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A BSTRACT

We pr{.sel,t the numerical procedures involved in the design of coupler cavities for acceler-
ator sections for linear colliders. The MAFIA code is used to simulate at, X-band accelerator

section with a symmetrical doubh,-input coupler at, each end. The transmission properties of

the struct_lre are calculal,ed in the time doinain and t.he dimensions of the. coupler cavities are

adjusted until the power coupling is optinaized and frequeiicy synchronislli is obtained. We
compare t,he l_erfornlance of t.he synim,'tricai (loubh_-input (tesign with that of l,he conventional

siligle-input tyi)e t)y evaluating the [Md ault)Iii.li(le and phase a,,_ynllnetries. We also evaluate

the peak gradient in the coupler and discuss the implication of pulse rise time on dark current

generation.

1. I N'I'ROI)IJCT[ON

At. SI,At',, we have an act, tw" prograin <)ii the Next. l,i,lear C.ollider (NI,C) R. & I), and
COUl>h'rs are an inll_ortant parl. of the acceh'ralor structure work iii this progralll. Indeed, l,he

elticient delivery of power from RI" sc,urces such a.s klystrons I,o disk-loaded acceh;ral.or sl.ructures

iii linear colliders depends crucially on tile coupl_.r cavily. There are several requirements l,o be

satisiie(! tiy such a cavity, l"irst, il. is t.o li(, wt'li tilal('he(l lo th[' ft,((ling waveguides (see Fig. 1)

iii or(l('r Io coliple tile maxitliunl anlo|lnl of power lille l,]ie sl.rucl.ilre to acliieve l.he higll(,sl.
llossilfle accelerating gradielii,. SeCOlid, ii, illUSt, tie l,iilied to tile synchrolious frequelicy for i,lie
l_rot/er phase advalice iii the sl,rilcl,ilre. 'l'llird, ii, lliiisl, ]laVe lililiiliial deh'l,eri(ius effect (;iii l,he

llelllii, l"ourlh, the COulllers slioilld ilh'ally ]laV{, silrf;lc_, fields lie liig,hl,r l,hail l,]le ilil,erior. 'Flies(
coiisideral,ions, toni>led with Ltie flit'l, l,lial, l]ie geOlllel,ry is ilitrinsically l,hree-diliieliSiolial, lllake

tlm design of l,tie coupler cavity a liOlilrivial lirotlleiil.

l)reviousl3, coupler cavities for disk-loaded ;icc{']eral.or SlrllCl.ures h;ive li(i'll designed fol-
lowilig a s,:t of procedures I_a,,,,d Oil the Kylil lllelhod Ill. lt inv<)lves a seqllelice of experiilleills

io (h,l,erllline the lllatClliilg and l,llliillg. Several il.eral,iollS Oli aCl,llal prol,()l,yi)es lllay ii( needed

before ali oill,ilila] coii[igliral, ioll can Ii<, olliailied. 'l'he effort (';iii lte i,iilie-COilSllilliilg aild requires

sut;isl,antial enil;iirical _,xtwrlise. Iii flits t_;il>er, we Slilcly ;til all,ernal, ive at;illroach i;iy nulrierical

silnulal,ion. We build a conil;iUl,er ili</<l_,l l,]ial, apl>roxiniales closely l.lie COullh,r cavil,y. _ince

changes iii dillieli,4ioiis Call ])e t,a,sily iliililellielil,_,d <)ii tile COllil/ul,er , i,liis api;iroach offers a dis-

l,incl, advalitag(, over cold i.esi,s iii Ol/tilliiZilig , a _lesigli. i"url,heriliore, valii;ll>le fMd inforilial,ion

such a,'_a._;)'liliii_'l,ries and peak gra<li_,lii,s, NJr t,x;tiiill]e , is readily _>l>l,ainal/h, liUllierically, wllich

ol,lierwise would t.' difficult lo iii(lt,stir( eXlleriilienl,ally. 'l'liese advalltages provide the lliOl, iva-

l,ion for Ollr effort t(;i (tew,lol_ _tll _iCCllral.e all_l r_>liallle COliitlulal,ional proc_'diire for tiiat,ching
allot t,liliilig l,}iis l;iarliclllar IH" c_)ilil)+liielil,.

Iii secl, ioli 7, we describe lli_ _iiUliierical ili<l,h,I <_fl,lie syililiiel,rical doiible-iill_ilt, COilpler using
t,lie MAFIA codeD]. _ll('h a C_llilller lias li(en inc(irl)oral,e_t inl,o ii, :/0-cavity sect iOII ;lliil eli(rated

up Ix) lt)0 MV/In wil,holit, evideiice of t>re;tkdowli. In secl,ioli 3, i,lie iiiliiierical procedure involved

iii lnal,ching ail_! tuning l,lie COlilller is exi>lailie<i and the results are coiiil/ared with exl)erini|,nl,a]

• data ill secl, ion 4. Iii seci.iori 5. we show the a_lvanl, ages of i,il(' syliliilel, rical dolihie-iiillill, design
over tile COliVelit, iolia] singl_,-ilil}iil l,ylJe iii l,_'rlliS of fi,'ld ;i,,_yliiliic.l, ries. Iii seclioli 6, we evalual,e
l,he peak g,ra_lielits. The effect, of' llulst ' ris<, l,iiiie is colisidered iii secl, ion 7 where siiliulai, ion

I

results are llresenl,ed l,o t)e corroll_r;lix,tl wil,li ol_servations. %Vecoliclu<le wil.li a Slllillllary iri
secl,ion 8.

* Work silt)i)(;irie(t by i)_,l;iarl.ni_.lil of Eii,'rt4y, c+lnl,r;icl, 1)1']--A(',0:1-76_!"0(1515.
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2. 'Flil'] Ni]MI",I/I(I'AI., M()I)EI,

_V_' tile(l,'] lhc syllilli_drical (lonl)l_'-intiul coupler iii l,li,' "{0-cavil,y sl.riiclnre wliich wa.c ilh_,(t

iii high l>C>w-r lx,st.s, lllsl,(,;t(t (;_if;iii 30 c<,lls, w't_Siiliiilal.,- ()iii)' a shcirl sl,t'li_lli wliich is Slll[i(:i<>lit, for

illai.cililig the co|tiller ;iii(| ii. in ('Oil|pill, al iolialiy ||lore practical. Fig. I sliows |,li,, inesh geolli('l.ry

we have constructx,d Ilsillg MAFIA. Ii consisl.s of two idenli,,al colipl(,r cavities alld lwo regillar

accelerator cavil.ies. The col|pier cavities are f,'d I,y W IL9I) rectangllla.r wavegllid(,s through iris<,s.
Becausp l,lio P_,eds are synillltq, rical, we ()iii)' liOed l.o liicl(l_,l Olie-_lilarlx)r of l,he st, riiei, llro. The

lll_lgllelic l>oundarios in-iposed ;ii, iii(, lwo syillllit,try planes are COliSisl,eill, with tile waw;guide

fields ;is well a_si.he fields of the accelerating triode iii i,lip sl.rlicl,ure. Tile SLAC] NI_(7 operating

freqnency is cliosen Io lie ai, X-band arolllld 11./124 Gltz. Accordingly, the dirrlensions of t,ho

reglilar c(,lls in Ollr nlodel }lave })eeil designed for t.liai; fro(lllellCy al, the 27r/3 ph:u_e ;idvanct; per
cell. The diliiensions of the couplers are different iii order i.o fulfill i,he i.iatchiFig and tuning

ret|llirelllOlll,s descrit)ed earlier.
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Fig. 1 MAF'IA geoinetry h)r a 4-cell traw4iilg waw" sect ion.

(liven a coupler geometry, we perform a MAFIA simulation iii the i,illle doniain. Power

is fed conlinllOllsly at, the ilipul, wavegliide port iii tile 7'1,]1o lllode at ii parl, icular fre(tuency ,

sl.arting with a smooth inii, ial rise and reach|fig 1 watt. al, |]al,-l, op. The input, power couples
l,o the accelerating mode via the irises, propagai, es tliroligh l.he sect.ion arid exits by way of i,he

oul.pi.lt coupler. The simulation extends over niany filling tithes of {lie section uni, il a traveling

wave ai, steady-state is reached. Al, the end of the run, the reflect, ion coefficient ,_'11 mt the

input waveguide port, and the. t,ransmission coefficient ,S'21 at the output, waveguide port are

evaluated. Iii addition, the electric field o!1 axis and iii designate(l regiolis of interest is recorded

for subsettilent post-processing.

3. MATCIlIN(; ANl)'I'UN1N(; OF (.',OUI)I,I,]R CAVITY

The cross-section of the coupler cavity is shown iii Fig. 2(a). There are three dimensions

to tie deterniin,_d: i,he COUl/ler dianleter, the iris aperture and its thickness. Assuming that the

iris thickne.ss is held fixed, the design program is then to choose the two remaining dimensions

iii such a way that the matching and tuning arc; optinial. These conditioiis are assessed a.s

follows. As far a.s mat, thing is COllcerned, we look for l.]ie lninilnun! VSWR for tile se.cl,ion. Iii
the siilllllai.ioli, this corresponds to the sniailesi, reflection coefficient ,S'll mi. the iliplit wavegliide

port. Fig. 3(a) shows the tinie history of S'll for a typical case wlwli l.lie coupler is nlatched. We

see that the steady-state can t)e reached after several filling tinies ;ul(l tile alnoliril, of reflection

is qliite acceptable (VSWR = 1.023 iii lhis ca.se). This is iii colllrast to ali unnlatched ca.se. ;is
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Fig. 2 Schenlatics of (a) sylnn.:trical double-input coupler; (b) single-inpul coupler.

shown ill Fig. 3(b) which corresponds to a different set of couph'r diameter and iris aperture
dilnensions. The VSWR = 1.475 is large compared with t,he matched case.

'Ib ewduate tuning, we (,xallline rh(' allll)litu(Ic and l)ha_se wtriations of the (,.lectric lie.ld on
axis. One can wriLe

I,;',;,(z) = It_:,;,(:)lc- i°''(_"), (1)

where, the lime w_riation has been loft rmt. Ill lhc MAFIA run at steady-state, tlm electric
field on axis along the slructure is stored over several cycl('s which c.a.ll be Fourier-analyz('d to
obtain E'r and OT. They are plotted in Figs. 4la) and (t)) for the sanle matched case m(mt.ioned
above. The dashed lines lllark the boulldaries I)ctwecn cells. In l)oth l)lots we se(: that the

th.ld is t)eriodic in the regular cells. Wc also ||otice that it is sylnmei,ric al)out the center of
thestructure which shollld he the case wl,:ll tlw couplers are n(mrly inat(,h('(t. In this case the
fields look i(h,ntical whether pow_'r is fl'd irl at the inl)Ut or output ('.lid. 'l'hc ph;me advanco
in the two regular cells is 122° , close lo the exp(,cted value of 120° at the driving freq||ency of
11.42 (;ilz. In tlm coupler cavities, llw pllas_" variation is zero across rougllly half tlm cavil.)' and
l_tals to (i2° for the w!:.-A('cell. This sugg_,sis thal tlm [i,4d in the half of IIi(' coul)ler cavity near

lh(' cut-off I)caln pil)c is essentially a standing wave while the traveling waw' in the other half

advances hy half tile phase shift as collll)ar('d Io lh(' regular cell. These r(,sults confirm earlier
(lata froIll di(,lecl.ric I)ead perturl_al,io|_ lneasurenwllts[:q. As l),)i|m_d o_t i,l thai, pat ':'r, t||e field

a_nl)litude and phase wtriations can provid(' a _lw;ms I)y wlli('l_ the tuning of the COUl)ler can
t.' accurately d(,l_:rmi||(_(l. Nu_mri('ally such a l,ro(,_'(lur(" is _l_(:l_ easi_'r 1() i_lll_le,lmnl, l,l_;u_in
aclual cold lesl,s.
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, Fig. 3 The reflection coefficient as a fu||cl,io|| of tinle R)r (a) a matchc(! coupler; (t)) an

unmatched cou pier.

For comparison, we show au u_l_al,ch('d case in Figs. 5(a) and (b). ll(;re the field ampli-

I



i , I II III IV _ r I II III IV ]

k ,, 1 /.

-- 4

\5OOO ,, -i 5000 i- ,:/
i

' I I _'

' _ ! i/ I(b) ] _(b) ! / ;

270 i_- t ] 270 i- I -7
L : _- I .l -'

._ ,,,.,,-, _- /

_ _ _ t: i ' -4,._, ,_. !
90 _- 122! _ 127 . .___ _ 90_ i .-

i_ " _' : 3 sl,, ,, .__0 62 i 4 O b-.... 2i........ ' -i

-0.01 0.00 0.01 0.02 0.03 0.04 -0.01 0.00 0.01 0.02 0.03 0.04

Z fm) z (m)

Fig. 4 Amplitude and phase variations for Fig. 5 S<_mea.s Fig. 4, but for an unmatch-
a matched coupler. Regions I, II & III, ed coupler with matching iris aperture in-
and IV are the input coupler cavity, the cre_ed by 0.006 inches.
two structure cells and the output coupler

cavity, respectively.

tudes are irregular along the structure, quite different from the symmetric fields we saw earlier.
Similarly, the phase advances in the coupler cavities and the regular cells deviate appreciably

from the _r/3 and the 2rr/3 values we expect to find in a tuned situation. The difference in
dimensions in the coupler cavity from the matched case is an increase of 0.006 inches in the
matching iris aperture.

• N4. COMPARISON BETWEEN SIMULAqlO_ S AND EXPERIMENTS

In designing the symmetrical double-input coupler for the 30-cavity section, we performed
a systematic numerical search for the optimal dimensions, using the matching and tuning c.,n-
ditions described above. We varied the cavity diameter and iris aperture, then calculated _,he

VWSR and phase shifts in each iteration. Figs. 6(a) and (b) summarize the results. The driving
frequency is again 11.42 Gltz. The plots show, in effect, the sensitivity of matching and tuning
to changes in coupler dimensions due to machining tolerances, for example. The perturbations
(6b and 6w) are measured with respect to the dimensions (b and w) for the matched case in
which they are assumed to be zero. In Fig. 6(a) we find that the VSWR is much more sensitive
to the coupler diameter than to the iris aperture. The same holds true for the phase shifts as
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shown in Fig. 6(bi. We also note (.hat about the optimum point, the dependence of the VSWR
on slight changes in either dimensions is quadratic while that of the pha.se shifts is linear. Both
are consistent with simple perturbation analysis.

With l,he coupler dimensions that we found for optilnai matching and tuning, one can vary
the frequency to explore the bandwidth. Fig. 7 shows a comparison of VSWR versus frequency
between the MAFIA simulations and experiments [4]. Near the desired operating frequency of

11.424 Gltz, the agreement is very good and (,he dinmnsions of the actual couph;r are very
close to those used in the MAFIA inodel. This is encouraging because it means that we can

reasonably model the geometry for design purposes withou(, expending au unrealistic amount of
computational resources.
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Fig. 7 VSWR versus frequency from MAFIA and measurements.

5. FIELI) ASYMMEH'RIES IN (_OUI)LEI_.S

- Conventional couplers are of the single.-input type (see Fig. 2(bi) where power is fed in from

a single waveguide. This configuration inherently introduces tield asymmetries across the beam
aperture in the form of a dipole component. "I'tle amplitude asymmetry leads to a shear force

- which spreads the bunch while the phase asymmetry results in a deflecting force on the bunch[q.
As discussed in Ref. 5, the amplitude asynlrnetry can be corrected by offsetting the cavity with





Fig. 8 shows snapshots of the eh'ctric fi(dds in the inpllt couph,r over at_l_roximately tlalf a
wave period atsteady-state. We nori))alize the iIlput, power to 1()0 MW.'I'Iw peak gradients are

found to I,e 235, 61 and 239 M\,'/_ll for 1_he l,}lree slzal)shots, resl)ectiv(']_', ;uld tile maximllm (,'--,

2,10 MV/m) is about a factor of 2.26 greal(,r thall the p,:.ak field along the axis. The i'llaxiI)ll)lll

peak gradient occurs near the tol) l)art of the disk next. to the first structure cell. Our result is

in reasonable agreement with the ))lea.surement of the 30-cavity structure [_], where damage was
seen near the top part of the coupler disk. Furthermore, the n_axilnm_ peak gradient in tlm

• structure cell is found to be very close to that in the collpler fron_ our suilnulalion.

7. t'UI,SE RISE TIME I'WFV, CT

A topic of great interest to accele.rator designers is the generation of (lark current by field

) etllission at. high gradienl.. Dark current observed in the high power tests of the 30-cavity

traveling section was found to depend on the rise time of the RF pulse [vI. As the rise time gol,

sl.eeper, the resulting capture of electron increased. The effect was attributed to the Ul;ward
frequency shift, caused by the rise time and resulting in a lower pha.se velocity, llere, we suggest

a possible explanation by studying the space harmonic contents of the total field.

We have explored the effect of the pulse rise time with our MAFIA nlodel. We scaled t,he

rise tilnes of tile pulse to the filling tinm of our structure in the stone ratios as those in the
experiment, and hence chose 1.27 and 2.54 ns to correspond to the 10 an_l 20 ns cases t}l_tt were

me_ksured. The fields in the half of the coupler which is traveling were Fourier-deco))iposed into

(.heir space harmonics. For a traveling wave, w(, can extend the analysis to a whole cell in the

structure because ofsynnnetry. Neglecting the time dependence, (.he peak electric field can l>e

expressed ms:

c',..J,

E.r(z) - _ (',_c -"_'', (2)

= where the propagal.ion constant for (.he)tth space harlnonic i.s 3,) = ¢_'()(1+ :_7_). For a structure

with spatial period I) and operating al. 27r/3 lllode, llle synchronous col))pon(,nt wit, h phase

velocity c has a propaga(.io)! conslan(. /J0 = 27r/31). The con_ph'x field l".7'(z) cat) be expressed

in te.rms of its an_t>litude [N.r(z) I a)_d pha.s,, O.r a.s in Eq. (1). llenc(,, if lET(z)] and 0T(Z) are
known by measurement or by nu_nerical n_eans, (.hen C',, can be det.er_ined a.s:

O

c_ = -/5 IH_r(_.)lcos[_,,:- 0.r(=)]d_. (3)

lt is convenient to normalize ]E-r(z)[ to the maxi)_mm peak field EM. (k)_paring l;'qs, (1) and

(2), the contributions of each space harmonic to the total field are giw_n by the individual terms
in the sum of the following equation:

= I_;T('-)I= g'M _ b,,('-;[/_°'-°'('>1, (4)
-- ?1--- -- C_

where b,, = C,,/EM. Furthermore, it can be shown easily I.hat _b,_ = 1. If the synchronous

component has a phase velocity c, the phase velocities of ihe olher space harmonics are given

by vp = el(1 + 3n),for n = :1:1,+2,.... Therefore higher space harmonics haw: lower phase
velocities.

In Fig. 9, we show tile decomposition of the electric field along the axis at the end of the

pulse into space harmonics across a cell for the two different rise tin,es. The coefficients of

{b0, bl, b2, b_l,b_.2} for rise time 1.27 ns and 2.5,1 ns are {0.731,--0.076, 0.042, 0.369,-0.0811

and {0.741, -0.056, 0.026, 0.326, -0.051 }, respectively. Al the rise t.i_e of 1.27 ns, we see that
the contributions of the higher order con_ponents (_t :_ 0) are larger compared with those for

-- the case wi(,h rise time of 2.54 ns. Ther(_for(,, (,h,ctron capture l)y tl_ese lower phase velocity

- components is more import, ant for shot(, rise ti))_('. ()f course, a realistic study of dark current

=
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Fig. 9 Decomposition of the total field amplitude into space harmonics for rise time of (a)
1.27 ns; (b) 2.54 ns.

has to rely on particle simulation, llere, by simple Fourier analysis of the field amplitude, a
qualitative understanding of dark currexlt is obtained.

8. CONCI_USION

We haw_ used MAFIA to simulate the symmetrical double-input coupler for an X-band

accelerator structure. The numerical procedure for matching and tuning has been developed,

and good agreement has been found between simulations and experiments, qhe advantage of

the double-input over single-input geornetry has been shown in terms of lower field amplitude
and phase asymmetries, and the location of the peak gradient in the coupler cavity has been
identified. Numerical results have also been presented to corroborate experimental observations

on the dependence of captured dark current with RF pulse rise time. The present paper demon-

strafes that numerical simulations can provide very useful shortcut to cut-and-try prototyping
in the design and analysis of linac coupler cavities.
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