k, =k,, >0 and the con-

stant ¢ must be chosen to be equal to zero for avoiding
field unlimited growth at the infinity. For the wave, that
propagates in the z<z, direction, the wavenumber

k, =k,, <0 and the value of the constant C for the same

reasons must be chosen to be equal to —A . At the

same time the field amplitude can be expressed as
Bj (5) =

U (& -&)+exp{-27i(5 - &;}-U (S -2,
here U(z) =1 when z>0 and U (z) =0 when z<0. It

is necessary to mention that the direction of the longitu-
dinal component of the magnetic-field strength vector at
that case does not depend on the wave propagation di-
rection. Such behavior is caused by the suppression by
them the eigen magnetic field of the rotating electron
while the wave radiates in both directions.

3. THE EQUATIONS OF ELECTRONS
BEAM SUPERRADIANCE

-5} (6)

It is obvious that for the system of N oscillators the
equation for the field can be written in the form

B(®) - iﬁ;a,&; (@) exp{-27iC " Mop2ri(e~£}
U(E-&)+expi-2ri(E—£}U(E, -2,
where 9=2V,N, /M =2v /d-5 — is the maximum in-

crement & to the damping decrement due to radiation
from the ends of the system 2y, /d ratio. It is necessary

to note, that in such notations wave energy on the sys-
tem length &, = 27k,d to the particles energy ratio is
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expressed as such expression TlB(ﬁ) Wﬁ/%iaﬁo-
0 i=1

Since the ratio of the energy radiated from the system to
the total field energy at the time of order 1/ in the
system is equal to 9, so the efficiency of the system (if
the quantity 1/5 is chosen as the time unit) may be

evaluated as ¢ ° JlB(f)ldf/*za.o

The beam electrons motion equation may be written

as.
dg, _ nf, n® 1@,
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It is necessary to mention that the field values are
not needed for the calculations they are already included
in the right-hand parts of (8).

Nevertheless it is possible to calculate the value of the
longitudinal magnetic field (7), with the help of which it
can possible to restore all other wave field components at
any point as inside waveguide as outside it.

4. THE REGIME OF THE GYROTRON
SUPERRADIANCE

For the small values of the Larmor radius, for
A =a -exp{i¢, /n} and for the exact resonance 7, =0,

assuming that Bessel functions arguments are small
Jn(X)z(X/Z)n(E);J'n(x)zi(x/Z)” let obtain the
n X

equation for the Iongitudinal magnetic wave field

B(&)=i—— exp{—-2ri
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Texp{27i(& - & }-U (S-Sl
For the case of the system of electrons that rotate in
the magnetic field and practically do not shift along the
system let show the motion equations

d§|+_ Ay n-2
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The similar approach was used by the authors of
[1, 2] to create the theory of gyrotron. However, the
gyrotron theory was based on the neglecting of the elec-
trons interaction with each other due to their spontane-
ous radiation. These effects were neglected, considering
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that the electrons interact only with waveguide modes.
In the dissipative regimes of generation @, >>1, as was

noted earlier (see also the article of the authors in this
proceedings), the superradiance of interacting electrons
and the dissipative generation regime under the condi-
tions of neglecting of their interaction nevertheless lead
to the same characteristic times of the process develop-
ment and to the comparable generation intensities.
However, these are different processes and they have a
number of features, so we give the equations for the
superradiation of a gyrotron in the gyrotron traditional
gain regime. Moreover with the notation and terms
those are similar to the papers [1, 2]. Thus for example,
equations (10) can be written in a complex form

o =IAHI(AF -1}A -GA S a
LA . _
2 exp{2i(¢ -~ ¢ UG -4

where the following quantities were used

o =47e*N,, I Sm, — averaged over the volume, the
Langmuir frequency of the beam particles, S =7r;—
waveguide cross-section, 7 = e, 6°f%212v,,

a=2O7%0) | p =g exp{ig;, I}
ano'ﬂLO

Br=(v,10) G =
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In this approach the only one complex equation (11)
where the values of the fields interacting with the parti-
cles have already been taken into account is completely
sufficient to calculate the gain regime. The calculation
details can be found in the book [21].
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CBEPXM3JYUYEHUE CT'YCTKA BPAIIAIOIIUXCS QJIEKTPOHOB
B.M. Kyknun, /I.H. /lumeunoe, A.E. Cnopoe

PaccMmoTpeHs! ypaBHEHHs, ONMUCHIBAIOIINE BO30YKICHIE ITyYKOM BPAIIAIOMINXCS BO BHEITHEM MAarHUTHOM ITOJIE
371eKTpoHOB TE-BOJIHBEI B BOJIHOBOZE B JIBYX peXMMax. B mepBoM pekume B3auMOAECHCTBHEM M3IydyaTeseld — Bpa-
IIAFOIIMXCS. B MATHUTHOM II0JIE 3JIEKTPOHOB, peHeOperaeM. Iloxaraem, 9To 3JEKTPOHBI ITydKa B3aWMOICHCTBYIOT
TOJIBKO C BOJTHOBOJHBIMH MoJaMu. Bo BTopoM citydae, B pekuMe CBEPXU3ITYUCHHUS, JIIEKTPOHBI ITydKa B3aUMOACH-
CTBYIOT JIPYT C IPYrOM 3a CUET UX CIOHTAHHOTO M3iay4eHus. OOCyKIaroTcss 0COOCHHOCTH OMUCAHMS PEXKUMa YCH-
JIEHUS] TUPOTPOHA.

HAJABUITPOMIHIOBAHHS 3T'YCTKA EJIEKTPOHIB, 11O OBEPTAIOTBCS
B.M. Kyknin, /.M. /lumeunos, O.€. Cnopoe

Po3riisHyTO pIBHSIHHSA, 110 OMHUCYIOTh 30Y/XKCHHS ITYYKOM €JIEKTPOHIB, 10 00EpTalOThCSl B 30BHIIIHEOMY MarHi-
tHOMY 1ol TE-xBuiii y XBHJICBOAL B IBOX pexuMax. Y MEpLIIOMY PEeXHMi HEXTYEMO B3a€EMOJIIEI0 BUIIPOMIHIOBaUiB
— @JIEKTPOHIB, 0 00EPTAIOTHCS B MarHITHOMY TIONi. BBaXkaeMo, 1110 €NIeKTPOHHU IydYKa B3a€MOJIIOTH JIUIIIE 3 XBUIIC-
BOJHUMH MOJAMH. Y NPYroMy BHUIIQJIKY, Y PEKHUMI HaJABUIPOMIHIOBAHHS, €JIEKTPOHH IMyYKa B3a€MOIIIOTH OAWH 3
OJHUM 32 PaxyHOK iX CIIOHTaHHOrO BHIPOMiHIOBaHHS. OOGrOBOPIOIOTHCS OCOOIMBOCTI ONMHUCY PEKHUMY MiACHICHHS
ripoTpoHa.

224 ISSN 1562-6016. BAHT. 2018. Ne4(116)



