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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 TM11 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 [12,5]. 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
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occurs in the narrow cavity gap 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 TM11 wave which is strongly coupled with the TEu: 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.

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 TMu1 wave phase velocity is less than the longitudinal velocity of electrons, and the
following equation is satisfied

Q
F%:~j, (1)

here g, = 1]?z—longitudinal velocity of electrons, f,, —TMu wave phase velocity, Q, —relativistic

cyclotron frequency. Electrodynamic calculation of phase velocity for one corrugation crest for TMu
Uy Az

wave yields the following result in the considered case B, === rrenke 0.718 and the longitudinal
Vz

electrons velocity is 8, = ~= 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 (5, = VTW = 1.7)

is greater than the longitudinal electrons velocity. There is a coupled resonator-chain in such gyroton,
where the TM11 wave resonates, and the coupling is achieved through the TEu1 wave. Therefore, in
this case we do not deal with the anomalous Doppler effect. Synchronous regime here is determined
by the following condition:

0
1+@—;—m@=0 2

This equation follows from the equality of the wave phase change and the electron phase change:
wt—p.z = le‘ -pB.z ©)]

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.
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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 TMu
waves are present, but the wave traveling together with the beam performs the dominant role. In the
output waveguide only one TE11 wave propagates and other waves are evanescent. However, the
TMiu1 wave has a primary role in the resonator.

The Figure 2 represents schematically the electron motion in the wave TMu rotating with the
frequency w in the presence of longitudinal magnetostatic field Hx. Rectilinear electron beam in the
waveguide center moves from the z-axis under the action of the TM11 wave magnetic field H: and it
gains transverse velocity Vi Then electrons start to revolve along the Larmor orbit and fall into the
TMun 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 (r, ¢, z), using the following equations:

ob
a,=b-r,a,=p-b-g, aszp-g-ro+zo, )

where b is the internal radius of the waveguide. The contravariant directional vectors system in this
case takes the following form:

P _ ¢ _ s _
A =y T2y, A =, A = Z;. )

pb
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Maxwell’s equations in the new coordinates (p, ¢, s) in the covariant form are written as follows:
_ JE"  _
rotH'=¢,-g-—+g-J,
AH' (6)
rotE'=—py-g-——.
ot

The metric tensor into Equation (6) takes the following form:

2 _
ob — b
1+p%- 0 —pb-
r [é’ZJ r oz
g= 0 5 1 0 )
—pb-—= 0 b’
r oz
where p =%, b =%, z=2;02.

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:

! _ ! _
E,, =0E| =0. 9)
p=1 p=1
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:

ro_ 1o, jmot
Elt—ReZEltm e

m
. , (10)
ro_ ! Jmat
E/ =Re) E|, e
m
where
I N A
o E E M M
Eltm - Z Z (Amm en1+ Amni Cui )
i=l n=—N
1 N
r_ ’
ElW=2.2Cri O , (11)
i=l n=—N
r_ ] ~—1 ’
Hlm =— &8 'FOtElm
ML,

and the eigenmodes of a regular waveguide are defined as
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}"ﬂl J ( nllo) e ]nqo

egni == /" -Jn(vm.p)- e—jn(p’ ef}fi = _L"] (/ump) o " 12)
anp /’lnip
Pni = Jn (Vm’p)' e_jlw’ e(j:iti = j‘]' (/ump) jw

Here m is the fundamental frequency w harmonic number, # is the phase index, i is the radial
index, j is the imaginary value, vxi are the Bessel function roots (Ju(vxi) = 0), and pi are the Bessel
function derivative roots (J'»(uni) = 0).

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

E=E -a'+E,-p-a’+E -a’
H=H-a'+H p-a’+H, -a’, (13)
J=J -a'+J,-p-a’+J]-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:

2n 1 2¢n o , _ 0/,2 Er Of)Jn .

R e R
p-dp-e™ -dawt =0,

2n 1 2n 2! "

R e e R

p-dp-dp-e™ -dot =0.

QL

.p .
(14)

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

dAS
mnp _
d= - anp + Unp Cmnp
v v, 1d v
_ mnp ___g np m 3
Uanmnp - 2 2 Z mnij/npi

w4 -
Up g|:z mni Zmp_ZAmm]/ni)tj|

i

Cupp (15)
ov Ne -
_j—”P 1 Jn(Unppj)e J(ng;=mT;)
menppng N, = ‘
L1 (dgY 1d°g
dV Amm' __Z(Ej +_7 +
mnp +_Z g g z ]/4A
npi
dZ npp i ldg
" g dz
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m Z mni 3np1 dZ Z mm}/npi+

dz ) e, 5

2 dg 1 jmo
- mnit 2nip T
dz € P &7 N, 5 j J (Unppj)ﬂ(p
npl=j
ej(nq;/—mT/v)
B,
ddy,
dz "
[ [dgj ] ﬂfp
14— 28 v _
By _ g p, \ dz g |,
mnp
dZ yssnp (d_gj +l dzg 76
dz gd?""
1 dg 1d’g
+— lh,  +
gp; mni L( J yl’lpl g d 2 ynpt] npp

ld—gz v h, +——gz Voo i, +

mm npz
g dZ i#p

o[ dg ’ e 12
m [E ZA Yo ! Py = g—ZCmmm, o —

mni

. mo d

h V -
opt & Ve =1 —jﬁ¢jJ,;(#nppj)

Here the following designations are accepted:

z=2-2nlA, g=b-2n/A,, B=V/c, m=0/aw,,

nppj
B,

J

o =11t _ 1 .0.73723-107,

e m
Ae EJ_mnpnO C _ zmnpnO Am _ EJ_mnpnO
2 > “mnp T > Fmnp T 2
c W,C c

2.on-v2
yh =g (1), (v,):

2

My (/uni - V}fp )

2n* 5

5 2 2 2

v, o= M, +n | 1= +— - J, u, ) 6;
PP [ P { )u:p /ujp J] ( P)

(ﬂ - p; dgﬂj n Jn(ynppj) /)

(16)
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6 n 2
Yopp = I3ty );
HiH, n’ eyt A
e I AT A S

7 _ Vm'Jn—l (Vm' ) ’ Jn—l (Vnp) . 7 _ Cmp .

AR A
2v2
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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 n 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:

Etm = Exm +jEym =
Arfni‘]nfl (pEni ) ' e_j[(n_l)(p_mT:' - A;fiJn+l (pEm ) :
1 L u i| (n+1)p—m —Jjl (n=1)p—m
:ﬁg ZN e][( oo _Ar]r‘lfti‘]n—l (pMni)'e o] _ ;
o A*MJ 1 (pM ) €j[(n+1)¢_mT:|
(17)
Jn (pEm' )|:Cmm'e7j(mpﬁnT) + C;:miej(mpimT)] -
1& & J, (,0 ni) Anb;nie—j(w—mT) +A:15iej(w_mr) -
E,=222.4 pan| [ | ] ;
2 i=l n=—N | =X . — M _—j(np-mT)
b d n Amme +
N n (pMni) * i(no—
Pitni M glno=mT)
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_ m e dAM —Jj| (n=1)p—mT s
dzm J (pMni )e il (n=1)p-mT] 3
dA™ o
dmn’ Jn+1 (IOMm) J[(n+1)p-mT] N
1 dr, M =i[(n=1)p-mT] N
- _b ,_] mni
1/27 z Py n (pMnt ) *M j[(n+1)¢;_mT]
I N M -J( T) v i .
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Here ppn; = vnig; Pmni = Uni %

The motion equations of the i-th charged particle in the irregular waveguide electromagnetic

field in the heterogeneous magnetostatic field take the form:

P o BB, + 5, B0, +F )~ Bu(BE,+ BE, + BEL

dz
dz

df, R — - 5
_fxr =——L[E, +B,(H,+F,)-B,(H,+F,)- (18)
z ; 7 )

ﬁzi ﬂziiEzi +ﬁyiEyi +ﬁziEzi)]
__ﬁw ﬁzt’ __ﬁu/ﬂzz’ __l/ﬁzl

B.
% = _%[Eyi _ﬂ,riF+ﬂzi(F[xi +Em)_ﬁyi (ﬂxiExi +lByiEyi +:BziEzi)]a
R

Here the following designations are accepted:

R - \/1 5 ﬁy, B F(z)= ,quHO(z)’
o,

0

——ﬁd—Fcos F ——Ld—sm
2 dz o Lo 2 dz o

r=+x + )7, @ =arctan(y,/x,), 19)

xi

E ]E - 770 (E ]Eyz)7 Ezi:iEzi’
@,C @,C
A +jH, ="y ), B, ="y
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Initial conditions for the system of Equations (15) in the electron beam initial modulation absence
can be defined in the following form:

$(0)= %[(i ~1). B, =Py sing(0),

ﬂyi(o) = ﬂm cos ¢l (0), ﬂzi(o) = ﬂzm
B = By I N1+4*, Bry = Bt (20)
X; 0)= he +ﬂm / (F(O)RO)COS@’

:(0)= B,/ (F(O)R,)sing,
T.=0

where N—the electrons number, S, = 1]TO—normalized initial electrons velocity, Ry = /1 — B&, rve—

. . . v .
normalized radius of the electrons Larmor orbit center, g = v—l—ratlo of the electrons transverse
I

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

N 1_ (2
n(z) =~y IR LR

Nio 1-R, @)

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.

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 Vo =381 kV, beam current o
= 8.7 A, resonator length | = 2rtL/Ao = 25, corrugation internal radius g1 = 27tr1/Ao = 2.902, corrugation
amplitude Ag = 2mAr/Ao = 2.05, the output ridge radius gz = 1.902, the corrugation edges number n =
14, the magnetostatic field value F = H/Hs = 1.113.

Only one TEn wave propagates in the output waveguide. The corrugation cavities form five
coupled double-humped resonators operating mostly on TM11 wave. In total, 16 wave modes were
considered in the calculations: eight waves TMu—TMis and eight waves TEu-TEis. 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.
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As it follows from Figure 3, the largest amplitude has TMn 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.
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Figure 3. Fields distributions of the modes in the resonator. Curve 1 corresponds to the wave
amplitude for TMu1 mode; 2—the wave amplitude for TEn mode; 3—the dependence of efficiency on
longitudinal coordinate z; 4—the profile of the resonator b(z)/Ao.

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 TMu 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.
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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 TMu 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 TMu 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.
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Figure 5. Integral characteristics of the gyroton: curve 1 corresponds to the dependence of efficiency

on longitudinal coordinate z; 2—the longitudinal electrons velocity S, = v,/c; 3—the resonator

profile g = b/Ay; 4—the electrons rotation center radius; 5—the electrons transverse speed f; = v;/c;

6—the electrons gyration radius 7, /4,.

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 2tD/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.

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