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ABSTRACT 

A combination pulHd and DC magnetic field system is described., which 

will extract the beam from an, FFAGsptral sector synchrotron with essenUally 

~ no loss in betatron phase densUy, permitting the useofth1s type of synchr'otrC)n 

as a high intensity injector into a pair of co111d1Dl be.-.m storage rings. 
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A.	 Inb'oductiop. 

The use of a coav_ntieaAt ,A'G 87RCbrotroD as an injector into a·pair of 

col.l.1diAl beam storage rmp has been proposed as an alternative to the two­

way Qhb.wa, FFAG acceleratcitr. 1 A .p1r~ sect. "FAG synchrotron e$4' 

alsobe,W!led as such &J1iJQ~t.r. with the aclva.tap of a eonslderably &honer 

buildup time· of the stacked circulatiq beam in,the storage rings~ becauaeof 

the biJber repetition. raw (about a f.ctor of 50). Both storap ringssl'stems 

WOlUd bave larger (afac~ af 7 or 80) circ~ting,currentde_Wee tbaathe .' 

two-way machine if space ebarge is taken as a limitiDgfactor. ~ is, how­

ever, the extra bea.m·traaafer step in the 8torap dna process,so 11.~ system 

is to be competitive withth4ttwo-way machine, the phUe density loss during 

U'aIt8fer must be kept leas than the factor 7• O'Neill1 bas suggested the use 

,ot a ~ed field one· turn.eje<:U. (and BllbsCtCPgt lajecUcm) system for the 

transfer Focess for b18 AG ap.chrotron. $\lOb a system' will be used Iter. 

for the FFAG syachl"otr-.extractlon. Extraction from a non-linear FFAO 

machine, however, iAvolves the additional possiblllt,: of phase area dlatortiGa-­

aDd phase density lo8s--due to the non-linearity. Section B discusses a pulsed 

extraction system for a spiral.ector FFAG synchrotron in which the DOIl­

liDearities introduce "1J.1CUl~ lOBS in the extraction prOCess. 

In addition to the one-turn beam extractionwith,bigh phase density~ it is 

very desirable, that there be means of adiabatic extraction from FFAG synchro· 

trou in order to stve a h1ghduty cycle for experiments with the external beam. 

T1te prOblems and possib1Ut1es of this adiabatic extraction. will be discussed 

briefly 1rl section C. 

1. • . ~. .,	 ·ag.IUnas~ GXO~H·11 (Jan. 185a) ,PrincetOll· 
•PeDB. Accelerator PrOjeCt. Z 



~. 

MU!t.A.-U' 

"B. A,';.!.!QH~~"o_ ~.C••J,I.m.t'.... a"'~"bP'69_br~~ 

If lar. rad1a1~~ are ....loyed .1J:l.the extract1oaproee•• ~m a 

spiralaector machiDej tMnoa-Unearit1es willcalUlethe radial andverUed pba.ae 

ar- .d1aiWt, the~, otcOlU'se••"'i.•.• ,~genumber of factors. 

Ittbe dHtoriion is exe...l.....theaveraae ~iua ....1V- oyer a useful pba.ae ·area 

will decrease cOIUIiclerably ~om the .~iUl peak deasity. If the rad1alalld. vemtcal 

osc1llai1oDa are both kep* small.... however, both pbaBe areas of the beam c~ 

be kept .F_80Mb1y ahaped ~ the average density Real" the peak denstty. Any F~ 

cess involving large displacements with abiah rate- of distortion muat be cODf1aed: 

to a short region. Ta. follow1nI .•yate.'18 in UDe with, the above requirellleu,ta. 

A v.ertical mapeUc field which, a W'litorm over a small azimuthal region is 

pul.-c1G1l in a period ._t COQ:lpared to ODe re~ution. This pertu rbatiDn procluces 

a small amplitude of.-cUlatioll, bl1t barge enoqb at iW maximum to have .d1aplacecl 

the enUre beam into a DC hiP field region. This high field bUmp beads the beam 

eDOUfh to send It dowa theaptralarui.t of the maeh1ae in less than one-half sector 

and with Ugl1g1ble phase areadistorUon. 

T:N!L.B,I 
.SpiJ"al sector ~bbae Parameters 

MecIian Plane. Field : B· (1 + x)k [1 ... co. ~8 - ~ In (1 ... X»)J 
N :: 30 Frequencies 
k • 53 ~ •. 5(.rr 
! • 301 o-y :: .48 7rw 
tan 'I:: Nlt •• 1 Total Stable Phase Ar.as (c"pled motion) 

A x A Px';t 2 x 10-$ . where: 
6 y 6 Py....4 x 10-' x in units of R 

.p :: cK!!) .i!.. 
. '.,3 X ds d• 

. t· 
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,...., Phue pi.ota for .tIIe·· c..,J.ect .ott. obtabl" fr.. :ruas-ttse ~ 

~JI. '10", cqmput.J'V.~." til Fig. 1. The plMa.are DWi.1t at tbeu1a.-,l, . 
, .- ..~ __-_.:- __ <, . ,. t -, . 

poaiu.. N,. III 11 .. a1r~ ,. !., ... J.e., 1Il1d...~ betwee. the,mapets. TIIe<.~• .,.
 

roWe, '01 course, in ....,~__ .•eetor•• ~phpe.llfeasl1ate41D
 

Table I correspond ·to.· the· c1U'Ves W. It aevii.at tbat·, ther,_ .1,t cCUUl~'alWt
 

seatter1Dgin the plots 1D.cUcat~,a cQUjMl'able, los,. in p1wl6 clel181ty. n.
 
motion becomes, UDStJlb1tt if elther tbex'" or y·..pUtude is much IN'..,,1I,put
 

the clU"Ves (A). The curves (B) r....ble illYaraat ClU'Ves more clo.q.
 

'l'lIeae ar_ are Ax APx :II 6 x 10""" l::t.y.A)y= 10.6•. WiUUntlt.. c~.. '
 

~ the ()8Qj)latioa b-....1esd. not chaqe appreciab!7 with ampUtucie. 

It the "am ~ s.u~tecl at 50 Kev inlet tlut phaJeareasof curve. <lllb, 

15 ..V the betatr. phueareaa w1U each ba'Ve clamped a factor!, •if 
:II 50 &i~ A ,x iJ. Px :II 1. Zx 10~"'" A '1 //j"Py. Z x 10:;~ (asS1_mfnc_ 
loas 1a betatron phuecleaa,it,. duriDC acc.e!e7atioa). 

Fig. 2 
\

sholrs tbct· effect _-the damped x-eWpae.of an impulsive,'x·...... 

tum change. Irl ttut 'P1l. z ~ Px ia 3. 3 x 10"'3. One sector later (aga!nmid:vray 

between the magn.ts) the beam center ha$ moved out A x = 4 x 10.4• (The Dew 

x-phase area shape can be found by noting that radial lines transform intoracUal' 

lines aad the area remaiRs c_ta~t.) SiDee the beam is inside the curves (8), 

the y ...phase area.ill be essentially unchans~,by the.x·perturbation. The 

~·space.between the eelles of the perturbed aDd uaperturbed beam is about 
J-{, 

3 x 10...4.:F~~a machine radius 01 70 meter..- this corresponds to a radial 
,,--,,;>,~,-

separation Of Z cml .&llO\I8h room for a current sheet to be there to generate 

the DC field lor ex6'ict1on. 

4 

"1 ' 



" ) '.
 
• ? ) i" .. 

.P.t-".-, 

t.S ­

• 

1.0 

o.s ­

~ 

4. ',,__ ....-LA -1.$ .....-.
 

Fig. 2. Radial displacement produced by & field bump bet~eell~ 01 tile mapts. "."larp.WpM (B) U from 
Fig. 1. The small ellipse is curve B damped ia ICJ'ing trom"5&Mev to. 15 Bev. 
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f""'" An arbitrary figure of ][ • 6,x 10.3 waS taken as the machine ed.....-al1lht11 

.....than Ob.equuter _''';~"..y.,ot ..·tl\e·....tie fi.W~ The ir. w1ll prob­
, 

ably haTe to ,extend th111 fa,r·to maketbe equWbr1lQ1l OJ'bit fields correct. It. aeries 

.at computer'runs then hM.1catecltha1an,·iJapu1B1ve mGDlelltum change t~ '" ' 

Px ;r:. 3 xlO- l at ).1'.~ (the spiral8Nle i8 10 it 10·~),,0U1ci bring thebeaDtout 

tox. 6][ 10-3, With Px •.~][ lO·l tbe beam oscUlated back before rpeh1ftl 

'x 1.0.3 and the 1-.~ptit\l4e .Wi" t.grow. Withpx I: 5 x 10·Z the beam rQQbed 

x. 5.' x 10-3 in A Nt • 13/16 -rr rMi,aD8. 8ere Pxf1nal =11 x 10-2, .. d.~•• 

exit aDJ1e. The beaa haJt moved ou~ over a q~ter wave of magnetic f1e1cliDl.88 

thNl half sector 111 .sl....o the ~ ..·hae nat quite. entered betweentbe poltts·.f 

the aext map.et before it ex1ts. 

DeBt.. of a pJdudf1eld system to livetbe abo'Veimpul81ve m-.atum 

.c.... ot 0 Px • 3. S x 10-3 ... aDCMtracU. field to clw.np Px to 5 x 10·a 

are pven 111 the AppencUx. 

To examille the __v1.orol t_ pbt.ae U"eas clurtnethe extractlOl1 proces.· 
, , 

after Fig. Z,' the DC e&'-_Uon field ..... tr••tttcl &saa imputsiye per~bat1_, 

oocllrrm" at HI = 11 , DUJrialtbe 2;-pbas.e area fr,om. its fiDal posltJon111 1"ig. Z 

~. a position around the polAt 'x = 5 ~ 10·Z, with the same x-values. AcOJ;D.­

)puter run tilen mapJ)ed cae ...ple x- aacl y-~ee areal starting about the pOint 

Px = 5 X 10·Z at Ne .1T I to the p"lt1on N' =(1 + 13/16)11' . The x" and y ...I 

phase are... at the atarttne point (Ne=1'f) are .~ in Fig. la. The phaee 

areas juat before the beam leaves the machine, at.1 a (l + 13/16) 11 I are 

ahown in Fig. 3b. The pba;u are... after _it frem .tJle mach1ne 4epend. on the 

,field. faU .off 111 the radial direction. 11 ~ e4,e ista,keD as "bardn (iutaDtaneoull 
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Fig. 3a. abo.a. the. dimped,. ptl... ....... ·Pte- :fi,..stlo.litileame.,.. 
at Nt • 11 • at the final pOSition of just- betoreleavtDgtbe a..ebtne a.t 
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fall oft}, ,t);Le ..Pt1lilat... aJ"-" &r.'......u."'. $c:..Na"...... ~t 

18 a,fairly leod appr_iDIJUoa,wJ.tJlth. exitanaleof Px== .11 racUall8 aDd. ~. 

s..u 'ftrUcalaperiure (y • lO~ 3) of the•• machiUs. 

Tqase pIulse areas Iq"e reasonable a,aa. there has beenllttle loa. u.. ..... 

delUllty', •• it appears tbatauch an ~.eUoaselle.. with ,subsequel\t 8imil• ., 

reinjec'UQl11nto an' AGa-ace rin,.appe-.rs feasible. at least aBl"egatcl8 pb••. 

deuity. Reinjection into the .orace riDI ad4saza.o1her prOblem, however,if, 

the "am ia to be stacked ~re tnth.estorace r1q. Tbepulsed iDf1ectort1e'14 

must be de.~nottod~b tu Fev1,OWIJ;f stacked beam.(Pulse4 .jeot~• 

• asa, ....-t\U'n proeess wWl" DO at_r beamcloae by to worry about.) 

It 18 possiDle ala. to stack. iD- the sp1ralmac1UJle up to the point "'.r4t, tr,.e 

41fterences in radial posltiGa aDd. DlOme.t.uJD, ean be b.alldJe4 by the extractiOn 

system. The .ystem pr...... a.tMlye, ""latD.e ..... fields an.ci ose.il1aUcm ..,11­

tu4es, could handle an extra radiallnere..-t clue to the enerl7spr... ot4x. 10.4 

(. 7 em) letting it j)(l8t a '1 era .curreat Sheet into, the extracUon channel. Tbe ,wter­

ellee in mom.entum eor-l".~j... to this J'a41a1 .preacliS small"== k Ax- ·~x 10.4 

II lIz". Due to the m~ :rIUlJ8,ho•••er, if the above uniform belld1D.l 
. '.' AP : 

. ,fielda were used" therew.w.clbe anextraaprea4 inPx of p times the beDdiaJ 
. -3 -~ . 

~ .5 x 10 .x . 1 ==5 x 10' ~.iaDI!I" eauaiq,arouad- a 40 '" lOS8 in radial 

pbaae density. This: loa. e.1d be eliminated. by .maldBl the deneaUon,tield ~tch 

the moment\lDl of tile particles by the adcU.tlon of a craclient. 

This ra.ciial1ac:reaeat ot .e.x • 10-4 e.-responds to a fair ~r of 

iDJeeted pulses. The ee.er"'8pread corr••pomUD,to·this Ax at 15 Bev is 75lftv. 

~ Ae.umiDI nO rof phas.....~*71oss, a 50 kilovolt spread·injected at ~O Mev w~ 

~ome . 15 *v at 11:s.v" or there would be 75/. 15 • 500 pulses in the radial 
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incJ';eaeat.;tYitha f.~W otfO\U' rf c1eJ18ity 1_ .(fIJI irl tlMt ~A F..,.z)t 
.' .	 I 

~~ 'WOlI1d. be lZ5~. 'fb.pe. p1l1*,.~t:...,be"': to.patJally super""
, •	 I 

Ja u.. _....e l'1Dg~ "'~A ..tre1a1l•• 1n~r.uoabeam deJlsity.. (1ao~ 
. I 

........n.t' radius_._ 
I
 

.tJae ..... 7 1aCl'eUe·h\.,.~••.••,
...... ' '.. .. . i 

• • I 

)))t)".r T :I: 1~5 =- 875, F.ao~l~aU1equa1....... otlIOO injected pull.. _ ~
 
•	 I 

M.UBA~.•saL' If larev ..cUI_iS•• 4r'e allft- ill. the extractiOR Pr:tIC..... 
'.	 " '.' . , . . I 

whieh.i8 cel'.ta1llly t.aaJ1ll.etap te.,.J.at, ......cU.;GeD81ty canal8o",- . 

••d•.~..r. 

c.	 9W!!!'!ts CII1A:j!9tMf .......t~~tJ'49_br.~ 

.~ type of 87-"d1acuU.a 1n1he.~v1od.eet.lol1.canbe~11J1 
• .	 I 

.	 i 

.aDJ· FPAG syachrot.rell, e1tller' spU>.al.Qr J'ad1a1 secter; ~.' extract the.beIua I 
. , . - : 

! 

C(II1c)rJ.y.BriAata& ~.,.......·out·.. ..q, ..-VItI") to Itve a .loa" duty c,.cJe f1w
 
. I 

I 

.,..... witb......rul....., appears.to.be a mwe d1fticult pr....j 

i 
.	 . .. '! 

The ~C~_8C"., ,_Jlag.C4lM1_r ed t.,. lbeMJS.. is not eas, to aJIJ1t17 
.	 ! 

~. 1a1l'FAG",,~.~ It.• beamtta.....sal!Oftlr.e...,~. 

ffHlc_s the eq:WJJ.bJ'.uua~to bedtap1ace4~.a"'lIllerraelius,· "et boJr.. 
.	 I 

ever.. DO extracU" chau.lcan beplab"becauebeam must be acc.~ 
! 

u..r....tIlairel1oa.R.e...reat .....t,,..~rcaaexiat tn.re. It 18 ~~, 
i 

he",.ver, that QDe.-t.-*.wauchacurrealsbeet Or ••aU 14cal1zeci ma..~ 
.	 - I 

• ! 

bump, just bet•• .u-ac,UctD.. C1Y1n1, the beam cleflecied there by the toU ..~ 

of a k.f.ek .~. seDd it .... extractor at a larler rUWs. 

~er ,..1bW.t7 auaested by,Sym01t ie, to use theenerty loa. otthAit 
I 

.t.U as a mea.as of ulv1Jll __ ,Qeam be7OD4.tu JltMJJ.U7 Uait:, and SODle lra4tioa 
, '. . - /" -	 : 

i 

a.t·.leut~ into .. ~aeU-ella..M1•. AAltabat1calb' ·tuereasiq a pertlq'biD.I.t~.W 
I 

i '1 

I 
! 



""I,~ i,e., 

MlMlu,
 
..... I . 

1 

. .'.." "'.' .~,."" '. I 

(~adfF"~a1q ~l!""P'I ~1JtIt,b1U~y l1mit)JIdCht alA be~~$~d IQr tbe~ 
. . ," .! 

, 

-~. ! 
i ae.,.....l'at1v• ..-.u., of.'.t•.tn- ..~ iltcrelOtrou, tllcUlft­

c\llt."be~e becauae ..:......ll~.... ~ ..'.....,.pJD ph" tva,,,, 
.._1 mil1). To tnc:r.,.. .pUch(tiJiI ~aUto .. UMt'1l ....., b;y ..,.~m~"1 

. . I . 

. . . ..' . . . I. .

the x·.., aDd ~.~ of," .1v~ x-osc1Jauo., clepud QIl...-." ~ 

r~·'ittinl·.FU*'l.\,_,_oI.a. .......c•.,.. a lar,eaumber of r.~1 
I 

&JUl •• DOt appe~ ....Jb1e. I 

1 

I 
, 
I 
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APPENDIX'. ,- L . 

1. ,A PlWIedMyp;!Uc :oea,ctor 
_ ,', . ,1 _ , ; l. _ d_"'" t . 

AlUlrV beam caa~ ~~ed /I,Il ~0Ia.h 10~1 radlans with & I. 

headJP.I..... 1oDpu1se ollis· •.uo..p,eA¥'. 3.. '.·.00. X. 16", lIl 
I 

", 3.3. '" 10­
1 

• 1.'15. x tt.eauss 
em. T)le system descr1bed.here to .live a.crudeest1lDate of the parametel"w 

, " '. " ... , 

. " I

mvolv.s has a 1 kg fielcl.ov.r aZmeteruiDlutbal region. . I 

. 

" 

. The pulsed field.ean be produced by a current system .inside the·vacu~· 
. . I 

taak, as indicated belOw. 

1
,.------------ '4--TaP.·:..-.u 

...0) t+catS1-l (~ 
I 

I 

5 ~. 

...... 
\oS) 

iZ meter_.,.·
 
I 
I 

. 

Hl 103 x 12 . 
I 

I 

Tba tollrJ. current required 18 1 .:iit.~ .10.000 ampa. Tba"'~ 

e.....Q lD.the field 18 " !It Vol. (l~)i ;,ro ~ •'" 6 = ZO J ouJes. IUId u..1 
selt inductaDce ofthe.'.~IIl, taken all aone-tur-nl00P, ish. zx rrc ... 4."ah. 

s . I '.' 

The pulse mlUltbe oator <me revol\ltioa, 1.5~Sec for·R • 70 .....r., aad 

be turned on m a smalltl'act1ollotth18t1me:.. This can be ach1evedrea~v 
. . I 

well with a delay 1mesystem, with the inductance L as an element of the,l1a'" as 
I 

I.indicated below. 
I 

Spark' L 
L Gap r----,. . ~~ 

- - - - -:r:; . ,.....t--- TaU 
Vr1l1Ull

T ItT 
r--UW"""'....,r-"'\)J-,;l.,J- _••• 



II 

c~7¥' ... , " 'I' 
, Wl~h a 15 kv pu1ee, with I =- 10~ 000 amps, 1\ .'1.5 ohms, so"C~ liven b~ 

.•"'it... , ts. -. z/Cl. 'l'I1e rise tlme, approsllllatlll;ytbe tlme delay _ . 

sectJ.0Jl.fL5~. 3~8ec.There are five secti~ for a 1. 5~sec p'lllse. ! 

. I 1 

For a f.-tertise.time, Ccan bedecr•••ad,alld.thes)"stem run at ahiCher 'I 

'Voltaae'withmore seetio•.orthe inductive, leacleaa~ split into pariadrivenl,. ", I 

I 
'I' 

Z. PC ~acUoA l'!el!! I 

To benel the 15 Bev,beam 5 x lO·Z radjaas re~e8 Z, '" x 106 laus8 emil'. 
10 kg for l. 6. meters.(~ azimuthal dl8iu.ee heween tbe spiral magnets is I, 

I 

'1 meters,,) To,change" f1eldfl"om zero to 10 kg in oneern~ the copper width II 
, I 

chosen earlier~ req~s a,current sheetofdeQ.Sit18~000 amps/cmZ, an ~+el1 

h1cJ1 density~ but one tha" can be haDdledover a' ltnUted·, reJ10n with a high n.J " 

I 

toate water' cooling: syat.m. II 

The vae~'tukcan bAt between the poles.1 ~heextract1onmapet~ lrithltbe 

current sheet through 1t.. as shown below. 

- - -----.., 
<::> .~~ 

... .... I- r-----l----
/
 

r or~ the tank can be made lar.eenough at this position to ene1QSe the mapet... 

wlUch can be ,made quite B.maU. 
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