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MAGNET WAVEFORMS FOR THE TRIUMF KAON FACTORY 
SYNCHROTONS 

M.K. Craddock* and R. Baartmitn 
TRIf?MF, 4004 Wesbrook Mall, Vancoutler, B.C. VGT &A,1 

Abstract 

This note considrrs various possible waveforms for i hc 
magnets in the 50 Hz 3 GcV Booster and 10 Hz 30 GeV Driver 
synd~rotrons. A dual-frequency picte-wise harnlonic wavcfor~rl 
is shown to-of&r a significant advantage for the Drivrr but, 
pr,Jhal-)ly not, for the Booster. Adding a wco~~d harmonic to the 
funtlamcntal is follnti t,o l-~ 1~s~ cfffxctivcb than d11a1 fl-ql~Cnry. 
Finally the c;u&ion of itn ideal waveform is collsidcrrd frnnl 
the point of L’if7v of minilrlizing the, rf voltage; 911rl~ a \vva:rrform 
is found to off%?: ckhrr advarltagr~s ilB wc:ll. 

IIltroductioll 

Tllis nok will cxxplor<a various wavcforlns for t!lt: mqpts 
in thtx 50 Hz 3 GrV Boostrr and 10 Hz 30 GeV Driver syn- 
r.hrotronr frrnn tllra point of view of minimizing the radiofre- 
ql~‘nry voltaj;? gain pu tunl 21ritl assnming a rcwmnt 1xnvvI 
sapj)ly cirrl1ii. ‘I‘llt- nwff~~rn~s to lw considu(~d il~-cx’ 

l tlll;il-frcrltlrrl(~y hannonii 
l ad&t1 s~~:oxlcl iia.muu~i( 

l “i,lr;il” wavcaform, requiring nlillinul:n rf vcilt;~gr%. 

The program.; for rf voltrrgc~ I-(l) ulcl ,+yrlr~lII.~mc~~s l~lIxw ;it,(t) 

for t,hc s:;lh~ll:utI OIiS UC xc-t, b 3 il 11111111)C1. Of fill’tO:Y: 

(i) Th<, rate of ric;c> of dipole m;lgn<‘t ic fklrl B, which fixt~ tllc, 
rtner&y e;:iio *u tlu7l. 

I’sin f$, = Cpl3 (1) 

Hc,rc> c’ is thl, orbit circumf(*I,cncct anti p thr radiIIs vf CUr\‘iltLlrC? 

witllin each dipok magnrt,. For a r~on;mt magnetic c-ircliit,, &’ 
n:icl thc~rc~f~~r~~ the% u1qy gain ar(‘ normi~lly 7(‘i‘o at, t,lica l!rRin 
ni:-ig a:ld c71ti oE caacll acceleration cyrlc, rising t!j some Irlaxi- 
mim1 in tlc~t~w<~(~Il. In I)r;lclicc it is tllc rollt,rol sc,ttings fror n 
an(1 1. wllich d(brminr the effective value of f$9; hc7~~ WC arr 
asking how fi antI I’ arr themselves d&~rnlinc~tl. 

(ii) Suff~cic~nl~ bnckrt, ar<‘a .il in the cu:rgy-timr plnnc to rriclosc~ 
tllrs Ib~mrh c~niittarlr~c~ r. wllicll is ~W,YII%II~ c!urinq acc.~~Ii~I-:ltioll 

47, pz-7 .‘I = - --t’l/ o(&) 
nh \i 7Th 1’7 / 

v:llc~rc~ c ant1 Kc;, arc’ the chnrgc and rest c>uc’rgJ. cbf ZL proton, r, = 
C/c, is tllr: limiting orl)it,al pcriotf, II is tllc: hxrmonic nImil,rr, y 
is t,hr: relativistic energy factor and 7 = ye2 - -,,T2. For rnrrgics 
<v(Jl IWlo~~ tlic’ tl,al;sition c’iicrg!; -it WC’ can wrik ‘1 ‘v I,‘-,’ ail11 

t~hcwforr t,liP bllckct awn can hr writtrn 

.4-J;;;&l(bs). (3) 

Thr tiirllc,nsio:ll~,ss fart,or n(ds) rannot l,e writtc.11 iis it11 cxwt 

functioIi of 6,. liut can lx, iippr0xiInatrd[l] by the eqmticm 

(l($J) = (1 -m.“)ih< (4) 

with ui a~~~r.:l~% for q5s < 71”. 111 thcb first, part of the cyrlty 1’ 
is wt so that, +he bucket bright is kept al)orlt 25% higher than 
tlir b1inc11 hc+?;lit,, rusukg tlliit :l LI1 1.76. 

(iii) Two intensity-related effects: 

l the longitudinal focusing forces provided tq thr rf must be 
kept larger than the forces arising from collective effects 
in order to avuid microwave: instabili t,it:s; 

l higher cavit,y voltage’s make Imm loading rasirr to ha11- 

die. 

Both of t11csc* c.fkts ar,pc for I. co,’ py t,o he large ccm1- 
pared with a quantity proportic.)nal to hcam cnrrcwt and to t.hc 
approprintc: bram ccuplirig impc&nc~~. 
(iv) Special rcqtlirenlcllts n(‘iir injection: 

+ The transverse spnce charp tune shift Au, must, not lx 
allowed t,o grow too much through murowing of thr huncl~ 
as ~5~ incrrascs from 0. 

l Thr synchrotron tune I’~ nlust not l)c allourd lo rise 
thrm~gh too ralaid nn iucrl~asc in I’. 

(v) At ~xtrnctiori tlw ~~rincll mllst 1~3 r~mtchi~d to thcb rquirr- 
r11cmt.s of the ncxxt, ma.rhiIlc~. 

Figllrct 1 illllstritt<‘.~ the voltagr progrzm sp<YfiPtl for the 
IIoost.c~r, and tltc assocint,c,d hwlch pararwttrrs, for a harmonies 
rnngnet~ wavefwm. For tht first 1O’X of t,hr ryclr t,he injection 
considerations (iv) dictate r:rt,hcr a slow rise in 1’. Then for the 
nrxt part of t,hr cyclr tlw fill fractiorl (i.e. ratio of bunch height 
to lxlckrt heights) is kqt, r(>n.ctitllts so t,h;lt, factors (i) and (ii) 
together determine I’ and 4,. The maximum voltage required 
in t,he cycle occurs in t,his section 
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Fig. 1. RF voltage program antI associated hunch param- 
eters for the IIoost,er with a sin+-frequrncy magnet wave- 
form. 
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Fig. 2. Curws oi coMalit entT[ry g;tili jwr turn a.nd Coil- 
stant buvk<sr ar~;t for the Boost<‘r. ‘1‘!1(~ i,TTiYA’S show thr 
rwluctiorl iI rf volt,agc arhie\l,d Iby lisi[lF: a dn;~l-irr,.l~~~~r~~~ 
rnagnct wavrfornl 

Owr tbr rt~mnindcr of thr cyr.b 1’ is gradually rcdl;W<l, 

bringing t,hr hnnching fact.or B, and they m~~lll~~ntlltn SprWCI 
Q/p doww l,o vn111es matctrillg :hctsc~ in t11~ nrxt, ring. The rf 
volt :LRC: at eax-ral.t,ioli is chos;(‘n ias Ion ;I,< p~il)l(~ coIbi<trnt, \vith 

the con+rair&ts (iii) s<,t, by hoam st,al~ilit~, and txwll loading. in 

orrle-r to miliimizr tlW rf costs ill thr next Illi~i~llill~~. 

Figtlrc’ 2 shows cwws of ronstar~t t’~lcargy F;GIL :n~d ~~ll~-kc~t 
a*rit in tllcb 5.pirc’ of tlic, tn.0 par&mf~i~‘rX. 1 r a11tl ?;in Ci,. wliicll 

wt- arr trying to detcrniinc~. for ill<, Ci,S<’ of l.llC !JnostcT. ‘1’11C 
int,rrsect,ic,ns of t,lle curves for the rrql:irc~rl GIIIIPG of l)nck<:t, :w~;I 
axid fylprgy gait1 give the, h(~llit,iotlh for 1. alid da. ThWP C!ITV~‘S 

arf- of universal form C~lt,hongl~ tlic nrlmfricill vallles will d<~pNl~l 
on ttir Izirtic.l:lar rri;lc~hiri~~. 

Dual-frequettry Opernt.iott 

To rd~lcc the rf voltage reqllirelnc:nt, it 1~s l>c,cln prol)c~st~(i 
to slow dnwn thr magnetic fieltl rise and spud up th(% fall 1)~ 
switclj.illg t,hc rfwmant freqllcncy :it t,llP top S111d t)OttOIIl Of ci3Ch 
m;lgnrt cycle. A frrqu’:n(:y changr hi- :I factor 3 is oftrn I”‘“- 
posed. so tli:it, thr rise- 0c~culG~~s thrlY%-qllartcrs Of tll<’ cyrl? ;rIlcl 

t,lica csr,ergy gain pr tllrn is only two t,hirds of tll:tt rrquirWl 
with a single% frcqnency. How~.-er, it will 1~ sun from Fiplrr 2 
thitt a pafti,:itlar rrdnction in f’nrrgy gain dOPS IlOt t’Il.+lll‘i‘ thr 

same frartir)rial red~lct,ion in rf \~oltip rquirenlrnt. In moving 

dov.-ti from tile “si~~gl~ frtkqlienry ” (‘,:I’\‘<’ ii, tlrir S‘dn:il flY’q!lL’Il~~” 

curve for constant, cnorgy ga.ir- 011~ Imlr;t strrr along a cnrvc of 
p)rlst:u:t, hurkrt a~~~~~~ i.r. tc,n.nrtls lc-nor WI!UPS of b,. At, high 
values of $5 t,he reduction in 1’ is almost tlir idcnl one-third; 
t,llrls ill the Drjvrr whrrc~ 0, rratrl~c~ Xi” t.11~ volt.agt’ is rcdl~~~tl 
from ~f.3~0 kV to 2550 kV, a savings of 31%; but, in tile CXP Of 
tshp Btm$ttx, whrrc 4, r-caches onlg 14” whrr(1 maximum 1’ is 
rpq,ljrrd. thcb slop of thr c:*lrTgy gain cII:‘vP is r;ltllCr StWl> i3Ild 

V is reduced only from 750 kV to 624 kV, i.e. 17%. While the 
voltage reduction for the Driver - over a megavolt is clearly sig- 
nificant, the 126 kV achirl;ablc for the Boostctr is not felt to 1~ 
worth the extra complication and expense of a dual-freqllrrlq 
magnet power supply. The reference &sign thcrcforc ass~rnr~ 
sin&frequency oprrat,ion fflr the Roostc~r. 

Added Second IIartnonic 

An alternative Inrthod of modifyitlg the magnet \vavrforrn 
is t,o add a second harmonic component, 

B = Do - B1 cos 2?rft + Bz ros(4nff + A) (5) 

In particular J. Crawford[‘L] h as suggrsted the use of IL phase 
shift LI = ~/4 with B2/BI = 1/4x/‘? in or&r to make the slopr 
of the field ramp as constant as possible (Figure 3). Runs nGt,h 
RAMA[S’ show that, this dors rcducc the rf voltage rcquircm~nt, 
(from 750 kV to $21 kV for tllc Booster, from 3G80 ks’ to 3200 
kV for thn Driver) lxlt not, as m11c1t as the tlu;il-frcc/ue~!(~y cycle. 

A more effect,ive schrmc, at least for the Booster, wtrul~l t)<> 
to use a phazze shift, /I = 0 to flat-btrtt,om t,he waveform, slowing 
down the initial field rise. RAMA runs show that 02/B] = 0.10 
is optimnm for the Boostrr, lowering thP maximum rf volt,agr 
to 706 kV. For tbc Drivcbr, wllcrc the ~~;lk volt:+gc rc~(lllirenl<-nt 
is srt by the fielti-I& requirement at mid-cyrlc mtllrr thnrl I.)> 
the t,\ickrt area, this scheme is not, very rffcctive; t,hc optimmrl 
fraction BP/B1 = 0.05 lowers the maximum voltagr only from 
3680 t,o 3670 k\‘. It is possible that a tfiffcrcnt v:~llrcb of thr phas<\ 
shift il might reduce the voltage rcq~ircWlc~nt furttlcr but tllii 
has not, yc,t, bc!eIl inv(~stigiited. 

Anot,her crmsidcration, point,rtl out l)J’ tlw lxmw >111)1)1:$ 
cngillcws, is that addition of second harmt)nir+ i> likrly t,tr hc 
111ort’ c~sl>+~nsivt~ than 11s~ of R tlll:tl-fi-~~c~~~~,~lc~ cy~-b. l,c~i,illis~~ 
it, ri~q7lir~5 ~wwisilu~ of ;~~lilitiO11;1! I30V.Yr ~1111])lis5 1’;1t11(,1. th;!ll 
:~dditiotlal swit,chrs. 
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I’ig. 3. V;irifn~h Ili;igilpric fir~l~l w;t\‘(‘f~lIrI~s co1is:Ilt’r(Yt filr IhP 
Tlmstrr. 

Ideal Magnet Waveforttt 

r{.;,:lle:r t,llan trying o:li wri!.wp wilvvf8xtil:i ~‘t’ Ill;ty s~vl-. 
to rlpterminc th “ideal” wav?forrn from the Imint, Of VifW Of 
ol3t,aillirq ronstittlt hllckrt arm A for ii ccnlstrrnt rf Volt ;Ig*’ I7 
Under these condit,ions t,he rquation for the hlv.&t arra trl+ 
lx: writ,ten 

.4 =: cor1st> 
i 

h-,k(&, = CollstilIi~ 

\I 171 

I 1; 1 



giving it relationship between synchronous phase d., and energy 
7. Evalllnting thca constant at somr reference r!trre;y 2, WT m:3 
c’x*m’“” (Y( d,: tiirwtly in tcrknn of mt’rg 

tl(48) = n,, 
d 

5 5-j 

For vev high tr;ln+itioll cr~q$cs (2 <C ?,.) as is the C;M* fr>r the, 
KAON Factory, this ~n:j;: Iv: sinlplifirvl to t.1~ forlu 

fl(@,‘l = “,(-&p. (8) 

Usill,lr tlli, ;l~)[)IYX~Illili~ f<>rnlllI:t (4) for n(qS,) and mlvinf: 
for sin q4,$ we finci t,hat wc havr an rquation for t,hc ratr of cha.ngc~ 
of ~nagrtd ir. fbld in tc-rms of t,hr proto~l c~lergy: 

1 
p = (1 - [‘,i(T,,/l):.oy~ 

Tllis C:I*I imwdiatc~ly be rm\mtc~tl ilao it difhwf~~t id c’cll~;tiion 
for thr niomdum IL G /is so tllat w4’ can cq>ress tlica tint.. 
iri ruiit< of tlw liulit,ing clrl,itaI I)(briocl 7.. iis a*) intvgriil 0v.I 
lll(~Ill(‘Ilt~Lm1: 

+ __ t, = 7;.$ .!‘y {] . [$ il.l...;)‘-,tio,-~l}~~~ 4, (10) 

This (‘a11 b(x i:dvgratetl Iulmcrically :LILCI ali c~s;irnl)t~ is ~l~ow~~ in 
Figurc~ 3. Ths curve of /c(t) is cli;lrsctc+zc~rl ly a \~ry slow illi 
tial rise. as’io,?atcd v,,ith a Gqqdarit)’ irl tlit> integral for <h! = 1 
ii:,,? = 0). Bcci~~isc~ of tllis tllr% ~avt~forni Inll5t 1~ start,fd n-it,11 
ii ~111irl1 firiitt, slip i; wvli~~v ril - I 6. III fad 0‘ ;illtl 1’ il? 
lmiqtic~ly rlr+c,rnlilltvl liy tlir choir of .4 at ii, throllgli (2) anil 
of tj at ,fj tluculgh (IO) Rims with the RAhlA vr)dv r.ontirlrr 
illat tlif. ~vz.vrforrn does 1brodl~cv cui:tiint l)llckc‘t arc-a d ill:d 
collst;illt fill friictioll for ~~(1llStiIIlt 1-f vottagt~ 1’ (Fifiurc 1). Al 

-. 
1owii.g ix~icq~m~~tc~r of t hc~ c:;clc for Cf*lmI fall Illt: Icy,lm 11 vr~lt zip<, 
is I.~Y~~Iw~ to 500 k\’ frx ~IIP Booster mcl to Z?O.Xl k\’ for tllv 
I)I-iv,:. Thy ruasinulm I-at<, of fbltl riw B. anti 11cmcc~ tl~~~ volt 
;rf;r i!~~wlrqml arross t,hcT I3lagnct coils, tlmls i7nt to l)c only G’%# 
lGgli(-I, 1 his11 for tLt- singl(~ frc.(l1t”1l(-y harmotiir~ H.itvt’forlti. ‘I’:\ 
l)lc I summarize-s tlic m&mum v;tl\r?s of 1” iuitl n rcquitd fin 
<‘ilC!l of Ill<’ \~v’~L\~~?f<~!‘IIlS. Figllrr 3 shows a cul~ic u-set v,vlvdo! 111. 
rrmtrhing smoothly to t,hr i&al. to avoid any rirqillg in tll<, 
circllit. TIM, ovc~rshoot. is rnillimd, r;tising tllv rnnsimllrn fid(l 
frolrt 1.12-F to l.lST, Lsllt without my rtyuirtvtrnt, for g<~)(l 
tic,lil clt]ality iit, llif* liipller ~.~nl~ies. 

To implrrnrrlt, ~11143 wavrfornls rxadly r~vI!Grt~s prt~gr:mL- 
m:ll)l<, p~nvc~ sulq)lir*s. Tl& i 5 dtilost ccWi&ly too rsp<&vi~ 
an rq)t,ioll for thr VYIY lug<, syst.r:m ru.l~irc~l in tllc, Drivtsr. III 
view of tIlc> cwiaidrrablc rovings in rf voItae;r, it nla:;, howcw1. 
1.~ w,~~rtiiwllilv ,-onsirl&n,q for tlw Eh~cwt,rr. Pr~qpn1mahlr sul> 
plitv iarc hing prcddc,tl for the fast-cycling AGS hostc~r, arltt 

t 
\vill tic, 11vrl to gcmwatc R linrnr field ramp pI-mwicd tly il f y 

seglnult [4]. ii v.5tvvform llaviug so11w siliiilnritic~s to tllilt pr,1- 
pos’rtl hc-rc,. Brsic!es miriimizing the rf voltage rrvluir 04. our 
scl:rmr pri7.4dr5 other ativantagc~s: 

. The slow initial rise in I’ avoids initial incrcasc-5 in both 
av, and v,. 

l The rf frequency risrs lcrs stwply t,tlarl for t!lv harmmic 
Wi?‘~dOrl3lS, casing t,hr pmwr vlpply rc~q~~ir~wcwis for l)i- 
asing the rf cavity tuur,rs. 
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Programmablr supplies provide flexibility, allowing dif- 
fprmt wavcbfrsrnis 1.0 1~5 tried, if desired. 

Srparatr I)r(~~r~lIrUi~~~bli supplies for dip&s and q7Iadru 
poles should allow good trackiq to be achieved between 
t11c two. 

‘I’ablc I. Parameters for Various Magnet Waveforrrih 

Rooster I~rtvrr 
‘* ” 

WavcforllL liisetiinc, C ^ 
cx ) CkL’) (:!, (‘Ipis, (:;s) 

c 
(kV t 

- Single Ertqllcnry .50 750 1.12 129 -129 3680 
lhd Frequency 75 024 1.12 86 -257 2550 
Added 2nd 
Harrncmic 

A = 7r/‘I 59 721 1.12 80 -165 3‘200 

A-0 5 0 X6 1.12 138 -138 3670 
Ideal 62.5 530 1.19 147 -207 
Ideal 75 500 1.15 13: -285 2050 --.-. 

Bringing 4, from 42” at extraction inimrdiat~c~ly to 0 011 
injdiori into the Collector ring will cause 5-10% longitudinal 
tGtta.ncc grovdh - biit it, is planned to rxpmti tlir emittzmce 
t,hcrcl hy a factor 4 anyway. 

,.c, (--.,.--. 1.. A-. 

OOOSTCF? (Ideal) 
0.9 - 

0.8 - --- 
Fi I f roction 

o:/ 

0.6 -- ._A--- 
_I:!.---... (jo /vf)+/ 

C.‘t 
v (M’\~) _./~- I .,_, 7. \a -_---- ;;.-- 

().*I i. (Jo 

0.3 3 :; e v 

0.2 

0.1 

c.0 
0 .i 6 ‘2 I:_,; ‘1 i) 

t (msec) 

E’ig. 4. tjurich [~ra:~~dcrs duriq tll(’ I1ur)si~ C) CIP for 1111, 
L’idrv~l” rnagl~rt. *~A~C~O~III giving c-onstaut bucket, arra for 
rwlslittlt rf vtrtt age.. 
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