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Abstract

Funnels in which two bunched ion beams are intcrknxd to
form a single beam have km proposed for high-current low-
tWIktMCC ion tires. A welldcsigrud funne! would prodI,Icca
beam with twice the frcqucmcyand current and almost twh the
brightness of each original beam. A single-beam funnel
cxpximent cxplting the bcamdynamics and physics issuesof
a discrcte+lcmcnt funnel has Men completal at LAMALunos
National Laboratory (LANL). The only known ham-
dynamics issueof concern in a two-beam funnel not addmsd
was the beam-km interaction, which is negligible. The rf
detktor, in which beam merging occurs, is a key mmponenl
of a discrctc-clement funnel. We report tic beam-dynani:s
designprocedureand expcfinrmal rcsrdtsior the ti&flcctor.

1. ~ODUCllOIJ’

Low-errritmncc-growth funnel designs for Iow-bca high-
current ion beams can & divided into a transport, a merging,
and a matching sections. The tnmport section matches Lhe
incoming beam to tie funnel-frxusing lattice, brin~s the beam
10theprop posit.icman.1angle, and prov~desthe pmpcr beam
Couranl-Snyder parameters for the merging salon. me
merging smion interlaces h bunches to make a single beam.
The mawhing section prepares the beam for the next
accelerator. Chsrge-redistributiorr cmimmce growth [1] &
controlled in the funnel by maintaining consumt or smoothly
varying focusing in the transverseand longitudinal dkdons.

llc rf deflector is a key funnel elcmerw Al its input,
bunches mive off-axis and al an angle to the deflector
cenmrline, The deflector bends them through a few degrees to
cxil along Ihe cemcrlinc. Altcmatc bunches, from Ilre two
incoming Inmmlines, arc dcflccmd in opposim dirccucms to
form a single output beam. In the single-beam funnel Ihls
dcflccr.ionwasaccomplis~ by an alternating electric field.

The Accclcrntor Test Sumd (ATS) single-beam funnel
cxpcrimcn( [2] consislcd of a t,rarqmrl ml merging section,
The ATS 425-MHz, 5.McV drif[-[ube Iimrc (DTL) produced

Ihc 11- funnel inpul beam. Expximcrrrul objcc~ives were 10

explore (he beam.dyntrmics rmd physics issues of a low-
cmiuanco-growth funnel design and to vulidotocompuw code
prcdicliorrs. llrc only known beam.dynamics issueof ccmcan
in Iwo beam funnels not addressed in the single-beam
cxpcrimcm wtw that of bc.am.hcarninteraction, In thla Iype of
design, hcam.beam interaction Wcurs only in the merging
scciion, nnd il hn.t Iwcn shown 13] tha[ !hc major effect IS to
(Icllccx the km al most a fcw tens of micromdinrrs.

7’hc funnel beam-dyrmtnics design wus o joirri cffofl of
MclhJnticll-[)~)ugltis Curptmrlbn; AccS, Is, Inc.: and LAN[.
141.Tlw rf dcflccmr dc.signwushy Wulling UI III, [5] M I.ANL.
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~. BEAM-DYNAMICSCONSIDERATfONS

Consider a pmsllcl-plate electric dcfktor of length d with

a uniform time-depemdcnt electric field EL = & cos (OC)

PWWtick tO thtl @Itig particle’s path. We neglect md
effects and the magnetic field. For small deflections the
aynchrcmous~ltr (which passesthrough the center of the
defkuw at t = 0) will be dcllecti throughan mgle [6]

,“(d) .4k ,rn(lfd)
Urol 6A ‘ m

where q and ~ are tipaslicks charge and rest mass,c~ is it!?

velocity, y is the relativistic gamma, and X = 2 x c/m,

Equation 1 shows that a x’ maximum occurs when d = flk/2.

For a @de with phas6 u relative to the synchronous

pardcb, h ~at is (fcr d = ~V2)

It(o) -*CM (0)
mO* . (?

Equations I and 2 am appmxima[c. 71cy show some
imposmnt points to Im CUISidcrd when designing a funrd rf
defksm. Equadcm1 gives an uppu limit to rhe deflection fd
a given rf ektric field and shows the mass, velocity, and
*-~. E4uafkm 2 shows thaL for a compact
bunch ~ @ <1 radian), h difference in deflection

bctwocnthe ayndtmm@cle andaparI.ick ofphaseawill

b~m-muatimcos(u)-1” 02/2

+ dfl . .... An rf defktor produces transverse emittance
growth in a bunch partly bcause the head and tail !~ill be
defkted kss than the ccmta even if the bunch is phased for
maximum ckflcction and minimum cmittancc growth. Tle
shcster IJWbunch, the Las transversecmiuancc growth. Thus
tbo bunch should be compressed in the uansporl smion,
whkh may ald the longitudinal malch iruo the next accckrator.

A real deflector will two a nonuniform clccwic field,
pardcularly JI the cmis. End effects conlribulc to cmiltancc
growth; such gruwth CKcurs in all three phmcs nnd depends
upon the configuration of the deflect r nnd Ihc bunchs
‘conflgufatlon and trajectory. A detailed calcuhrtion must
Inchdc lb dufktm and the rest of W funnel so ‘hat the
bunch is cmectly cmdlticmal fm entrance into the dctkcmr.
All impcwtantftsrumi~cters must be optimized mgcthar o
mlnlmira emlttanc.e growth. oplimizmiun was an iterative
psucalum ualng various c4xkd to calculalc heamlinc tdectric
fields from given deflector pole tip and npcriurc shiqres; to
ttnnsport bunches of @clos through such Vclds [w bc.am
dynamics calculations; and to dctcrminc nmamrum rl peak
mrkc claric fields, froqumics, IInd power ruluirmncnts I5II

111, DESIGN MI:TII(JIIS

A funnel design starts wirh II liIytNII Imscd (m ~r[mwlricril
cunsldcmtionssuchas (lImcnsmns (d’ IIIC Imx .:ditlg m’~-clcnmrrs



(e.g., RFQs), focusing periods, number of magnetic dipoles
required, etc. TRACE calculations help determine focusing
quadruple and rebuncher srrenglhsand component spacings.
Equation 1 giva a limi[ing value to the deflection tht ~ ‘W
achieved in the rf deflator. T1’risvalue is combined with
allowable pale-tip field strengthand required focusing strength
in the ckf~mrsing quadrupolc(s) precedinq the deflcdor to give
approximate ban separation at the @acC.nt upstream fcHtsirtg
quadruple. This quadruple is the last elememl of the IramqrM
scmion. The mwimum deflection angle is usually &lesll’dncd
by peak surfam field on deflector poles. Tmnsvrxse e.mitlanee
growth and maximum pole-lip field in the defmsing qdru-
pole can also limit We maximum angle. It is undcaimble to
push the deflection angle 10 Lhe limit in normal opemtlion.
The ATS deflector was designed with a -k surface fwkk of
1.7 Kilpauick and a deflection angle of -3.2°. It coltfd -
higher defl~tion ar-rglcsa[ higher power without sparking [5].

In a deffrxtor design. lhc geometry of the poles and the
ermance and exit aper[ures should & shaped for lhe highest
beam-bend angle with the Ior.rest peak surface field. Plots
from CHARGE2D (a 2-D Su[ic electric field code) for lb ATS
design aru :hown in Fig. 1 (orrc quadrant of the pole and
apm.rre noseconfiguration) and Fig. 2 (elgclric field along the
surface of the pole). The pole-m-pole distance is s@fld to
be the minirr,Jm necessary for comfonable beam clcarame.
Points of peak surface electric fielct will be where field lines
converge on the sur”~ce (e.g., where the poles start to bnd
away from each od,~, al lhe tips and where the pole tips are
close to [he en~ncc and exit aperture noses), Another high-
field ~int can be off the bcamline, what the aperltu’e ~
and the pole lips curve away from each other. The Iatkr point
does not show up on the 2-D calculaUon but musl ~
considered in the 3.D rf design [5]. In Lhe2-D geome~ we
try to minimize and [o kup equal the magnimdcs of the
surface elw.ric field penks. The gonl is 10 maximize the
region of rclmively uniform clcctrie field belweur the ~b ad
to minimize tic region oi the nonlinear fringe lick! al ,he pole
lips (thin contributes lo cmil ,i~ce tym “6). l%e @ :ti~
‘ickl calculmcd by CHARGE..D for the ~ [kflccmr III Ie tips
was -15% Iirrgcr Iharr in [hr middle 01 the poles. T’ J pole
tips hirvc u crm~lun[ radills i,) lhe bend plane; slighl
improvcmcn[ in pcuk field ‘ I:ghl rcsuh from shnping IIIC pole
lips 10 prodlwc u more bnif III wirl’ucc dIXlriC fichk.

A mriform-field dcllt’( or WIIINN.11end cffccls would have

IcrrglhPm. A real dcllct,t)r Iras cnd cffccLsml il is not ckar
how long UW pdcs ShOIIld be (or tin oplimm cffcctivc longLh.
AS u first upproximi)[ion,” wc CII(MNC the “cf[utivc ~ml” of the
poles 10 k midwuy k(wccn IhC polc tips nnd ~hc u~t~
nosc$. PARMILA crrlcuhnions with the fields for this
gcornetry allow one m f!:id u vnluo for @c rf vollage that
gives the desired hllnch deflection and vr?lucfor emittance
growth through the dcflccmr. The dcflcclor Icng[h is then
chnngcdsligh[ly ml i[s shape optimized m prrrducc :ho lowest
;cuk surfncc field IInd 10 cq~lilli~.1’ IhC IWO ~uks’ mrqpiutd~,
I’hc rcsulling ficl(]s ;Irc Ihcn llscd in urrrrthcr PARMILA
culculil[ifm, TIN*SC iwr:llit)lls continue ulllil u minimum
vt)llti~c is [~~ljll~llt)l ~hc [Icsirl’(1 dc[”lcclion ullglc, This
Imwc(turc rcslllls Ill ii (’IIIV1’ (:, ilpl)lilXl rl V[)lllrsc vs deflector
lrr)lc 1(’II~Ih Ior H ~IV(III l)CiIIII (11’il~’clit~ll:In~lc ;Ill(l ullow!i onc
to ~wk (Iw [lIf}[KIf [NdLIltIiI~:[4 ~wmlly t~trl(’,~lt{tlt(iiltg [0 lhc
11111111’{1111Voll;lt:l’), II II III I; III(’(’ ~:loWlh 1(’lllillll$ I’ilirly 1’(MWAUII

for smaJllength changes, but there is a dcfini[e dcflccmr length
for minimum voltage.

x (an)

Figure 1. Crosssection in rha bend plane of one quadrant
of ckfkcwr gcome~ from CHARGE2D.

O.sa—~

Figure 2 Stisce alactrie field PIOI horn CHAROE2D
for pie g-mo&y in Fig. 1.

Thc requiremarrts of transverse focusing provide a
constraint on deflector length. For minimum emit~ce
grcwh we would like to gradually change the fmusing latdrx
along the funnel from that of the preceding accelerator to that
of the next one. Usually We next accelerator is a DTL with

distmce btwecn Caua’s of Ihe fmt quadruples equal to pm .

This leaves a drift gap considerably less lhan Pm Mlw@n tic
quadrupoks. The above prow-dure rtiuhs in a deflector (with

apcrtum noscq of rnoru than ~M. A corrqmomiscis rmched
by placing the quadmpoles in lhc apxture noses (to reduce
distam between the magnetsafong [he deflector), by gradually
extending tie focusing lauice length in the unnsport ,sccr.ionm
allow room for the deflwlor, and by grndurdly dwrcosing the
focusing length in the matching section to match ink) the next
accclcmor. The gradual increase nnd decrcaw in focusing
length produces less chmgemdisuibu[ion cmittnncc growth
than an abrupt change. Fbr rho ATS funnci the rexr.rictionon
deflector length due to focusing length did not apply sinca
thare wmano following accekalor. l% focusing Iattico was
cxpawkd to allow pkmty of room for the deflector.

For furmal calculations, PARMILA has ban modified by
adding 3-D P charge (a poim-to-poim trcatmcnl) Ixxauw of
the 3-D nature of tie rnpacccharge in Ihc merging seclion.
(he version of PARMILA hns n dcllcctor subroutine Ihat
tnmsports particles sicpwisa [hrough u 2-l), Iimc-dclwndcrrl,
electric field map gcrwmted by Cl IA RC;I;211. Anolhrr version
u.scsn full 3-D map of stnlic und Iitllc(lt:[k:tl[lclll l’lcc’lric illl(l

rnagnclic fichls in its dctlcclt)r sul~!~~lllilw. ‘1’111: Iwo

PARMILA vcraiomrdid Ito[ give si~[lili~’mllly dillclu!~l rcsulls.



The 3-D fields are calculated by the MAFIA code, which was
used in the cavity rf design and has I.he full 3-D gecrrnemy[5],
and by PMELE, a permaneru-magnet field code. In
PARMILA tiese fields are overlapped so :hat in the deflector
end regions the particles S& the deflector rf electric and
magnetic fields and the static magnetic fringe fields of ti,e
permanent-magnet quadru@s. OUmr 3-D EM codes could be
used to genezm field maps. These modifiaf PARMILA codes
were used in the design of tie ATS funnel and deflector,
PARMILA does nol take inlo account image charge fortes
resul[ing from conducting boundaries near the beamline.
[mage forces wu-e included in a PARMILA-derived code for
calculation of a heavy-ion RFQ funnel [7]; there imag? forces
had Ii[tle eff~[ on emi[tance bu[ did introduce some beam
steering. Steering correaom are included in funnel designs
(e.g., movable focusingquadruples).

was smaJL within ex@rncntaJ variations, and consistent wilh
bcamdynamics code predictions [2]. No beam loss was
detected through the deflector at nominal rf ph&seand voltage
settings [2].
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Figure 3. Cross saxion of daflcctor poles, noses,
aperlurcs, md m~gners in plsne of bnd.

IV. EXPERIMENTAL PROCEDURES AND RESULTS

Figure 3 showsa cross-scdonal sketch of tie defktor in
Ihe bend plane close to the beamline. Funnel diagnostics
included ioroids to measure beam current csnd a mwable
dingnoslic plale [2] (D-plale) on which were mounted
lransvcrsc emiturnce measuring devices and beamline
compncn~ for LINDA [8] (diagnostics for Iorrginrdinaf beam
pirramclcrs). The D-plalc was installed 10 measure beam
puramc~crs ~)’ tic crwancc [o Wc defocusing quuds upstream of
~hcdCfktL . After the dcflcclor and awocimcd quads were
installed, the D-plate WKSplaced down.stmam of’ [he dcflec[or to

Rolallvo RF. Phaaa (dq)

I;igurc II, L)cflcclim Vn rf l)hasc M design vtIll;Igc.

Fsgurc5. Mlection vs cavity power.

v. sUMMA.RY AND CONCLUSIONS

An rfdefktm design for a funnel Iinc rquires aurmticm to
details. The whole beamline, including the prcccding and
following tierators, must be taken into accoum. Auendon
must be paid to the cmfigurwion of the deflector ekmems am!
to W conditioning of Ihe beam prior 10 enumce into the
deflcctm. The A= skigle-beam funnel experiment showed
m wilh present methods ati techniques, one can produce
funnel ad &floc& designs whh vv low emiuanee growti.

7’ ~ ATS rf deflector was successful. Calculations and

experimental ruaults agreed within cxperimemal errors,
showing IJIM rf and bmdynarnics design procedures wwe
cun’ccl and that no imporlant physics was omiued in the codes,
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