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Design of a 90 ° Overmoded Waveguide Bend*
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A bstract _ iA design for a90 ° bend for theTE01 mode in over- r .-

moded circular wavegui(te is I)resented. A pair of septa, / ..-_-i...'" i"
symmetrically placed perpendicular to the plane of the , .. / x'xP,, w l_
bend, are adiabatically introd.uced into the wavegui(le be- [
fore the bend and removed after it. Introduction of the ..

curvature excites five pr-pagating modes in the curved se.(:- t
tion. The finite element field solver YAP is used to calcu- _x

late the propagation constants of these modes in lh(, bend, (a) (b)

and the guide diameter, septum depth, septum thickness, Figure 1. Outer geometry (a) and (:ross-section (b) of the
and bend radius are set so that the phase advances of ali

S " 'bend. The cros._-sectmn s (t_mhed line is a symmetry plane.
five modes through the bend are equal modulo 27r. To a
good approximation these modes are exI)ected to recom-
bine to form a pure mode at the end of the bend. where C,,,,,, = f3,,a are the l)ropagation constants alld the

_r 1"

I. INTRODUC FION other C,,m inwflw_ inner products of the transverse fields.

Some designs for the Next Linear Collider[1] (NLC) The power transfer between two modes in a curved
transmit power from the source (a klystron or the outtmt section is limited by the difference in their propagation
of a pulse compressor) to the accelerator structure in the :'onstants. The TE01 -'I'Mll degeneracy presents a prob-
TE01 mode of overmoded circular waveguide in order to lcre, so the dogeneracy is split by intro(tucing partial septa
have small transmission loss. The waveguide run from the perpeIMicular to the bend plane ms shown in Figure lb.
source to the accelerator it:eludes some 90 ° bends. Ideally The modes can no longer be found analytically, but the/3.,
these bends would be loss-less, can be comt)uted using SUPERFISH[4].

Two algorithms and some results are presented for If p_ >2, d/2 then the coupling is weak and the TE01-
the design of one type of overmoded waveguide bend. A like mode amplitude varies little along the bend. A small
curved section of wawrguide connects two straight sections amount of power will beat in and out of the nth couph_d
as shown in Figure la. The curvature in the bend is con-- mode in an arc length lb ,.o 2rrIi3, _//ol, where o indicates
stant so the waveguide follows a 90° arc with radius of the TE01-1ike mode. The. interaction with each mode. can-

curvature p_ between the two straight sections. The cross- eels when the relative pha.se adwmce is a multiple of 27r.
section of the waveguide is uniform throughout the curw_d By adjusting the cross-section and p_, the fl's are manipu-
section, but the cross-section is not simply a circle. The iated so that the three propagating modes coupled to first
cross-section and radius of curvature p_ will be chosen so order all beat out at the end of the 90° bend.

that the incoming wave propagates through the curved see- This is the approach first taken. However, a compact

tion with negligible mode conversion. This is the princii)al bend which cannot rely on the above a.ssumption is de-
form of loss considered here. Reflection and wall losses sired. As the coupling coefficients become comparable to

are only considered heuristically. The straight sections are the mode spacings, the beat lengths are altered, and modes
adiabatic tapers from and to circular waveguide, coupled to s(;cond order may be important. The coupling

II. TELEGRAPHIST'S EQUATION coe.tficients Cm,, are required to verify parasitic mode sup-

Curwtture in overmoded waveguide causes coupling pression at the end of the bend. Since the C,,,, are not
between the straight guide modes. Such coupling is af- ea.sily obtained from .'he field solver, a different approachwas taken.
forded by the generalized tc_egraphist's equations[2], which
have been applied to curved circular guide[3]. In terms of III. MODES IN CURVED GUIDE

_: these arethe forward and backward wave anaplitudes, a,,,
A curved guide cart be treated a.s a portion of a cylin-

da_
=Fi _ ( + +-- Cmna n + a-- Cmn _) (1) (lri(,ally symmetric structure. For the 90° bend the struc-

dz ' ture starts at ¢ : 0 and ends at ¢ : 7r/2. The fields
n in the waveguidc can 1)e decoml)osed into modes with az-
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its(,lf so there is no requirement that m t)o an integer, and k = ,.,/c is thf" drive frequency. Note that m is real for
Tlw finite element field solw'r YAP[5] is capable of propag_tting modes and imaginary for ewmescent moth,s.

volnlnlting the frequencies of the modes of axisymm(,tric The boundary condititms .Ez =- 0 at, p = p_ 4- w/2
,,trlwt ures for any real m. Non-integral m is allowed. YAP yMd a char;tc(eristic etluation for the propagation con-
wa.s us¢.d to (:ompute dispersion diagrams for cnrw,d guide sUmts m. Solutions were obtailmd by l_umerically inte-
wi! h various cross-sections. One such dispersion diagram is grating Bess(q's equations and using a. shooting method to
showll in Figure 2. A dispersion diagram for curved guide match the boundary conditions. This yielded mlmerical
looks similar to dispersion diagrams for straigllt gui(l_', wdues for m 2 for both proI,ag;tting (m. 2 > 0) and evanes-
th,wever, the siinple dist)ersion formula co'_/c '_= k_+[3 '_for cent (r, _ < 0) nmdes. The riehl Ez for each mode wa.s
a straight wavcguide containing no media does not al)ply obtained similarly.
to curve(t guide. This can be seen best in figure 2, where The normalized generalized scattering matrix Si was
the (tispersion curves are not parallel lines. A power series (:omputed for an example with w/,_ = 1.36 and p_/A =
of the form 3.87, where .k is tLe frc(; Sl)ace wavelength. There are two

l)ropagating modes in the guides. Using 14 modes for the

c--7" = kx + c,, xps" + c_u _) +"" (2) riehl exl, ansion on each side of the interface, the computed• s(:atterii_g matrix for the interface is

approximates the dispersion curves weil. The cutoff k_. and [48,0-_-_ s.,0-'/_._ 0.982 0.190 ]

the coefficients _i depend on p,, and on the cross-section fi [ 10-4-_ s 10-4_ -0.190 0.982 |
of the guide. When Pc is large then o<1_- 1 and the cut- Si = 0.982 -0.190 a.10-'Z.=_¢° s.10-V-¢[ (3)
offs k:_ are approximately the same between straight and 0.190 0.982 s.10-V-4 ° ..10-4Z-s_'J
curved guide with the same cross-section. In the large p_

limit the two approaches described in this paper are e(tuiv- where lasl, as2, ac1, ac2] 'r is the incoming wave vector. The
alent, wave ami)litudes a,n and a_n are for the modes in the

strMght and curved guides, respectively.

Notice that the reflection amplitude is less than 10-a
a If one assumes the reflections are silnilar for bends with dif-

._. ferent cross-sections but similar curvature., then reflectioxl

7 _ at the straight-to-curved interface (:an be negle(:te(t. The
reflected power will l)e negligible as long a.s resonances are

_t, 4 _//// /_-'" avoided. The i)rincipal concern, t.hen, is mode coIlversion.

: V. AROUND THE BEND

2 The scattering matrix Sb for a bend over angle 0b
can be easily computed given Si for the straight-to-curved

0 " " " interface and the propagation constants ml and rn2 for the
0 I 2 3 4 5 6

m2/p_ (cin__) two propagating modes in the curved guide. The example
above has ml = 22.85 and m2 = 16.18. The next mode is

Figure 2. Dispersion diagram of the curved guide fl)r the evanescent with m,a - i11.38. The transmission coefficient

first design listed in Table 1. The da.shed line is the (lrive for the (straight guide) fundaInental n mde for various 1)end
frequency 11.424 GHz. The dotted line corresI)(,nds to the ailgles Ob w';us comI)ute(l. At Ob = 2_r/(ml -- rn_) = 0.941
speed of light along the center of the guide, the transmission is nearly l)erfect. At this bend angle tlm

two prol)agating waves in the curved gift(l(.' arrive at the
IV. SCATTERING AT TIlE INTERFACE output end of the ben(t with the sa.n_e relative l)has(ts they

There is potentially some reflection at. the interface be- had at the input end of the t)end. The pr_)I)agatiI_g riehl
tween the straight waveguide an(t the curved wavegui(le. A at the output is the same as at the input excel)t for an

generalized scattering matrix Si for the propagating hie(los overall pha.se, so waves are faitt, fnlly ,ranslnitt('d through
in the straight and curved guides can I)e constrncte(l, the t)en(l with n(, mode (:onversion.

As an examt)lc, the scattering matrix fi)r the straight- The evai_escexlt waves at the interfaces have decayed
to-curved interface in an overmod(.d rectangular It-I)lane snificiently in the ('urv('(l gui(le sr) that they can ])e ne-
waveguide bend was computed using a mode-lnatching glecte(l in the t ranslnission calculations for _5_= 0.941.
lnethod. Only TE,_0 modes were coI_sidere(l so tlw tMds This example h,ads to the iMi_(:il)al (h.sign (:riterioi_ for
are uniform verticMly. In the straight guide l)roi)aga(ing this tyl)e of overinoded waveguide 1)(,lM: the l)ha._es e ''''¢'_

ahmg y the modes are Ez o_ sin(27rnx/w) where 0 _<x _< w inust be identical for ali ino(les propagatii_g in the curve(l
is the horizontal domain of the wavegui(le. In t.h,' curved guide. In a(hlitioI_, evan('sceI_t mo(les should be sufli('ieI_tly

guide the modes involve Bessel functh, ns. Th('y are E.- _x above cutoff so that they decay well over the h:ngth of the
!.,l,n(._p) 4 nv tt.,._ ,,_, ........ /9 .1 ,_ <. ,, _ ,,,/9 henri, _)n,! th,)q r'_n h," ,),,,doct,,,t.._ .a.., *.)TI%,,_/_] ')**'*_ t'C _'1 -- --Z" t" --.2 t'_: ' _1 ................... '-'
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Table 1

90 ° ()verln()<te(l\.___}'av(,guide Bends

,1 ,,_.,j"'9_,.] 0.986 0.,165 31.786 72.873" 69.873" 56.873 I 52.8731 28.874 11 536
I 4.275 [ 0.971 0.611 36.655 83.867 67.867 63.867159.867123.868 11.81.9
I 4.358 ] 1.054 0.593 38.754 89.034 73.0341"69.034 165.034 I 25.033 i 11.579

1 0.904 0.622 33.894 77.212 61.21'2 57.212 153.212 I 17.213 12.163
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Mode 1 ("TE_I") Mode 2 ("TE21") Mode 3 ("TE..,_") Mode 4 ("TE01") Mode 5 ("TM,_")
Figure 3. Electric: field patterns for the five propagating modes of the first design in Table 1.

VI. 90 ° BEND DESIGN and the decay amplitude over the h:ngth of tile waveguide
is e im6"rl2 = 5 × 10-8.

Designs for a 90° bend with a cross-section as shown iii
Figure lb were computed. The phases em''q2 for the five VIII. FURTHER WORK
lowest propagating modes excited by the incoming wave Further designs can be found, perhaps with smaller
can be fixed relative to each other by adjusting the four radii of curvature and shorter septa so that the bend will
l)aralneters: d, Pc, l and W. Propagating modes not excited h;tve smaller wall losses and be ea.sier to mariufacture.

by the incoming wave (due to symmetry) are neglected. A variation of the YAP field solver will COlnpute the
Dispersion diagrams were coinputed using YAP and the evanescent modes iii curved guide. With these modes a
bend parameters were adjusted so that the phases were the. mode-matching algorithm can be employed to calculate the
same. This corresponds to the propagation constants mi scattering matrix Si for the straight-to-curved guide inter-
differing from one another by multiples of 4. The cutoff face, and then verify that reflections are negligible and that
(rn = 0) frequency of higher order modes were computed in the design criterion is appropriate.
order to discard designs with merc than five propagating Calculation of the wall losses throtigh the bend and
modes at 11.424Gttz. Table 1 list,s the t)arameters for inode-conw'rsion losses (due to manufacturing errors) also

live solutions. It also lists the propagation constalitS for re(luires knowh, dge of Si in order to obtain the mode am-
the five lowest modes and the cutoff frequen(:y f_ for the 1)litu(hrs iii the 1)end a.s well ms the evanescent fields near
sixth h)west mode. the interfa(:e.

The cross-section iii Figure 1 and the dispersion dta- , _ ' N '
granis iii Figure 2 correspond to the first design in Table 1. VIII. REFEREi (,ES
qhe tieht patterns for the propagating nlo(les are shown iii [1] 12.D. Ruth, "[ li' D(,velol)lilent of the Next I,iilear
Figure 3, .At, cutoff the field patterns for the mod(,s iii Collider iii, SLAC.," SI,AC-PUB-5720 (1992).
curv('d guide are similar to the correstmnding nio(h,s iii [2] S. A. Schelkuno|f, "Generalized "Iidegral)hist's Equ;t-

st raight guide, but for large m the second and third ni(ides tions t'lir \Va.veguides," Bell Sy,ste.m Tech.nica.l J,'ltrnal,
;tr(' mixed. TMs is evident iii the field ph)ts and iii the 31, pp. 78,1 801, July, 1952.

dispersion diagram, where it appears that the second and [3] S. P. Morgan,"Theory (if Curved Circular \\'aveg_lid,'
third curves are repelling each other. These modes arise, Colitaining an hiholnogeneolis Di_.h:ctric," B.S.T..I.,
with lhc introduction of the septa, from the TE21 and TE:_I :17, pp. 12(19 1251, S(,l)t., 1957.

modes of circular guide. The incoming wave is similar to [4] K. ttalbach and R. F. thilsing_'r, Particle Accclcr, ttor.s
the fmlrth mode, which is a TE01-1ike niode. 7, 213 (1976).

The cutoff frequency for the sixth mode of the first [5] E.M. Nelson, "A Finit(' Eh'iiient Fi,hl Solver f(_i"
design appears close to cutoff. The estimated I)rol)agation Dipole Modes," SLAC-PUB-5881, 1992 Liu<Jar Accd-
constant using the straight guide formula is m_; _ i10.7 er'ator Confers:nec l)r'occeding.s, lip. 814-816.
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