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Numerical Solution of Fields in Lossy Structures
Using MAGY

Alexander N. VlasoyMember, IEEEand Thomas M. Antonsen, JMember, IEEE

Abstract—Lossy structures are used in vacuum electronic de- —e—1
vices to control and suppress modes. Numerical simulation of the —5—2
effect of these lossy structures is critical to the design and opti- . . ——3
mization of devices. The gyrotron simulation code MAGY makes symmetric TE field E theta

use of the generalized telegraphist’s equations in which the trans- 06 [

verse structure of fields is represented as a sum of local modes of a
metallic waveguide. If the wall is not a perfect conductor then sum ¥
over modes is not uniformly convergent. We have developed an al- 0.4 I
gorithm to deal with this problem and allow for the simulation of
structure with highly lossy walls. The theory and implementation r
of this algorithm will be presented. 02 -

Index Terms—Hybrid codes, lossy structures, microwave tubes. o

I. INTRODUCTION

ESIGNING new sources of electromagnetic millimete: 027
wavelength radiation requires extensive computer sin
ulation to reduce design cycles and optimize performance. oa L e
is an important requirement for computer codes to be ab 0 0.2 0.4 0.6 0.8 1
to describe real processes in vacuum electronic devices [
The gyrotron simulation code MAGY [2] developed at the
University of Maryland and Naval Research Laboratory is ablgy. 1. Radial distribution of electric fieléf, for the three first basis functions
to describe the self-consistent nonlinear interaction betwe®nl for an actual field in the case of finite wall conductivity.
electromagnetic fields of axisymmetric structures and electron
beams. It is particularly useful for millimeter wave devicavidely used in the theory of waveguides with axially varying
modeling because it can simulate highly overmoded structurbeundaries and for electronic device simulations [2], [11]. The
There are many gyrodevices operating in the millimeter adfect of wall losses can be treated in a general way, pertur-
submillimeter wavelengths which contain a variety of loskatively, if the value of the surface impedance of the wall is
mechanisms: losses in beam tunnels to suppress electron beerall [12], [18], [13], [14], [19]. This approach is successful for
instabilities [3]-[6], lossy ceramic in drift sections to prevenvaveguides with highly conducting metal walls. Problems arise
excitation of parasitic modes [4], [6], [7], losses in cavities tahen the surface impedance becomes large, which is often the
control quality factors, and losses due to the presence of sle@se of interest. To treat this case a computer code should be
and holes. Thus, it is imperative to develop a method to trealtle to solve the electromagnetic field problem in the case of
these effects is MAGY. The presence of partially conductirg partially absorbing wall. The goal of this work is to extend
materials can drastically change the electromagnetic field prdpe generalized telegraphist’s equations approach for the case
erties. To predict microwave device operation in the presengkstructures with finite wall surface impedance.
of lossy elements we should be able to calculate accurately thd he nature of the difficulty associated with the generalized
electromagnetic fields including the effects of both the loss&egraphist’s equations approach is that the fields are repre-
and the electron beam. sented as a superposition of waveguide modes appropriate to a
The generalized telegraphist’s equations approach [8], [18jructure with perfectly conducting boundaries. For each mode
[9] and related methods of transverse cross sections [10] éréhe superposition the tangential electric field vanishes at the
boundary of the simulation region. However, if the boundary, in
fact, has nonzero surface impedance, then the actual tangential
Manuscript received June 30, 2000; revised September 12, 2000. This wligdd will be nonzero at the surface, see Fig. 1 as an illustra-
was supported by the Office of Naval Research and the U.S. Departmentigfn. Here we have plotted the theta component of the electric
Energy. The review of this paper was arranged by Editior D. Goebel. . . . . .
field for the first three symmetric modes of cylindrical wave-

A. N. Vlasov is with Science Applications International Corporation, 1710™" . . - )
SAIC Dr., McLean, VA 22102 USA, on leave from Moscow State Universityguide of radius-,, along with a hypothetical field that could be

rir
w

Moscow, Russia (e-mail: viasov@glue.umd.edu). __present if the metallic wall where replaced by a surface with
T. M. Antonsen, Jr. is with the Institute for Plasma Research, University of . d This field ib d

Maryland, College Park, MD 20742 USA. arge impedance:. This field can still be represente I as a super-
Publisher Item Identifier S 0018-9383(01)00301-X. position of perfectly conducting boundary waveguide modes.

0018-9383/01$10.00 © 2001 IEEE



46 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 48, NO. 1, JANUARY 2001

However, the series will not be uniformly convergent. As aresulelds are represented at each axial location as a sum of TM,
one can expect Gibbs’ phenomenon to appear in any truncati and TEM modes (For the current case we limit our anal-
of the series (see as an example [15]), and one can expect isid to noncoaxial waveguides with TM and TE modes only.) of
extreme care needs to be taken when taking spatial derivatisesaveguide with a transverse cross-section equal to the local
of the field. A possible alternative to representing the fields &sansverse cross section of the structure.

a superposition of waveguide modes appropriate to a structure

with perfectly conducting walls is to consider modes that indi- Ef = Z (Vi(z, tex(rr, 2) + V(2 t)el(rr, 2))

vidually satisfy the boundary conditions at the wall. There are k

several drawback associated with this idea. First, these modes (2a)
are more difficult to find than the perfect conducting boundary By = Z (I.(z, oy (ry, 2) + I/ (2, )b} (ry, 2)).
modes. For example, a nonzero surface impedance couples TE ?

and TM modes. Thus, the basis functions in the nonzero sur- (2b)

face impedance case would have mixed polarization. Second,
the structure of the modes would be different for and requitéere, the primed variables refer to TM modes and the double
calculation at each axial location. Using modes appropriate gaimed variables refer to TE modes. The amplitutigsV;’, I;
a perfectly conducting cylinder (Bessel functions) allows us tndI;’ depend slowly on time and arbitrarily on the axial coor-
evaluate the modes by scaling the radial coordinate to the wdithate~. The two sets of eigenfunctions of the local transverse
radius. Third, if one introduces a real surface impedance, themss section are introduced as follows:
the self adjoint property of the Maxwell equations is lost, and
it is no longer clear that the nonzero surface impedance modes e, =V, (3a)
form a complete basis. . . =e, x € (3b)

Our approach to the problem of nonuniform convergence will
be presented in Section Il of this paper. Section Il contaiRghere
examples of numerical simulations of different electrodynamic
structures with lossy materials on the walls. The summary and ATy + K2, 0, =0 (3¢)
discussions about the advantages and limitations of the proposed \I/ .

e : ) kle =0 (3d)

modifications are presented in Section IV.

describing TM modes, and
Il. BASIC FORMULATION FOR LOSSY STRUCTURES

One of the most successful approaches to describe electro- r=Vids, (4a)
magnetic fields in complex waveguides and cavities and their el =b] xe. (4b)
interaction with electron beams is based on the representation
of the electromagnetic field as a sum of local eigenfunctionghere
of the structure. The MAGY code developed at the University
of Maryland is an example of such an approach for the case in Ady + k’%y + 21 =0, (4c)
whlph Fhe radiation has a narrow speqral width. A completg n Vol =0 (4d)
derivation of the generalized telegraphist’'s equations used in
MAGY code is presented in ref. [2]. Here, we reproduce somgscribing TE modes. The eigenfunctions are orthogonal with
steps, which are necessary in order to formulate a description@kmalization
the field when the wall has a nonzero surface impedance.

, , , d n= dae’}, =bkn
A. Generalized Telegraphist’'s Equations /SL aefy - ef /SL ae’} - e k
The electromagnetic field is split into transverse and longitu- / dae’ - e =0
dinal parts: s. "
. P 1, ifk=mn,
E(r, ) =Re{(Ex(r, t) + E.(r, t)e,) exp(—ivt)}  (la) B0, ifk#n

B(r, 1) =Re{(Br(r, t) + Bi(r, t)es) exp(—iwt)}  (1b) Here, C represents the curve defining the boundary of the

local cross section in which the fields are representedmand
an outward normal from this curve. We will characterize
and magnetic fields: e axially varying boundary by the two dimensional vector

E., B, complex amplitudes of the longitudinal fleldrw( #). Where the_ po_lar anglé varies from 0 .t°27r' We_
assume that,, (8, z) is single valued, however this restriction

where .
Er, By complex amplitudes of the transverse electriti

components; : ; .
w carrier frequencyliy = w/c; can be dropped later. A unit vector tangent to this curve,is
e. unit vector directed along theaxis. where

The complex field vectorEr andBr as well asE, andB, are 8rw 8rw
assumed to be slowly varying functions of time. The transverse o
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, n t and uses (5) and (6) to eliminate the longitudinal fields. Be-
n cause of the anticipated nonuniform convergence in the sums in
(2a)—(2b) it is critical that transverse derivatives of the fields are
not carried out term by term. For example, one can not insert
r.(6,z) (2a) into (5) and arrive at a series expressionBgr Rather,
- in the integrals over transverse cross section, terms involving
transverse derivatives must be done by parts so that the trans-
verse derivative falls on the single basis functiejjsand by,
and not on the fields themselves. This procedure results in the
A c followmgap;ur of equations:
k
Fig. 2. Coordinates and unit vectors for an axially varying waveguide with an 9, Z K iVi+ Al = 52k
elliptical cross section. {
+/ dn-eg(E.+7r,n-E)) 9)
and the outward normal is given byn = t; x e,. Note that d ¢
the vectom lies in the transverse plane and is not, in generaﬁ,n ol
normal to the surface defined by the family of axially dependent 5y Z Ky oy + Ty Vi — St
curves. The situation is illustrated in Fig. 2. On the left we see i !
an qxially varying wavgguide and on the rig_ht we see the cross _ i AV, bin-(EL -e,). (10)
section of the waveguide at a particular axial point. The cross iko Jo

section pictured is elllpt|ca_l. The unit vectansandt lie in _ The preceding equations apply to either TE or TM amplitudes
the plane of the cross section. The shape of the cross sectiodSending on whether the transverse components of Maxwell's
defined by the two-dimensional (2-D) vector functien(f, z).  gquations were dotted with a primed or double primed basis
The normal to the waveguide surfacen§ which, in general, g,nction. Implicit in the sum over all modes, is a sum over
will have a component in the direction. Finally, we introduce ,5qe type, TE and TM. In some instances terms simplify or
7(6, z) = n - 9rw /0 which defines the local rate of changejisappear for one or the other mode types. For example, it fol-
of the radius of a point on the curve. lows from (2a)—(2b) tha¥’ | - b, = V| - e = 0.

The longitudinal compqnents of electromagnetic field are re- ~efficients appearing in (9) and (10) are defined as follows.
lated by Maxwell's equations to the transverse cOmponents: the coypling matrix<; ;. describes the effect of axial variations

of the transverse crosssection of the waveguide, as follows:
ikoBZ :VJ_ . (ET X ez) (5)

db; Jde;
and Ky, i :/ by, - da:/ e - ° da.
0B ar v, . (B 6 N 0z s, 0z
e (Br xe,) ©) Again we note that the basis functions may be either of the

. ] primed (TM) or double primed (TE) type depending on the cir-

the transverse components are known at each axial position fagpagation constants for the waveguide modes
longitudinal components can be determined from them.

The transverse components of the fields are governed by the

k./2
iko <1 — C”“) , for TM modes

transverse components of Maxwell’'s equations A = k2
9 iko, for TE modes
Et — VrE. =ikoB . 7 .
9z T T thoBr x € () ko, for TM modes
and 12
9 4 =9 . K" %
5 Bt - V1B, = _Wj X e, — ikoET X e,. (8) ko <1 2 ) , for TE modes
Z C 0

The Maxwell equations written above are appropriate for tghereke , () andke. . (z) are the axial dependent cut off wave

case in which the fields are monochromatic. Thatis the spectrimbers which are the eigenvalues of (3c) and (4c). The quan-

consists of a single frequenay, and the complex amplitudestities S x and:Sz . are sources in the wave equation describing

are time independent. We will continue the derivation under tHide excitation of fields by the electron beam

assumption. We can recover at subsequent times the results for ) 47 . Y

slow time variation of the amplitudes by replacing the frequency k= 50 g daj. .V ey

w by the operatofw + i39/dt). *
To obtain telegraphist’s equations one dots (7) with eitfer

or e} and (8) with eitheb;. or bj. and integrates over the trans-

verse cross section of the waveguide. One then inserts when gp- 47 dai . 4 1

propriate the expression [ (2a) or (2b)] for the transverse fields™-* ~ ¢ /S AT €k

and
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Finally, there are boundary terms involving integrals over ttegion of the component of the electric field in the = e, x n
perimeter of the transverse cross section of the waveguide. Bdifrection,
boundary terms involve integrals of the tangential electric field

at the perimeter. These terms vanish if the wall is perfectly con- ti-Ei=n-(E| xe,).
ducting but are nonzero if the surface of the wall has a nonzero ) . )
impedance. For a circular cavity this corresponds to thecomponent of

the electric field. Expressing this field in terms of the surface

. : AR .
B. Evaluation of the Surface Terms impedance and tangential magnetic fidld,= Z,B; xn’ gives

In order to evaluate these terms one must have a method for Z, '
L ; ) ; t, B, =———= (B.+7r,n-B 14
evaluating fields outside the simulation boundagy(4, z). We Lo (14 712)1/2 ( ron-B) (14)

will adopt the approximation that each point on the surface is

characterized by an impedance such that the tangential elecfté"e we have used expression (12) for the surface naifmal
field is given by Equation (14) can not be implemented directly because we do

not have a uniformly convergent series for the cross-section
E, = Z,B xn’ (11) normal component of thg transverse magnetic fie[d on the
boundary,n - B. In particular, the normal magnetic field
vanishes for each term in the sum given by (2b). Instead we
express the cross section normal field in terms of the surface
, n—r,e, normal field

n = 4(1_’_7)/%0)1/2. (12)

wheren’ is the outward normal to the surface

n-B=+1+72

ur

(n'-B)+7), B..
Here, we note the distinction between the normal to the surface

defining the simulationg’, and the normal to the curve definingThus, we have

the local transverse cross sectian, These normals are illus-
trated in Fig. 2. For the moment we consider the impedance to

be isotropic, but later we will allow for it to depend on the di- . , . .
. ) Evaluation of the surface normal field can be carried out using
rection of flow of the surface curreriB x n’.

Characterization of fields outside the simulation region byl;araday s law,

local impedance is an approximation. In fact, the relationship .,
between magnetic and electric field is nonlocal. A local approx- . n-B= N

ty-EL = Z,|(1+72)Y2B, ++/

ur

n’-BJ. (15)

DEtW > i 1+773
imation can be expected to be valid if the thickness of the re- !
. . . . 15} ary, g [Ory,
gion being modeled is less than the scale length for axial or lat- = (e, + -E - — - E}]|.
eral variations of the field. This will be discussed in more detail a6 9z 9z \ 99
when we consider the particular example of annular dielectric (16)

rings in cylindrical cavities.

We now focus on evaluation of the boundary terms in (280
and (10). Using formula (11) for the surface electric field an
expression (12) for the normal vectat we find,

mbining (15) and (16) results in a differential equation for

- E, that can in principle be integrated. We note that this
ifficulty is avoided if either the surface impedance is small or if

the surface impedance is nonzero only on regions where the wall

radius is constant. In either case we may drop the second term

on the right side of (15). That is the surface normal magnetic

. . . . . field. We assume that this is the case and proceed.
What is required for this expression is the tangential componen : . .

e . 'e now must evaluatB., and in particular obtain an expres-
on the boundary of the transverse magnetic field. The series ex-

pression (2b) for this component is well behaved. We then su jon forB_Z on the boundary to be inserted n (15). .TO represent
we write it as a superposition of the basis functiénsused

stitute the series expression for the transverse magnetic field arnd, - .
arrive at ?o define TE modes in (4a)—(4b) and (4c)—(4d)

e, Es+7n-E;=Z7Z,/1+72 (e, x Br-n).

/ din -ej (E. +7/,n-Et) B.(x1, 2) = Z Bi(2)®r(x1; 2).
k=0

= —/ diZ,\/T+r2n-ef > Im-ex. (13) Here the sum includes all modes appearing in (2a) as well as
! the k = 0 solution for whichk””2 ; = 0 and®g = P(z)

This expression is easy to implement and does not Ieadmglependent ok . This latter solution does not contribute to

nonuniform convergence when truncated at a finite number B representation @p (V.1 &o = bo = 0) butis necessary in
modes. the representation @®... The normalization fofy(z) is chosen

The boundary term appearing in (10) is more difficult to imt-0 be such that

plement. We note that due to the factgy- - b, this term is da|® |2 -1
nonzero only for TE modes. The boundary term requires evalu- 5, o=
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We now multiply (5) by®; and integrate over the cross-sectiot — oo, that is we neglecL,. With this separation of modes

to obtain formulas for the amplitudesy, our boundary integral equation for - E, can be rewritten
'Lko Z5(1+7)/%U)1/2 1 1

k=0
Using the relation (15) betweeB. and the tangential compo-

nent of the electric field on the boundary results in an integral ‘Pk(fw)j{dl‘l’*k(m)h ‘Bl oo

equation fort, - E, = Z,(14+'2)Y/2B., +
/2y1/2 29 /da@k'2 !
Z(1+ 7", Dy
T I 2 *
iho = / da |2 k30k(r) p dI®}(ru)t L - Bl
2 2 . 2
{/ dl@*,;tL-EL—kV,:’}. (k”cyk—ko)/da|q)k|
Emax P V//

This equation must be satisfied at each axial point in the sim- = Tk (18)
ulation region. It has the form of an integral equation in which o /da |¢k|2
the functiont; - E, is determined from the known value of

Vi, the TE mode voltages. This equation has some very peqtie third term on the left side converges due to the fatgr,

liar features. First, the usual perturbative technique for calcigr the denominator. This equation can thus be inverted to find
lating wall losses consists of assumigg is small and drop- ¢, . E, from a given set of active modes. Convergence with re-
ping the integral kernel on the right hand side. One then ofpect to the number of active modes is also assured. Increasing
tains directly on expression far, - E, which is proportional - changes both the left and right hand sides of (18). How-
to the surface impedance andthe TE VOItageS. The peculiar f@@er, if ks 1S sufﬁcienﬂy |arge so as to fall in the asymptotic

ture is that the integral kernel diverges in the case when the SpRge of (17), then the resulting valuetaf - E, is unchanged.
over modes is not truncated. (Thus, the perturbative technique

requires dropping a term, which is infinite.) The divergence cal. Telegraphist's Equations for a Structure with Circular
be seen by realizing that for high order modes the valug;of Cross Section

ohn the b'oundfark)]/ IS essentlall_y th(?rﬁame asr;[he Val@’“ﬂh Implementation of (18) for the case of a structure with cir-
the interior of the cross section. Thus, each term in the Syl ¢ross-section is straightforward. In this case the basis func-
scales as the perimeter divided by the cross-sectional area, f’i‘ﬁ'ﬁ

) . s®;, are ordinary Bessel functions
the sum does not converge. Implementation of (16) with a trun- b y

cated set of modes will yield results that depend on the number Oy, = Cp (k)™
of modes included, which is clearly unsatisfactory. In spite of , y y
this apparent difficulty (16) is still valid. Convergence of thavhere k¢ ;. = jj 3/rwau(z), and Gy = 1/(Jn(4y, 1)

sum occurs because the quantity in the curved brackets tend@(d'_ﬁ, w — ). Equation (18) then reduces to an algebraic
zero ask — oo. This follows from (10), which we rewrite for relation fort, - E, . The final form of (10) for active TE modes

TE modes then is given by
1 2 avy ol

" o__ "2 * /. B - = k. _ iy ko

VI = T a— [—k 2 jfc Bt (ro)tL - Edl +ikoLy, e zl: Ky 11y
17)
where +Zyary W' = Sh, (19)
l
aI;&/ 1
Ly = o + Z Ky, il + St 4, where
l 9 7‘/2 X

and we have used the definition Bf, appearing in (10). Thus, Zy = ikor3 D’ Ok = 2 z: — .z
as n, k

L B2 s k2 v _j{ & (ry)ty - Edl,. and the constanb is essentially the operator appearing at the

= oo (Me > k) Vil = = Ghlru)tu Bl side of (18).

Here we have assumed tlg, does not diverge with mode il Kmax
numberk. D=———me =217y 3 k5 [®a(ru)]

To realize a convergent solution of (16) and (17) we separate Zs\/ 1477, k=1
the modes into two classes: active and passive. The active modes > K2EZ . 2

i e > . 2 oC, k p3

are the low order modeg: < kpax) for which we solve the T 2T Z |@x (7))l B2 kR e "
telegraphist’s equation (10) numerically. The passive modes are Kmax+1 ok

the remaindering modg% > k.,..) for which we solve (17)
for V! keeping only the terms that are important in the limit Zys=Fy/B. = Z'".
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Note that, as discussed previously, we have restored the ti 2510° A L S
derivative to the voltage in (19). This comes from the frequenc - : : Y e
dependence dfy; via the replacement — (w +i9/8t) and 2100 L RSO SR RN N S 1
assumingd/dt| <« w. The telegraphist’s equations after sub boo * * i
stitution of all lossy terms can be written in the following form:_ *
§ 15900 - ]
2 0VY) " oy ¢
- =TIV — =2 N K g
c Ot b dz Z k1 < .
l B 190" e e )
+ Zyar Y Vi — 54y, (20a) &
! - : : : : : I
8Vk” 5109 .. ............ -
i = S 1 i : : ; z 1 ]
ihol}l = 1 zl: KuVi+ Z1 B El: Bl i : i : : ]
. , D VP N A S RN S
— 121/ Z I, (20b) 0 1 2 3 a 5 6
4
2 oI av} Ot
SoE oL - Y K- 20y I
c Ot Oz ’ . ) . — .
1 1 Fig. 3. Decay rate as a function of time step for 20 “active” modes in a closed
. resonator with a lossy wall( = 2 cm, frequency is 44.0 GHz,, = 0.4115
—iZr Y I = Sk, (200) cm,z. = 1.0)
4
ikoV] = oL, L Z Kyl + 5% (20d) (forsmall time steps) that the error is first order in the time step.
0z 7 ’ This is due to the fact that the time derivatives in the numer-

ical implementation are slightly forward differenced to achieve
) , tability. We note that reasonably accurate results are obtained
wheres, =n/ /52 , —n2, Z; =2Z™ /1 ++2 /r,,, the S X ;
P =n/\/i nke T AT § el even whenvgAt ~ 1. This shows the computational advantage

zM™ impedance is determined by the rafib /By at the sur- of the slowly varying envelope approximation. In the present
face. The remainder of this paper will be devoted to illustratingyculation the relative error scales as

solutions of example problems.
(v(At) = 70)

I1l. N UMERICAL SIMULATIONS OF ELECTROMAGNETIC FIELDS Yo
IN LOSSY STRUCTURES

= 0.034woAt. (21)

Convergence of the decay rate with number of modes sim-
To analyze situations with lossy structures the MAGY codglated is as follows. The simulated decay rates with 1, 5, 10
was modified as outlined in the previous section. In this sectigimvd 20 modes were 2.787 10 1.996 16°, 1.9095 16° and

we present some sample solutions. 1.865 10° sec !. This suggests an error, which scales inversely
with the number of active modes. Although the problem of the
A. Cylindrical Cavity with Nonzero Surface Impedance decay rates for electromagnetic modes of a cylindrical cavity

The first numerical test was performed for the simplest g#!ith nonzero surface conductivity can be solved analytically, a
ometry of a cylindrical cavity lined by a wall with a nonzergcomparison with the solution of (20a)—_(20d) is not|llum|nat!ng.
surface impedance. The cavity had a length of 2.0 cm, a radif§'S 1S because (20a)—(20d) are derived under assumption of
of 0.4115 cm, the two end plates were perfectly conducting. TAIOW time evolution, whereas the calculated decay rates with
inner cylindrical surface of the cavity was given an impedandes = (1.0 — ) are large and do not satisfy this assumption.
Z, = Ey/B. = (1 — 1) [corresponding t&7, = 377(1 — i) @  The analytic decay rate for this case2ig464 - 10'° sec’t. We
in MKS units]. Equations (20a)—(20d) are then solved on a giftve verified that for smaller surface impedaze ~ 0.1) the
in z as described in an earlier paper [2]. The amplitudes of th@MpPuted damping rates agree within 2%
modes are specified to have a Gaussian dependenedron
tially and the time evolution of modes is determined by the code.
Because of the large value of surface impedance fields decay Yanatytical = 7.1032 x 10% sect) .
rapidly in the time. By plotting the amplitude of modes versus
time we determine the decay rate of lowest order axial modghe important point to consider is that the solutions of interest
Fig. 3 displays the dependence of the calculated decayyratwill be slowly varying in time. For this reason we study driven
on the time step\¢ for the case of 20 “active” modes. Withsolutions in the next sections.
the smallest time stept = 10~'2 sec.) the real and imag-
inary parts of the frequency were given by = 2.76 10*!
sec! and~, = 1.865 10'° sec™* (this corresponds to a nor- A more appropriate test of the code is the calculation of field
malized frequencyy At = 0.0276 andyo At = 0.00187). In  profiles excited by a source with specified frequency. In this re-
Fig. 3 the time step is normalized to the frequengy It can gard calculations were performed for beam tunnels designed for
be seen from the linear dependence of decay rate on time gtapasitic mode suppression. The first beam tunnel considered is

(’YMAGY = 6.93 x 10 sec_l,

B. Beam Tunnel for Parasitic Mode Suppression
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one that has been designed at the Naval Research Laborat e 71— 1 T

[16]. It consists of a periodic array of copper and lossy dielec

tric rings. The dimensions are as follows: peridd: 1.15 cm, 0.01
length of dielectric ringss = 1.0 cm, depth of dielectric rings,
Ar = 0.14 cm, internal radiusg = 0.5495 cm, dielectric con-
stant was = 11.0 4 42.2. To calculate the spatial decay rate §

for waves in a periodic lossy structure we use a long structug ;500
with 20 periods and apply outgoing boundary conditions at bo' <
ends of the structure. The electromagnetic waves were excil s~
inside the lossy structure by placing a small current source f
a selected mode at the center of a periodic structure. The lon
tudinal size of the current source calculated as the half width

a Gaussian profile, is 0.075 cm.

0.001

its

The presence of the dielectric rings was simulated by placir 107
afinite value of surface impedance at the inner radial position 0 5 10 15 2
the dielectric. The values df; andZy- in Egs. (20a)—(20d) are z,cm
determined from the ratios df. /B, and £, /B, at the inner (@)

surface of dielectric rings. For a dielectric ring these values will
be unequal. That is, the surface impedance is anisotropic.
determine the appropriate values of the surface impedances
must solve Maxwell’s equations in the dielectric rings, subjec
to the boundary condition that tangential electric field vanishe
at the outer radius of the rings where they abut a highly col
ducting surface. The general form of the solution for the field g

v T ad

involves Bessel functions with argumernitsr wherek; = 1L 1
ew? /c® — k2. In particular we find for the ratid. / By Z
7™ _ _E. _ 1 ; Hr(l,l)(xd) +pTl\'IHr(1,2)(-Td)
’ Bol,o, Ve | H'(zd) + prsH'S (24)
(22) R
where . o
, HY (x,,)
™ = ~ oy, .
1 () (®)

and we find for the ratICBZ/Ee Fig. 4. Dependencies of electromagnetic field amplitude (a) and phase (b) on

(1) ,(2) axial distance for the NRL beam tunnel [16] at a frequency 30 GHz.
ZTE _ & _ L - H'y; (-Td) +preH’y (-Td)
° B.|,._. Ve HP(z) + preHP (24) neglected. But more specifically, this is the condition for which
(23) onecandefine alocal surface impedance. One instance in which
where the preceding approximation may not hold is if there are reso-
nant solutions with largé. and fields trapped in the dielectric.
B H’ﬁl)(a:w) For the current case of dielectric rings with high losses these
pTR = g® () trapped fields should be negligible, but, in general, the problem
of trapped fields requires additional analysis.
Herex,, = ki (a+Ar)andzy = k1 a,ands isthe complexdi-  To excite the desired mode at a prescribed frequency we

electric permittivity,H,(,,l)(x), H,(,,Q)(x) are Hankel functions of used a smooth temporal envelop for the source, and run the
thenth order and first and second kinds, respectively. The notimulation sufficiently long to verify that we have reached
tion TM and TE refers to the polarization of the solutions in tha steady-state solution at the desired frequency. The selected
dielectric. The fact that (22) and (23) are different implies thadtal length of structure (20 periods) was long enough to pro-
the surface impedance of the dielectric is anisotropic. Note théatdle large spatial damping of the electromagnetic field and to
for nonsymmetric solutions of (20a)—(20d) TM and TE modeasinimize the effect of reflection from both ends. The typical
are coupled together. The transverse wave numbappearing dependence of electromagnetic field amplitude and the phase
in the arguments of the Bessel functions depends.amhich is  on axial distance is presented in the Fig. 4. It can be seen in
not defined unambiguously. Presumably it is determined by tttee figure that there is region of space where exponential decay
longitudinal dependence of the fields in the simulation regionf the magnitude accompanied by linear increase in the phase
which are not yet known. However,df.,? /c? >> k% and the ar- occurs. To find the value of the spatial decay rate we select two
guments of the Bessel functions are not too large thenay be points placed at one period separation and form the ratio of
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Fig. 5. Relative deviation in attenuatida(n) — a(co)]/a(oc) and wave

numberk.(n) —k.(c0)]/k.(cc) as a function ol /n, wheren is the number (@)
of “active” modes for the NRL beam tunnel [16] at frequency 30 GHz.

3000_!"'!“""'!““("‘!'

the field magnitude at these two points. The phase dependel . : : 1 ; Co
on axial distance is linear (for the most case) inside the regic 2500 [N S e c .
of field damping. Thus we determine the real part of the axie L : : .
wavenumberfk., from the rate of change of phase. So, in thisE 2000 =\ oo oo
region one can determine the real and imaginary part of tt® P : :

Attenuation DRING | |
B Attenuation, MAGY ]

axial wavenumber. 5 1500 i\ T Fo— — ]

We first investigate the dependence of the calculated wa'S o
number on the number of active modes. Fig. 5 displays the d@ 1000 . - S ST SO L]
pendence of the calculated real and imaginary parts of the we™ L : 1 : : [
number as a function of the number of active modes retaint 500 r_ vvvvvvvvvvvvvvv . A N — o]

in the calculation. The comparison is made for the frequency
30 GHz. Plotted is the relative deviation in attenuation and wa\ L
number from the values, which would be obtained with an in 30 a2
finite number of active modes. These later values are obtain

by extrapolating values obtained with large number of modes

assuming convergence is realized inversely with the number of ®)

modes as suggested in the figure. As can be seen, accuracy. of6 . .
g . . Fig- 6. Wavenumber (a) and attenuation (b) as a function of frequency for the
1% for attenuation and 0.07% for wavenumber is achieved witl,, mode in the NRL beam tunnel [16] (5 “active” modes).

as few as five modes.

.F|g. 6(a) and (b) show the real wave qumbgr anq atter.‘(lj'ﬁ‘ferent frequencies 30.358 GHz, Fig. 8(a), and 19.8 GHz,
ation computed over a range of frequencies using five act|¥e

modes. The solid curves are the values obtained independen % 8(b). Atthe higher frequency [Fig. 8(a)] the radial profile

: . . . IS very similar to that of a mode in a cylindrical, conducting
\s”aqurzgieréntzf?g]s%Ittzcgfn t'ﬁgeMu:gg Tjgj::;zn\éigfi -Ir_(lg'/\?a_lveguide. At the frequency where attenuation is larger the

quars . . U 9eRGt of the field suggests that the field components in the di-
ment is obtained. The major source of error in this process is t%le

- ) eléctric are relatively large. The calculations employed here

determination of the wave number from the MAGY fields. s pr y 1arg . ploy
. . - . used 20 “active” modes of each type. Gibbs’ phenomenon as-
Nonsymmetric modes in the periodic copper-lossy dielectric__. . g :
- . ; sociated with the large value of electric field at the surface is
tunnel demonstrated similar behavior, as did the symmetric. . ' .
: evident in the figure. Nevertheless, the calculated decay rate is

ones. The calculated values of the attenuation and the real RAN converaed

of k£, are plotted in Fig. 7(a), (b) for the least damped, nonsym- 9

metric, hybrid TE;—TM;; mode. Both TE and TM “active” N )
modes were used in simulations for this case. The attenuatfon B€am Tunnel for Electron Beam Instability Suppression
increases greatly in a narrow frequency band near 20 GHz. InThe second beam tunnel we analyzed has a wall profile
this range of frequencies the transverse mode profile diffefRosen to suppress electron beam instabilities, see [3]. The
qualitatively from that at higher frequencies. Fig. 8 shows thseam tunnel consists of alternating cooper and lossy dielectric
radial dependence of the theta component of the electric figldgs and is illustrated in Fig. 9. Shown in the figure is the
amplitude E, where, Ey = Re{Eq(r, 2)c"®=“"} evaluated simulation boundary for our calculations. Portions of the
at the axial location in the middle of a dielectric ring for twdboundary alternate between highly conducting metal and lossy

34 36 38 40
Frequency, GHz
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Fig. 7. Wavenumber (a) and attenuation (b) as a function of frequency for (b)

hybrid TM;;—TE;; mode in NRL beam tunnel [16] (5 “active” modes). ) . . o .
Fig. 8. The radial dependence of the amplitude ofhefield in the middle
of a dielectric ring at frequency 30.358 GHz (a) and 19.8 GHz (b) (20 “active”

dielectric. In all these are 43 metal rings and 44 dielectric ring& "d 20 "active” TM modes).
At each end of the structure is a smooth conducting waveguide
and outgoing wave boundary conditions are applied at each IV. CONCLUSIONS AND DISCUSSIONS
end. In general the lossy dielectric corresponds to the recessed _ o
portions of the boundary where the radius of the boundary is "€ formulation of the electromagnetic field problem based
locally maximum. The surface impedance for the dielectrf) the generalized telegraphist’s equations has been improved
is calculated according to (22) and (23). The minimum a8 allow for simulations (_)f the electromagnetic fields in struc-
maximum radii of the dielectric rings are 6 mm and 10 mritres with large surface impedance on the walls. The key steps
respectively, the thickness is 3 mm and the dielectric constdtthe formulation are the recognition that the series represen-
e = 5.72 + i0.332. The boundary at the outer radius of thdation of the fields is not uniformly convergent and the separa-
dielectric is assumed to be perfectly conducting. The minimufin of modes into active and passive groups. The improved for-
radius of cooper rings is 5 mm, and their thickness is 2 mm. mulation has been implemented in the simulation code MAGY.
To excite an electromagnetic field in the structure a small fielye find that reasonably accurate solution can be obtained even
source was placed in the middle of structure. The calculated digt complex structures with from five to 20 active modes. The
tribution of field magnitude is presented in Fig. 10 for frequendyumerical stability, convergence and accuracy of developed ap-
86 GHz. Itis clear from the figure that the field is localized negeroach have been analyzed. Itis necessary to note that the devel-
the source and almost all power is absorbed by the dielectoped model assumes that the lossy materials can be character-
rings. More detailed studies of these structures including th&ed by a local surface impedance. This is a reasonable approxi-
excitation by electron beams will be subject of future study. mation in many instances. However, the validity of this approx-
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Fig. 10. Dependencies of thig, component on axial coordinate for the structure described in Fig. 9 at frequency 86 GHz.

imation must be evaluated on case by case basis. The new capg] S. G. Tantawiet al, “High-power X-band amplification from an over-
bility offered by the code will allow for the design and study of
the stability of beam tunnels as well as the suppression of modeg;
in cavities and interaction circuits.
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