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AlEt ract 

A coIIInmII rnr-tllod to incrvasv bcwu stability is to c~IIl;trg~ thra 
longitudinal InonitIIt~mI sprcml. This *z11”sr discIIsscs t,hc rfJ- 
rary. J~robl~~II~s imtl Iric,rit* of smv’*‘it 1 l~l~~~.~~il~ schrrn~s iIIvolviIIg 

mociulatio~~ of c.ithc<r tlIe InaiII rf sy?;teIIi OL’ Ahl/Phf rnodula 
tions of E\ tl<~tJic;It,(*cl high hnrmonic cavity. The, rrlativc eficic~nq 
of each schc:nI~ \vlIc~n applivtl to t hr I\.~OS Factory C‘oll<~ctoI 
?tclr;ll?;C’ rinp, IS ticvr:oIIstI;rtt.rl lI;iIIg a l>articlc* siiIIlIl;itioII cij(lI,. 

hIaIIipIl:Ition of tlIc JiF Fnnd;~Inc~ntal 

St lltiit’i of <smit,ti0lcc tlilLit ioli lI,ing high harmclllii~ vii\.i- 
iit5 IIilvC I)tY-n rc,poItcYl by I~olIshard[l], IiiitZ[2], J<ostirlniakj3]. 
~;tlaIIc!in[4] and R~,~s[ri]. It i:, worthwldlr askimg why not IIS<’ 
n:odlIliltioII of tlIi> rf fltIId;inirnt;Il to iichicvc some c7nit t:rrIc.<s 
growth. Thryrr arr srvcral ~chemrs one might consider: 

(la) dclil)~~I~;ltr J)li;l~b InisIriatcl~ ;tt iIIj(YtioII to give a tiipolc~~ 
rnorl~= r$s;cill;ttion. Thr beam pl~nsr-lool, is tIIrnrvl off. 

(1 h) dclibrratr rf-blick(*t hc.ight InisIniitclI to give a ~~Uil~l~IliX~l? 
nIo(lv cGll;ltion TIIC 1 ~1111~~11 l,Y!#tll l~K,l, is t,uI-ncYl off. 

(2) dip& Xld c~“‘t’lrlipol~’ IllOdt= ( 71 :: 0. III = 1,3) Itxq” wit11 
gains r~~~(~rst~~l to pro~l~~cc ;~r~ti-~l;IrIIl~iI~~?;. For inst;mc<s: 

$+?li,d+U~~=O K,<O. 

(3n) open l~rq’ p1I;I.v IiIr~(liIlati(~I~~ 
. 

0 -C df[drcmiP[t) -sin@(t)] = 0 . a(1) = Jc05w,l? 

(3b) 01~7I loq irn:plitutl<~ IIIodtilatioII: 

;j + &I;[ 1 + ,7 cos(&)]O = 0 

111 (‘xl1 ci~sc CL+ ih tlIc pitrt.iclv rf-phase. a11tl irpproxiIn;Itc* forIns 
11;1\v bevn ~“Cs~~IItc~~l. 

Thv ratio of IsnIittaIIcivi b(lfor(’ anal iLftf,r fiiaIIIc7ltation is 

(lfpj’. whc~rc~ for a tlipolc oscillation p j phi~s+offs~?)/( 11rmi.11 
IIalf-lcIl,qh). and for thr qI~;Idr~Ipolv rnr)tlt~ (1 + I() = ratio of 
buckc~t IIcGght s. LitI& v rnlittiulw inu7a.u~ ix fit\.olIrc(l 1)~ li~rp,v 

valt~c~ of t,t,t- niisnlatch paraII1~~t.c.r 11, Howtsv(~, this is &I) tlIr 
cc~n~lition for f~xc~ssivf~ fil;iII!c,nt;ltic,:l~ which iIIv;lri;tl,ly k~;itls to 
hrrgr voids in thr phas+spacv distril)IIti~ln, irnd hr~nct~ nrnlti- 

11e~akcvl I~IuI~~~ hl~a~~s SIII-1~ b~mc-11 sl~i~pvs. for vnc:rgy IiiisII!~~tclI 
ir:g, IIR~P bcc~n obs~~r~~d ;It RlIthc~rfortl ISIS[F]. Tht*rr is also :I 
strong trndcncy to form t)I~rIclIr~s witlI 2 dr~ise corv and 1oIig 
tails, w1Iii.h is IIII(lviirzt ) ( 1 1 ’ frc)m th? point of virw c,f l)(~;In: loss. 

Ant-daniping 
Phase-loop and INII~~I-length loops with positive f<vd- 

I)ark protlucr ;lrlti-(l;IIlIJ)iIIF;, For small vnlIIcs of thv fc~cdl~ack 
p$II, t hf. c7Ilitt:trIc.t~ gp,wth soon co:nrs to Ii halt binci’ tiiri c’* 
I‘Or signals arc‘ 1OSt klC’Cii!lSl’ fil~lllt~Ilt,EitiOII (‘illIS< d(‘(.,lh(‘l.(‘Il~‘(‘. 

For large values of gain. t,l~ca ~~hilS~‘-S[)~t~‘~’ distributionr dPYC’lol> 

voids, corc+;rnd-tails and thr bnnrhrs brco~nc multi-peaked It 
is IiIlwistx to bit.“< im ~7nit,tzrnce t8lo\v-IIp sfhl’In(’ iIp”II dclicilrv 
ImlimT hrtwcTl1 t11fw t \4’0 r~stITIIw~. 

AM/PM modrllation of fIIIIdarnc~nta1 
Both these sc~I~IrIr~s GUI b(a quite sncccsssfal. Amplit.IId~~ 

modulation gives hJat,hie~l’s rqIIation. Thrv are J,araItIr,tric KS- 
011aIIcrl; Whl .&,i = ‘d,/ n with II an intcgc~r. Setting TI = 1 
gives tlIc stongcst rrsonancr: th? aniJ)lific;~tioIi of oscillniioris is 
rolIghly 1 + 2,~. Howrvrr, for the Collt,ctor it t;tkes 15 v~s f<,r 
filamtntation to fill t,hr ioids crvatrd during thr first 5 71~s. 

For pl~tsr IIIrxlIIlatioII with 141 i 1 tlIc b1Inc1I rcrItrr> ap 
proxiInat,rs to a forced oscillator wit,11 drive torII AtiE cos ,ddt. 
TIIP ~WOIIRIIC~~ condition is q - u,,. Large voids develop for 
$I > 0.1, and smitllcr valiIt5 give vcIy p<>or vniit.t:IIIce growth. 

In the, ahsc~Ilct~ of ot11rr mc’:ms. amplitIIdr nIorlulatioIi is 
an &cic*Iit IIs<’ of rvso1IrcI5; imd is the prcf<,rrcld srhrxr. 

Hi h Hnrmonic Calit\ 

The basic problem with all the previous schc~mes is that a largc,- 
scale strricturr is imposc~d ~IpcuI tllc, 1)1lI11,1:. IIifih IJarIII~rnic- Cai 
itics (HHC) offer a valuable ;~ltt~rnative whereby tlIc wav&xIgtlI 
of the pcrturhation is small comJ)itred to the l~md~ 1c11gth. kx- 
tra RF cavities, operating at, many tinif”: the ftmdamrnt al, are 
inserted in tht, ring. For rqIIa1 dilut~ions, the higher frq”ency 
has to be an intcgrr rnultiplr (b.) of thr main rf ( hdCI) w11en tlIr 
harinanic IiiIrIIbc~r i9 oiigl. 

Phrtsc-IllodIIlatiorI -. 
Thta schtv~r~ rq)ortcvl iii R(,f.[2] CIIII)~O~S 1111;t.w ~norlul;r- 

tion. The single% particlr qIat,ion of Inotion becomrs~ 
. . 
cj/df + sin f+h = p sin( LO -- d TOJ veldt) 

If the PM function is rxpr~ssc’ti as a Fourirr-Bessel scrims, it is 
seen that the bu11c1I is drivctn at a spcctrIIrn of frrqIIrncirs n x 
(i’d with 71 = 1,2, 3 Which frrquc~ricics predominatr dcprnds 
on thr val~rs of J,,(o). For instance. if d = T (the nl;txiIlIuItI 
of the J2 Bessel function) the strongest romponrnt occIIrs at 
frcqrncy 2dd and thcrc is an vffrrtivc frrqIIcncy doIIhling[5]. 

The emittancc growtll is undc~rstood[4] to 1)c a rc~son:mt 
Jjrocess, occuring for tlic condition m X ‘ila = 71 x wd with II, 711 
integers. Since growth is tluc~ to rrsonant cxritation. it is int- 
Jjcrative to maintain the r~‘~onilncc condit,ion by sweeping the, 
modulation frequc:Iiry along with thts avvragr synclnotron fre- 
<I”“I“y : 7Ld’6 = f/l(LdA). 111 t.1 iis way ii & growth[l] law is 
ronvertcd to linear, hnt. at the expense of enhancing the mIdti- 
polar c0IIIpoII~~IIf~s of thv plias~spi~-~ distribution. 

With many c,xcitiIt ion frc’qII(‘ncirs prrscnt in thr Fhl sig- 
Ilid, the growth ritk t‘im t)cs l;trgv. As iI pIcv;Il rIIlr[3]. fast 
growth is associated with high modulation frcqtIrnry. Howc:vc*r, 
large rtmplitlicle particlf5 iirt driven more strongly by the, 1Iigher 
frcqnency components and so it is inpvitahle that fast growth 
rates arp assoriatcd with formation of tails so that, a l)aral~r,lic 
hrmch t,rnds t.o hrrorIIr> gnIIsz.ian. 

Anothcsr draw back is that wide-band amplifiers and c:i\‘- 
ities are rqtiired to dclivvr a good aJ)l,IoxiIilatiori to thtx trII(, 
F?r4 signal. For instance dilntion in thr Collector (/I = 235) 
with k = 14, p = 0.2, ~,7? = x and cid = 4&, rqt1irt~s a ~GUI& 
width > 32~~ or 756 kfJz. Since tht, rc-volutioll fItvJ\ItJIIcy iz 
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uo/27r = 270 kHz. this implirs a qwitity f;lct.clr I) 5 3300. A 
furthrr prohlc~n arises w11cn t,licy cavity rwonan~~~ frcqurnry tivs 
011 ii stI~ortg 11c~arri ti;trmculic: ttli~rr~ is rcwct~vt~ lic~~tllI-lc,;ttlill~. 

FCX tlic C’tdlvc.tor c-ircutat,ing curwIlt 1: = 3 A ;tntl ifzjslllllillg 
Ii/C) - 100 this aruou~lts to 50 k\. pt’r c,;r\‘it>.. 

Dout~lc Sitlvlvud Anlpliiuctv hloclul;rt,iotl 

Rws :lnd I<owic~lui;tk~5] have* sllC;gcastrti :tn dtcrIl:Lt,iv(, s(.l~w~(. 
llsillg amplitl~~lr~ lnodlll:ltion of chc> IIHC’. Ttw si:lgtv pa:til.t<. 
c~qu”tIcm of mot 1011 Is: 

$/Id; + sin $4 = {)I~ 1 + (1 $111 t&,1 f ) sill kd 

Fiulr(~ 1 C<l*IlI)ilrt’> ttlc’ grO\Vttl Of loot IllC’iill h(~lIilI’f’ (rlll*,j (LIiIit- 

trulc<B for c%c.it;ition at LL.,~ 2 (1.8) x dJ (p = 0.1 x $/‘i wi(t 
ir - l’l \vitll Fhl ;It. -Iti,;, (ad (1 : n 1). Tlw siIIilllit~i~,I1~ \\t’l’l’ 
ILM~C~ wit11 ill<- particlr trnrkilg cocl~~ LOTGlD[T]. 

.-.. --i..T 

n loco 2co2 3000 4030 5000 

Ti-ne (ps) 
Fig 1 : (‘o;llpariwrl of DS.ShI :r-1t.11 ir~-ptl;wc~ FYI. 

Thrb srhr111~~ is rcln:.vptuntly himplr-r , >irlrf, ~a~11 mdti IXI:;U r-vh- 
onancc (iIltit3 17)) ran ?x* wlcctd i,Jp ~i,rrc,sl)ollcliIig clloiw of 

j I! = 77, x Ix’,, In pli;tsr sl>acc it i5 ‘;<Y*L th;it I?) = d iti:lilll;ltt.+ 
IIlotioIl at. t1w ~,tlllctl cmtrc, wtiitt, 111 = S iIff<v-tr tllv tJ~~ril!lwry. 
II C111‘<~. OllC (‘ilII CluHm~ to clilllt,~ t11cy C(‘IltI’<’ or pf~riphwy of iliC, 
1)11*11-h: and ttIcwl)y tailor tlit, t:3IIirlI-~hapc~ iw tic-sirctl 

ThcB motl:ll;ltio~l signal contains a curir-r multi tlllt tl II~~~M’I 
and lower siclc, I~il11~1 sills.<, 

‘2 iin A,$ .5in,1 .- 1.0~1, ‘a 4 df I ‘,a CC,Y(k$i t LL,!) _ C’ i,,,Q 

Hrmcr thi!: is doutlr .uad~btrnd (D.5) Inc)ti~:laticu~. Fiq:l~rt, 2 SIICOV\ 
thus frwi~I<~Iry c~nI:]~~m~~Iit’i irii”,~iIrIl”lir,‘1 0II t tw G.;lvit> 
iillpcdaI~cv. If 1 hc> rno~l~dilti~~li fi.iyl~cuc>~ is high, tll(w l11~ Tilv- 
it? is of ntw~s:ity uid~~-l)aritl a11d ttic, *x>w7 dissipation iy large-. 
For illst;mc-cb. thry (‘otlcctor dilution c.avltirbs would t;;lvv a l~;~rltl- 
witit of lGLG~.$ or 1% ktlz. a114 cpdit>- fa<.tor. CJ 5 tXPlO.?‘l~c~ 
p’s~~ can tw rcvlt~cc~~ t)y dispcw5irlg with t lirt cnrricyr. 

Fig.2 : P~wc~r spwtra and cavity i~upwlanw for DS ASI 

Sin&- Si+~~-f,“hy!eExcit at ion -__.. 

A variant. is siriglc--sidr~t)~tl1,1 (SS) IIlc~~lIIlatioII \vittI ilIt> l.ilI’l.i<.I 

supprrssd. Since the ciuric>r producrs ii stvatly st atv tfc~tw 
matioll of t,hr rf bucket, it dws not cwntritultv IIIII~~ tG) ttlr, 
blow-III). Ttw singlr part,ic.lcb cql~atiw of motion twconws: 

4, , /.a’ + sin d = , ~[cws~~~f ~0s kq5 t silI,>,,f s111 koj 

The 1’111s sign ( t-‘1 corrcy)wl~ls to t~s(* of thca 1oa~~1 si~lclx~~~~i ;it 

k,I ili’f) -- iu’,j, ant1 tlicx Illiillls *i e;n (- ) to uic of tliv up~“‘r si+t,nil,t 
at frequcnry k/b&>,, + wd. Thr grcwttl rtttw for upper axltt IOVYI 
sideband excitntion arc, of course, idrnticd. Tlwrc, UY~ t, hrw 
drantilgzs tr, this sclw~rw: 

1. Thr cavity ran IX, mztcl(~ higtl C.J ( . *id**0w tmld) \vitll m11ct1 
louw pwwr tlissipt ion for a gi~,ca pv:~ii gap volt;tg~~. 

2. They cnvity t-<w~l;tnw ~~~Y~I~~~IIc~ dof*s iIc,f lica 0II ;I l)f~if~~l 

llnrnlonic. Thcwfort~ t!Iv t)(~illll-illdl:(.(‘(i signal is Illll(.h 
SlIlGT 

3. Thr growth rate, for thl> same sigd powr is irl csccw of 
that for the ccxm-spending FIi scl~qt~c~. 

Figuw 3 stww tl1(3 rms f.nlit t;lrl<,v p~w~t11 fo: swvr~l vsvit;, 
tion frrqricwciw d‘f = (4, 6.8) x -7,. B<YXUS~~ of they fi-c*ciwn’.> 
dollhting, one SILOIIM comp~w~ Fhl af d,t, with SS-ALl at 8z,?. 

~.O”“~‘. ------ .I . ..-1...--.I _... 

< 

%48 1 

t 

SS-AM aw, f 
aJ /-.-d- 1 

T- - -4 
0 1000 2000 30bo ‘9 coo 5000 

I imc i,LLSj 

Fig.3 : C’ou;lwris~?ll of SS 111I wi:t: ill j)l.;~~r, F’!,I. 

Krvrrt~lwlrss, 011~ shoutcl IX calltiolis that tllf, HHC‘ (Ioc,‘: 1i0t 
rRI1SC it tongitl~dirial iustatlitity. arid tlii5 ~)fssil~ilily :.cw~iti~~h I c) 
h stlldid. 

I)li;il-fr~qllc,n~~ rxritat,iori - 
The ability til wtvt;~:c~l~~ txsr.it<, ~~IIos~~I~ ~PJ r~<d;rl- :I~OI;ICI,~~ 

is c,f couw wtaiilrd. C’c;ri~~y~~r~~~tl~~ (>11(’ i5 Iv! to ~.oII~,~c~c~I s!*Ii,~l 
t;~nrorls cnxcit,nticm at sc~vc~r:~l frrqurqlcicy. I?>r ill<t;~lc-~~ :I clrivirlg 
fic4tt of ttw for111 : 

,) [sirl(kl,wo -- L*,.)t +- siil(kh,,,, RL~,)t]/& 

AS Wits ol)sc~rv<d for thr ci*sc of t p lahc niod~dittio~~. it is ini]w~ 
ntivr for the: modulation frqllwcy to t rark with ttie c~~iw1111~1~~ 
avrrag:c spchrotrcm frrqwncq’. Figuw 4 comparr~ CRSCS wit II 
and without such tracking. Tlw fr&ucncy swrr~~ rate is fo~lIl~1 
by first running a case wl~cw ttw simldation code calcldates tlic, 
cmsernl)tr avcragt’ synctrotron frc’qu(‘ncy at catch 1 im(l 5tcy a11(1 
uws (a multiple of) Lhis vidw for ttlc motlulatio~~ fr.c,q~~*~x~~.y. 
(iz,) is thrn fittd by a lincw ramp d,(t)/uP = 1 - li,t and this 
is usd its a fwqucnq lilw for a sc~o11d nm of I,ONG 1 D. 
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Tlw KAHN Factory Collector ring requires R four-fold 
c~InittaIlrt~ ldow-up to h? ilClli~\rd ill 20 ma. It is ClPiLr that 
p = 0.1 is adcquatc t,o the- task, part icularl!; as the ~wund 
iug c,mittanc* grows tnorc cplickly thilll t,llP 1-1~s. \Vith two fw 
c~urncy cornpownts the* pzlk volt;rq is p& tisnw that of tht, 
mai rf- systcaxn. Tlw wt!lw ii; 2% k\’ to hr (lividcd twtwcwl two 
cavit:: chills txl frm)rn a s:ilglrs kIystrc)i:. 

.c75 

‘;s > ,070 
.z 

a, .065 

: 

2 ,060 

CI 

,045 

-I--- 

i ..-I -.. --L L--- ..- 
;;t; ;z;esez 2 7 e\Js<xae 

K.--C.33 per sec. 

no frequency sweep 

,040 t-- I I ...--T-- - -4 

0 2 4. 6 8. 10 

Time (ms) 

Fig.4 : Dua-frrcluvnc-y escit,ation for \vrioll.s signal I~oww. 

F,xaxninntiori of thr phase space shows a remnant wtapolr cwll- 
poncnt arId 8 sIri;ill tort’ of pxticlr5 unitffwttd by the hlmr-111). 
Both can b rrmovrd hy thr aclditinn of it tllircl fr<YlllPnry. 

7-h [““Ticrui SCh<‘IIl, ~IO~Yi 11ot rl1d-x’ l,i<’ <If t II< c;l\‘lry 11‘11 
<:IlilIl<‘e ;tt kilLdo - fL3 Hcnw IO: wrlhidvr: 

()[sirl( A,l)d*o ~ 4-1, lf + sini khd,, .-- Fdd )f -+ bin( i.li,.,, S,~,,f]/& 

Figuw 5 \hows tllc, fr<~l~~~mr~ coIIIl)oIlc~I~t~ sr~~)~~~inll)~)s~'(t 011 th<s Figuw 5 \hows tllc, fr<~l~~~mr~ coIIIl)oIlc~I~t~ sr~~)~~~inll)~)s~'(t 011 th<s 

i.;ivity ilnI)~vl~lrict~ for tilt, cast of upp: si+bncl cscit;~tidIi ‘1’111, i.;ivity ilnI)~vl~lrict~ for tilt, cast of upp: si+bncl cscit;~tidIi ‘1’111, 
l)i~~ldwi~lt h is 4,1,$ or 32 kIIz. and th I) < hlldwi~lt h is L~,~ or 32 kIIz. and tlw I) < 2.G x 10’. AhsllIlliI.~ 2.G x 10’. AhsllIlliI.~ 
R/‘Q - R/‘Q - 100 : he h~~;Ini iritiuwti x~cjlt;qv is fouu(l to Iw 12: k\. 100 : he hv;uii iritiuwti x~cjlt;igv is fouu(l to Iw 12: k\. 
pm cavity. hilt this will fall iis tlw hllnrll lrngt,h incrcascs. pm cavity. hilt this will fall iis tlw hllnrll lrngt,h incrcascs. 

excitation 
frequency 

khw, 

::, I_i / / ( ~y~o”ce 
__.= 

Fig.5 : Powvc~r spwt ra for triJ)It,-frc,rilIc,I1(.!. SS ALI. 

Figtlrtt 6 shows the hlowul) to 1~ w~allrr t,harl for tlud 
fIrq,Irncy rxcitatiori of tlie sitfw power, which suggc~sts thir 

the. GLb,i’, c~xcit,atioIi rt)lrlI)on~~~lt sho1dd I)r, rduccd r&tivc to tllv 
(-i.Sid, ron~:xxwnts. It is ;irit.icipatcd that a tobnl IwrtllrlGwp 
rd:agc of 300 k\- sholdtf sldfi(-c~. Figure 4 and C sllggwt that 

the* hlom---~~p wales rougldy RS tlica Ixwvr ill thr driving field. 
th;lt is RL~ p2 ; so that R sniall jncrwt.q, iu t!lP HHC gal) vdtag 
can F;ivr a sul~stantial pin iI1 ,pwt 11 riLt(a. 

Conclusion 
Sillglcx sid~~txuid excitation is thfi nlost rffd ivf‘ cwlitt anw 

l~lowu~~ sc!~c~nc~ yet dvvied for tlic Ii.\ON Collcrt,or ring FIP 
c*u~~nc~ swwping is cwcwtial to 1Iliiintilill tllcs 3‘~~so13a*lW cOIl<ll- 
t ion. 
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F ---.-.., T - _ 7-.-.- -_.._ $. 

- 2. 4 6 8. 13 
Time (m S) 

Fig.6 : Tril’le fwclwnc‘~ excitation for variolw signal pow‘r. 

.A f~?<~IiCIlS’y virri&orl Adsid: - 0 02 stwuld 1x. ;Illo\r-cvi. I\lul 

tiplc niodulation frcxlu<xcic~s arv useful iu tajlwiil~ the l,IIrIclI 

shape, and a cavity bantiwidtli 2 4U, is adviwti. D<+initivc, 
optinlisation, wllich co111(1 takrl umny Inonths of c-onlp;ltrr sim- 
ulations, ran Ixst he done wJ)rrinlrntally with thr lwa111 and 
high harnlonic cavity- in a f(w hours. Nrvc~rthclrss, sindations 
haxe shown the important paranwtcw To allow fill1 scope f<)I 
this optiniizatiorr, it is rc~corrillicildctl that in&Iwudent t:xcitn- 
tion at 4, 6 anti 8 tirnc.5 thcz hy1~clxwtrou frcxluc’ncy lw allowrd, 
with iri&pwdent aml)litrl&~ laws p(t) alld individual frrqlicnc) 
ra1rips U,?( 1) fcr f:adI fIcYpl’I,‘.y ~Ywl~"""‘Ilt 

I~<~f(1I.m(~(?. - --- --~ 
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