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Abstract: The traditional excitation equations of the Vainshtein waveguide excitation
theory based on presenting the field excited by extraneous sources as a sum of TE and
TM eigenwaves of the hollow waveguide, which transversal components form the com-
plete basis in the class of the transversal vectors of a waveguide section. However, in
the excitation sources area (longitudinal sonde, electron beam) the waveguide is not
hollow and the potential transverse electric field appears in this area. The transversal
electric field completes the basis of TE and TM waves. This is not taken into account in
the traditional excitation equations. In this paper, the necessary correction of the exci-
tation equations in the sources area is obtained.
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Annomayun: Xopowo u36ecmHo, UMO YPAGHEHUSs  BO30VIHCOEHUS  BOJHOBOO0S
JI. A. Baiinwimetina 0CHO8bI8AIOMCA HA 8030YHCOEHUU CTMOPOHHUMU UCTIOYHUKAMU MOKA
INEKMPOMASHUMHO20 noaA 6 8ude cymmul TE u TM cobcmeennvix 6011 No1020 80THOB0-
0a, npu 5MoM nonepeutvle KOMNOHEHMbl 06PA3yIOM NOJHbII 6A3UC 8 KNAcce NONePeUHbIX
6eKmMopos cexyuu 801H06o0a. Tem He menee, 6 061ACMU UCIOYHUKOE BO30YHCOCHU
(MPOOOILHBIL 30HO, INEKMPOHHBLI NYUOK) BOTHOBOO He S6JIsLemCsi NOJILIM U 8 MOl 001a-
cmu 803HUKAEm NOMEHYUAlIbHOe nonepeutoe saekmpuyeckoe noie. Ilonepeunoe anex-
mpuyeckoe noie 00noaHsem cmpykmypy ochosuwix TE u TM 6onn. Omo ne yuumovigaem-
Cs 8 MPAOUYUOHHBIX YPABHEHUsX 6030VacoeHus. B nacmosweti pabome npoussedena
HeobX00uMas KOPPEeKMupo8Ka ypasHeHull 6030yxHcOeHUs 8 001ACMU UCIMOYHUKOS.

Knroueewie cnoea: teopus BONHOBOIOB BaiiHmTeitHa, ypaBHeHNST BO30YKICHHA, DIICK-
TPOHHBIH MMy4OK.
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1. Introduction

The development and application of effective semi-analytical or numeri-
cal methods for the analysis and investigation of waveguides, resonators and
other microwave components in the presence of some sources is an important
and actual problem of the modern microwave theory [1-5]. One of such meth-
ods is the waveguide excitation theory. The excitation equations of the
Vainshtein waveguide excitation theory for regular waveguides [6-8] are wide-
ly used in microwave electronics [7—12]. There are a number of problems in this
theory. One of them is a representation of static electric and magnetic fields in-
duced by electron beam in a waveguide in the form of solutions to equations of
the Vainshtein excitation theory. Other problem solved in this work is the need
of several corrections of the waveguide excitation equations in the sources are-
as. Let us note that the equations of the waveguide excitation theory are based
on the representation of the excited field as a sum of TE (E) and TM (H) waves
of a hollow waveguide. Their transversal components form a full system in the
class of the transversal vectors of a hollow waveguide section. Nevertheless, in
the area of a source (a longitudinal sonde, an electron beam) the waveguide con-
tains not a simply connected area of the cross-section but a doubly or multiply
connected area, which supposes the existence of the transversal potential elec-
tric field. Thus, the basis of TE and TM waves is not complete, and it is neces-
sary to take into account the TEM-wave, since its propagation constant I'; =

k=w/cis not equal to TE or T¥ of TM or TE waves (I = /kz - (kf;f{)z)

and it is orthogonal to all TE and TM fields of a hollow waveguide [6-8]. In
other words, it cannot be represented using the TM and TE basis of a hollow
waveguide and requires a separate calculation. The separated quasi-static field
(w = 0) determines the main part of the source electric field — 2D transversal
field (I = w/c = 0). The last is especially important for the theory of micro-
wave O- and M-type devices [13], gyroresonance devices [14, 15], semiconduc-
tor superlattices in a resonator [16] and so on.

In the present paper, we make the important transformation of the excita-
tion equations for hollow waveguides, in which the transversal electric field of
the sources is taken into account.

2. Regular waveguide

Let us set the task of the stimulation of regular waveguide by an off-site
electric source as following. Firstly, it is necessary to solve Maxwell's equa-
tions:
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rotE = —Ugq I
div (eaE) = Pes
div (u,) =0 J
with the following boundary condition on the waveguide walls:

[RE]| = 0. @)
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Here E and H are the electric and magnetic components of the waveguide field,;
gq and u, are the dielectric and magnetic permittivities of the waveguide filling;
595 and p, are the vector of current density and the space charge density of the

off-site electric sources; 7 is the waveguide wall normal. Condition (2) fits the
perfectly conducting walls; it is not hard to make generalization for the occur-

rence of losses [8].

To find the solution of Egs. (1) and (2), let us represent the sought field E

as two components:

E=E+E, 3)

while rot E” = 0. Dividing the field E into E and E” in equation (3) means that
div E" = 0 and rot E* # 0. At the same time, the two-dimensional field £~ con-

form to TEM field.
Thereafter the system (1) is divided into two ones:

. 9 L )
rotH=ea¥+fes,! @
— 0H
rot £ =—,uaE, J
divE" = pos/eq — divE
or
V2O = —p'/e,,
E" = —grad &, ®)

=, - a?
where §g5 = 605 + €4 T

Uq are constants.

= 8u5— €a%(9md ®), p =p—e,divE, e, and
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Let us suppose that the waveguide excitation is a stationary process, i.e.
the field sources change periodically in time. Then the sought fields E, H can be

represented as Fourier series:

E =Re Z Eneinwt, H =Re Z Hnreinwt, (6)
n=1 n=1

Solutions for E™ and H" can be written, using the results obtained in Ref.
[8], replacing &, by 8,s:

- R S 5§ yn
a

L ()

Fin = CRHD + CgHn

Here E_i‘s and 175_:5 are the fields of unidirectional (+S) and counter-propagating
(~ S) inherent waves of the waveguide (without sources) on the frequency
nw, (5;)" is the harmonic of z-component of current density 5; on the frequen-
cy nw, n > 0 is the harmonic number.

The coefficients C;‘S can be found from the following differential equa-
tions:

dCh 1 (%" 2 5 ;
+S _ En —jnwt :
dz TcNgnfo J;_ 6 EXsdS e dwt ®)
where
NP = f ([B3s. Hrs | = (B2, H1) ds, ©)
S1

is the norm of the wave with S number on the frequency nw,

- 5 . oo™
(8,)" = (6)" — jnweg ——. (10)
Now let us discuss the solution of Eq. (5) representing (6):
b = Rez pnenwt, (11)

Hence, using Egs. (7) and (8) we obtain the following for ®":
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Fig. 1. Isophase tube forming in an electron beam for TEy;
electromagnetic wave in the gyroresonance device.

Puc. 1. ®opmupoBaHie THPOPE30HAHCHOM H30(ha3HOU TPYOKH
B DJICKTPOHHOM ITy4Ke JUIs 3JISKTPOMarHUTHOU BOJIHEI T Egy

V2" = —(p)' /e, = —p" /e, + div E™ =

acr . dcn aon 920
—,Dn/ga + Z (d_;E;lS + dZS ;l_s> — a—Zz/jnwea + W’

or

dack . dc’s . 1 087
2¢pn = —pn Z S gn 4 2S5 gn ) - Z. a2
v p /Ea + . < dz zS + dz z=S jnwé‘a 0z ( )

It is obvious from Eq. (12) that ()" = —grad @™, i.e. it is the electric
field component that is missed in the excitation equations [6-8].
We notice that according to the theory stated in the monograph [17,

Chapter 6] the components of natural fields of the regular waveguide Eg, Efs,
HZ and H" have the following form:
Ef = E§(re /57, HY = Hy(rD)e /™7, (13)

En. = En, (rD)e M2, H". = H (r)e /152, 14
s so(TL s so(TL

2
where h¢ = (%) — x2 is the propagation constant of S-type waves on the

frequency nw,r;” means the coordinates transversal to z, c is the velocity of
light in free space, y; is the eigenvalue for the S-type wave mode.



KURAYEV A.A. et al. Isolation of two-dimensional E-fields in the excitation equations... 23
KYPAEB A.A. u n1p. Beiienenue 1ByMepHOT0 3JIEKTPUYECKOTO OIS ...

For TM-type waves we have the following ratio:
Elo:(r1) = —El'50: (rD),
EZ50,(r") = —EZ50, (1), (15)

Hl50: () = Hlgo, (D),
and for TE-type waves:

H00 (D) = —H0, (D),
Hls,(r1’) = Hlo,(r), (16)
E1—150t(7‘f) = —Efsw(rf)-

Here the index “t” means the transversal component of the vector.
Taking into account Egs. (8), (15) and (16), we can ascertain the follow-
ing equations:
dcl . dC
dz E7s + dz BT = m‘f f 8 ERydS, e "t dwt - Ego, (7)),
0

2

and

ach dcr
le (C_é'nHS + CnanS) —_ _SH;S + dZ

SHM ¢ = 0.

3. Examples of problems with isolation of two-dimensional E-fields

Let us discuss partial cases that illustrate the application of the general
theory expounded in Section 1. Such type of microwave electronics problems
needs extraction of 2D quasi-static space charge fields.

3.1. Gyroresonance devices

The authors of the works [18] have used equations like Eq. (12) and ob-
tained the solutions for a radial quasi-static space charge field for axially sym-
metric gyroresonance devices on TEQi working types of waves:

E, = ~8nZe rf [1+ sign (r — 7' (a))]day. a7

Here T = I, /v, is the linear density of beam charge, &, is the vacuum per-
mittivity, 7 is the radius of the observation point, r” is the radius of an isophase
electron tube, «, is the relative phase of rotation of electrons belonging to this
tube. The scheme of forming of an isophase tube for TEy; wave is shown in Fig. 1.
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The obtained solution (17) in the works mentioned above allowed defin-
ing the main factors of the influence of space charge upon the process of inter-
action in the gyroresonance devices: acceleration and amplification of elec-
trons phase bunching and the increase of modulation dispersion of electron
velocities.

Fig. 2. Four isophase tubes forming TE;; electromagnetic wave in the gyroresonance device. The
corresponding isophase tubes are marked with the ‘I-IV’ symbols.

Puc. 2. Yetsipe uzodaszHeix TpyOku, 0Opasyrommue B THPOIPHOOpE 3IEKTPOMAarHUTHBIE BOJTHBI
TEy;. CooTBetcTBytOMIIHE H30(]a3bl TPYOKH 0003HaYeHBI cuMBOIAMU «l—IV»

In the Refs. [18] the solution for gyroresonance devices with nonsymmet-
rical TE, working types of waves was obtained similarly. In particular, for
TE,;1-type waves the isophase tube field has the following form:

3a

(%[1 + sign (r — 1) * (ej‘p + %ezj“’) + Eﬁ) -(18)

E, = Ey + JE, = e
Here a is the radius of Larmor orbit of electrons on this isophase tube; r, ¢ are
the coordinates of the observation point, r is the isophase tube radius.

The scheme of forming of four isophase tubes for the working TEj;
waveguide mode is shown in Fig. 2. Using Egs. (17) and (18) helped making
the comparison of efficiency of the optimized gyro-TWT on TEy; and TEy;
modes in the Ref. [18].

3.2. Relativistic Cherenkov generators

The radial component of a quasi-static field of the beam plays the signifi-
cant role in relativistic Cherenkov generators with tubular electron beams and
influences upon the movement of the electrons relatively to the working surface
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of a corrugated waveguide. This field is considered in [19] as an additional

component to E,. in the following form:
Ooi

B =~ (= o) (19)

Here oy; = elly;|/megmoc?, Iy;, is the current of i™ layer of the beam, r; is the
beam radius, b is the radius of corrugation, B, = v,0/c, v, is the mean longi-
tudinal velocity of electrons, c is the light velocity in vacuum, e, m are the elec-
tron charge and mass.

4. Conclusions

In this paper, the transformation of traditional equations of excitation of a
hollow waveguide by an extraneous electric field is made, taking into account
the potential electric field in the source area which appears because of the
change of a waveguide structure.
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