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L INTRODUCTION
In connaction with improvoment progroms of existing acecelerators,
it ie of intercst to sonsider the performance of a highb intongity FFAG
\r.fith 2 view 1o {13 pozsidble use na an injector. Similar but less detatled
congiderations have bean reported previnn_éiy for 720 MeV. !
The propesed accelerator, shown {i plaa view in Fig. 1, hay aa
&itar dinmeter of 48 foet (13,7 m). The 73 wmognet hlocks have atotal -
walght of approxzimmtely 450 tons and roquire b total power of approui-
motely 3.4 MW for excitation. An edditionnl 1.5 MW of radio-frequency
| power are raéuirad for acopleration,. |
fl. ACCELERATOR
General Desoription
fat 'plan view of the accelgrator is shown in Fig.hi. Protons ar§
formed in an fon source cod aceeierated 1o an energy of ?Go.kev ina
Coelergit-Walton proinjector, A1 ihm energy they are transported by
o sorins of beonding end prutehing lehsén through a prebancher ig&ta tho
hi}ectcr, an Alvares standing wave linear aceelorator of ons tank. In
the iuﬁecwr, protons are secelerated to an energy of 30 MoV. ’Tné :
beam emerging from the lincar accelopator system pagnes throughs a;
dpift space, and then undergoes a parallel ciispiacemént down five foot
{1.5 ) to tha clovation of the moedian plane of the ncoolorator an:i gnters
the FPAG nucelerator through a serics of bending :mé reatching magaots.
The banm ia then bent onto the desired orbit by an clectrostatic inflostor

iccated insian the main vocuun, shanber.
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Pavametuxﬁa of the acce_leratcr -am glvea in Tabla 1. . The radial
atraight cecttonn dplit the ma@wt; into 73 biocaa. t:‘;f weight varying
betwoéu 54 and 7.4 tons. Tne magnetic flold rcpeats a;ﬁer e.sp:oﬂod"
of two opiral sectors, or nine radial strajght sections. ;rhua there are
eight superperiods per revolution, each containing nine different mag-
--aet blocks. |
| The manndr in' which the charge is handled'in the F'FAG depends
upon the nat;are of the accelerator into which it is deliirerixig charge.
In pm‘ueulm‘. the n:rethod chogen lis for matehing 'into.the AbMe-
| ZGS with its radic~-frequency accelerating systom modified to ogerﬁte
on the fourth barmonic. A 33 mA besr; from a 30 MeV linac o used
fo inject 10 turna into the FFAG to give 1.4 x 102 protonn por injected
pulse. 8ix sunﬁ puiaea are accelerated to 300 MeV and stacked. The
stacked beap 1g bunchod with the radio -frequency accelaraiing ay‘stam
ond oxtracted with a {aot extraotiaq ayetomz to yield a 71 nénosecond
beawm pulse.
Arceptonce of this beam by the 2GS is o be dccomplished using
| both synchronous fnjoction into the radio-~frequency buckets and a
‘ v;'u-iabm msgaatic fiald ‘bu:;'xp to digtort tk;.e equilibriug: orbit. With
conditions set for maximum distortion of the equilibrium orblt, four
stacked puloes are synchronously injected into stationary butkets in
the ZGS. Tho equilioriura orbit distortion ig then reio.xéd sufficiently

to allow the circulating beam to migo the fringe ficld of tho syachrongun
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inflector., ASnother four stacked gulses are then place aynchmneugly
futo the 2GS, This qycle is repeated once more to give a total of 104
protons, Trhe not time (o daliver this charge ig 0.8 geconds sinece the
linac renetition rate {g chogen to be 130 cyoles par ascond,
Orbit Calcu}.atim;ns

The general effecis on orbit dynainics of ths intraduction of radial
mraigh’é goclions ware 'diacusged i the 12,5 BeV ‘prycpoﬁo;l. 3 The piinci»—
paﬁ offect is tha variation of the betotron osclllation frequencises with
radiun. This offest, calewlated from tho 'thme’-dimeésimml hmgmﬁc
flelde, yields tao acceptably small values:

AV:; £ 8.9008 A“p‘y £ 6,018 . |

Altaough, es yot, oo detniled éigital corvnputor opbit eélcti‘.nticm
havo been made for the present nccolerator, the goaling lawo of Porzen®
have beon applied to thd proposal design to yield the paramotsrs shovwn
in Table B, The stability liwnita given inciude all tho effects of radind
atrafgbt paations na woll as the elfects of the acnling nénlinnari‘tioa:.

Integral regonances give rise to the tightest tolerances on field
arvors. Fiold eryors which disturb the median plage symnmotry and
give risé to resonnnéas involving the vertical inotion have the woat
gexvious offecte betnouse of the svwller vertical sperture snd bocause of |
thé chonga in zfy erith amplitude, Analytical and digital stﬁdiéé in

3

sonnection with the 12, 5 BeV accelerator” show, aftor scaling to the

prosent doosign, that the ervor harmonics of the fleld cloge to 7)y must
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Do aept tu lors thon ¢, US3 porcent in owdar Lo Loop furescd vorticud
eyuilibrina. orbig d‘.u;;lr-.comgn’m to loco tara U, 439 et ot injoctivn or
J.5J crs at HUu .oV, Theso haraoaicy urico fron the roanos: orross
in the ficldo cf individual me ncl; haroonicd of U, wdd porceant corre~
spond tu rrng fiedd erropzs of 3, 30 perewnt of Thio avera o deld. .'Z’Jzeuo

tclercacos arine froun

Tvinted Llegnet Dioclk (v, 43 e/ 18d cu) v. 92045
Aclotive Dedid Dicplacemens of alas (2. 028 cxnd 4 CATH
Roedizl Displacociout of Single Pole (4. 02b c) 4, 013%:

Fiectuaticn in liadial Gap Tetween b agas
Blocko {J. U8 i) Jd. du3
srvciatton ta dveliction from Tiusk ty Sechk (9, 09) J XA
Net RalS BLu3L:

Thooe wlcfcncc:s can be cehovod auite oasily.

Teblo Il indicates that tho stabilty Hudte provide doyucio Dnata
arod W agcun odate thy contepelatod tajecied oo asedlorawud hoow S,
Tho beam oizco choevwsn cra dotermined wy the undltanee of the lince nnd
toe multttura n.othod of tyioction. i tue emittzges (1. 60 T tiendecn.)
of the lnece venn 10 porfeetly iactehad into (e FFAG accelcfa?.or. w
sarle turn w1l have o rodiad scaplitude of U, 44) 6::3 and a vestient
ormalitvee of 40349 .

The mudtit s fafociien Syetco. suguiros sant the rtﬂl&:& Stomvoers

ver teon of Luu ucrterb o6 ceutlibeinas orhiit st Lo Yoe o caonch Xk




move a boap: width plus sept_;n: wlv;:it_h in four turns. In the present
coso, with g total beamn widih of 1. 08 ¢m and a’septum \:dd‘tt_x 'of 0.1 em,
the beam nwst move 2,82 cm in 10 turns. In the vertical direction the
hoam may be injocted off the median plane by 1.055 cm and still be
vlm‘shj.n the étubﬁity Hrosits, Thin rqd_ucas tho charge density nad per-
raits the largest wtal charge to bé.accc;')ted. Adding 0. 845 ¢m to i.055
cm given for the vertical beﬁztwn amolitude 1. ’i#, tﬁereby leaving U, 43
cn for vertical d&sélnce;nont of the equilibrium orbit beforé. reeching
 the stebility Mtmit. A detoiled study of multitura injection has been
“given by Curtla. 8
| Magnaot E&ys.tem
The aine wagnets ¢f u superporicd are shovn in Fig. 2. A

typical n;aé,net block is shown in Big. 3, ' Each half s constructed

around a yoke that ig six inchea thick in the ncaliné pole region,

increasing in thicknesgsen ranging fron: 14 iﬁches to 18 inches in the
noajcaling pole region in order to carcy the msgnetic flux. On the
. back of cach aiab an i';bem 1g welded to stiffen the slab. The othor
crogsg mamﬁera of the !-beuﬁm are wolded to plates wbiéh. on tho
bottorn half, are the supporting pads for the magnot assembly.

The spiral poles are tc:-be mac;hined separa:tely and bolted %o ttzé

yoke surfaces. With the exception of the nonscaling poles, all machined
surfaces are f1at aad lond themselveg to routing prﬁducticn an;i mach!‘no

ing. Machining of the nonscaling poles will be accomplished by o
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an electrostatic infiector. In designing the FFAG accelerator the
following performance parameters of the iinac system are utilized.
Output curreant, 50 rcA; output energy spread after deﬁuncher.
0. 95 percent; output emittance for each transverse wode, 1.657
millirad-cin; repetition rate, 120 cycles per second,
RE Accelerating System
Four ferrite losded cavities are uased to apply the radio-frequency
accelerating voltages to the nrotons. Figure 4 shows one accelerating
cavity located in relation to the surrounding magunets. Special considera-
tion must be given tu the mounts for these n.agnete aince cantilevering |
is required. Table IIl iists the perforrn.ance parameters for the rf
acceleration gystemn:.
Space-Charge Limitations
The space-charge limitations for this accelerator have been
calculated from criteria developed by Lasiett” for the inaividual particle
traneverse motion etakility and for the transverse coherent beam stability.
In addition, the criterion developeéd by Laslett, Neil and Seulerw fof the
onset of coherent instatility in the transverse motion of the bean due to
resistive woll effects 18 uced. A similar criterion with respect to the

A is also

longitudinal motion of the beam developed by Neil and 3988191‘1
used,
Table IV liats the information necessary for the calculation of the

space-charge lin:ts according to the various criteria., The results of -

the calculations are also listed at injection and at the final energy. At



g
injoction tho roguired aumber of protons, 1.4 x 13‘3, fo epoily within
tho trousverae inccherent and cohorent Mmits, No difficulty fror tho
longitudingl posistive woll instobillty is indieated. The trangverse
regiotive woll inotebility must be circixmventéd, howeveor, in order to ]
contaln the beany, In fact 17 Hioweo more ¢harge must be !.{:éntained et

injectiom and 46 times more charge ¢ontained at 600 eV than is given

by the threshold for. tranoverae resistive wall matéhﬂny, This sogumos

thnt tae threehold calculations which were carried out for an azimuthally
uniform beam give 2 reasonable astimate for the bunched beam actonlly

10,12,13 - Brockh@ﬁﬁ&

prooeat i the aceclerator, Varloua groups
Cornell, MURA, and Stonford - have indicated that the trangverse
rocigtive weall instabilfty con be stabllized using either feqedback tech-
nim.es or exterual octupole fiaida.v |
Conclysion

Forther study of the specific acesierator (the 2GS in the wxample
choson] is veqxnreg to dcterming the feapibility of using the FFAQ necel-
erstor oo an injoctor. However, apart from the Leam instabilities for
v}mch remedies have been indicated, the FFAQ ig technically oound apd
phould be conpldered as o possitle injecior. BEean stacking provides
o dogree of flonibility oot available 14 somie naceleratplmg 1o fact, the
entire 10“’ dess cun be otacked in the FFAQG aad brought out usms |
i‘n.d&a-frequency phase displacement end resonant emraetm; H the |

proeblem of injecting mony turng {10t - 103) into the final cscelorator




i
were solvad, the entire beao: could be transferred {n V. U5 secondn,,
Furincrniore, because of the high energy spread in the stacked beam

for this rode, none of ihe beam instabilities would be presest.
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ACCELERATOR PARAMETERS

MAGNET

R, = B85,3 era {radius of 53¢ MeV equilibriun orbit)
Ripay * 803.4 om (madaium goed field mdipa)

ﬁmj = 388.7 em (radiup of 20 MeV -'éqnmbrmm orbit}
Rmig; = $58.8 cm {minfmum good field radius)

AR = 134.6 cm (ragial aperture)

Lp = 23.4 em {radisl straight section length at Ry}
Ly = 36,8 om {azinuthal width of magnet 6t B}

Gjpy » 12.0om (vertical magnet aperture al injection)
Gmin * 1.82 am {vertical magnet aperture ot Rypy)
Boy () = 5302 gouss

Bay Benax) = 7785 gauso

Bay (Binj) > 1142 gouss

Tolol Ragnet Welght = 439 toas

Total Coll Welght = 27 tons

Total Magnet Power = §, &4 MW (including pdower in shunty)
N = 16 (aumbar of spiral sectors)

R s 72 Launbor of radial straight seectiong)

N e 3 (humber of guperperiods per revelution)
i

RP BYSTEM
Amjae&wu Frequency . 1,08 Me
Transition Enorgy | 1803 MeV (outaide raage of later¢ot)
Finnl Prequency 5.273 dc

© Toinl RF Powar 1600 kW
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gA‘BI.;’E I
__ORBIT PARAMETERG

GENERAL,
Py ® 3.311 (rodial betatron cacmatied froquency)

Py ° 2.356 (vertical betatron oacﬂlaﬁon frequency)

Ay = 0.01084 x radlug (mrage ampiitude for radialyatabmty li&it) _‘
l‘\y = §.00379 % radiup (zveraﬁé amplitude for vertical stability unr’:it)‘
% = 8.3 ({ield index) |

1 = 75 (spirad parameter - angle of sptral with circle = 13.0366%)

. Beat Factor * 1,5 (rotio of mamsun to minimum betatron amplitude)

Adiabatic Damping Factor = 2.431, Flutter = (.75

Amplitude of Equilibrivze Orbit Scollop at 600 MeV = 2,90 ex

AT INJECTION

T = 20 MeV
B = 868, 7 cm (average equilibrium orbit radiug)
& = 2.2 cm (average amplitude of inrgost radial betatron oseillation)™
b = 1,73 en (average amplitudn of lurgeat vertical betatron oaeilintion)”
/3 = 0,20328, J = 1,0213

Apim(x) ® 219 T oillirsd<cmn (radial beiutwn phese areo from otability limit)
Abeam(x) = 16.8 I millirad-c: (radial bototron phogoe srea of beam)
A!.;im.(y) 2 18, 1T millfrad-cm (vertical betatron phaso arca from gtability Hmit)
_A'beam(y) - 1.65 T rofllirad-cm (vertical betatrun phage area of beam)
*a4q5 * 6223 em, by v 2. 134 om from otability limits, Magniiudes -

shown result frorn method of injeotion. Spreed in betatron ampiit;.sﬁ@

from one injectcod turn gives o » 0.940 tn, b = 0. 645 am.



TABLE I

. .REACCELEROTION PARAMETERS ., .o

GENERAL
Vv = £5,0LkV (peak voits per turn) -

" =70,7 (sine of stable phase angla)
h'= 1 (.harmanm number)

Ropoetition Raete = 120 per gsecond
Acceleration Timme = §.82 millisaconds

" Total RF Power ® 1.5 MW

AT INIECTION

f e 1,708 Mc (particle rovolution frequency)

R = 20, 58 ipei'.;:entuge er;uermy. shift per perceutage total energy cﬁange). '

CALim(s) * 3. 346Telcctron volt-sac (available buckot ncea) |
Apeamis) © 3. #74 sloctron volt-sec (axoa occupiad by beam)

7)5 > 14.G8 ke {oynchrotron frequency near steble phase aagle)

AT FINAL PNERGY
f = 5,373 Mc (particle revolution frequency)
R = g.65186 {percentayre frequency shift per percentago mtai snergy change)
ALim(s) * 1,834 cloctron wolt-sec (available bucket ares)
Apepintn) = 0. 974 eléetmn volt-gec (arca sccupied hy single boam -étai.‘kf
= 4,60 elactron volt-aoe (nrea occupiéd by stacked bea:x:)*
7)5 8 5,19 ke (gyachrotron freguency ncax; stable phase angle)
" Asgumen adiabatic capture but includeo factor for stécking efficlency

“due to aymall numbor of stacked pulses.




TABLIE IV
GPACE-CHARGE PARAMETERS .

GENERAL
Ty ° :.536 % 10748 op (classical redius of proton)
g = 1029 gee™? {conductivity of stainless steel)
w » 1bHB om {mdia, wex"mré of veeuum ttn.J

2 < 3 Grode nun,bor iues gr-eater than 7) }

AT INJECTION
) h ¥ .;.a.ru o {varticsl aperture of vacuura tank)
A s 4,54 cmidrodinl width of boam)
R = 3.40 cru {vortical height of beam)
g * 11.886 cm (verticel agerture of magnst)
B = 0. 3%5 (bunching factor, B e 1 is ubdhunched)
AT = +26.6 keV {eucrgy spgread at injection after adinbatic bunohing)
¥incohftrang) * 5+ 97 % 19+% protons {free spacy, untuached, trangvorse, |
| . incoherent, space~charge limit) . , -

= 3,38 % w’z protons (bunching aud image aflects ineluded)
M ohor(trans) = 5+ 87 % 107 protons Guunching and 1inage offects included)
Nreazn{trann} d. 43 2 mw protons (unbuached, transverse, resistive
wall space-cnarge 1imit)
Rresis(mng)m 4 ¥ 143 protons (unbunched, longhudinnl resistive wall

gpace-charge Hoit)

Nyearm * 1.40 % mm {design limit for injected boam -~ requires

35 millianps {eon: lnac)
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FIGURE CAPTIONS

Plan View of Aceelerator
Magnet Superperiod
Typical Magnet Block

RF Accelerating Cavity
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I. Accelerator Parameters

iI. Orbit Parameters
IIl. Porformance Parameters éf Injection Syaten'_x
1V. RF Acceleration Parameters

V. Space-Charge Parameters
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