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THE RADIO-FREQUENCY QUAMUPOLE: GENERAL PROPFRTIES AND SPECIFIC APPLICATIONS+— ——

R. H. Stokes, K. R. Crandall, R. H. Ham, F. J. Hunphry, R. A. .Jameson, E. A. Knapp,

J. M. Potter, G. U. Rodenz, J. E. Stovall, D. A. Swenson, and T. P. Uangler

Los AlaIOS Sclentlfic Labor~tury, LoS Al&nos, Nfl 875Ll5 USA.

ABSTRALT

The radio-frequency quadruple (RFQ) linac structur~ is being devel-

op- for the acceleration of low-velocity ions. Recent experimental

tests have confirmed Its expected performance and have led to in in-

creasti interest in d wide range of possible dppllcations, We

review the general properties of RFQ accelerators and present beam

dynamics simulation resu!ts for their use in a variety of accelerat-

ing systems. These include the low-beta sections of t~e ‘usion

MaLerials Ilradlat ion Test Accelerator, a 20D-MHz prot~n llnear

accelet-ator, and a xpnon dceleratur for heavy ion fusi;fl.

1. lNTROUUCTIOh

TM.J years dgo the Los Alamos Accelerator Technology Division initiated a program to

investigate the properties of the radio-freq~ency quadruple (RFQ) accelerating structure.

The RF(J 1s a new concept or}glnally proposed by Kapchinskll and Teplyakov. ] Our develop-

~nt of this structure, the first outside of the USSR, has culminated in a successful

experimntdl testz of the RFQ princ~ple, He conclude that the RFQ offers an attractive

solut]on !.o the !ou-veloclty problems that are an intrinsic part of many accelerator

systems,
3

In this paper w will mphasize the RFQ”s functional prope-ties dnd brlef!y

discuss mr methcds for deslgnlng RFQ i.ystsns. Finally, we will describp three applica-

tions wttere an RFQ has been designed to solve the low-veloclty problems in widely diverse

accelerator systens.

The RFQ uses rf transverse electric fields to focus ions travellng along its axldl

region. Figure 1 1s a sch~atlc section of the RFQ resonator. It operate> in a mooifl~d

‘L210
moe in tiich the currents flow transversely to the z-axi$. The current flow re-

sults In+ - + . polarities on thp pole tips al a c~rtain time, thus producing a q~ad

rupole fauslng, or defocusing, forcv in a given transverse plane, One-half cyr.le IatPr

these force$ re’ierse sign to produce an overali strong focusing effect. The focusing force

at d given time IS $Patlally ccw?tlnuous along the z-axis, If the pole tips have a constant

-:

Cr

Fig, 1. Schmatic Orawlng of an RFQ Resonator,

— . _ .——.—
WUIk performd un&r the du~plce~of the US Mpartmnt Of [nergy, office of Energy

R~s@arch, Off’ce of Fusion En~rW, cnd the US Oepartrrent of Hc~’th, Fducat ion, and

Welfare, ftational Cancer Institute,
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rad]u~, only d radial focusng force is present. In F}g.

sinusoidal-like vdriatlon in radius, Betu=n the x-plane md

Varldtlon in radius is shifted t,y Bk/2. ~},is pole-tip rrndulat

accelerating fields in addition to the transverse focusing field.

the pole tips have a

y-plane p~le tips th~s

on produces longitudinal

The ~peration of an RFQ system in the USSR ha~ been described previously,” [arl.y in

19EIu a highly successful experimental Ltst at Los Alamos confirmed predict~ behavior and

general capabilities of an RFQ system.

2. GENERAL P~OPERTIZS Or THE RF~

PII RFQ system carI be designed to accpot an lcttns~ low-velocity unhunrhef! ion beam

frcrn a low voltage dc injector; tnen it WIII provide radial focu>lng, bunching, ~nd acc~l-

erdtlon to a veloclty where a conventional Ilnii: operates efficiently. tle~ati<~ the Pier

trlc force 1s indept,ndent of veloclty, the RFiJ IS e:peclally efrectlv- In the radl~l fnrus-

Ing of Iow-veloclty lon5. In ty~ lea] Sy<tems that ue have der,lcjll~d,the dc Injector Cdn

have a voltage of :0 kV for protons or 250 kV for Xe+l ions . Having .ontainecl the beam

radially, the RFQ then can pro~ldc useful longitudinal fur,,tlcns, For exanple, it can

bunch the beam sluwly enough to capture a vciy high percentage of the lnJected beam. Th];

adlabatlc bunching can be acccrnpllshed In a reasonable Cllstance ~e~au>e of !.he lW vel~c

of the Ions, lne bunchlnq cycle alsJ cm be designed 10 Increase ?fIe current zap?clty

the systen. Mile the bem lr,bell-g bunched. It is .+lso being acceleratwl, so thal by

time Lhe final sjnchronouz phase IS rea~hed, the brain energy has been increased by dbOIJ

factor of ten. This allow> acceptance of high-current be~$ at the input, and accelerat

tv

Jf

ne

a

nn

with uI I ly ~lnlnld] enlttuce growth. In applylng the RFu In a speclflc case, It is posslhle

to optlmlze Its ch~racteristlcs In a flea lble .~av to obtain the desired Cmprcsnl>e betw~n

transmtsslon efflclency, enlttance growth, b~,am cu.ent capac!ty, overall length, and power

dissipation.

Technlque$ to provlu~ rf power to RFQ systems F,ave >een ales{ribed by Potter, et al.~

A 4-vane resonator similar to F19. ] can he used for frequencies ffrealer than dhout 50 MHz,

where the outer diameter 1s aho,lt 1.2 m, Hith Io@r frequenc!e$, a Hldcroe resonant sy,,tw

COU]d be used; or w ll~ very I* fr9qJencle5 SUlldbl? for hPdvy fen>, an ertfrnally ~I?\flndf)!

structure may brcwnt useful,

3. B[AM DYILM!i . ANALYSIS ANLI PL)L!-TIP D[S!GN
——-—.— ------—. -— -.--— ————

As a basis for beam dynamics $itnulat!on ~alculatlcnj d~d fOr COII\t7_U[llo!l CIf ~f~ p(Ilt,

tlp~ m usc thr ~ou@st ordet putential function F Igurc 2 smnarlzes w r proceduro, [ 1P

trlc flelcfs obtained frmn tlIepotent!dl function wre u;ed LO construct transfnrmaf I(IrI.. fnr

7,f3 lh,~ ~roqrm, wnich ln~ luct~’~$Pat~’
tte be)m dynamic$ sfmul.tion progrun PARMTEf/.

charge @ff?cLs, analyles +peclfi~ RFQ C)eslgn> to obtain t!an~mtstion ?ff!( tency, rad,,l

Unltllnce yrowth, and rm?lal and Ionqltudlr. ! characterl$tlc~ of the outr,ut beam. [rwr 11,

tppro~r fate fsopotential wrface, - obtain the rad!al variat ton nf the pole ttp> hn{f 1111,

variation Of their radius of c~rvature tn the transvcri~ plan(,, both as a func~ion of 1,

Figure 1 zilwi the untt cell Of Ienpth OA/2, thrw gh w htclI the radius varf~s frun mfi to ~.

In the center of the unl~. cell, th? pOI? tips hav? quadrupolat \ywmetry and thp ratf!(l~

r Ihe pole tiP! are cnil$truc?ed by gcnetatlng a dtia illr on maynrttc tap~ th,;f 1~
o“

used as lnPut to a I’ImelIcal]y ccmtrol led h,lll~~g marhlnt,
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Fig. 3. RFCJ Functional Fllork Diagram,

4. BE.4H DYMMfICS DUIGN PROCEDURES IOR

--m

The methods used to synth~s!ze RFQ

systens to meet specific objtc:ives heve

been previously cfescrioed.a Figure 3

shows h- the denign procedures Cdn be

divided into f-w separate sections. The

unbunched bean frass the d: :IljeLkCIr firjt

goes into :he radia’ matching section,

wtn’re the rddld] fotusi~g strength is lnr~uasett frmn a lti ‘nitial value to a higher flrsal

value In - 5b1. This d]]OUS .he beam to adapt ilself adiabatically to th~ tiw-w?rying

focusincj forces The rwst sertlon is the sl,aper where w start to ramp both ~s and

[., the dverdg~ ]Oflg,* ,ldlhd] flC]d. The phase angle 6s St!rt at -90° and increa~es

Ilnearly wltn t. 10 start> al zero and is slowly turned on by increasing th( amplitude

of the pnle-tlp mcdul~” II,*I. If the pdrfavseters are chosen correctly, w can “shape” ths=

particle dlstrihutlon at the output of the shaper to occupy the dcsirt?d Ieve’ in the phase

Stdble region of the bucket. Next is the gentle buncherzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwhere Cm l:ondltlons are ?mposF?.

● s wqge~ti ty Ka;nhlnskll. The averag~ l- ’ength of the @unch is held constdnt and the

small ~lItude Iongltudlnfll frequency it held dt d fi~ed value. This allws the fln~l

value 0? 6$ to tw dttalned at the end (,f the gentle tmnc’rs?r and preserves the particle

dl~trlbutllm throughout. In thr acceleral,r section, the ioI,s dre accelerated to ths=lr

final mergy at ● constant value of #s,

The @sign ~thods oescrlbed previously @fe constrained to ssake th? ~vprage radius

of tn~ pole ?Ips r ~ conltdnt, eacept In th~ radial matching Section, This krpt th~ dls

tr!buted cdpacltance nearly constant for es$ier rp$or)dtor tunlnq, Also, the quantity

W/ru If held constant, tiere V 1s the intervarp voltage, a!lrswino :Wstrot of the peak

surfd~c f IL.Id,uhlch occurs near th~ pnlnt ufserr the pol?s have mlnimun separation, The$v

~on~trdlnt~ dr~ ~onilster.t with J constdnt voltaqe alorv= tlw vdnet and Kfth d const~nt

VdlUP of th~ 4ocusing strenqth L. After emeriert~e in tuning l?~Q resonatrwt, @ believe WP

can acnl~ve $peclflmcl voltagp dlstrlDutlons that vary with z wfthin certain Ilmits: th~re..

fn~~, - have *v@loped a n- de$lqn procrdure that holslt the be-e radtu<, a, at th@ sent

cun$tant vdlup in both th~ $haper MO gentle buncher. Thl$ constant-a mthod is illus

trdt~ in the FMII HI(! destgn to be discussti later.

deslyn IS thdt thp II paer requited to excite thrzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACon(

cunsttnt-ru & ssIyn, UF have c~pdrest the FMIT RFo

des19n of the s= length and the s- cunent capacity,

the shdper, plus gmtle buncher sections of th? ccnstan’

by tho constant-.ro de$lgn,

One advant~g? of ~he consta:lt-a

tant-a RFQ is Ie>s than with

with an ●quivalent constanl

The $tructure po~r r~~ui;ed

-a R}(), wa~ 50S of tnat requ

thp

.r

fo:

red
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5. PROPERTIES OF THE RFQ FOUR-VANE RESONATOR

The RFo resonator can be under sto~d in terms of the modes of a waveguidp with uniform

four-fold synsnetrica] cross section. The vane-tip potentials are assumed to be cons[~nt,

independent of the z-coordinate, Fnr b,eavy capacitive loading by the vanes, tw fa,n:li~;

of modes are necessary for a reasonable approximation of the field distribution. the

TE ~1,1 and the TElln tmdes. The TE,mn designation ref~rs to thp RFQ modes analognlj~

to the modes of a right circular cylinde]. The mode with uliform vanu pot~ntlals an< quad

rupolar fields is the TEZIO, which is thp RIQ operating nmde.

The TE~lo mcies are J degenerate p~ir of ~des with dlpo]e llke field~. The ef

of these modes is to unbalance the azlmuth~l field distribution, rp$ultlnq in d]ff(.

vane-tip potentials for each vdne. Longitudinal field erro’s arise from mlxinq !n T

modes with n > 0, resultlng in vdne-tlp potentials that vary with z. cont~-lbu~ Ions

‘he ‘Elln
IIKIde: with n > ~ dffeCt both ~he azimuthal and longltudlndl field dl>trllju

tlons. The modes that are most easily ml~ed by ctructure tuning evror$ dre thaw lylllq

closest to the TE2io rode. Accidents! degeneraclps are a seriou~ problell. rO1 exam~~lt,,

for d given Ioadlng there 15 d length for which the frequencle~ of tnr T[210
ar’d ‘[111

modes are identical.

The liF~ operating rod,? i-an exist only for an upon clrcult ~ound,+)y c~]ndl[lnn, Th,.

boundary condition 1s simulatti by the use of four end tuner> that are capflcltively (oif~llp(f

ICI the enOs of the vanes. Their capacity, rex~nJtlng 1, parallel with thl, lnduct~ncf, O!

the end cd~>, provides a high fmpeaance terminal on,

In d StrUCtUre with a MIdll dpertu ’e and d strongly radldl]y dependent fl~!d, tradl

tional bead-pull techniques are dlfficuit to use, 10 Lune the experinwntal test lll~)de’

RF(J, ~ medsured the relative nugnetlc fields at the re;onator wter wall by oh:,erving th(~

frequency change causwl by a met{l plun$ler Inwrten at varicu> positions alonq tbt~ ftruc

turc. A un)form and symsnelrl~ 1 mgnetlc fletd correspond< to Lhe dp{!,.t,fivanp !)1~

po~entl,ll o.strlbut ion, If tnere ,I,i,no Iurge geanetricsl errors in the vant, qap dimun

tlons, Ttw test n’odel RFQ was Wfflcient ly short sc r.hdt lt was posslhlp fri d[jJl)\t thl,

average azimuthal field distrlbullon by tuning elch quadrant, and lo ddjll$f th!, Ionqllu

dlnll pOtef’I [ld] dlstrlbut)on using the end tunurs,

To coupie power i,,to the RFQ w ithout dlsturblnq the field dlstrlbilfl{}n, a co,l~l,~lm~nl

fold 1s used.
5

Th~ manifold is a TIM mode resonator with 45” anqlfld coupllnq ~l,l!.

Into eact, rf quadrant at each manifold magnetic field maxlmun. Th(, crrnhlnpd +v$lwn t,,

Operaterl In the ZL ‘O tie and tuned for mlnl~m $101 exi,-tat ion,

b, RAL)lU-Fh~ENCY qUAtF/UPOLE [XPERlhtNTAl TEST
—— _

Beglnnlng in February 1980, w conducted a fdl-scal$’ •xp.,rimenta~ lP,,I of thp Rll)

principle. The tes’. Ilnac was designed to accept protons fr@n a 100-kV d~ Injector and II)

focus, bunch, ~d tcctlerate to a final energy of 640 k?V, Th~ RF(I test re$onato~ ha,!

~.lm)ong vanes and # 0,15-m o.d. Radio-frequ~ncy ptir wai furnlshrd by a 4?S-HIII kly~

troll that was c?Jpled to the resonator thragh a cod?!ai manifold and cmpllng \lot$,

The beam dynamics design for this test #nd th~ calcul~ted performance? hav~ been d?~crlhw!

prevlously,a

The mwntm spactrun of the acc?leraterl Mam wa$ wea>ured w~th a 45° maqnolli

analyzlng sy}tun, Thl$ Systm conflrmd an exp~ct~ MO-k@V ●nergy for the ar[el[f~[r[f
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particles and w observed no low-energy components. Adjusting the RFQ vane voltage made

it possible to rotate the firlal longitudinal phase space to yield a minimun ener~ spread

of 3% FUHH.

The transmission efficiency was masured with biased Faraday cups itmrrediately before

~11 after the linnc. Uith a 30-rrIAinjected bemrr, the output bean current was 26 mA, cor-

responding to the predicted 87% transmission efficiency.

The input bean mnittance @as measured ahead of the lens that matches the b~an frun the

dc injector into the RFL), and the output ernittance was nssasured insnediately following the

RFQ tank, Twical measurements for d 25-M output bem indicate a normalized rms enittance

growth facto! of - 1.5, Ue believe this to be an upper limit, because the injected beam’s

emittance is scmrewhat increased In the matching lens.

The reliability and the simplicity of opt’ration of the test linac were outstanding.

After an Initial conditioning period, the RFQ operated continuously, accelerating a 20-m4

be~m current for more than a nmnth at a duty factor of 0.1%. Also, the t~st has shown that

the RFQ IS tolerant of both constructional errors and errors in the rf lesonator tuning.

7. APPLICATIONS OF THE RFq--.——

The great flexibility inherent In the RFu concept suggests its use In a wide variety of

accelerator systems, Recently w have made preliminary bcart dynamics designs for a large

number of cases where the requirermnts ~re widely different. He will illustrate these by

describing three systems. Each exmple wfll be discuszed briefly, and most of the d?tails

will be presented In tabular form,

7.1 FFII1 R}Q

The first ex~Ple is the F’JSiOn Materials Irradiation T@st (FMIT) accelerator

being designed by LOS Almos fc+r the I{anford Laboratory, The deuteron bean frm this ac-

celerator will banhard ~ lithium ttirget to produce neutrons to test materials for fusion

reactors. The rinal deuteron energy IS 35 heV, and th~ output currr iS lCXJmA, With lWI

macroscuplc duty factor. The RFQ will be used in the ●nergy range 0.1 - ?.0 f4eV, after

whl.h J drift-fuhv lina~ wIII be used fvr acceleration to the final energy. Table 1 sum-

maI”lze\ the pr~llnilnary rk5tgn parmeters and principal results. The current limit was

9 The emittanc~s are normalized valuescaliulatrd trmn thu formla> givdfl by Wangler,

and dre to be multiplied by s tc obtain thr PllipsP area in rm.mrad units, The quantity }

Tnlllt’I-----

Ion: Ihutprm
FWll RF[/

Frrqw lw v: t lo m17
+Mll+o :+0s1+ A 1-

!’P* IRI I Iypr: (:onmtmt-n Wl!ll,l’) ().1() 0.10 u.]] 1.13 2,00

Nomlnlll Currrn!. : 10I I MA
~

O.:L ] . S(I 1 .50 1. w 1,50

(krrrnt LiBlt: 19: M m 1 .()[, I.WJ l,fm 2.07 1.8(I

~JQ IIcmlltn a(t -m)
--- .- -—

b,9J 1,11 1.11 1.11 1,72

Input hr:mt: 100 mA r,,(rm) b.91 1,11 l,lb J.74 1.41

Uutput Cur;mt: ~0 ti $m(dra) -90 -al -30 -10

I
~lnpul (90t): 5’S.070 ~n(MV/m) U

$wut (90X):0. 194

0 0.27 1.72 1.50

V(kv) 129 129 13L 107 2a2

i’r’’ut (us)’ 0“0’7

B 0.2 7,82 7.31 4.99 3.57

hlLpul (RM)l 0.045 L(m) o 0.2 1.6 5.(I 3,9
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(a) Fig. 4. PARMTE(l Slnwlation Results. (b)

is the factor by which the Kilpatrick limit is multiplied to obtair the peak surfjce field

on the pole tips; L is the cumulative RFo length fran the input. For the operating fre-

quency of 80 14Hz, the 4-vane-type resonator has - 0.8-M o.d. Figure 4 shosvs the results of

analyzing this RFQ with PARMTEQ; beam characteristics are plotted versus cell Ilumber. In

Fig. 4(a), the x- and y-projections of MO particles are ploited at the point in each cell

where the beam is circular. The upper and lower dotted lines give the bore dimnsions.

The top of Fig. 4(b) shows the bunching of 360 particles initially distributti uniformly

in phase (unbunched), The ordinate is the particle phaSe minus the synchronous phase. At

the bottmn, the particle ener~ minus the synchronous energy is plotted. In the phast= and

●nergy plots, the dotted lines give the locdtiol, of the zero Space-chdrge separatrix.

7,2 2LW-MHZ Proton Lind~

Many high- or mdium-energy facilities have a low-energy accelerator system con-

sisting of a 750-kV Cockcroft-lialton generator plus a 2~--MHz drift-tube linac, The next

exanple illustrates how an RFQ could perform these functions up to a 2-f4eV energy, He halve

chosen to use d dc injector operating rlth d 50-keV potential, Table 2 gives the results.

1{11)!1,—— .-

20(1-HI17 IJI ’l}L, I1 l [.111/11, ~~t!

Partlclu: Proton

Frr,uency: 200 HSlz
.’ ❑u . q’ m ; -’ am ; ; , ,.,,

Dpuimn ~p~: Conmcmlll-ro U(ttl.v) (),()j 0.0> 0.0(1 tl.5E 2.(-IO

Nominal CvrrcnL: 40 MA F o.2tl 1.5(-I 1.50 1.50 1,M!

Current Ltilt: 87 MA m 1.00 1,00 I.ofl 2,40 2.4[)

,P_~_E_q hllUILb *(cm) ‘).1:’ 0.51,
.--—— 0.52 (lClo 0.10

Input Curr~nt: 42 d ro(cm) 1.12 ().3& 0.54 0.54 0.54

Output Currmt: 41 W QW(drg) - -90 -n) -30 -30

Input (90%): 0,042
m

Eu(UV/m) O 0 0,14zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. 16 1.20

g thltpul (!JoZ): 0,055 V(kv) fl’1 R5 83 85 B!l

z Input (MS): O.OILI B 0.21 7.00 7.00 7.00 7.00

ii Shltpu! (Rns): 0.013 L(cm) o M 53 188 32ss
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7.3 Heavy Ion Fusion RF?

Recently, proposals to Investigate the feasibility of heavy-ion Induced fusion for

c~rci?l powr production have generated interest in large linear accelerator systems.

The low-be’.apart of these systems tend: to be one of the

The RFc/,which can be constructed in a special manner for

offer an attractive solution to this lgw-beta problem.

system10 to accelerate Xe+l ions fran O.24 to 5.OMeV. Tablt

Table 3

Heavy Ion Pinion RFO

Phrticle: Xe
+1

serious overall limitations.

im frequencies, dppears to

The following exanple isa

3 gives the res~lts.

—.. ,— ——

1) I.

2) R.

3) o.

4) B.

5) J.

6) D.

7) ?.

8) K.

9) T.

10) T.

Frequency: 12.5 H!IZ
q ~_j~ c I&oB_J-+L A t--—.-

Design Type: Constant-r. W(t4eV) 0.24 0.24 0.25 2.50 5.00

Nominal Current: 25 mA F 0.28 1.60 1.60 1.60 1.60

Current Limit: 42 ti m 1.00 1.00 1.05 1.48 1.48

PAR14TEQ RESULTS a (cm) 10.5 1.E1 1.77 1.45 1.44

Input Current: 30 ti ro(cm) 10.5 1.81 1.61 1.81 1.81

Output Current: 29 mA

Jlnput (902): 0.007

$~(deg) - -90 -86 l? -32

Eo(NV/m) O 0 0.15 2.R5 0.65

: output (90%): 0.031 V(kV) 200 200 200 200 200

i ::;:::;; , :“:::

B 0.09 2.85 2.85 2.85 2.85

. L(m) o 0.2 3./, 21.9 27.0

● ● ●
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