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ABSTRACT

Succt.ssful ol,,.rali,m of lhc Sup,'r_:(,nducting Slli_'rcolJid_,r(SN(:) will dep,.l_¢lon til,,
slabl¢, circulali,,ll of t_articDs fi_r tens ¢}finilliCmsof furies ar,,und tile rings, iii the
pr,.s,,lJce of swllalli,<mlinear dell,.cting tielcis. ()lw desigl_ cllall¢'llg¢'is to set Sl,.cili-
cali¢ms t'_>rlll_, ,llaxi,lmm allowal_h"ticld i1111>er|'_.ctirms_,t'tills _¢,rl, ,:onsist¢qlt ,a'il.l_
ll_e r_,quired sial,lilly. Anoth_,r chall_,n_, is I_, 1,1a,_for I1,,. ii_,'l_,si_,_soffi_'l_l ccn_-
I_,'_salil_g_'l¢'l_¢'l_lsl l_al will a_,'tioral,' llw elti'cls of _.rl'Ol'S'I'll,' "l,<'_ols'"availal_l_.
f,_r l,roi,'cli_ 1t_,' I_,_ ler_ slal,ilily arc' ll_ec,r_qical, t,,,I,l_algalvli,' a_d nu_.'rical,
aI_d ,'Xl,eri_l_:l_lal.'l'l_,sf' aSl_,'cls ar,' r,.vi,'w_.d.



Operational issues and nonlinear effects that jeopardize performance.

The SSC' ,,',,ill 1)(, used to accelerat(, prot()ns t() an ('n(,rgy of 20 T('V. This ,,',,ill l)(,
I)(u'f()r:n('(t in a ._:":tu(u:('(, ()f a(,c(,hu'at,()rs start i,:g with a linac: f()ll()w(,(t 1)), t)()()st-

('rs (()f l()w. m('dium, and high ('n('l"gy) an(l fi:la.lly t,tl(' c()lli(h'r its(qf. TII,' ('ollid(,r

('()nsists ()f tw() :'ings. ()::(' al)oa'(, t.h(' ()th('r. with count.er-rot, ating 1)r()t()ns. hl

lhi,__.,'qu(u:('("ther(:at(,:na::yq::(,sti()::sof dynamics that :nightl)(-'al)l)r()l.)ria:¢,("
i'(,r._:::(lyat a ',v()rks}:op()::n()::lin(,ardynamics. Th(u'(-,are qu(,sti()n._()fl;_.r_('

;m:plit::d('l)arli('h'h),_._.:'(,s(,,:ant('xt.ra('ti()::.l)artich'(h-u:sitydih:ti():l,h::'t.()til--
:Lm('::tat.io::.adial)ati('invaria.nc(".(,ff(,('tsofr('._(ma:_('(,s.(,ha()s,turl)ul¢'1_c('and s()

()I_. Ali ()f _hc,s(' tl:i::_._ :'('li:t(' :.() ali acc(:'hu",t()rs in t,h(' ('hal::. Th('r(' is. l:()w('v(u',
(,11,' link i:l _l:(' ('hai:l thai is ('():l._i(h'r(,d _() 1)(, til(, we:Lkest (,n('; tlmt is wl:er(,

_:l(ti,..._ l::_v(_ :::ainly t),,(.:: ('()::c(u::r',:t_,(t and it is wt:at, will 1)e (,mi)lt_,_iz('(1 i:: tl:is

:'(,l)()rl.

'1-}_i._:::(),_t ('ri:i('al !)h;,s(' in tl:,, iillin_ ('y('],' ()('c::rs i:: th(' p(u'i()(t (|m'i::_; wl:i('}:

t)r(:,vi()u,_ly i:_j,,('t,,(t i):'()t.()::._ _:'(, ('ir(u:lati:_g i:_ iii(, (:'()lli(hu" a,t l()v,, ('llCl'_y ('2 r]:_('V),

w_i_i:_t_ f()r _1_('i:_.i,'('ti():_ ()f _11rh(' ()tt:('; i):'()t()l:S t,o 1)(. (,()ml)h:,t(,d. At. thai (u:,':'g,y
tl_(, 1),.a,_: h;_s n,,l x'('_ 1)(.n(.tit(,(t f:'()::: tl:(' a(tiat)atic r('(l:_('l.i():: ()f l.ra:_._\(.rs(, si.z('

_l_a_ will ;_('c()ml)_:_\ its ac('(,l('r;:(i()n _() 20 T('V. As _ :'(,s::lt, la r_(, a,:_l)li_u(l(,

l,;_r_i,'h'.,, ii' tl:(,v at(' ,,v(u" 1()1,,.. lost. ",',,ill 1),, l()st at that tim('. Tr:_v('li:_ a.t

tl:,' :.l)(,('d ()I' li_l_l f()r. s;:y. ;_n l_(',::r, lt:(, 1)r()t(,::s t rav('l 1():" m(:,t(,rs. ('ir('ulati:_g

._(,::_(' 1(): ti:,:,'._ ;_,'(,:::_(t tt,,' ,'()Iii,l(':'. h: ()r(t('r :_()t t,()t,,, h)st, l,h(' 1)m'ti('l(,s ,:mst

:;_(li_:_ i,__:l)()_t '2 ('(._il}l('t,'r_. ()r t)v t]_(, ()('('a,_i'):_;_l ::_,_.k ()r i:_,-_t.r_l_n(u_ltl_;_,tmay

i:::r::(t(' ._li<l_ly i::_(, tl:(. ,:l:;::i:l)('r. With tl_(, ;, tyl,i('a] lra:_,_v:'rs(, a:::l>lit::(t_' 1)oi:_

1_(,::(l.-1t,,. 1)_()l(),_,_,':,:_. t'()r r('a,_():l,_(,f ('()._t. 1,(: <),:ly sli_l:tly lm'g('r i,l :';:(ti,:s tha::

,',.l:til_l,,l,.r. %,,:_,' 1,(.;t::_ (t::;tlitv. ,t,,.,,,,",(t_,ii(,,l ,';t:_ 1,(. ;_l:ticil,_tt(,(l t'(,r ;: l)(,;_:_: th.'-tt

_: ti;!_ll,.: "'li:_,,;_r 'tl '('"' _i_" (';,,_ I_(.<l,,ti,i(,(t wit Iii:, wt:i('li ill(. i,(,;,n_ ,'i,'(',:lat (.._wit l_(,,:t

,1,,:_,.y;,,l',_,i_,:_.ll_i,. will 1,(, _,1,(_::15 _::illi,_l(,l,,r_.

t,_ _ll,' .i;,r,a:(,:_(,t' il:(' tfi'l,l, tl:(' ti('l(l ::::it',,r:,_it.v i:_ ;,1,;il\'._('(l l,5' ('xt);,::,li,_:< _.l_,'

_l:::_,l:_:l)()l(, _.:,:: ll:a: d('s('ril)_'s li:_,':_r lr',_l:._\_',s,' x';_:i;i_i(,,l ,)t' _1_,'ti('l(1. Tl_is ,'():::

x,,rl i,';,] ('(,_:I,li:_a: l_r(,t,,'r_ i(,s <,f I}_,. l;,_i('_, (i.,'. _l_,' I.()1.;,liIv ()t' ('l(':_:('_ll,,_;:::;,ki:_,; ,,l)

,,,,_,1,,._.:_, , f(), i_ "',,t,,'r;_i(),_all\. ']l_i_ 1,.,::_ i_ ::,,(.rl _,, _l,,._c:il_,. c(),,_l)('_._;:li():_



schc,mcs t l .... rely only on m('asurenwnt,s that cml bi, r(qiably l)(u'f(n'1:lc(l u,_il:_ tb.c

bea.n:its(qf,with(mt any knowh'd_;e()ft,hc nm.gn("ticfields()f the"n:a,g,:i't.sii:t.ll(:"

ring.Ft'inna th(:'or(-'tica,lpoint ofview t,h('qua,dr:ii)oh:,fieldsca.na.ls(>l>c,r('ga.rd(,d
a.sfairlyi:m()cu(',usas th%" leave the (,qual,i(msof :no(icllinca.r.

ltishi_;l:cr:::::itil)oles,alsoknown as then(mlin('a,rm::It.il?ol(',,,tha.I.I.hrca.t(,::

t_)('_:::,_c-,tj:c,l(_ss()f largeamplitude l:)art.i('l('s."l'hes(,('h':n(ults('a.::s(,t.h(,i:(l:mt,i(ms

(h,s('ril)i::gt.l:ct,ra::sv(-'rsem()t,io::(hi-'ta,iron:noti(minrh('jargon)t()l)(:::onlin('ar.

Tl:('._("(r('lativistic)Newto::'s:,::iu,equa.ti(m,_are wlm.tma,l,:('ii:('::::(hu',_ta.::ding

c)fm'c(qc,ra.t()r,_dCl)(-,nd(m ::onli::eaxdynamics; the subj('ci.()frh(:\¥()rl:sl:(_l).It,

ca::,,v(,::I)(,._aidif:at,a('c('h:'ratorsmake rh(?l)estl:_.b()ra.t,ory fori.lwC'Xl)Cri:::(u:ta.l
i,::'i,sti_;aiic)::()fHan:ilt(nfia.,:IVh.'.cha,nics;f():which fr('(,do,nfrom h)ssist,h(,,,inr:

qlul,7t,o_,.I_'(),'alll)racticalimrl_()sesthe l)(:,I.at,ron oscillationsm'(:,l()._sl(:ss,wit,h

(lan:l)i::_t.i:::(,sof tl:('ord(-u"of 1()I0()s('i!lati(mperiods.

TIt('li,ading.::(_,:li::earnmltil)olesa.r('s(,xtul.)ol(:sand oct,up(,l_,s.Tl:c,s('can bi-'

l)r,',_c,:itii:tl:c,tat(lc(,boil:intentiona.llya::dunin_cnt,i(mally.B(,fln'cl)ri)cc,cding
_()(li,_c::s,_I.hi'la.tt(u',whi('lla,r(',_(nnewlmtt,hc mo(('tr(.)::l.fl(,som(:,wc n1(,nt.i(n:tw()

intc'::tiimal_:s('s_s ":nedi('i:::,"tc)cm'c va.:'i()::sfat,tic(,._ickness(,._.S(,xt.:_l)()h,sa.r("

::._(,(Ii::t(u:ticmallyto ((,(lm,c,t.l:i,chrom',._t,i('il)"(i.e. ii:(,n:on:c:nt:::_(lq.>(u:(len('(,

()fI.li(,f'()c::si_:g.) ()ct,ul)()li's:::_,.I,:(:rh('f'()(:::sing(:l(:'l)('nd()::a.nq)lit.::(h,,wl:ichis
,_(,:::_,ti:::i,si,×plc,:t(,(lI,(,i,:_l>:'ov(,c,:rri,,:I.-.(Ic,l_(,n(l(.u:tl_i,ha\,i(n'.']-'h('s(,,_:c.,(lici:i(,s

l_:,:',,siill,-c,fl'_-:(:.t._,t.t,l' :::ai:::m,,l,(,i:_gthe l()ss(_f la,rg('a::_lflitul.h,st,:d)ilil;y.But
si:i('i,th(,v_,:',,l)res(,.,..._ti::t(u:ti(,,::,lly,the "(h,sc:'"is l:::(m':i_:::(:I('ai:i>c'ci,:itr()ll:,(l.

._(,l l:_t tl:i>_sl;u:'cc,i_f::cmli,,('arit:"(::_::l,('l,_,.::(ll('dc(,,:f-i(h,,:tlyi,:,,l_,rt_('l,,'()tc.n,

",_,'ct'l,'r:,t(_r s::('l: as tl:,:, SSC. F():' ('lc'('trl)_: :,:;,('lii::(.'.._, ii: wl:ich v(,ry ._.:'c,:.,N i'_)(',:sing

lt,ss Ir::_,. Evc,:3 f_r _ 1;:rgc, 1)r()t(u_ ;,.c('(,h,rat, i)r lik(, tl_,, SSC t l_(,,'c,is :: l.:i,_(l c>f'_lc'sig:_

:,,:::_i:,l('_:ti()_:_,imt:Itil)i)li'._:tlii._::ml:('._ii:c.int(u:tic_:lallyln'_:._('::_:ic_:lli:i(._'il.ic's
:_,,t,',:_i,'c'lv,l,'glia;il,lt'.

\vl_i,'l: i,_ _1:,, l:ll,_:_ ,.<_:l,_:_l:. ,, c,_ b,, <,t;tl_l. l_,rlicul_r :,_,:llil>C>lc.for _11 ,:::,._;,::.t,._
(_i" it.t_' l):_Iti('lllar lyl)('. ;lll(l }l 'F(l,71.(]O'lII, li}ii'J.. (t('lli.('r(,(1 ()11 Z('I'(). ill;it is <'l:_:'::('tc,,'izl,,l

.b\;_,_r.:::.._.(li'\'i;,_i(,,_.,_,,_c),'c_i,,.TI_:,._,'t.w(_tyl_(.s(_fi'rr()rI('_(II,)el:til.i.(liiI'_.,'(,,:l

(l::::_li_:_!i:'(' },t,l_,\'i(_r. \Vi:icl: cff tl,,, tx\'(_is (ht' ,_,_:'c' ._lu'i(_::._i,_l_,'gc'ly _ (l::_::til ;,t,i\','

:::_,It('r.l)::iii is _,I._<_si>:_:_'wh_t,_::l,.i('c_iv(':_,_ii d('l),':_(l,_()_II:<'('r('clit:,ility eft'
I,I;,,,:_(',Ii'():lil>i'::_lli(,:iscli(',n(':;,ii:('c):istr::c'til:_flit.;,('('c,h'r;:I(),'l,i:,a:l:i'i_?j'(.;_I

,':,:'_"i._li,kt.::tryi_:_lc,:,:_,i¢(,t.lic.:n_,_:,('tictic.li.Is:::,iI'(,.:'_::_.:::(Iirl(,:_ii('_,.lwiI,l,i:,

)}_:' _','():_(,:i:i(' ('()_:s(r:_i:_t t]::_(. (l_i' :_::)g_('t._ :lC,( l>(' t,<)i)i'Xl),U_,_i\'(,. \'V]:(':_ I]li,_ i_

,l,_,' witl: SSC :::_,K,_:'I._ _)'l,i(,_l (l_'vi_,li(_:_s t'r(,,_ ::::it'(),':,_il,\" :_r:' _, t},w l,_,ls i,_ 1(',_



current carrying ¢q(:,ments. Since this leads to excit.a,ti()n ind(q)en(le,_t ll()nunif'c)r-

mity_ it, is not too serious. Far more sericms are the fields caused 1)y l)ersist, ent

currents in the superconducting coils. Not only a.re these excit.ati(m dependent
but also tt:c'y exhit)it hyst, eret, ic depend('nce (m previous ,,xcita.tion history. The

lea.di:._g effect of systematic riehl (-'rrors is tomake the be_a, tron freq:lencies (th_'y

are usua, lly called "t.unes") del)end on momentum. The d('gr(:'e :() which t,llis
,)

can be compensated opera.tionally has })ee:l studied" and c(mtiml(_,s t(_ be a,n

inlportant issue. The tune shifts oa.used 1)3. syst, ema.tic multii:)oh, s a.r(' dir,'ctly

measureabh, and can be used to s(-'t, the strengths of ('ompensat, ing elenl_,nt.s.

This leads t.o the desira.ble sit.ua.tion tha.t, adjusting the strengttls of compensa.t-

ing element, s cmly tends to l:)e('(m:edifficult, when they no long(:r :mcd adjustment.

Unfortuna.t,(@ sysWmat, ic nrel, il)oles a,lso ('ause the tunes to be a,mplit, ud(' deI)e:,-

d('nt, a.nd rh(' ()l)era.tiona,1 pr()o,dure mentioned in t,he previous sent(u_ce does n()t
?,

w()rk well in suppressi:_g this (_tf'(_ct.

12a.ndom lm fltii)ol,'s are caused by mag.uet-t()-nmgnet va.ria.rien in th(_ n,mm-

facturing pr()cess. This places a tfigl: ])relniunl on using unifornl coil ma Wrials.

accurately i_la,nufm'tur¢,d p_,rt,s, r('l)rodu(:il)le jigging and s() on. a.ll t('nding t.() in--

cr('ase c¢)st.s. Th(' h_a.di_g (:fl'_,ct _)f ra.nd¢m: multipoles is t._)vi()l_,t,e rh(' in\,a,rianc_'

of the "C.om'a.::t Shy(tct i_:varia.nt" h: a linear lattice this qua.nt.ity, which ('o_:1(l
.t

als() 1)(_'calh,d rh(' bet, a.t,r(m a ml_lit_d(', d_,(,s :_o{; vary fr()_n t,ur:_ to t_u'h. N(m-

li_(,ar (,h,n::(,nt,s caus(, this (tua:_t.ity to va.ry_ wit, l: the fra.ct,i(mal va ria.tio_ 1)(q_g

calh,d tl_c "s:_war". Eml)i:'ically it, is tin, hd tlmt;, lhougl_ smear of ;, fi'w p¢-'rc(,nt

isaCCel)tabh',valuesg:'catert;lla::Ii\'(:'()rI,('nim:'cent,t.(-ndt,(_I)(,a.(,(,():nl);_:fi('dl)y

:'(',_()na.:_(',',_.cl:a()s,d('nsitydil::i.i():ia::dpart.icl(,l()ss.

A progression from complete predictability to complete unpredictabil-

ity...ks i.ho :_:_t)lit.u(h . ()f lrml._\','rs(, l_(,t_:tr()n ()scillal, i()_s ()f t)r()l.()ns in a_ a cc(q(._....

at(>r is i:.,(:r('_._('(l fl'()n_ s:::a.l] t.()lm'g(' val::(,s, t)a::(ls (list, in_uish(,(1 t:)y (l:mlit.ativ(,ly
:'_',vdifl'(','(_,:_l,('h_::'i()r_,:'(,(':i('(_::::l.:u'('(l.At.alla.::q)lil::(h"stl:(-"h)(:a.llll()ti()n()f_::i

i:_,livi(l::all);,rti('l(,is._:):'(','_:('(Il)va,:ext.r(u_:(.'lysiml)h-'('(lUa,ti():: _m ()rdi:mry
(lifl'(,,'(u:tia.l('(l,:a,i()::._:(,wl()::'sLaw (r(,l:,.tivist,ic).N(:v('rth(q(,ssa fullsl)e('l.ru,n

(,f l,()._:qt,ilili('s l_:,s ('(,,::(' t.() 1,(, (:Xl,('('l('(1 f(,r tJ:t:ifilt.(,nia:, oscilla, t,(,rs. An (,arly
5

w(),'kl)vH(:::,.,::.writt,(u:wit}::_()r('fl':'(,_('('wl:;_t._()('\'(.:'t.():_.cc(-;Icra.t,(,rsa:_t.i(,i-

l_;,l('(l ,_:::(:l: (>t'wl:a.i l:as 1)v _l()w ])(:(u_ ::t)::::(ia:_t.ly (,l)s(u'v(_d. Ii: thi:_ s('('ti()n ft:(:
:'l_;,r;,('t,,risli," t'('_I:::'('s at(' (l(,scril)(,,I':

Al ,_:m_ll ;_ml)lit,::(l(_s _1_(,l>arti('h ' l_(,l_;_vi()r is l)('ri'(:(,tlv lin(,:_.r a::(l ",_.c(:::rat(,l_:

l,r,,,li('l ;:l)h'. "]'l:(' tra,_sv('rs(, (lisl)l;:('(,:_,,::t, say :r, ;,.t ;_1)_rl,ic:flm' t)()i_:i i,: i.l:(' b_.l,--

_i,'('\;::'i('ssi::::is()icl_llvi:_;,:'_.:,_:(':}:-,.(._).13(.,':,_:s('II_('f()(,::si:_gst.:'('::gt,l:va.ri(.s,

,,.(._ ) i.__ f::::,'li(,n ()t'll:(' l(,::._;i:::(li:_:,l c(,()r(li,:_:_t,' ._. WI:,',, a_, is g(,n('r;,.liz(:'(1 i();:c
d

.-\._ _,. i,_;i,:('r('as('<l. :_()::li,:,';,, t'()r,'(,s 1,(,_i,_ I(, I:_,\'(, _,:: (,tf('('I. Tl_('r(' is _ l;_r:Z('



r('u;i,)ll ill \vl_i,'ll til('5" ('_11t,(, tr(,at(,(1 ])(,rtm'l)aLiv(,ly. Tll()ll_}l a_,.i,_l_<)t (1_1i(('iilv;_ri

ant, it.s ','ariati()ll can 1)(,a('('llra(('ly 1)r(,di('t(,d. f()r ('xaml)h, t)y rh(' i11(r()(tu('ti()ll (,f

"(list()rti()1_'" f_lIl('ti(>ns. Th,, ma g;ilit,_M_,()f (,h(' n()lllin('_tri(y ('all l)(' qllm_(.iii(,(1 l)v

rh(' snl(';lr. (h,filw(1 at)()','(,. If t li(, anq)lit_ud(,s ,r,/'/d,r/d:_ ,u"'(' r(,('( )r(l(,_t. t11r11-by-till'li,.

ill a I>()in(,;_r(; t)!las(' ._I)a('(, t)l()t ta k('n at a ii×(,(t l)()i11( in tiw latti('(,, (,t.l(,y li(' ()i1 a

snl(,()tll, ",'('t_l:];_:'", if s()m(,wllat dist()rt(,(1, (,l()._('d ('ur:'('. (Th(" fa.ct,()r /4 is ('l::)s(,:_

t() mak(, (l:i_ cur','(:, ;q)l)r()ximat('ly ('ir('::lar.) Thin i._ tl_(' r('gi()n i:: v.-tficll ()r(ti::ary

_c('(q(,r_t()r ()l,('r_ti()_ls liv('. Part i('l(,s (l_;t.t st,art eh)s(' (,(w,t.h('r, stay cl()s(, t.()g(,t,]_(,r,

in tt_(. _(',,1_(,(l_t (_j. _t;_y_ (,()_sta._t t.'tl_(, (liff(,r(,_(',, will ('_u_(' *t_('a_l(' i_ l)l_;_s(,

Ah(,_l(lv i_ itr(, r,,'gi(,_ just, d(,s('rib('(t, if ()n(, l()()l,:s ('l()s('ly ('l_(mgl_, ti_t_yr('t4i(ms

can t)( ()l,s,.r\'(,(t in u'lficl_ rho 1)(_(_(l i,u_,'s

()l>s(,_v(.(l. All 1)arti('h's ()_ (>no ()f t;h('s(' islaaMs (,xtfil)it, ('xa,('tly tt_(, saw,x(' t_t_(,.

As ,,. is i_i,'l('_s(,(t tti(' rh(' r_(tial (,xt(ui( ()t' tll(,,_(, r,,s()_i',_w(" islml(ts l)(,(,()_(, gr(,at
(,_l()_l_ (1_;_ tll(, i._l_lds ,'m_ _()1 1)(, ,)v(,rl()()k(,(1. ]_ ._()m(, a r(,as ()'f this r,,gi()_,

ii' ()_(, l(),,lzs ,'l(,s(_lv (,_(,_@_, ctlt_()t.i(' _l()ti(>,_l is (,1)_(,rv(,,1. C'l()s(,-i()_(,tll(,r ('l_, )(i:"

tlii._ l',.t_i_)_ tl_,. _ll()(i(,_ ()f i_(lix'i(l_m] 1)arti('l(,_ i.'-,('(>_)ll,l('t_qy _l)r('(li('t;_t,l( '. ;_,t

Ali t'(,_I_(,_ _(,_Ii,,_(,(l i_ ll_i_ ._,,('ii(,_ l_;_v,. 1)(.(,_ ()l,_(,rv(,(l i_ ;_','('l('r',_l,,r_.

S,,_l_,' ,)f tl_(, ,;1,_,,rv;_li(,l_._ will t)(. (l_._('_il)(,(t i_l l_l_'r ._(,('ti()l_.

"l)r()ofs*' ()f" j)arti('l(, stability. 'l'l_i._ ._(.('(i,)_ ;t_t¢l I1_(.x_,,.',t :','ill l,(. l,;_x(1.v1,]_il,,

._(,1,1_i,';,l. 1);til l\ f:t,'(,, i(,_t._;,l,;_rt ix" i('()_,),'l;t._t i,'. 1,_) ._(,ri()_.__(,x_.l l_(,l_,._._.'l'll¢.:, r(,

_)_ t}_('_)_'\ :,_(I ;,(:(','1('_;_))_<: (() \\'}_;_((':,:(('_t (';_ (}_(.()_'\ l)_()v(' il_ ;_(l\';_i('(' (11;_I ;_

_,('('(']('r;_,)_' u'i]] w(,rl:'.' I_ l,;_)')i('_l_', will l);_r(i,']('._ ('iv('_l;_l.(' ._(;i},]\"._

..\_;.;_ I_;,)),'I' ,)I' >.,),'i, ,l, ,,,v_. ;_ll )l)_) i._ )'(',l_ir,'(l ,)1' ;_ "'l)r()()I"' ()f _;(;_l,ilitv.. i.'<((,

l)('r><_;_,l,' I,r, ,\ i(l, ')>; ,,f l,_)_,l., (,, ],r,)vi,l,' _,l('(l_t(' Sl)l)l,(,r((() (.)_;,I,i,' (l)(' ;)('.¢','1(')'
;,t¢,_ )()I,,. i,_ili. ']l)i.. I_,;,_,_ (l,;,) (l_(' "'._(;_)_,I;,I,I ()l' l>r,>(>f' !)(.('(,_(.s ,_r(';_(('l ;_,_l

')'I'(';i(('I' ;i._ )]I_' _t_'('(']('I';il()]",. l.),'('¢)lll(' ]]I¢)]'(' ('X])l"|l,'-iiV('. }:"l|]'(]l(']']ll,)]'('. ;IN (]if' _)L;_,l_i_(.._,=..)

i)_Ir,)(l_,',.,l l_l)il,,,l,. >,'ri,._-:. l)it,.:l)(') ;,_,I ]_igl)(') (,l'(l(,l' t('I'I_,S l)('('()I_)(' il_al)_)l'(;tl_.





",'_:lc(' c)f ('o::str:lcti(,:l lia','(' ,_()t tyl)ic_,lly l)(,cn ironclad. The d('t.erminat, ion 1.()go

all('ad Ims been l)ased mot('()::(,xt)cri(,11c(,. intuition, and self-confid(':,c('_ than ():l

,l,_,lh('n:atica] :'igt:):'. S::(,c('ssfu] ()l)(,rat:():, ims be(,n tlw ()111)'r(-'a,lly va.lid l):'( )()i'.

J.L)r th(' ::('xt _;,'nerati(m ()f a('c(qorator, ,._S( ()r LHC, we at(' ('XlWCt,cdt.() do b(q.tcr,

(,v,ul I,l_)l:gl: t lw i):'()l)le:,: l:as })e('()_,,(:,],m'(h.r. It. ,liay 1)(, :l_()r(, r(,alistic to (:h,n,a,l,d

l]lilI Ill('()ry v('i() (t('si_,l,_ that, cert, ailJly will ::()1 v,'(wk tl_all t.h;:.t it, l_r()vi(te (h,signs
/l:;_i"_tilt(,(,(1 t() w()rk,

At. h'ast thrct; tht'(wt,tical al)iW();:cllcs have l)(,(,n t.ak(,l_ t.o t)rovillg t,lmt. pa.r-

l i('l(,s will t.,(, stabh' fl)r l(mg tim('s. ()::(, is t.r::c a.na.lytic l}:(:.(wy su('tl as t,ha.t ()f

KAhl. A:u.:(dd a:ld N('k:w()shov. Tt:is w(wk yiehts :na.t.hc, ma.tically rigorous r('-
_,:lts: ii' tta(, assum(,d c()_(tit.ions a.r(' s;:tisfi(,d thf: c(mcl_:sit_ns ca:m()t be do_:l)tx,(l.

I'_,t'(,rt_:iaat.cly. ins::flJ(,i('nt ])rogr('ss ]:as l)(,(,:t: ma.d(' in w(,Mcening the c(mditions

I() :na.kt' tht'm ai)ply t.()realistic sit,ua.l.i()_:s, st) the :'e'sult, s arc nt)t yt,t t)owt'_rful

(':_(_::_li t,(, c(mti'i]mt,(_ 1.()t.h(, (;l('sig:: (lia.h)g. The ()t,l_(_r two a,l_l_t)r()a.cl_es a.i'(! n_-

_:(,rical B()tl{ arc c(m.iectural in that. t.l_(_ymak(, lc.ss than flflly sul)st, ant, ia,t,e(t

si:i_t)lifi('ati¢ms in ordt"r t() :_a.ke th,' (,(t::;,li(ms t.ra.ctald(,. In (m(' apl)rt)act_ lila.::si -

('(,1_('l:lsi()l_S.

It is ('h'_:r th;:t, ncitlwr al)l):'()acl_ c:_ll vi('l(1 a _::1 l_(,_;:Iicalty wat.(:,r-tight l)r()()f
I I_;:l l):()i(,,:_.; will circ_:alat(, st,al)lr for 10;" t_:r,_s i,_ tl._(, as-1)_:ill a(,c(,h,r;_t.()r. Dif-

f(,v(,n_ l)(,()l)h, will att.a(,t_ ¢liffcr('.nt cr(,clil,ilitv t() t,l_(' txv(_al)I)r()a('lws. I will sl_;_a_(_-

1,,..._lv in(lic;_l(, my 1)ia._ lO, at.ta.thing tl_(, (hT()gat()rv _;_i_(, "(,Xl)t'ri_(',_tal u_all:-

• . ( ')(,::_;_i('s' ;_ (,x'_m()r)::: ) t() on(, ;_l)l)r()a('l: ;,_(l tl,,, ,'()_igrat_:lat():'y _;_(' "'(,x;:('t
_v;:,'],:i::_'" t() tl_(' ()t,hor.

']1,('._( ,';,1,',fl;:,ti():_>. h;:,:'(:' an i_fl-h:(',_(',' (),, (l('sig_, ¢l('('i_i()_s (l_ri_,_ t lt(' ;:,'('('1

(,r:,t(,r 1,1;,n_i_; pl:;t:_(', lj:K()rt, m:;_t(qy (,rr()r._ _;,(l(, (';,_ l(,a(l (,itll(,r !(_ (,x('(,s._i\'(.

>ix,. :i>:l<'). "I,, ii:(!, (,x_(,:_l tl_;_t ('(),_l)_:l;_ti(),_;_l (,rr(,rs _:i\'(' Sl)_vi()_:._ _litt',:si(_l_ l,l_(,5'

,',,;,,._,_ ._2r;:,_:l;_:ity _:_;_v;,l._(, ('_ah;:_('(' (l;,:_:;,,_i,_ r(,s(),:a_:('(,,_ a_:(l 1,,;,d t(')('xc('._six'('

;,,_,1 tt_i_. ;,l,_:(,_t (',.rt;_i:_15", I(utd._ 1() _i\'(' _(,()()I)ti_isti,' ,('s::lts. 11_l)r;_('ti('( '. ;_1

1,';_._t t'()r tta(' SSC, :t_a,'('vt;_i:_ty i_a tl_(' _:_;,!z_aiia:(l('s()f (,vr()rs (,Xl),:'ct('(1 t'()r v_'l-t(,

_::,'(','t;,i_li(.>. ..\ txx,) ,,v tl_,(.('t'()l(1 v,',l_:,'_i,.,_: i_ tl_(,._,' ,,v,(,vs w()_:l(1 :', .,,,(l(.: :,a;,l_v

"l';xperinw_lal matl_et_atics". 'I'lai._ ._(,('ti(),_ st,;_vt._wit, l_ ;, (li,.,:r(.s._:i(),:..",l_:(:la

<,t' x,,,l_;,l i._ ,'all,,_l Pl_\,_i,:,_ ]_;,s (l(,\(,l(q,('(l ;is t'()ll()w._. \\:itli c,:ri_),_ity 1,ictp,,.(1 1_\'



(:'Xl)('ri('nc(', i(h:'aliza.tion and so on. a.nd the model is convert.ed to e¢,uati()ns. Ii'

t.h('st, (,quat.i(ms ;_r(' n('ither _legant nor t,ra('tibl(' the model is disca.r(ted or r(,.vis('d.

()(lwrwis(,,usi:_gvalid:na.t,hemm, icsa,ndcont,rolhxl(i.(_.k::own to no(,cha,::gcl,l:(,

_::._xx,:,:"t,()ol)a.dly)apln'oxi:::a,t,ion,the i:nl>lic.a,tio::sof the n:od(_la,rework(,dout,.

If t.h(' l):'('(li(,ti(>::._ (lisa.gr(:(-, with t,l:(' (_l)servat, ions t,h(.',model is disca,rded or r(,vis(_d,

()r sutficic,11t, (l(,,:l)t. is ca,._t, up(>ll t,hc ()rigina,1 observa, t,i(m tl:a.t i(_ is r(:l)(-:a.l?e(1. If

l,h(' t>r('(licti(>ns _Lgr('(, ('v(,r),on(-: ::h-b:::.t(_.s,_' new Xl>CI:in:nts a,re s:lgg(_st,c,(t n(,w

r<,s::lt,._ l)r('<li('t('(I _,,:(1 (1:(_1>r(>c(?ssrep(:at(:d. If rh(' n:odel ha,s a, few s::c('(:ss(,s and

n() fail::l"('._, it c(>:::.'._ t(, 1_,, a('('eI)t('(t a.s correct,, a.t, lea,st in areas eh)s(: t,() wl:('r(:'

ii. l','_.s 1)(,<,_ (.(,s(:,(1. Th(u'(' is noihi::g eXl_eriln('nt, al ab()::I, rh(' mat.h('nmt, i(,s I,ha.t,

(,:_((,:'stl:iss(,(l::(,,_('(,.

By ('Xl_('ri::t,,::t_l:::;_(.l:,u::a.t,i(:sIn:ean the following.S::ppos(:(?hat,g:fi(l<,(ll_y

tl:(' :w('(1 t.<)s()]:'(' t.lwm, t,hc ('q::a.t,i(ms at(: t;ra,nsform,-'d, or b .,mt_fi(xl, (_:"(:,ma.s-

lat i()ns,tli():iglil_(_ssi}>ls',gtiid(:dl>yconsidcra.I;i(msof eleg;:mcea.ndjudgm(:uit,,,:,,.""'('.

u,:('(mlr,>ll(,(li,_,I:(,s(u:s(,(,lint t,l:(_i:"(.:fleeto:_rh(,answ(,risnot,k,_own. S,,pl>()s(.,

al,_,_tl_;_(,i:_s(,:,:(,r(,stric(.,'(l(l()_:ai::Lh(,(:,quail(ms(,m:lm solv('dl>yl(.:gi'' ('

:::;_tl_(,i::_,t.i:'._.S::,'I:_ ._()l::(i():).in a.:'(:strict(_(ldomai:_,c_:,nt.l_(u:pla,ya :'()I,'::m('h

lil:_' ()l>s(,rva_ i(>:_ ,1(>in l)l:y._ics. II' t,h(.' siml_lifi('d s(_h:t.ion di,_a,gr(:'(,s wit,l_ tlm l:l_(_w_:

('()rr(,c_ ,_,(_l::ti_,:__1_(,:_1.I_(,si:l_l)iifi('(t s()h:t.i(m is c(_rtainly wrol:g and l:::(st, l)(, r(,-

.i,','_(',l. Ii' i, :,_,(.(,._i,_ tl:(, _(.slri('t,('d (Ion:ai::, it. n:ay w(-,]l a.lso 1_(,vali(l i:_ a. wi(l(,r

,l,):::_i::.:\,_"'._('i,'::('(""ilti,_is.]::st_Lsvalida.swas rh('physicsoft,lm In'('vi()usImr_-

_::_I_I_.13::)ili._:_()t::_;-_(.l_,,::_:_.t.ics;<):':'at,l:('r,wl:(,::a.pl>li:,d():,l.sid(,tlt(_:r(.,sJ,ri('(,(',d

(1()111;:1:11 il lllllSt 11()1 1)(' _i\'('ll t,]l(' S;i,lll(_ crcdil)ility tll;lt, t,I'll(.: n:ath(u_:at, i(:s d(,s(,r\,(,s.

A si:_l_]('. ;,l_(1 <l::i_(' ('()_:_:_1()1_,inst.an('(' ()t' thi._ _u(:,. (ft' r('u.s(ming ()(.'.c::rs i:: 1():_;

1i_1_' 1)r:':li,'ti(>::. t'(_' (,×;,:,:1)1(, ::si::g lr:::l(,at,:,(l (.:'m:._t'(,r :_ml>S. t-I(,r(:' 1.1:(,r(,._tricl,(,(l

1_:_)__;,:_,,t'(,r :::_1 _ t_',,s 1_,_'_ g(,_(-,t'at,(,(t t.ll(, (:():_:p::i(,r (';_.:_(,('(_:_(m_ica.lly it('r;_.(.(' ii,

l>l('._,l:_:;,l_l" l,,li;_l_l_, :_('tl:(,,I f},_' sll_)__ li_:(,._.._y 1():_l,::r:_._, ()_(' :n;_y 1_(, t('_l)tC'(1

i'_:'.I(I'__::'l_,_.:l_ _I_(':I:()_i)_ is s_,_l>h'f()r,'\(':'.

Li_nitatat, io_s of "r:_stori_g" symplecticity. Si:_c(' II_('l>_r(.i,'l(' ]._l()l.i(,:_is

,:_.tt_(,(ls. <'._l_,,'i_llv tr,,,:,'_,:i(,,_. _('_:,1_(, \'i(,l_,t(' ._y:_:l_l(','ti('i::.v. At ,_():_(' l,'x'('l (l,at



:na.trixnotquite::nii?y,saya,bitgreaterthanone.Tha.twouldlea.dtoinexora.bl(:

' aml;)lit,udegrowtha.,:d(:'v(_ntualinstabilityon alsufficientlylongtim(,sca.l(:'..Th::'rc

a:'(:w;:yst<)rc._t<_:'(,,_y:nl_h:,ct,i(,it,y,but i;h¢:'yarcnot uni(.l::C.H_g(._]a,ndZott¢,r(_
Ki\_'("a::('xa:_ll)l(-,inwhich it.isl)()ssiblet,o:(...,",st,():<:"'s.vnlplecticity,l)::I:(rely.a.t,iii(.'
('()st(fffa,ilin_;t.(>('o::s(:rveenergy.

Til(:,:'(, is h()w(_\.'(u'a. school (:)f t.i:ought 7 saying t,ha,t, long tin:(: sta.1.)ilii?yof
l);U't.i('h,si::ac("('IcrHt.orsa,ndsy:nplccticil;ya.resot,ight,lyint,(:,rl;wi:icdi,l)a.ttheh):ig
tin:(-' ('._s¢'nti::ls ()f I.l::(':not, ion will be l)rcscrvod ii" rh(.-.'d(.',_crii)t,i()::.,is ,_y:nl)l(_('ti('.,
(:v(,::ii'itis(rely;-._l)l?r()xima.to.This Ol)t.imismisl.)(?rlla,l)Sl)a.s(_(lon the fact
t.ll_o_.t,"mi(,r(),_(,()l)i,:'"(;:dso known _,_sloca.l) l)a.rticlc (t(::isiti¢-'sa.r(' l)r(:,_o:'ved at _:_ll
_,:::plir,:d(,s.F():'li::('a.rl _'")c,:unt.ra,nsl:)(.)rt,systemsthis]:_.':s})(-:(-ma.l)()w(:,rfu]guirling
]),.'incil)l(.'..II:c_m l.)(,(:a,rr].(:.'.(l()v(:rt(:)n(,::linea,rsystemsl)yr(:st:'ic.tingrh(:f()rm
()f n()nlin(-'H.ril(_,_.Tllo idea. ca.:: l)(., (:'Xl:)laincd ;_,long with the ma.xi:n that, "ki(:t:
('():I('._Ht(:',,,::t()l:la.t.ic::l]y,'yml]c(:t:c. Herc a.kickis a.ni:J.fi:fit,(::ly,t,hin (']cul(:nt,'"'
rh;Lt ;:.(hni:_i,_t(::'._;:,(h,flcct,i():,,t,lm.td(")endson..I.. t,hc tra,nsvcr,_¢:,(:()()r(lina.t(_1),,I,:l()t,

" a.fi,(:rs::('}lH.kickt,l:(' sl()p('. Pl:as(, sl)a.c(" (,(:)or(lina.t,(esx_, x'_ 1)ct'()r('a.:_d x+,a,+
_:_,'('.:'(:l;_.t(,(ll)y

,l:_4_ ::-3_--

, , (1)
:,'+ ::x_ + .f(:_'._)

wl_(::'('f(x.-. ) i,_;1::5'f::_l('li()n, li_lcHr ()r ()t.l:(,rwis(:,,()f x__.1_:1,:)()l.x __. Th(.' .];::.(:(_l_(,;_n
' (,i' ll:is trH,:._I'(),.':_i_,li,,:)is id(,::li(,Hlly c(t:,Hl t() 1, ;,n(l ,._ _, r('s:tlt, tl:(' i)h_::.s(_sl)_:_.('(:

()_l:(,r¢l::_:_tii.i('._;_:'(,_:th'_-:._;_,_iml)()rt,;..::It,a.sI()(:;,](l(:':i,_it.i('._f()rclm.r;:ct(.u'izi:ig
tl",_,lSV(,,._(,l)_,rl.i('l('I)(,;_:::(list:'il)::ti(),_s:l)Hrti(.::_la.:'ly_I(H._H]q::_ni,i,i(:._iii:(,(,ntiI,-
1:_::('(,(.,'.:_.._.._iz('), ;,:1<1"t,;:ils'" ()i' rh(:: (list.ril)uti()::s. It, h_,_ ;_l:'(:H<ly1)('cn ._l_()wn

2

1);_1'1i,'1_'(li._t:'il)_:_i():_:_t]_Hl,will h';_:l _() l(,._s(,I"1)H_'(.i<'l('._wl_(':_ill(' _Lil 1);::rti<:l('._llit.
;, ::('H,'I.,v(,1)._I;_'1_,.I.'::t',_:'t:::_;_l('l\.('(ms(T\';_.t.i():_()t' :_:i(','()s(:()])i('1)h;Ls(' Sl);_<'(,d('l:-
sil\" (l()('s ]1()11)_'('\'('lJl_]i(' _]'(_',vt]:()i' I,;,i]s. III t]:(' w(:.,]ll_:]]()x,\'l_1)r()('(,ss ()f ]'(',_()_:;::_.t, ._

,'×l._'_:<'ti(_:_h'<,:,_;_I:_,,':'('l,'r_t<):'l;;_:'I:_'l(:<'_<'H]><'t,(>"'i_fli::ity";:I()]:__::.:_('_(:_:l):'_g_<'I>-

t]_,,(..',:isl(,,:(',,()i'ii];,::,,,,_ _li<,,: ,':_,_('_,::s(,:)_;_.('r()._(:()])i(,];I:H,._(_._]);:(c (l('.u._ity(lil::t,i()_

"Exact" tt'acki_g. I1 i:_,'l(._,: l lt_l ll_,. (..×H(.tr_,l_r('_('nt;_ti(>:_(ft'(,very :_;:g_¢.I.i:,



sake of a,rgurnent, let us say we ha.ve such a lattice description, hi that ca,se t,ll(e

numerica.l method descril)ed so fa,r could be ca,lled "a,pproxinmt, e tracking in a.n
exact la.ttice". We now (t(,scrit_e an a,lternativ(: :n(_thod that can be (a,ll"('.d "exa,ct

tracking in a.n a,pproxinmt,(_ la.t,tice', hi this approa('h the physica,1 model of the

lattice is sinlplified by using only elenlents ibr which exa,ct a.na,lytica,1 tbrnmlas
ca,n be ( -'"'_ . , ,..h:,ilx,(.d. This ix the a,pln'oacli ta,ken 1)5, the a,cceler_,tor mod(,ling cod(.

TEAP()T. '_)

Aside: iii this pa.per issues (_f r(miid--off error in c(mli_lters a,rc not a,(ldressed.

mxa.ct; and %o ma.chill(_ prcci,.'mn will be used syn(mymously, a,nd l>otll will

mean tha.t any a.na.lytic Cxl_rcssions in tltc. cornputc.i' code are the sa,m(_(..xpr ...sm(ms
tlmt would l_e said t,o give an exact mia.lytic sohit, i_m of the equa,tions of motion.

The only la.ttic.e oh:ni(,nts pciunitt(.xl iii this code a,re -:lc,nielitS through wllic.h. - . , {:_ _ ... ,

particl(, trajectories can be tra.ce(l exa,ctly, hi pra.ctice this restricts the descrip-

tion t:_ ttiin ('lemerit, s and drifts the acronym struMs lo:' Thin Elemeiit A('x..elc:-"' '"

a.t(Tr Pr(_graili for Optics and Tta,eking. 'lPhis does not, tiowevei', preclude rea,lly

quite a.('cui'at(, descripti(.uis,..... a.s thick e:..l¢:lli(.nl,s, ' ' .... ' ca,n b(:;1)roken up into ;_ _'.(tua.r,(:.l}

t]lin eh'nielits. Fr(mi this p(_ilit of view tlie co(te is just a, nmnerica.1 difl}_.rentia.1

(-'qua.ti(_ii so]v(,r, or. a.s it. _:a.n be ca,lled, a, syinph_ctic int,egra, tor. I;]:Trsmall a.ccel-
_q'a.tors (_r f(n' t.ra(:king a. srnall rmmber of tru'ns in _. large a.cc(.1.1,i.t,(n tliis is on(.'.
way the co(tc' is ill la.el lls(,(l.

For a w(_rksh_l_ (mllTtia.sizing parti(qe sta,l_ilitv, i_l future particle _c(.(.l(:ia,t,(_i,'' ', , " 's

a ditt'(u'(uit enipliasis ix a i_prol_riatc _. Using thin (_le_n(_lits oifly, (m(.,.can (h_sign a.I_

id(,al,, l_(,t,t,cr-l.l_ml.-t,r_(,-lif(, acc('.h:ra.tor. Given a choic(: ]_e.;t,w(_,,,..na, z(.u'(7length an(l

_1.t,hi('k (,le_l-l(.uttli;,ving t.h_, s_nl(_ l(_ligth-strength prod_tct (a, physical i_ilp(_ssit_ility
_f(Trl;ll_a.t('l\) rh(, a.ccd(u'ator (tesign(w w(mhl (:l_(_osc tlm thin elcnient, l_ecaus_'

ii. l)('rmit, s siniph,r, _n_r(' flexit)h:, (lcsign. [isi_',g l,ll(.'sc i(l(_d (q(_m(q!ts: a, latt..i(:('

t lint, c(,mp_tr_,(l t.(_ the ti'_l(, SSC, lias t.li(; sam(:-,,g1'(_ss (_l_lic.s, t]_(_ sam(, dislmrsi(_l

S_ll:,rc'ss(_rs. til(, s_!t_n('int._,rs_,cti(m l'(-:gi(._l(_l_l;i(,s,t,]l(, S;,ll_(, c(n'i'(_(:.i;i(_l(qoill(ult;s. a.ll(l

s(_ (_ii i_;d(rsign(:!(1 ()il(, ('ali th(ui i_lquii'(.' a,l_out, t.h(, hTlig tilne st;d)ilit.y of lmi't.icl(,,_

i_l rh(, ]_etl.(,r-t]l_,_l-ll'_l(,-lif(-, _(',,'l(.,.r_t(u'. This (_l_(: (l(_(,s 117},t,lJ_, ex_t.(;t l,i'a.('kiiig

(,f lTm'licle lr,_j(,('l_/ri(,s, wlii(]l ix. 175;,'(mstr_i(:t.i(_l_. p(_ssi]T].('. P tlrl,tl(.'r_ll(_rc ii. ix

(,;_.sv 1(_ ni(_(l(,l l'¢-,;ilistic (h,x'ial,i(ms fl'(7_l l_(:rf(:'ct,i(m, s_(:li a.s m_iltil_(,lc field err(_rs

_l_(l ('h,_n(-.?_ll.niis;_ligm_lc_l., with(mt, givilig _1_ t,}l(, ('x;_(:l. tr;_('ki_lg Calmbility. If

1,('rf(:,rl_l',:_nc(,(_I' tlie id('aliz(xl ]ai.tic(,. is unsa.t, isfa( t,()ry, t,h(,l_ ii. is a.ss_ull(_(1 tll_tl,

tlic (.h..-;ign is ins_fl-lici(,,lt.ly c(ms(,rvativ(,.. If 17(,rf(_r_n_c(, is s_tist';_(:t,(_ry, t hc_l t,tl('

¢l,,sig_l is t(,_ll;_tiv_,lv ;_.c(:(,])ie(l, p(,ssil)lv wil,li a. sa.t'_,ly t'a.(:t(,r 1,(,i_lg i_lch_(l(xl, ;_ll(l
?

;_lteliti(m is l_li'_i('(l t.(, (,flier 17(,t('lit.ial t'a.il_,r(' _n(_(.h's. ]_,x(',!l)l t'()r s()}ll(? i'(x:(qit

w()rk ('ii ](.)_g li_li(_ ,_ta.bilil.y I(_ _i(_sl: l_l()(lcling of l.ll(e (,ff('(,ts (,I' _,_i(l ('(,ml,(_lsa,ti(,_l
(_I'i_lllT(,rfecti(ms ()t' i.ll(_ SSC, ]lav(, l.;lk(:,._ltl_is ;,pl_r(,;,.(,ti.

].I1 1}lC i(l('aliz(:d _i_(_(l('l i.L(:r(, ;,r('fi_r_ia,lly (rely lw(, (!l(,_l_(qll.s, ti(qd-h'(-:(-_drift

s_.('t.i(_s a._rl l.l_in _,l(q_(q_l _mlt, ilT(,l_,s. Th(, latt,(:,r ;_r_'. rlifl'(!r('nl,iat_,(1 inr(, (lil.7(_le:s,

1{)



ttile multipole coefficients but ,h¢.y _._reformally equivalent as fa,r a.s the code is

concerned. Propagatio:l th.rougl: (lrif.ts in the conq)uter amounts to solving for the

int(:'.rsection of a. stra.ight line and a, plane. Though this is entirely elementa.ry,
trigonometric functions a,i:)pea,r tha,t m;d:c cv(_n drift regions "nonlinca,r". Of

course, in the limit of pa,ra,xia,1 trajectories the (':.qua,tlons'" deg.ne:a.t(.''e • " into line;.:r

cquati(,ns. Thin eleme:lts a.re ;ds() simple th(mgl:, lik(' drifts, they arc not trivia, I,

For example they are not equiva,lent to the "kicks" Jescrlb(..d by Eq. (!) It
• "'e _ '" -I.... the transversewa,s emphas:z.d tl.,e:(_that th(-:deflectionin slope de)ends on

(tisl)laceznent, lint not ()n th('_ slol)e itself .....tha,t wa.s what seemed to t)e required

t,o 1)r('serve symI)le(:ticity. Th(mgh this is a goo(t a,pl)roximation for pa.z'_._xial

trajectoriesitisnot a.ctua.llyc.():'rect,even i::th(,li:nit()fzt:"")(lengthd(_m(.nts,'' ' "'
9

•('" look up i::ref(:,rencc.Though thismight a.l)p(-:a,ra'.-_the r(...adercan ",:.::fy,or

t,()indica.te tha.t d:(, exa('t moti(m is not sy:nl)t(:ctic , it really only shows tha.t

sy::ll:)h:'cticity is subtle, a.s the .x,_,(.t solution is n(:ccssarily symplectic

, . 1):.tmled results a,re given in :(.i)(_)rts by rel:)ortsLong term tracking results e" ., - .
i1 7

1)y 'ian and by Ilit, son in 1)r('s(:ntations a.t this w()rkshop, mad in lnany SSC
, , , 12

rep()rts,such a,sthe SSC',C(m(:(l)t,:a.lDesign R(,l)c)rta.ndtheSSC Sul:)lementary
13

C,()::c(q)tua.1 Design r( (,-:.l)()a-t.

12(,sults tend t() ha,re the t'()ll(,wing qualita.tiv(: f('a,turcs. Pa,rticl(:s la.un(:hed

with la rg(:, amI)litu(l(-'s at(; lost ;d't(::r a small m,,nl)er ()f t::,',_._, sa,y l('ss tha.n 100,

' ' " (' illate sim:is()ida.lly, f()r a.s l(,ng a,s one ha,s thewhih:, sma.ll a,nlplitud(:' l),:,,:t:(.] :. ()so

1)ati(:lw(.', to ()l)s(',:'v(:'rh(lm. Th('r(_ is 7t.ll int(.'.rtll(_(li;i.t(_, r()ughly, but ll(.)t 1)(.'.rf(,ctly,
('ir('ularbal:d,l)erhal)S:1:20p(:u'(:cntiI:l)lmsr'Sl)a.(:('ra(lit:s,forwhich tlm ulti,ml.t('

l':Lt(_of any l;)arti(:ula.rparticlecml (relyI)("(h:t('rmin('dl)yt.racld::git fora,s_lu.my.

;:,,_;::_n:illi(.)I: tu:':_s or mot(?, hl al:or(" 1,hysical (,(,tins, it a.i)l)(-:a:'s t() b(' n(:'(;e.ss;:.ry to

tra.(.,l: l)a:'ti('h:s f()r t(:11 or s() 1)(_,'i()(ts ()f th(' l()ng(_st na,t:::';d i)(;ri()(1 ()f th(. systcn:

t(:) ;_('hi(.,v(,,s(_l(_ct.ivity in 1,1:(_(.l(:t(,rmin;_,ti():: ()f wh(.'.tlwr ()r not a. 1)a.rticl( • is sta.1)l(_.

Fr):' i.ll(, (:()Iii(hl,r, wit.b _. s:y_:cl_r(_tr():: ()scilla.ti()_ 1)('ri(.)(l ()f 100() t:,r:_s, tlds :':,lc ()f'

th:::_:l_ ;mti( ii)at(-':-' al)I)r(,(:iabl(:' (,v(,l::t,i(:)n (:()nli:_::ing f()r 10,0()0 t::rns.

Th(, _n()t,i(>::()I' a:O' 1)arti(:::l;_r l);wl,icl(_ (:a_ l)(, l)izarrc. A l)articl(., ('mi (>scillat(:.

f()r;__illi(,::t:::'::swith _:_::l)lil:,(h,vm'yi:_,,:()v('r_,fairly,_,.r,'()wl);:,:a(lan(ltl:('.,_,

la: a s:::_ll :l:::::l)('r ()I' t,aa,'a_s s::,'l_ a.s 100, (h:'v('h)l) wild swi:_gs _,,:d l)(, h)st.. It,
' ,_

i,_ 1)()._,_it)l("t() l)(,rI'():,_l "l)()._t ,_()rt(,,_ m_,.lvsis ()f s_:('l_ a 1,_wt,icl(,, in _,,'d(u' t()

d(.'l.e:'::li::(, I.h(; (';,::s(, ()f (l('a.th. iI,_ ()n(: (',;:s(: wl_(,r(, this was (l()1:c (:_,'('fi:lly ii; w;_s

(:l(_m' tl::.,.l, a r(,s()n;t_:c(_ i:_\'(dvi:_; all t,hre(, (l('gr('('s ()t' t'r(;('(t()_:: was r('Sl)(),_sit)l('.
E::(':gy sl_>>_h<'(1t)(,l.w(,(,n tit(, l_()riz(mtal an(1 v(,rtic;d (t('gr(;(_s ()f fr(:('(l(),n, witt: litth,

or :_() ('()::l)li::g i_lt() tlm l():@t::(li:_;d, tt()w(,v(,r, t'()r s(,v,,ra,1 cy('l(,s (,t' ](mgit::(li:_;d
()_ci]l;,ti()_ n()t,;:l_l(, (listorti()n a t)l_(,_r(,(t a,t tl:,,: s;_:_:(',l()::gil.::(li:ml 1)lms(_, _,n(l tl_,

::Iri:all:l(, l)h)w-:q) _q)l)(_a.r(,(l_:t, l tl(_ sa:::(:_ 1)has<:. Tl:(-'s(' ()])s(,rv_:.t,i()l_.Ss::9;g('st, t,l:;,.t,



familiar field, may give til(, idea: it. is cheaper to balance a.n a.ut.omobile wheel

1)',"pounding lit.tic lead w('ights between the tire a.nd til(' rim, than it is to con-

trol the dim(,nsional tolerances of ali tires and rims; but a fairly sophist, icat(,d

wh(.el balancing instrument is n('eded to tell where t.o pound the weights.) Only

c_t,erationallv, practical nwthods a:'"e..used in simulating the perfl)rmance of com-

t:)('nsation schemes, bu: there is a. la.rge degree of sut)jectivity in assessing credi-

1)ilitv. This subjectivity, usually, derives legitimately, from c"exp::i"':(..nc¢_on existing

acc_'h'rators. To some extent uncertainty can l_e reduc_'d by controlled experi-
lll(mtat ion (m such acc(q('rators. Sonw were done in connection with (.'xI")c.z,"'ml¢"nt,.,_
I¢)Ii,c _.i(,scribe,d 1)(qow.

D,:'lv. sinmlation. cod('s f(,r t,h(, SSC wer,:' dc'v(.qOl_:'d by. Scha.ching('r and(-,t,h(l'"s.

TI:%" incl::<led clos,:,d.-(,rlfit ,ll(_()thing, d(,c(mpling, t,u.m"and chr(mmt.icity c(mt, r(,1
i_ll l_::ilt inr(, the TEAPOT code) and arc d(,scril)ed in various rep(,rts rcfl,rrt_d

1.'2
t,, i:_ r,,fl.'r_'n('(" Syst(,inatic "homin:4 in" <)n a satisfactory c()rrecti(m scl wme is

3
,h,s_'ril)c_.t 1)v Bint.iug_,r _,t al. I:_(,ccnt ',v()rk. (,Sl)ecially in anticil)ating the (:fl'cct.s

• .17

\Vii l: :lw ,',)llider K,._,,<Ifi,'ld r('gi,.,._: t),,ing a t(,r(,id $6 ldh)m,,t_','._ in circ:mff('r(_nc(-'

ll,,,,I::_._:_sq::a:'(,(,:'l,ild,,,.'iati(ms_)f().8millimct,crsaw_tyfl(,n:n()nfi::alarc

,.Xl,,.,,l:'<t i()i,' a._,llicv_l)h:. D("viati(n_s (,xc(,(,(ting theft, a])l)r(,cialfly will l(,ad 1(,

l,,'rl',,r::xa:_c,' ,t('_;radati()::: !,(uhal)S t.l:(' w(,rst _,I[<,ct is a ('(n:.'S.'l)irac3" l_<'lw('{'l._ tV,'()

,,f .',\'.",:,,:::a_i,' fi('l(t ,,:':'()rs ','i,'l(ts ran(hre: fi_,ld ,'rr()rs. ..ks :m'::ti(m(',t 1)r<'vi<n:sl.v

I:,_:'l_:','(li,'ii::'.,Iii(',I_'_ail:'(ll_,'rf'(,r::_a:_c<'(_fa::acc_,h,r_t.:_r,a<'c::r_t(,(l(,..,('ril,-

li,}:_:,i"_,]::'ac,'(.l,,:;,i(,rl_;_:';_::_('i_'.:sis_'ss¢u_tial.Tiffs::my s('(':::n:::::d_::,',i_::_

1,,.,';_::_.(' ,,t" ii:,' tt_:):ts:_::<t_ ¢)I','l,'nt('::ts i:_v,,lx',',l it is as i:::l,<,rl.a::i, ;_:_,1a._ (litli.-

,'::]_ _: a:_v :,tit(': imrt ,,t" Ii:,' ],:(>l,h,:::. ..\1 tl::' S,_(. l_tti('(' i,m'a:u(,i,'rs fl)r :_11

, iii ;I lll;|>,t('l ('_Ulll'_l ",_lllllI_'l'Ci_l _l_al,_t.s,. (Svl,_:s,.) t)l:_:l:l_'<t a_(l i_lll)l,'_l:,,'_ll,',l 1,y

I,.,._,l :_,:_ i> _ll,' ,':.:i._i::t: t';,,'il_v lt:_l ::_<,:;I r,.s(,:_:l,l(,._ tl_,' SSC'. t":_rlt:('::_:4)r,' ii ca:_

:l_, _ ,.:.:l_,.':i:_'::l;_l ;,1,1,r,,_,,'t_,'_ ll_;,_ !,a:(' t,,','n l_k,'::. _:_<t wl_,_l lia._ 1,,.,,n 1,,_r_,:,l.

• y.,, ,.

(i) t'h,,no_n_:,n_,logicai al)pr(,ach..a._ t_;,,_1,,.,,:_ ,l_,.-,,':il,,,,1 ;,t_,,v,,. til,, 1,,\,,1 ,,f

I'!
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nonlinearity can be quantified by the quantity called smear which, for a known

distrit)ution of nonlinearity, can be det.enfined without diificuli, y. What must be

detern:in(,d is how ,,','ell any accelerator degradation d.ue to nonlinearity correlates

with the smear value, and what value of smear can be regarded as t( le: a.Ll()_'" _ ' for

-:)pcrati(ms. For these investigations, after "mocking-up" the SSC t)y turning on
nonlin(,ar h.ment.s, one canc ' _ study injection e_ciency, damping of injection errors,

orbit, flattening, storage lifetm:es and other operational issues. As smear was

ra.is(xi from the raw machine vahw somewha.t below 1% to about 5_, perfornm,nce

'`'`'as not greatly impaired, and it. was t,.;ierable, though impaired, up to about

10%. tlfis was for a pa.rticula,r. distribution of nonlinear e-:lem"• e..Ji_s';the degree t.o

whicl_ tl:(, degradatkm is difli'rent for different dis_;ributions has not, a.s yet, be(,n
(let,.,r:nin,,(l.

(ii) Engineering approach. It, has to l)e assumed tna,t pratt:ca.1 a.(.(d( .tat _1

(,p(,rati(ms will })e restrict(_d almost entirely to the region in which the effects
()f :t(mlill_,arit.y can t)e ca.lcula,ted perturba,tively. In this region it, is possible t.o

:nak(:' acc,u'ate quantitat, ive c()mparisons between mea,,_med", s ' a.nd calculated vah:es
_fl' snl,,_,r,_, tUlm shift.-' and d(("(,h(:ellc.e"_' ' fact,()rs. With accuracies a.t the several

1)c:-c(:,n_l_wcl agr(,enl_,nt is fomld. This sh(m,s that p('rturbativ(' ca.h,ulations can

1,(. i_'li('<l Ul,<:m f(.)r l>redicting most, ()perational pr()cedures. In this region t.lle

:u_c(_rt,;Lially of prediction will 1.,e more due t.() lack ()f knowl('dg(' (_f tlm magnetic

t:i,,l<.lst l_:_ t()calculat.i(mal unccrt, ainty.

. e' 'e functio_fing proton _c.-(iii) Pure physics approach. As menti,.:)_l(:,d t_-..t()::, a

,',,1,'.:at(,r ,'an I)_' rq<;_rded as a :mtural la t_ora.t()ry fin" th(' exl)crim(,nt, al study ()i'

:i(,:_li::('_:<ly:iamics.Exl)_u'im(:ntsca:_1)(,conceived()faspm'(-:l)l:ysi('swith():tta.:_y

('():_,',.:'::I',),tl:e,d('_r('('t()wlfich_he :'(,._::It.swillcontributet.()iml)r()','edinl.(,nsi:y

,u l::::_i::,)sitv_,:'wllalc'v,.r(:th,u"l'(,at:u'cisl>(U'cciv(-,dat th(:t.in:eas l)('i:_gr('qui:'('d

I',,:iml_,'(,v('<ll)(.rf(_rm_m,'(,()I'rh('(Icvic(,in itsp:'inla.ry:'()leas a t(_olf(,rstudv-
i::x ('l:':i,_,:itar_" 1)a:ti('l(' i:::(,racti(ms. As i:i the :'<'st, (_f s('i(u:('e, (>::(, l:as r('asonal)lv

l:ig:l,c(>:,fi(l('::(,_,t]:;_lsucl:invcs_.igati(mswillDad t.(_,u_hanced::::d(,rsta.::di::gth;,t
15

will ::l_i,::',_l<.l\' c():itril_::_(' t(, _hc l>riniary _<:_al. St::dies at Fcr:::il;_l) in whi('l_

h: _hi._ _1;,:,, lt_(, :_c('_,h,r_l(u' a('ls as ;_ st.()rag(, ring i:: which t 1i.(, i)_rti('h,s ()scill;_I(,

>-_:,l>lv;_:()::::,:l a fix('_l l),,:)i:_t tt:al is ()th(:,r _l:a:: the ::sual (,::(' ;:_ lh(, (,ri_,;i::. It is

(,:rl,'rr,'.,,,:i;,:_c('tl_,'::lai,:,",,,_'st::(li(,(ltl:('c(,ntralt:'ai,,ct(_ry('l(_._,,s<_::its(.If
,,::Iv;,f_,,:ft:(,t::::,._ra_l,,':_I:;_::(':'_'rvi:::::.Us(.(li:,t.l_i._'`varlh('a('celerat(_ris

:_)t quit,, l)r;:('li,'a.l f(,r :_>_:ti:l(, (,1,(,:'ati(_::. i:_ that. t}:(, ]if('tin:(' is ()t' ():'(lot a, fl'w

::_i:m_,..,ins_,:a<l()I'a fi.wl_(n:rs.\Vitl:_:II'<):_iic()::l(ll)erl:al>SI_(,n:adc l>ractic;,l.

l.,::lp:'r_l,;,l_lv::(,__::l)C,:i():I<)_i:('rr?(l::lar()l,('r;,ti(_::.and in a::v_,;:s(' rf:atis:_:)t

_l:,' p:,i::l ,)f :h(' i::\,.._ti,d:_tti(,::. ():l,' 1)()i::l i._ tl_at l_a.rtich:s (,s('illatin< a.t ._n_;,ll

_::_:t>lit_:<l,, :_.lati\_. _,, li:,, :::,,ia:_al)l(, fix(,,l 1,<)i::I a:'(" (,scilla.lin_,: at. l_r_e an:lfli-

I



that agrees with o})servations both a,t the origin _md a,t the amplitude of the
nonlinear resonant(' ca,n prol)a,bly be relied upon to be correct throughout, t,hc

t)erturba,tiv(_ r(,gion wtlich is the re_;ion tha.t pa,rticles visit in norm_d opera.tions.
16

Some numcrical in\'t_stiga,tions of this sort ha,re been described a,bovc.

Many CXl)(!_rim(mts can })c d(_signed to study this metastable state. Some ha.rc

been performed ah'(_ady a.nd some are pla.nned. Its injection efficiency (pr()(hwtion

probability) and decay ra,t.(_(:a,n l)c measured under va.rious conditions. Especially

ai)iopzlat is to study t.hc infiu(-__llccoi' oscillatory external forces or m()dulat, ions,

as that should pr()l)c the oscillat, ory cha.ractc'ristics Gf the state, the simph:'st of
lS

which is t.l_¢'_frc(.lUcncy of small ()scilla, tion around the meta stal)le fixed 1)oint.

Anot.ll('r al)pr()a.ch t tmr can ].)(' taken is to mea.sure, over long times su(:h
as h_lf an h(),lr, t h(' (,v()lllti()l_ ()f tlle t,ra nsv('r.,:_(_beam distribution. Ascribing

thi._ (,v()luti(m t() (:lifl'usi()II, s()lving the (lifl'usi()n equa,tion with cmpiri('ally ad-

.iust('(t d(_p(md(!'nc(' (m amplit.ud(:' ()fth(" diffusi()n consta,nt, a s(mfi-th(_orcti(!ad,

s(mfi-i)h,:,n()m('n()h)gi('al des('ril)ti()n results. Qua.lita,tively the results arc c()nsis-
t_nl with _(, (lifi'_lsi(:)i_(:()nst,ant tllat vanish(_s f()r sma,ll amI)litudcs and l)(,('()mcs

]arE(' a.t larg(' ;_ml)litu(l_'s. P(ul,'il l)(:,ams r('lnain inva.ria,nt t)e(:aus(_ a.ll l)arli('l(_s

ll_\'( _ ,_ch snmll aml)lit_(h's I}_i difl'usi(m is _cgligi])l(:,. $om(:,whai: wi(l(u' ])(_a.lns

._p_'_;a_Islowly. (t(_v(_l()t)i_ t:_ils, whil_ _r(u_aining constant in int('nsity 1)(:_(';_,_s(:n()

l)_r_i('l(,s _tr(' _ aml)litud('s larK( _('_()_g}_ t,() hi_ any ()})_t,a(:l(_'sa.nd 1)(,lost. B(;ams

q_i('klv, allowi_ 1)article's t() r(,a('l_ ()l)sta(:l('_ _n(l 1)("h)st' tiffs r(_mov('s l_rg(_ am-

(iv) Diagnostics approach. A_()ll_(,r (_Xl_(,rimcl_l,al activity _t)pr()l)riat(' t()

1,,,(._ ,_(,nti()_(,,1 _l)(,\'(_ tl_,t _l)('r('(),_(t_('ti_; _;n('ts lm.v(' hvst(,r('tic _mgn(,t.ic

fi,,l_l ,,rr,)r,_. T(, ('()_tr()l lhc 1_(.:_ i_ I1_(, 1)_'(,._(,uc(, ()f su(.h iim(, varying;, and

._,n_,,v,'l_al _u_],r,,(li('l_,})l(, f()r('('_ i_ will 1)(, ,_,','(.._._;_rvt(, ha\'(" l,('an_ I)r()l)('rty ,_('_,_()r:<

,.-...

('()I'r('('t,'(1.

Parallel computation. F()r ._i_l_l_ii_ _1_,,1,_,rt'()r_,_('(' ()f l)arti('h ' 1)(,;_,_ i_ _

1__' _,_'c(.lcu'_tt()r it i,_ _j(_c(,s,_ry _) lri_('k _ 1;,__(. m_._l_(_ ' ()f 1)_rl:i('l(',_ l]_a()alu;l__

1,;,_'ii,'l('. Th(' l,_('vi,)_,_ly n_¢'_i()_('_l ('(,(l_. ZTI<A('K w;_s wrill,u__ l()('xl,l()ii til(.
19

_(_\i_,_l lt_ _,r_('l¢i,'_ ('(,(l,' TEA I)( )_I i,, __1_ ,),_ ;, _l_ll ii)l(' i,_sl__('ti()n s,,l. ,_ltil)l(_

1:_

--



(a,lso called nodes) has a complete record of the da,ta describing the lattice, and
a(h tracks ae' • single particle. An()th(u" node is dedica,ted to book-keel)ing a,nd to
directing the efforts oi' the other 63, ::()t,ing down intcrmedia.t,e results, la,unching

a new l)artich -' whenever a 1)artich:' is lost, or finished a,nd so on. Bc(:a,use the
individual ca.lc:flat.ions are so :lea rly independent, very little communica.tion is

necessary, and the individua.i n()des calcuh, t(' with about 98% efficiency, eomi)a.red

t,o t tleir i)crforma,nce on slngl_ pr(,cc,ssor code. For this particula.r code then,

the 64 ::()de Hyt)ercube ca lculat('s at about twice the rat(-" of the Cray Y/MP
ol)timiz(,dfor the sa.:n(,code. Th(,s('con:puta,tionsl:a,vcbeen l)erformed::sing

a Hypc:cul)(,con:Imtersituatt-,dm, Oak Ridge Na.ii(realLa.borat(.)ry.Sta.rtingin
th(,fijl()f1990 a 64 ::odeHypcrcul)('willbe availa,blefora,ccelera,torsi:nula.t.io::s
at th(,SSC.!Lal)orat.orvii:Dalla.s.
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