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Abstract: A new type of high-power electronic device—a gyroton with a corrugated resonator—is
described and investigated. Spatial bunching of the electron beam does not occur in this device,
however, highly efficient electron beam power conversion into the rotating electromagnetic field
power is possible. The rectilinear electron beam deviates from the axis by the slow TM;; wave, then it
gives up longitudinal energy to the same wave with more than 78% efficiency, and an output power
up to 30 MW. The developed mathematical model of the interaction of the relativistic electron beam
with an irregular circular waveguide and resonator fields presented in this article can be used to
calculate and optimize the processes occurring in various microwave electronic devices, such as
gyrotrons, gyrotons, TWT, Gyro-TWT, and BWT.

Keywords: high-power microwaves; gyroton; irregular waveguide; corrugated resonator;
rotating field

1. Introduction

Gyrotons are perspective devices of high-power microwave and plasma electronics. The principle
of gyroton operation is presented in the following papers [1-8]. The spatial bunching of electrons
does not occur in a gyroton. The initially rectilinear electron beam enters on the center of a revolving
asymmetrical TM field, where its circular sweep and beam electron trajectories are congruent, i.e.,
electron trajectories repeat each other but with the phase shift. This is the fundamental difference
between a gyroton and a gyrotron: where the transverse bunching of the spiral electron beam occurs
in the usually symmetrical TE fields of a smooth waveguide.

The original idea of a device with revolving fields was proposed by I. Kaufman and G. Oltman
in 1965 [9]. This device was called “bermutron”. Later this idea was developed in [10,11], but the
device was already named “gyrocon”. Then the basic constructions of devices with the revolving fields
were proposed in [1-3]. Later, one of the variants of this device was proposed in [5,12]. This device
was called “magnicon” [13,14]. We use the name “gyroton” in this work since this name was already
accepted in [3].

Gyrocon and gyroton have distinct designs and mechanisms of electrons interaction with the field
of electrodynamic structure. Indeed, gyrocon is the double-cavity amplifier, gyroton—the single-cavity
generator. The electron-phasing processes and energy exchange with the electromagnetic field in
a gyroton are combined in the single resonator, while these processes are separated and occur in
different assemblies in a gyrocon: the beam modulation takes place in the input resonator, the circular
sweep—in the space between the first and the second resonators and the extraction of energy—in the
gap of the output ring resonator. The energy extraction in a gyrocon occurs in the narrow cavity gap
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with the small angle of electrons transit; in a gyroton, inside the cavity on gyroresonance condition.
This makes the gyroton a much more promising device in the high-frequency range in comparison
with the gyrocon.

The proposed gyroton-generator scheme is shown in Figure 1. The dominant role in operation
mechanism of such device plays the TM;; wave which is strongly coupled with the TE;; wave in the
corrugated waveguide. The waveguide corrugation leads to the slowdown of the phase velocity along
the waveguide. This makes it possible to substantially decrease the required magnetostatic field value
to achieve the synchronism between the electron beam and the traveling slow wave.

1

Figure 1. The design of the gyroton, here 1 is the profile of the resonator; 2—the electron beam.

A case where the output waveguide is regular was examined in [3]. The development of
effective generation process in this modification is possible only in the presence in the system of
the magnetostatic field rising to the synchronous value when the regime of the gyroresonance occurs.
This leads to strong dependency of generation efficiency on the beam thickness. There is no such
dependence in the proposed gyroton, therefore it is possible to reach high efficiencies also for the
relatively thick high-power electron beams.

Previously proposed traveling wave gyroton [4] is based on the anomalous Doppler effect [6,15].
The calculated TM;; wave phase velocity is less than the longitudinal velocity of electrons, and the
following equation is satisfied

—5h T T (1)

here B, = ?Z—longltudmal velocity of electrons, 8,—TM;j; wave phase velocity, (),—relativistic

cyclotron frequency. Electrodynamic calculation of phase velocity for one corrugation crest for TMy;
Az
wave yields the following result in the considered case B, = UTW = A(])Z = 0.718 and the longitudinal
wr

v
electrons velocity is B; = — = 0.82. The traveling wave gyroton is one of the possible realizations of

the maser creation idea based on the anomalous Doppler effect with revolving fields.

In the gyroton with a corrugated resonator, the partial TM1; wave phase velocity (B, = UTW =17)
is greater than the longitudinal electrons velocity. There is a coupled resonator-chain in such gyroton,
where the TM1; wave resonates, and the coupling is achieved through the TE{; wave. Therefore, in
this case we do not deal with the anomalous Doppler effect. Synchronous regime here is determined

by the following condition:
Q
1+ — = Bup: =0, @)

This equation follows from the equality of the wave phase change and the electron phase change:

Wt — BuZ = Qyt — B.Z ©)



Plasma 2019, 2 3

In traditional gyrotrons the relativistic cyclotron frequency must be approximated to the operating
frequency [6,16-18]. So, the gyrotrons advance into range of higher frequencies is limited by the strong
magnetostatic fields creation possibility. As it follows from the Equations (1) and (2), gyrotons can
operate at higher frequencies than gyrotrons for the same magnetostatic fields values.

In the corrugated resonator the operating region is sufficiently extended to about 4 wavelengths,
while in the cascade gyroton [3] impact interaction occurs. The corrugated resonator usage makes
possible to reduce substantially electric field strength in it.

In References [2,10] only the regime with traveling waves with bimodal approximation is
examined. Here, we investigate the standing wave operation regime, taking into account a set
of evanescent wave modes. In the corrugated resonator, two traveling towards to each other slow
TM;i1 waves are present, but the wave traveling together with the beam performs the dominant role.
In the output waveguide only one TE{; wave propagates and other waves are evanescent. However,
the TM;; wave has a primary role in the resonator.

The Figure 2 represents schematically the electron motion in the wave TMy; rotating with the
frequency w in the presence of longitudinal magnetostatic field H,o. Rectilinear electron beam in the
waveguide center moves from the z-axis under the action of the TM;; wave magnetic field H; and it
gains transverse velocity V;. Then electrons start to revolve along the Larmor orbit and fall into the
TM;;1 wave phase. As a result, E, field of the wave extracts energy from electrons.

Figure 2. Schematic illustration of the gyroton waveguide, 1—the electron trajectory; 2—the waveguide.
2. Mathematical Model

The mathematical model of the processes occurring in the gyroton consists of two parts:

- the electromagnetic waves excitation equations in the axisymmetric longitudinally irregular
waveguide by a relativistic electron beam;
- the electron beam motion equations in the excited electromagnetic fields.

The irregular waveguide excitation equations were built on the basis of the coordinates
transformation method [5,19]. It consists in the substitution of the excitation problem of an irregular
waveguide by the excitation of a regular waveguide with the waveguide radius equal to one. This is
achieved by the coordinate system replacement. The new coordinate system (p, ¢, s) is introduced
instead of usual polar coordinates (7, ¢, z), using the following equations:

ob
apzb'ro,a(pzp'b'q)o,as=p~$'ro+zol 4)
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where b is the internal radius of the waveguide. The contravariant directional vectors system in this
case takes the following form:

1 o b 1
p p—_ —_—— s — . ¢ == — . s p—
al = 10— 7520, ob ®o,a° = zp. 5)

Maxwell’s equations in the new coordinates (p, ¢, s) in the covariant form are written as follows:

!
rotH’:e()'g~a£+g T,
ot ) (6)
;L ~ oH’
7otE" = —up - g TR

ob

R 1+P2'(%) 0 —p-b-§
g = 1 0 , @)
—0-5-% 0 B

Now, expression for the internal waveguide surface in the coordinate system (p, ¢, s) will take the
following form:

p=1 8

The boundary conditions of the waveguide surface in the new coordinate system take the
following form:

=0,Es

- =0. ©)

E/
9 -

The performed coordinates transformation makes possible to try the wave equations solution in
the form of expansions in terms of the regular cylindrical waveguide basic functions. For example, it is
possible to search the equations solution (6) for the electrical and magnetic field strengths in the form:

E'1t = Re} E'qpyy - €™

n : , 10
E'1s = Rel E'1gp - €™ {10)
m
where
1 ! N E E M M
E'vtm = z';l nng(Amni eyt Amni ’ eni)
! LN /
Evsm=X Y Couni Puis , (11)
i=ln=—N
H/ _ ] . ~-1 . E/
1m — g rot 1m

mw o
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and the eigenmodes of a regular waveguide are defined as

efni = ]/n (U"lp) ) e*]‘n(p/

n o n .
i = _v]Tip InCvie) e ey = * Huip Jn(nip) - €79, (12)
i = Jn(Vaip) - e_jn¢/ elq\]/,lﬂ' = j]/n(VniP) eI,

Here m is the fundamental frequency w harmonic number, 7 is the phase index, i is the radial
index, j is the imaginary value, v,,; are the Bessel function roots (J,,(v,;) = 0), and y,; are the Bessel
function derivative roots (J',(py,;) = 0).

The physical vectors E, H, | are defined via the calculated ones as

E=FE,-al+FE4-p-a®>+E;-a’
H=H'y-a'+Hy-p-a’+H'-a’, (13)
J=T,-a' +]y-p-a>+] %

The Galerkin method was used for solving Maxwell’s equations [5,20]. This method is also called
“the method of orthogonalization” and it consists in the fact that the coefficients of expansions (11)
are determined from the equations residuals orthogonality condition Equation (6) to the expansion
eigenvectors Equation (12) with any s:

C— =
N
A
—
=
(=)
=
RS
°Q)
Z
(@)
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N———
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=
o
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14
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0" T ar |y, o

oq)

127 —~—1
ff{rot(g orotE’1>+yo-
00

p-de-dp-e M9t det = 0.



Plasma 2019, 2 6

The expansion coefficients Equation (11) are determined from the Equation (14) by the following
ordinary differential equations system:

A,

= anp + Unpcmnp

V4
anpU%;p 1 dg Unp
_ - P v oAm A3
neg? g dz eppmge i Vit

Unp dﬁ e L 3 |
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Here the following designations are accepted:

z=2-2n/Ay, g =b-2n/Ay,B=V/c,m = w/wy,
o= 10@ — Ip-0.73723-1073,

e Eimnpno N EgmanO m ETmanO
Amnp 2 mmp = woc Amnp —Qa
2-n~1/2
72;71‘ = —2 Jn(Hni) + T (Vnp)}
Hni (ym )
2n? 5
’Vnpp ,unp +n?|1—- -+ — . ],% (Vnp) /6; (16)
Vnp Vnp
2 2
6 _ _Hnitnp n o 1 2 .
Toip =75\ 7o — 1| Tn(ptni) - Jn(pnp)inpp = Ju(#p);
nip V%i_y%p (P‘np ) ni n( nP) npp 2]"%;: n( nP)
7 :Vni]nfl(vnl) Jn— 1(Vnp)' 7 _ Cnpp,
nip Vrzn _ V%p npp Vnp
8 2v; ”P
Tnip™ T2 2 ] (#ni)  Ju— (Vnp)-
Vnz

The equations system Equation (15) is the longitudinally irregular waveguide excitation by
external sources problem solution. In this system, the E and H wave modes with the identical
azimuthal indices # are coupled that is caused by the azimuthal waveguide symmetry.

Considering Equations (8), (14) and (15), it is possible to write down the physical vectors of the
electromagnetic fields in the following form:

Eimn = Exm —|—jEym =

! ; ;- A'Emi]nfl(PEm) eij[(”*l)q’*mﬂ mm]n+1(PEm)
= n . ;l n_Z_N e][(n+1)(P_THT] An]\fnz.ln 1(pMn1) [(T’l 1)(;’ mT]
- AM T (i) - LD e=mT]
]"(PEm')[ mni€ —j(ng— mT)-i-C* j(ne— MT)}
I N . E —i(np—mT *E n mT
E;m = 12 y o0 db ]n(pgm) [Amm.e j(ng ) A ol (np— ):| ;
2i:1n:7N _E E n AM € —j(ng— mT)_,’_
7PMm]n(pM”i) A*M j(ng—mT)

ConiJn—1(pgni )e (1= 1e—mT]
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r r
Here pgp; = Vm'g; PMni = Vnig‘
The motion equations of the i-th charged particle in the irregular waveguide electromagnetic field
in the heterogeneous magnetostatic field take the form:

dBi Ri = - = = =
52 = _F[Exi + ﬁyiF - ﬁzi(Hyi + Fyi) - :Bxi(ﬁxiExi + ﬁyiEyi + ﬁziEzi)]/
dpyi R; — _ _
5; = ,Bzz [ ,BxlF + ,BZZ(HXI + qu) ﬁyi(,BxiExi + ,ByiEyi + ,BziEzi)]/
d xi R I7 T7
fz = —E[Ezi + Bxi(Hyi + Fyi) = Byi(Hui + Fri) — (18)
,321 [,Bzzzfm + ,Byliyz + ﬁztizz)}
d dx; dy;
i _,8x1/ﬁzul _ﬁyz/ﬁzzli _1/.321

Here the following designations are accepted:

0
2 2 _ moeHZ (2)
R; = \/1_ xi ~ Pyi ™ zi'F(Z)_ w; ’
r; dF
F,= — 755 08 @i, Fyi = 2 I sin ¢;,
T = w/x —I—yi @; = arctan(y;/x;), (19)
T 0 0
Eyi +]Ey1 = 170 (Ex1+]Eyz) = WLOCEzir
H, +jHy = %(Hxi +j yi)eri = %P(;()Hzi-

Initial conditions for the system of Equations (15) in the electron beam initial modulation absence
can be defined in the following form:

(Pz( ) - 2]\7;( ) ,sz = _,BJ_O Sin(Pi(O),

Byi(0) = B 1o cos¢i(0), Bi(0) = Bzo,
Bzo = Bo//1+ qzrﬁﬂ) = Bz04; ) (20)
xi(0) = roc + Bro/ (F(0)Ro) cos ¢;,
yi(0) = B1o/(F(0)Ro) sin ¢;,

T, =0

0 . . .
where N—the electrons number, ) = %—normahzed initial electrons velocity, Rg = /1 — %,
. . . 0 .
rve—normalized radius of the electrons Larmor orbit center, g = U—L—ratlo of the electrons transverse

velocity to the longitudinal velocity.
The electronic efficiency is defined as

N
e = N; 1= R() . (21)

3. Algorithm and Calculations Results

The method proposed in this article reduces the 3D task to 1D. It increases considerably both
speed and accuracy of boundary-value problem solution. The known codes MAGIC [21], CST [22],
KARAT [23], and MAGY [24] etc. do not have such convergence speed of boundary-value problems
solution, and this makes it impossible to solve the optimization problem of the gyroton waveguide
profile in the acceptable calculating time.
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The Cauchy problem direct solution for the electrons motion equations system and waves
excitation in an irregular waveguide by the usual integration methods (for example, the Runge-Kutta
method) is impossible when evanescent modes are taken into account. The equations system is very
unstable in this case. The method of block matrix dispersion was used to solve the boundary-value
problem [25].

Own software package CEDR (complex of electrodynamic resolutions) [26], that was developed
for mathematical simulation and optimization of the nonlinear and linear processes of relativistic
electron beam interaction with the irregular electrodynamic systems fields, has been used in our work
for the calculations in spectral domain, i.e., we have investigated the steady-state regime. We have
applied the module GYRO-K of the package CEDR. The self-consistent nonlinear problem has been
solved. The starting current has been determined asymptotically by decreasing current from the
working value to the value when efficiency of the device was close to zero. We have determined
the amplitude characteristic at the same time. The analysis of it indicates stability of the generation
excitation process in the device. The detailed investigations that were conducted in the work [27]
confirm the generation process stability in a gyroton.

The search for the gyroton optimal construction with corrugated resonator with the help of the
described program has yielded the following result: accelerating voltage V = 381 kV, beam current Iy
=8.7 A, resonator length [ = 2L/ A = 25, corrugation internal radius g1 = 27try /Ao = 2.902, corrugation
amplitude Ag = 2mAr/Ag = 2.05, the output ridge radius g3 = 1.902, the corrugation edges number
n = 14, the magnetostatic field value F = H/Hg = 1.113.

Only one TE;; wave propagates in the output waveguide. The corrugation cavities form five
coupled double-humped resonators operating mostly on TM;; wave. In total, 16 wave modes were
considered in the calculations: eight waves TM11-TM;g and eight waves TE;1-TEg. The obtained
results were verified by increasing the calculations accuracy: the waveguide base functions number
was varied from 16 to 64 and the integration steps number—from 2000 to 8000. The accuracy change
did not exceed 1% in this case.

As it follows from Figure 3, the largest amplitude has TM;; wave. The electronic efficiency of
this gyroton reaches 78%. The resonator profile is corrugated, and it is connected at the left side with
the drift tube that is below-cutoff for all the wave modes (at the operating frequency); the rectilinear
electron beam is injected through this tube center. To the right, the corrugation ends with the internal
contraction, which increases the quality of this resonator.

Figure 3. Fields distributions of the modes in the resonator. Curve 1 corresponds to the wave amplitude
for TM1; mode; 2—the wave amplitude for TE;; mode; 3—the dependence of efficiency on longitudinal
coordinate z; 4—the profile of the resonator b(z)/Agp.
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The frequency characteristics of the squared amplitude of the overall waves for the main resonance
in this resonator at a constant power of the wave TMj; falling to the right is presented in Figure 4.
Figure 4 shows that the resonator cold Q-factor is Q;, = 5250. Therefore, the field in this construction of
gyroton can be considered as fixed with a high degree of accuracy.

35
S 35
£ \
£ qi \
< z ‘
s
@ /5 \
T\
* ,c.s \\
_/ 0 ——— | f/f

-0.001 -0.0005

o

0.0005 0.001
Figure 4. Frequency characteristic of the main resonance of the corrugated resonator.

Figure 5 demonstrates the gyroton integral characteristics. One can see that the electron beam
deviates initially from the axis by the transverse component of the rotating TM;; wave high-frequency
magnetic field. The electrons gyration radius and the rotation leading center radius increase
simultaneously in this case (curves 4 and 6), this means that the electrons orbits only touch upon the
resonator axis. Consequently, beginning with z > 3, the electron beam begins to give up its longitudinal
energy to the longitudinal electrical component of the TM;; wave (curve 2). The efficiency increases
almost monotonically with the growth of z (curve 1), and the electron’s rotation center radial coordinate
gradually moves away from the device axis (curve 4). So, device high efficiency is achieved only due
to use of the electrons longitudinal energy.

AAMARARAARMC =
M/\/b\/\/ Uy ka,/g

J 4
o~ N
hy

SN

L

0 2 4 6 8 10 12 14 16 18 20 22 24
z

Figure 5. Integral characteristics of the gyroton: curve 1 corresponds to the dependence of efficiency
on longitudinal coordinate z; 2—the longitudinal electrons velocity B, = v,/c; 3—the resonator profile
g = b/ Ap; 4—the electrons rotation center radius; 5—the electrons transverse speed p; = v;/c; 6—the
electrons gyration radius 7./ Ay.

The internal ridge at the end of the resonator increases the resonator Q-factor up to 5250,
which makes it possible to reduce the device operating current to 8.7 A. The linear estimation of
the start-oscillation current is 6.7 A. However, it also limits the thickness of the electron beam to
2nD/A < 1. At the higher thicknesses the beam begins to deposit on this ridge. The reduction in the
efficiency with the increase of the beam radius is shown in Figure 6.
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The resonator frequency characteristics study in a broad band (~10%) has been carried out.
The frequency characteristic for the squared amplitude of the overall waves in the resonator in
10%-band of frequencies is presented in Figure 7. Several resonances can be seen at the frequencies
both lower and higher relative to the main resonance frequency.

0.85

\\

Efficiency

0. 0.2 0.3 0.5 0.6
External radius of the electron beam

Figure 6. Influence of radius of the electron beam on device efficiency.
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Square of Amplitude

1

0.5 i A fifo
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095 096 0.97 098 099 1 1.01 1.02 1.03 1.04

Figure 7. The frequency characteristic of the corrugated resonator.

As follows from Figure 7, all existing resonances except for the main one possess lower diffraction
quality and they cannot influence to the electron beam in the same manner as the main resonance.

4. Discussion and Conclusions

The gyroton-generator with the corrugated resonator can operate with efficiency about 78% and
output power ~2.6 MW. If we increase the inside radius of the waveguide to the cut-off value for
the TM; wave, then it is possible to substantially lower the resonator quality and it is, respectively,
essential for the increasing of the gyrotons output power. The mathematical model of the relativistic
electron beam interaction processes with the irregular circular waveguides and resonators fields
presented in this paper can be used for the calculation and optimization of the processes occurring in
various microwave electronic devices, such as gyrotrons, gyrotons, BWOs, and TWTs.
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