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Introdmtion

An imp- -:snt consideration in the r!esiqn of
a Fractical radi~frquency quarfrupole (RFQ)

accelerator is the el-tromagnetic properties of
the rf power coupling circuit. Couplinq rf
power through an iri9 or coupling Imp into on-

quadrant disturbs the syn?netry of the azimuthal
field distribution and the uniformity of the
longitudinal field distribution, hrrth of which

are crucial for gocxl performan= of an MO
accelerator .

Stahl lizinq the field distribution aga!n~t
perturbations w]th mme form of resonant coup-

linq were found to be impractical because of
limitations inherent in the RF(? structure.

Instead, a means was developed for couplinq to
the RFO by using a resonant power manifold with-
out perturbing tho RFO fields. This paper dis-
cusses the properties of rf power manifolds for
the RFQ in the context of a coupled-circuit
model .

A Circuit Model for the RFQ

The succes~ of the coupled-circuit mdel of

Nagle, Knapp, and Knapp] has led us tc mn-
siC-r a simjlar concept for studving the RFO.

The Coupl---ccu itit mdel ha~ been an effective
means for understanding emme of the rf pro-

perties of the s,cle-coupled, the post-coupled
drift-tube, and the disk-and-washer linear

accelerator structures. flowever, these struc-
tures can all be a~roximated to some deqree by
one-dimensional chains of soupled discrete

osclllator9.
This a~roxinstirm is not well sujted for

describing the F@J because, except for the small
modulations of the vanes necessary to produce an

accelerating component of el~tric field, it is
a waveguide transmi.9sion line of constant cross
section. Tin-port network analysis using the

chain Matrix notation, ~ on the other hanrf,
provides an ideal framework for descrlbinq con-

tinuous tranami9sion line9. This theory alsc
arxomanodatefi discrete circuits eaally, per-
mitting them to be combined with distributed
circuits in the same mafel.

Let us e~amine, brieflv, a two-port mrxfel
for the RFQ. The general form for a uniform

transmission line of length t is:

[

cosh Yf z sinh Y~
u-

Z-l sinh Yr. ~,qh Y~. 1
●Work performed under the au.svic?9 of the U. S.

Department of Energy.
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where y i.s the propaqatlnn factor for the ‘.rans-
mlssion line and z is its characteristic imped-
ance. For wavequif-le, both “i and z are functions
of the excitation frequenm and the cu~off fre-

quency. The characteristic Imperlance is also a
function of the normalization chosen. Note that
thjs matrix represents onlv ont= wavequide tie.

A different set of parameters, Y and z, are
reql,ired for each wavequide tie beinq

considered.
The m?trix M relates the voltaqe and

current at the output prt to tho voltaqe and

current at t!lp input port (Fiq. 1). That is:

[1=‘E]~
The variahle9 need not actuallv he current and
vol taqe. In fact, a more u9eful normalization
uses variables related to the square rmt of
stored enerqy analoqous to the variables used {n

the original coupled-circuit model.z
The RFO operating mcde is an electric mode,

heavily capacitively loaded hy transverse vanes,
topoloq!cally equivalent to and derived from the

TE210 mode of a riqht circular cylinder. This
mode is chosen because it has the necessary
quadruple mrrpnent of electric field with a

uniform distributio~ from end to end.
Existence of the TE210 mode requires

open-circuit boundarv conditions. This 1s
achieved, in practice, LV terminating each end
of the F(FO with a shortinq plane spaced a small

distance from the end of the vanes. The effec-
tive shunt inductance of this termination is
resonated with the capacitive end tuners
!F,a, 21 LO achieve a high impedance termination

a. the ( ,cquena of the TE210 mor7e.
A suitable mcdel for this configuration is

illustrated in Fig. J. In the stored enerqv

normalization, the shunt conductance of the

parallel M cmbinat[on becomes

Y. = 1 - wo2/{,;~ .

Fiq. 1. Representation of a qeneral

netmrk.

two-port
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Fiq. 2. The RFQ end cap and end tuners.
Fiq. 5. Four-resonator model for RFO.

Fig. 3. M-port mdel for RF().

11”(11‘ UM(’2)D
Fig. 4. -port model witl, added perturbation.

The ●ffects of perturhationr -m the field rlis-

tribution can be studierl by hreaklng M into sec-
tions of length less than k’. md inaertinq
a~ropriate t-port reprcc-,.tatione of the
perturbing elements (Fig. 4).

The above model describes only the lcmqi-
tudinal field distribution of the RFQ. Because
the .qmnnetry of the vane-tip potentials is

important to the quality of the beam in the
transverse plane, w muld like the ability to
model the azimuthal distribution of fields as

well. The four-fold .%nmnetry of the RFo cross

section sugqests that w could describe An arbi-

trary distributlun of ‘~ana-tip potential hv
considering the fields to renult from an

admixture of TE21, TE1l, and T)?al
wavequide modes.

Although such a model miqht be feae.ible, it
is unnecessarily complex for our pre9ent pur-

po8e.9. Inotead, us propose to ignore coupling

between the azimuthal and Iongiturlinal fiel+l
diatrihutions and to develop a separate model

for the azimuthal direction.
With increasingly heavy loadina, i.e., a

emaller aperture, the frequencies of the TE110

and TE210 males asymptotically approach each

vO w/2 mde O

Fiq. 6. Field puttern~
model .

for t}e four-resnnator

other. This suqqests that if we iqnnre the
hiqher modes, TE1ln anfl TE71n fOr n > or w-

can approximate the RF(I hv a rinq of coupled
oscillators as illustrated in Fiq. 5. This

amounts to Ignori,)q tht= longitudinal extent of
the RFO.

A rinq of four oscillators Is char:,cterizerl
bv four modes of oscillation (Fiq. 6). The rina

will have a n rnc+, corresponrlinq to the TE210

mode) tm degenerate lr/2 n,fies, correspn,lina to
the tm TEllo mrx+esl and a zero rode. We are
tempted, bv 9!mple extension, to identify the
zero mcwle with the TEO~O m~e. However, there
ie a problem: experimentally there is no fourth
mode in the mode spectrum near the other three

mde9. Furthermore, the effect of the vanes on

the TEOIO mode sugqests that lt wuld he far
removed in frequency from the TEIIO and

TE21o mrx!es.
This apparent problem has an Interestlnq

resolution. FOr an appropriate form of reeona-

tor, the zero mcnle frequency can he zero Hertz.
Figure 7 rlepicts tm forms, equivalent throuqh a

series-to-parallel transformation, that the unit
oscillator might take to have a zero mode of

zero freqb,enq. That Is, the netnrk will pass
direct current. Four of these oscillators are

joined together (Fig. 8) to form a circuit mo+el
for the azimuthal direction of the RFO.

2



+ c;
L

Fiq. 7. E~ivalent unit cel19 for RFQ
coupl~-circuit mrdel.

Fig. 9. Resonant couplinq of four-resonator

mcdel .

~iq. e. Equivalent circuit for WQ.

Resonant Coupling Techniques

At first, resonant coupling methds
considered a~ a means of stahilizinq the

were

azi-
muthal and longitudinal field distr{hutions
against perturbations. Figure 9 shows a scheme
for stabilizing the azimuthal field distribution
with mupllng cells using the .aame principle as

the side-coupled structure. This version
suffers from a fatal defect; the TT/2 male is
doubly-degenerate because of the circulsr .avm-
metry. With only a sliqht tuninq error most of
the stored energy could end up In the coupling

cells.
Although azimuthal resonant coupling has

been rejected for now, {t could probably he

savd if the degeneracy were ●lirn!nnterl bv
removing one of the coupling cells.

Attempts to fiti internal modes suitable
for longitudinal resonant cmupling in the manner

of the post-coupled drift tube or dlsk-and-
washer atructurea have failed.

k,

k,

Fiq. 10. Four-resonator mdel with

nonresonantlv coupled ,nanifolil.

4)’
t. o+

+
+

+
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.

Fig. 11. Fic d patterns for four-resonator
model with manifold.

Theee problems led to the investigation of
an external means for atahilizina the RFO fields
ueinq an arrangement related to the manifolrl of
Voelker.4

A Wonresonantlv Coupled Manifold for the RFO—

The manifold concept that suhsequentlv
evolved lb not sultahle, dlrectlv, for S* h{-

lizinq the field distribution. However, it does
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Fig. 12. !f%n-resrmatnr, coupled-circuit model
of RFO with manifold.

provide syrmnetric drive points that rio not, in

principle, rfisturh the F@ field distribution.

Figure 10 illustrates the simplicity of the
nonresonantly coupled manifold. The central

oscillator represents the manifold. With five

oscillators there are five males of oscillation
(Fig. 111. Onlv tm of the modes .ahown can he
excited hy driving the manifold. The9e two

modes can he thol,aht of as radial Z-ro and T
mcdes involving only the RFO TE210 retie and

the manifold.
By syrmnetry, we see that the couplinq k2,

at worst, perturbs the azimuthal distribution in
a way that cannot mix in the n/2 modes and
introduce sextupole field components.

The sit~ation is even better than it seems.
To see this w first simplifv the discussion hy
reducinq our model to tw coupled oscillators,
one representing thf F@ TE210 mcrfe and one
representing the manifold. Figure 12 is a sche-
matic of a discrete-circuit model of two couplerl
oscillators. If LIC1 equals L2C21 then

II equals 12 for zero mode and 11 ~uals

-12 for the n rrmle. Furthermore, the fre-
quency of the zero mcxle i.a (LICl)-1/2,

independent of M.
Flow does this relate to the RFQ and mani-

fold ca9e? SuppXe that an otherwise unper-
turbed RFQ is magnetically coupled to the mani-
fold through a slot. If the frequen~ of the
TE210 mcde equals the manifold frequency

before the coupling slot is cut, the zero mcx3e
of the combination will be at the frequen~ of
the TE210 rode. The consequences of this are
that the longitudinal field distribution of the
FQ is still flat because it is being excited at
its cutoff frequenqr. In addition, the current
intercepted by the slot is equal and o~osite on

opposite sides of the wall. There Is no excita-

tion of the slot and, therefore, no perturbation
of the RF’Q by the slot.

This fact is not easy to illustrate using
the coupled-circuit theory in the stored-energy
normalization because the definition of the fre-

quencies of the oscillators ll,cludes the effects
of the coupli:.g slots and because the wall

currents are related to the ctored energy in a
geometry-dependent way,

1 1

\/\

/\/

Fiq. 13. Cross section of RF(I with

nonresmnantlv coupled manifold.

A Phvsical Realization of the Manifold

The requirements of synmwtrv djctate that
the manifold should muple equallv to each quad-

rant of the MO. This is achievd hv placin~
the PFO insiflt= the manifold t?,at operates in a
‘373?4coaxial resonator mcwh with the RFp shell as

its Center conductor (Fiq. 13). The lenath of
thp manlfol~ must he a multiple of a half-

wavelen.gth at t+e operatinq frequencv or tunerl

to the electrical equivalent by capacitive

tuners at the electric field maxima. Coupl ina
hetwen the manifold and the RFO takes place

throuqh slots cut in the RFO walls at the

Current maxima of the manifold. Arlvantaqe is
taken of the multiple maxima to increase the

effective couplinq.

The fields to be coupled are orthogonal to

one another. The manifold maqrjetic field is
azimuthal and the RFO maqneti,: field is longi-
tudinal. To couple them, the couplinq slots
must make an anqle with respect to both fields
to intercept wall currents on both sirler. Th.

sign of the slot anqle must be alternated to

crsnpensate for the alternating siqns of the R~
ficlr?q azimuthallv and the manifold f]elrls
lonqitudinallv.

The relative stored enerqies of the RFO and
manifold can he controlled hv a.liustinq the slot

angle to intercept more current on one side and
less on the other. The tuninq consirferations
discussed shove insure that the inter,septerl
fractions of the wall currents are erpal.

Couplinq to the manifold is achieved hv
loop or iris at a maqnetic field maxima. If
center drive is desired, the manifold should

an even number of half-wavelengths lonq.

a

he

Expe rimencal Da’.a oi~ a Cold Mode]——

A cold model of th~ RFO w!th constant

vanes was combined with a nonresonantly coupled

manifold as described shove. The model is
pictured In Fig. 14. The F@ structure operates
at 313 K4z, nominaliy. The mr.nifolcl is one-

wavelenqth long and co,plcd to the P.Fo throuqh

twelve 45° slots about 90 rmn lonq hv 10 nmn
wide.
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Fig. 14. The RFQ cold mcrfel WIII nnnresonantlv

coupled manifold,

Th.= frequenq of th. zero mmle was

313.268 MHz and the fr~uenm of the mc=+e was

310.618 ~~Z. Th. n-t couplinq constant from the
twelve slots was rletermind to be 0.0085 hv
measuring the change in RF~ stored enprqy

resu]tinq from a perturbation of the r.anifold
frequency. AccOrdina to th~ coupled circuit

analysis of the t- oscillator model, t:le
couplinq constant is giv..n hv

rnan/fma~
‘f

k=
1/2 ‘

(“”URFQ%Q’

if the oscillators have the same frequencv.

The accuraef of the coupling-constant
determination was insufficient to permit cal-

culating the individual frequencies of the two
oscillators from the frequencies of the zero and

T males. Figure 15 is a graph of (~JJRF@JRFo) 1/2

versus manifold detuning.
The change in RFQ st~:ed e~erqy was meas-

ured by comparing the fr~.,]enq pert,~rbation of
a needle p(Illed along the )’FQ axis for various

perturbations of the manifo.q to the case with
no manifold detuninq. The fr~ction of stored
energy in the RfQ was similarly meaaured by com-

parinq beadpulls with and without the manifold.
In the zero mode 718 of the stored energy was in
the RFQ and In the n mcde 308 was in the RFG.

The fact that the ratio of RFQ to manifold
stored energy for the ~ tie is the reciprocal
of the same ratio for the zero mcde 1s predicted
by the mupled-circuit mrdel.

Variations on a Manifold

It is possible to cenr+truct a resonantly

coupld manifold by interposing a reyonator
between the RFQ and the manifold resonator

~04 -
a t

/

/’j/
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0., ~
0.0 05 10 Lb 20

Af/f RELATIVE MANIFOLD D~NING X Id

Fig. l<. The RFQ amplitude Prror versus

manifold dptuninrl.

k,

k,

Fiq. 16. Four-resonator model wit>, resonantly

coupled manifold.

(Fiq. 16). The intermediate oscillator {s most

conveniently a TE2+mode resonator coaxial with
the RFO and manifold. Couplinq between the

manifold and coupling resonator ig through azi-
muthal slots in the magnetic fielrl reqion of the

intermediate wall.
In principle, this “triaxial” manifolrl

should lock t+e averaqe F(FQ amplitude to the

outer resonator amplitude in the Tr/2 mode. 130w-

ever, it does not ❑erve to stabilize the inter-
nal field distribution of the RFO. In addit(on,
there are two serious drawbacks ta this scheme:
Fabrication and tuninq are more complicated than

for the relatively simple nonresonantlv coupled
manifold. And, the RFO S1OCS are excited and
could affect the longitudinal field rlistri-

bution. The cold model wes adaptefl to the tri-
axial configuration, hut test results were
inconclusive because of a desiqn error in the

intermediate cavttv.



Fig. 17. Four-resr!nator ma+?l with individual
couplinq rr.senators.

If each of thm couplinq slots could hc
replaced hy individual resonators (Fiq. 17) ,
perhaps stabilization of the RFO internal fields

could he achieved. A,. attempt to model t+is
concept was made using resonant coupling Imps,
Insufficient couplinq was crhtainwl with :ht=se
lcmps for proper mod.- separation.

A simple man]fold has heon rfe.Jo?npPd +bz+

permits rr)l]plinq rf power to tha RF~ witho,]~

seriousl,~ p-rturhinq the field rli9*~ih,]tion.
R-sonantlv coupled manifolds could pro.~!de
bptter performance at the e~ensa of incr-sasr=d

Complexltvm It is net known jf the improv-d
performance would roallv h- u~ef~l with a
practical RFO structl)re.

An e~ten~jon of the ~oup]od-cir~uit mtiel

to incluao distr:hut~d circuifs has proved us--
ful in ohtaininq a qualitative un%?rstandinq of
the RFp structur~. Further IJnderstandinq cr,uld
he developed thrnuqh computer simulations has~d
on this moffr.1.
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