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l. IN'l'RODtlCTIO!i 

ln connection ~ith i.mprovor.nent pt'OJll'U~-ns or cxist1ng Gccelerators~ 

it is or interest to ~rwidc": L~o p$rlcn.•·:r~~e oi a high lnteniiity FFAG 

v.t!ih u. view to its posetbl6 uoe (liJ em injector. Similar but less dt\!!ailed 

conaidcra.Uono hcvo bocn ~port~d previo~ly for 720 MeV .. 1 

Tho proponeci ace<!lerntor. shown in; plun view in i'"~g. 1, b~ an 

outer dlam~tar of 4n foet Hl. 1 m). Th~ 'l2 magnet blooke have a·totnl 

walght of appro:d.mfltelJl 45v toM and rcqujr(J n total powor of ~roxi• 

n.ntely 3. 4 MW fot· e~ettntioQ. J\11 addiiionul l. 5 MW of rndio•tl',quoncy 

powe:r ax-e t>oquirec! for nc®leration •. 

n. ACCE!..;&RA'fOF.. 

G<me,.-al. Dea~iptir.m. 

b plan viow of tht.J accelttrntor to sbow.n in Eig.t,l. P.rotoo.o aro 

formed in ~ !on t\O'..lrae ~d ae:eelerated t.o tm enf! .. gy ot 'I GO l;eV 1n a 

Crsekcr~ft .. W3lton.proi!ljccto1·. P.t thto en~rgy they aJ"tr transported by 

o. fl'orlno of bcndlng and tP ~ter.!ng le.-won thro'Ugh a prc.obuneber ittto iho 

llljector, an Alvu..re~ standing wave linear aocelarator ot one Uu\k. ln 

,the i.u.jec::toriJ proto~\B arG ~t:al<erated to Wl ~t1.1argy of 2.0 MeV.. The· 

·beam enlergJ.na fro.rn the UMar aceelotQtor syst~u.n p~~e~ tnrouah: ~ 

drift apc..ce~ and then unde.-goes t;t parallel disr;lacemcnt d6wn Uvo fcd>t 

(1. 5 m) to tho olqvntion <Jf the medkln plane of the o.ccol()ttatQr and en~ru 

the FJ?AG o.ccelerator thro\.lgh a aeries of bend.ing ond tt,ntchtoc m~ota. 

n~ bann1 is then bent onto the desirod orbit by an (!lectrosto.Uc inllepto't 

iocated int:JiQO the mMn vncuu:r~ oha.tr.ber. 

~ 
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PaJtametuta of thu accelfll .. ilf.G.r aro glven in Tabla 1. · Th.o rad1al 

otraigb1 cealtono O,l1t tho mngntrl into 72 bloeka, bf weight varying . 

betv1oan ·5. 4 atid ? • '1.\ tons. ·The magnetic fiold repeats after a fd)riod 

of two oplral ~ectors, or nine rodiaJ. · stralgfrt aecti~na. Thus thero are 

eJ$ht auperporiods per revolution# eaeh con~tning n~ dU'fcr~nt r.lag­

. ·net bloeka. 

The mannot• in which tho charge: is handled i1'l the FFAG depends 

upon the nature of tho accelerawr into whtch it i.!) delivaring e"Mrge. 

In pc.rueulnr, the m·ethod chosen is for matching Into thtll Argonne• 

ZOS witb its radio-frequency accelerating syston1 rnocWle4 to opernte 
'. 

on the fourth barn:onic. A 3~ mA beuxr1 fro.m a 20 MeV linac ic used 

to injoot J.O tu.rna tnto Cle FFAO to give l. 4 x 10~2 protono P<l'r injected 

pu.lac. SiX such p\llses are accelerated to. 500 ME' V and stnoked. ~'he 

atacked b\latf'l la bunchod with thet radlo·f.requanay accelerating system 

cl".d oxtr~cted with a t~t extrection. aye tom 2 to yUtld a 71 nanon<2coud 

bca.tll puloc. 

Aeceptcnee ot this bet\m by th~ ZGS ia to be aceornpliahed uoi.ng 

both synebroaouo lnjoction into the radio ... frequency buckets ~d n 

· v3J"iablQ n~.iignetic field bump to distort the aquillhri~: orbit. With 

eondttions set !or rna.ximum distortion of tho equJlibriwn orbl~. four 

stacked puloea are syncht·onously Injectod into st4tionary bue!teb in 

the ZGS. Tho eq-J.ilibrturt'\ orbit dJ.frtortion to then relo.nacl aufflclently 

to D.Uow the elreulatlng bctul). ·to rnlsa the trfngt! field or tho ayncbronouo· 

• 
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tnfl&otor. .1\nother foUl" &tacked pulses arc· then plaoe oynchr.onously 

into the ZGS. T!-.Ja cycle ia repenti:ld onco more to IJi'Vc n total of lOHt 

protons. The net tin'\ts to d~liver tbin <:.barge 1$ o. 6 neconds sincn the 

Unae repetition rMe ia chosen to be 120 cyoleo per a"'eo.nd. 

Orbit CalculaUons 

The- general. etfe71o ~u orbit dyna~#)J.es or t~s int!'(ldueUon ¢1 radial 
. 3 . 

atroi&ht aetoUorul w~rt) discussed iu th('J 12. 5 2t)V .prcpOfit\t. The princi ... 

pal a.Uect {s th3 v:u:-tati.c.'Jn of U\Q beta~on oacUlC\ti.on frequencies with 

r.ndiuo. Th1a ofioct. oalet1l.itod trr~rr.! thf.t thrc.e .. dilnensional n1n~netic 

i1eldSJ, yields tnu acecpto.bly omttll values: 

A J) X ~ \}. f)006 AJ), ~ 0.010. y 

A1tflot1gh, aa yot, no detailed digital cou-.putor OJtbit ~alculAUcnn 

bl;l.VO been moae forth~ prebent t:u~eolcra.tOly. tna li)Oaling lawo o! PGJ"Zon4 

bn?~ been applied tt:.J tl!C pl"~s$1 d!3aign to yield the pttratA1oters G4CW.<n 

in 'l"abl41 U. Tbct $tabUity lhnita given inelude aU tho effec-ts Qf . .-a.d!tll 

Btroight oectiono ao well ~ the effects t)f tb.e acttling no.nl~~u·itioo,. 

lntegtoalt-esottance!l give r1oc to tb.(J t!ghtest ~ler$llco~ on fialci 

EtM'Ors. Field Ql"t"Ors which dl&turb the medtnn_ i)laue ay:mmotcy ana 

give .riso tu rellontmcGSt invt:ilvintj tnp verticru rnotioa ha'V'O ~ moat 

aa-r1PUO ottecte bec~uac of titt stn.uller ve:rtiecl s.pertur~ o."ld b<:reo.uat of 

the chzlngo 1n lly wUh runp11tu.de. An~tieal nmi digitatstud!ea in 

connection with~~ 12. 5 Do\' aeeelerntor3 tJbow .. aftor sc.nlina to th~; 

pr-os~nt doaign, that the ~J;'ror bn~montca oi th$ field close to :P
1 

xnuot 



.ti.t'dicl Dl:.lpbcor.i.Oat of Single i?>llo b. il2b c<.H) 

i:Slocho (.J. ua~ em) 



move n boarr. ~idth plus septum width in ft.>ur turns. 1rl the P,res~rrt 
. . 

cMo, with a tottal ~(t(Un wtdtbof.l. 08 CZJ'l and ll'eeptw:n· utdt~ of 0. ·1 em, 

the berutl n\ur.t tnovo 2. 92 em in 10 t\U"no. In. the vertleal d!r~eUoa the 

boam may be injoctod off the mfJOian plane by 1. 055 em tmd stftl be 

wt_tN.n t~K? fltnbility lJ.rJJ!ts. Thltl r~~~os tno Qharge demdty.Md p~r­

mita tl~ lar{;c$t tct'll charge t-o be bcccptecl. Adding 0. 645 ·Crr! to J.. OG5 

em given for the vartioal ~etntron ·w:Dplitude 1. 7U, thereby le-aving o. 43 

en~ for verttc.ol displo.cem(}nt Of the equilibrium orbit before reaclili:la 

· tho stahiUty ltmit. A dctnlled study of multiturn injection hAS been 

given by Curtis. 5 

Magnet System 

t,picnl n:.agnct block is ohown in Fig. 3. Each half is couslr-wcted 

around a yoke that la oi."! incheil t.l·dch in the ncnllng pole region. 

f.ncrensing ~ thiclmessea r:mging from .14 inches to 19. inches in the 

non::Jealina pole rogion in order to cnrry the r.~~'lPJcUc flux. On the­

ba-ck of 0ach e!E;lb oo 1-berun is weld~4 to stiffen the s;t'tlb. Tho· othor 

cross rnentbera of tb0 1-beoo:n arc welded to plates whlch, on tho 

bottom half. nrc tho supportinEJ pads_ for the magnet llB9errJJly. 

nle spiral poleo Are to l~ u~aah.incci separately and bolted to tbe 

yoke surfacoo. With thu exception of the nonseali~g poles .. all mach1ncd 

B\U'iaceu a.;-o nat and lend themselveS to routin~ production and ~nch!n• 
• 

io,z. M aeblntng of thfl nona~alina pol eo will be nccornplisbcd by ~ 
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an electrostatic inllector. In deaignhli the £f!t'AG accelerator the 

following performance param~ter• of the Unac system are utiliEed. 

Output current, 50 r1"A; output energy spread after deb1.111cher, 

0.1)5 percent; out.,ut emittance for each tranaverae rnode, 1. 651T 

milllrad-ctn; repetition rate. 120 cycles per second. 

R F .Accelerating SyateJ:r .. 

Four ferrite loaded cavities are used to apply the radio-frequency 

accelerat.tng voltages to the ~rotons. ii'igure 4 shows one accelerating 

cavity located ;n relation to the aurrrnmding magneh•. Special consider&-

tion must be glvell tv tile m.;lunta for theAe tca.gnete since cantilevering 

ia required. Table III lista the perforn·~ance parameters for the rf 

acceleration aysterr•. 

Space-Ct1arge Limitations 

Tb4! ~ace-charge limitations for this accelerator have been 

·,s 
calculated fron1 criteria developed by Lasiett'"' for the inoiviciual particle 

traneverse n·.oUon staLillty and for the transverae coherent beam stab1lity. 

In addition. the criterion developed by Laslett, Neil and Sessler 10 for the 

onaet of coherent instability in the trantrVerse n1otion of the bearr, due to 

resiat"i.ve wcll effect!)! 18 uacd. A similar criterion with respect to the 

longitudinal Ir.otion of tbe be&m developed by Neil and Seasler11 is aleo 

used. 

Table IV lists the inforination necessary for the calculation of the 

space-ch.&rf.{e linAits according to the various criteria. The results of · 

the calculaUon6 are also lie ted at 1njecti.on and at the final energy. At 

...... _ ... ,. 
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inlct!tioti ti'..c t"OQio\ired .n~mber of proton&, l. 4 ~ .t:J12, to eMily within 

tho tr~usver.1o incoho:rcnt and w.bcrt:nt limits. No difficulty froru tho 

lon~itttdlnol l'OaioUvc woJ.l insttlbtUty ia indi~a.tea. Tbe tl'S~toverse 

reoiattvp \t<t\11 f.n.ot®iUty must be cfrtun~VCllicd,~~ howwor~ io. order to · 

contt\hl tb(t bea.n1. tn tact 17 tinJ.co more char{fC must be ~ontaL'1e<.l at 

injoetic.m a.~d 46 twos more ehartJo contained at GOO MeV than is fl1V'en 

by the tnrcanold for. u~a.rurverse r-eoictive wl!lllinsttlbUUf. Tbis nosumos 

tbnt til~ \hreohold eolculaiiOtln which were c:arrt~d ou.t fot- tw aziJ:nutJ).&Uy 

uni!orn:. beam giyo a t-easonable oaUnlate tor tbc btmched beam a~nlly 

JO 13· 13 · 
pi-o(l('.fjt in ~he n.coolc:tntot. Vttdoue groups · • ~ .. BrooktutVijll.-

reaieUv~ wall inatt\biltty enn be stnbilized ttsiftg either fccdbnck. tach .. 

ni~eo or extel'llal oc:tupol~ fieldn. 

Conelusioa 

Further stl.tdy of U\0 opGci!ie noc~l~retor· {tm ZQS iu tho mrample 

c..~oson) is t"equired tG dctorm!no the fe~ibUity of \lSing tbe Fi'A'Q .Q®ol ... 

erator na an !njectot. However, apart from tho bcnm instabilttieolor 

VJhicb r~tnC1liea have been indicated. th.~ FFAG ia it;tcbn.tcal~1 oO'llZld nnd 

ohould l:Je considered t1n o peas Me injector. Eann. otnclttng provi~s 

a clOgree o:t fi<»:ibUity vot avaUablc in GOX'tJ,e ecc(tle~4\tDrtl,. lO fact. tho 

14 . . . 
Qnti:rc 10 p~c.les eM be ota.ckod in the »'FAG ood brou!Jbt out ~ 

radlo-!requ.enct pbune dlttplt)c~mt-etit and rcoo11an.t o:rtro.ctlo,n. Jf tbe 

problem. of 1njectinn .many turna (!O~ • 105) into the iinel c1;oolcratox-
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l+J 

werr~ ttt)lvod~ the entire wau~ could b€J 1rnnatarred iu 11. tl!) aeconcbi .. , 

frurthcrxuore6 because c>l the ht.tih en(trgy $pr.ead in thtt stttck~d beam 

for this modo# none of tho be om inst~illties would be pttese.nt. 

-~~·------------------

\ 

__ _j 
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... .,. A~CJ.?!,tERAT..Q.fi.I::A}!f!J'At;;T~Y. . .. .. ,., ...... ... , .. , . 

M .. '\ONE'r 

R0 - Bas. a ct.:., (rP...¢1UJJ \lf auo M~V ¢quHtb.rtun" orbit) 

Rmax :or 803.4 ~tn (m~-do:um good .field l'tldiU$) 

"Rinj a Sea. 7 Cn'! (l"::tdiuG of 2tl 'MeV ~qttll1brlun' orbit) 

Rmin s 558. U cx."'l (minimum good field radtue) 

.6 R rs 1:H. G cnt (rad1nl S{>orture) 

L.R :;l 23 .. t) em {radial att"o.ight soctiQn length at fto) 

4.-t = lG. a ern (ruz.tmuthal width of mngn<!t at ll.o) 

O;,nj ~ 12.0 om (vertieal m~gnet aperture at injection) 

Gn1tn = 1. 62 Ofl:l fverticru magnet ap~l .. lure nt Rtt1a.."!) 

Bnv (fl-o) = 1130~~ g:auss 

Bav <&rna..,:> • rt785 gauso 

Btn, (P~"lj) ~ l.142 go.uss 

T(Jtnl Aitlognot Weiatrt ~ 45·) tona 

Total Coil Wctght ~ 27 tons 

Total Magnet Power "' S. 4 M\'-' (ineludtng pO"W~r- in si~unts) 

N a. 1.6 (numb~r of oplr~l occtora) 

l\1 4 12 (nuu1bGl' of ro.di:tl sttaight seoUoua) 

N' • . S (nu.."nber of 11uperperiods pllr revoltltioo) 

RF SYl!..T~I\1 

lQ.Jectlon Frcqu.<."'nCy 

TransitiQn l.i!nargy 

E?innl Frequency 

Tott\1 RF Powo:r 

1 .. 705 Me 

1&03 M~V (outoid0 range- ot Utter~ot) 

G. 273 ~•<: 

loGO kW 
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J:A,BLE Q 

- .. ' Ofi§IT,P~S!\tl!i'EEM 

Q .. 'fim~R.Alt . 

'])':I. a s. 311 (radial bcta.t:ton oseWation frequency) 

·J)y o · 2. 255 (Verticrll betatron oscUlati-on frequency) 

'Ax- c 0 •. 01094 x radluu (swerage amplituds for r4dial atabUity limlt) 

Ay = 0. 00375 x radtuu (t!.Vel .. tl{te amplitude !or verticnl slabilHy Umtt} 

- k = 6. 2 (l.Wld index) 

~ a . 76 (spirnl parameter - a.nglct of splrnl with circle o 12. OJtHI0 ) 

· Eca1 FactOr " 1. 5 <ratio ol mnnLi~um to minimum betatron amplitude) 

Adiabatic D:m1ptng Ft>.ctor 'II 2. 431; Flutter ~ o. 75 

.Amplitude of Equilibrium Orbit Scallop nt 500 'MeV • 2. 00 e~ 

A,T. IN.JECilOli 

T .,.. 2\J MeV 

R • 586'. 7 em (average equUibrium orbit rad1uo) 

1'. 

a IS 2. 02 ern (average amplitUde .of largest radial betatron oacUlntion)s;t 

b Q 1. 7J em (average amplitudo o~ lllrgest vertical 'Oeiatrori ooclllll't!on{' 

(3 a. 0. 20325 , J' a 1. 0213 . 
Aum(x) • 219 1T ~.,Ulirad•em (radial ~tntron phase aroc trotn otabUity limit) 

Abeam(x) * 16. 5 rr mUUrad•CtjJ (radial betctron phBBO· ~rG!n of beo.nl) . 

A Lim()') a 13. llf mlllirad-cm (vortic:al betatron pba.so aroa from otllbl~ty Umit) 

~beam(y) r.s 1. GfHT rnUltrnd-tcm (vorticnl betatron phano area of b&a.m) 

* ~ .. 6. 223 em. b1Aj tt 2. 134 cru from stability Um.ita. MnanUu~oo . 

ahown result from. method of injection. Spree.<.\ in betatt<m ar~pli~e 

from. one injec:tod turn gives n u 0. u\\0 em, b :a rJ. 6-45 ~. 
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TAnLE W 

\f ~ &'5. 0 kV (peak volta pel~ ~unt) 

r =. ·o. 'l (sine of Stahle pbaae Una.iO) 

h = 1 (hnrnu7llic:! number) 

llop~Ution Rate a t2p per second 

Acealcr~•Q.;"l Ti:tne aa S. 8!! :U.ulJ.secoiuts 

Tettc.l ftF Fewer $ 1. 5 1V!W 
t". 

A'l Ui~-~TION 

f ..., 1. 7ua .Me (plU'U<"'.le revolution fJ'equen(..")') 

K 
f J.. . - ' 

=. 20 .• 58 (pcnoc~Atll(le fro(~ucncy sh.U't per parQantage ictal energy change) 
.,. 

ALtn,(a) o:t l. 3.:6· electron volt-eo~ (n.vailab1o buc:ltot nrea) 

~om(B) ~~~ :.l. 61~ electron volt-nee. (aroa. oecupiecl by ooo.m) 

J) 0 '* 14. aa ke. toynehrotron frequency ne~ stable phase angle) 

At ~INAL E])Ut.ROX 

f 1:l 5.::173 Me (particle revol\lt.ioJi ft·~qu(mcy) 

K 1:1 0. 6516 (poreentag~ freqooncy onift pe~ percentage total a110rgt ChangtJ) 

.ALun{s) 0 1. G34 oloctron 'tolt•9ue (r.tvtillnble buC::ket area) 

Abel.lln(B) ca 0.074 electron volt-sec (a~a occupied by airiSle boattl stac:k.)~ 
. ' Itt 

• J. 60 elecb-on volt-ace (nrea occupied by stacked· bea:rt) 

J) s a 5. 19 kc wynchrotron fraquency ncttr stabla phMa mtgle) 

0 A~sanJ.aa nclia.bntk. Cfll.)t:urc but tncludeo factor for s~ldns eftic1cnc;r 

dua to snnall QUrobor cf otauked pulaeo .. 
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'JAlU:~ IV 

----- ... ~~CE:CttA.H.~E.Phi.t).ME1E~.-...... ----------

w~~~§SJ~. 

r
0 

~ 1. 535 tt 10"'16 ~m (classical rediul ~f proton) 

a- • 1u1e sec --l (oondU.~tivity of 3ta1DleAJtt steel) 

w • 1&5 on~ (t-8aial ~erlure ol "V~A:l.lUm tanh.) 

tl ~ ~ (mooe nuu~r juet trt"eat&~ tilGn Vy) 

.~ T: tNJ~£:E.!qfi 
h · !If ~. 3'! ctn tvertt.c.t&l ~erture of Vf&.cuum tank) 

A • 5. 84 c:m. (rndiru wtdth at be~nn) 

7' ~ 3. 40_ cru (.-t:Jrtie~l h~igbt of b¢&.1"11) 

g ~ .\ l. Uti en'\ (vet>ti<:al apertura of mo.gnet) 

B "' 0. 3"iS (bt.QlQhing factor, n • 1 is tmbun-olled) 

AT ::J !: 2G. 6 k&V ~ettcrgy •pread at injection after a.d!nbatic bunching) 

Ntncob(tr::uua) • 1},. 7? x 1012 vrotous (tree S!)&C(J,. unbu.nohed, t:rQdS'V'ora• • . . 
incoh~rent .. $pa.~.-cbargeliir~it) 

. 13 " a. 32 X lt} pt'Qtons (Wn¢hli18 ana im"'e effects inelu4ed) 

t<J<:ohclr(trtu-.a) ~ 3. 61 x 1o12 protons tb\ttu~hiniJ and il.nag• &U~cu included) 

Nreal~.;~(tran•) • u.,43 ;( 101\l p.rotQQS (\.mbwlched. tr®iJveree, tteat~Uv~ 

w·au apac41!.,.£narp lbuit) 

Nrosta(lcmg) V\ 4 x 1u 1~ pro1ona hmhunched. longitudinol resistive wall 

apace ... eb..u-ge Uruit) 

Nbeam ~ 1. 40 x 10
12 (design. limit tor injeC'l•d beam .... requ.il'e:J 

3S n,Ullan,ps l.:on;lln.ac) 
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FIGURE CAPTIONS 

Fig. 1. Plan View of Acnelerator 

Fig. 2. Magnet Superperiod 

Fig. 3. Typical Magnet Block. 

.Fig. 4. RF Accelerating Cavity 
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TABLES 

I. Accelerator Parameters 

ll. Orbit Param~ters 

UI. Pori'ormance Parameters of·lniection System 

tV. RF .Acceleration Parameters 

V. Space-Charge Parameters 
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