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Abstrnc:t 

A II+-IV 1.1;tcking ljrogratli 1)~ a rlrllirvrical illl.rgt-alioll 

IIIPI 11011 Irds IWPII tlc~~~rlo~~ml fur (ifigtiing s~~~nll storage, rungs 

usilbg sllt,(‘r(.(lll~lIl(.tilil: Ivilding l~~aglt~ls.lI~ tllis l>rogranl, IIIC 

IA)ICII~~ wlliatims fotll~lll~alrtl in tlir curvml coovlinat~ nrr I lalis- 

fill IIIWI to a sinll)ip systelll ol equations wit.llout arty nplxoxi- 

11id1 ioil !\h in rc~ult. tlw c,Jcrilatiilg st~wd is il!ll)rovcd ‘1’11~ 

aci~~racy 0I this progralll is exatlrined l)y calcrllntirig l.urirs alld 

c.ltlolllilti( itiw rlslng a I;lttlce like l,l<AR at CISRN. ‘I‘hr resr11t.s 

~lirm~ t.liat this progralli can simr~lalr Imtll OLI- MCI OF 1m*n~m 

IIIIII l~~~li~-lcs a(< uratrly i211tl tli~ glol~3l Prror is mtitiiatml lo 

IIC withiii thr trdr~ranci~. 

‘I’llis p~~~grartr is al?l)timl 1.0 a lattirr of a SIIFIII racttrnck 

,SR lirlg ~vil.11 a i:ali OF slil’rrcoiltlil~tilrg 1wnrling I11agw1s with 

A lirl(l ili(lc>x an(t n ~mlr of cltla(lrtlpolr irrag~lcts Tl~c ring ll+ 

Ial1i-lrrs cal( ulatctl I)g a lirlrnr optic-s l~r~~grani are significantI), 

~lilrflpill froin the rrslllts ol~tained by ttliq exact Corlrllilation. 

~~PAIII tracking Iry this lv~>gi atn show that. tlic rilig has a sulli- 

c i-n1 dyll4fllic apri thibr. 

‘l‘lw~t arr 1i1anv co~nlxltrr l~rugl;llrw for sillglr-ljarticlr 

lii’;\~l~ ~lyn;lnlir~ ill circlllar j)arlicl P arrPlrr;rtors. hlmt. 1~rngrani< 

[ I][.?] i~iakr al~l~r~~Yirll;~tioriS ill orrlcr lo gain n ~al~t~lali~tg sl~w~l 

l,or ~xr7111l)l~. tllry 11s~ 111~ lirlrnr l.rajrc-t<!Iy cq7~ationi d rllo!iorl, 

I Iii-y il.wllllir In;lKnrt,ic ficl~ls iti Iwir(ling ~llngnrts as isolnagnctic, 

a 111o~lrl i>T rlillgillg fitIds or Iwnrllllg Illagl~i,t.s is sillildr, and now 

Iin+-ar rlvt~l~~t~li, silf-IL a.5 srxtlllmli5, ~ctulmlm, or Iliglirr nllllli- 

I,oIP~> arrl 11vat(ml ill ~IIC irllt)lllsp apptioxilnatinn. 

‘l’lwv al)l)r”“iltl;ttiolls arc atlcrluatr for Iargc rings wlwr(* 

~IIP Iwlal r(w oscillation is negligildr coIiIl>arc(I to tlic t)rnrling 

I ~1~11~8~ illl~l \vll(%rr I)c~rlclillg lrragrlcts arr isoitlagnPtir. Hut. tlw~(~ 

al)l)r[l”itll;lli~)rlr; arr not. sufliclrut for a slriatl sl.orage ring wit II 

aroilt1il (PII rlletcr circlillif<~re~ucc. 

‘1’11~ ~PW trac.kinp colrlllllter COC/P I’IIO\‘Il~lSN(~I~~ ~a.5 

~I~~~~f~lolw~l for tirGgiiiiig st11al1 storage rings. III tliis prqra~~~, 

tllp willat ion< d ItInt iilrl a(~ prrxisrly irll.cgrat ~(1 wit.11 acrrlrnlc 

7-l) 111;1gl1(‘t ic firlcls. 

‘I’llis l’rngi-alll is al~l~lied t 0 all a( t ~ial s~nnll storage lirig, 

a~](/ Ihe Iwl.atroll tllilr ale coliiparcd witlI ones ohtairic~l hy a 

~I)IIVI~II~~OII;S~ l>rqgrnin. ‘l’hi: closr~l orl)it ili<toriion ;\IICI (lyililnli(. 

arbcrt.ure (II this ring are also calctllatrd l)y this prc,gr;\ul 

111 ihis paper, the formrllxtion of tl~r l’ROVlI)ENCR, an 

rxalllinntion of tlte prograln using a I,ICAIl-like tat t.ic.e, and tt\r 
c-alrlltalr~i rrqults will IIC tliscussrtl follmving 

Metllotl 

‘I‘ilc equal.ioiis of nloti0u arc transfolme~l to il sittll)tC form 

so n< to fit to tllc clrlrnrrical catculatioll In tllr I’IIOVII)I~N(~IS 

lIlm(~ ~:cluatiorl~ air lbrcciwl) iiIl.cgl-i\trCl I)y uzirig dcljwlv~l stl*p 

siws. ‘I‘hr lcnl %I> Iliagllttic ficltl. q (II a I)rll(iirlg mi~g11~~1 ;II~ 

ncc-urnt.cty sirllulahl ‘I’llwc fc,ntIliw 0T tllis lli<bgr;iirl Ivill h 

(lcs~rilw~l iii llir F<dlowitlg srrtiol,s. 

l’lw Frcnct Sclrt coordiliate s~st~tll[3] is ~tsml. ‘I IIC 

diptancc s along 111~ rcfc~rnrc orbit is takrn a5 thr ildrlwt~<l~-llt 

varialdr of tile qllat.iolis of Inotiorl. In t.his paler, tllr IP~C*IC~III rl 

orl>it Illf’ilns a path of nrl oII.IIIoliIcIItIIIil lmrticlr tllrougll i~le;~l- 

iced Illagllet.s wit.11 no frillgirig firl(ls. ‘l‘lic z alId 9 ~ooI~lilli1lw 

nl(aiwtlrc lllr llorizwt;~l and vc~ tiral transvrrsc tlrl-iations of I IIP 

act rial orljit from ttbr rcfcrcrrcr orllit 

In tilt Frcnrl-Seirt coortliilntc systrn1, thr tran;\‘clsr 

equations arc ol)t;rirlr(l TIOIII tllc, I,orrntz c~cluatioll[.l]. 

r”+fl’-!+c = ;(u%-(l+;)I1,) (I) 

s y” + -r’ = ,s2 h (-.rvl‘ + (1 + :) yj (2) 

I”rolu c ollwrvalion CJI tncrgy, tllr Idlorvill,g crtuatiort 1101~1~ 

i’ z 
,r2 

.rr2 + $2 + (I + 3./p)>’ 
i:ij 

wllrrr p is tlir ra(lills l)r cIIrvd1 llr<x, ail11 ’ (Ic110t r 1 llr (IIIrcrrnt i+ 

lion wilti 1 ;ulil s) irslwctivrly, a1141 11 is tllc vrloriiy of a l’drticlc. 

Hy liqing Eq.(3), wc finally 0l)tnilb ttic IollowiilF: wlllrz- 

t ioIls: 

r” = G (+I, t- Z’!/‘H, -- (.T” -6 &I,) + pil(P + ,L2) (,I) 

y” = ; (-cty%, - :ri?i’H, -t- ( zrL + ca2)Hz) + $(21”). (5) 

wlirrc Q iintl C,‘, ilrp tlcfilltvl it+ b~llrws: 

il E I+’ (“1 
i’ 

(y) G ‘.- 
\i’ 

7” -I- $2 + (1 + ;)c Cl 
,,11r 

Slricr tllc5c CY~~I;I~IOIIS II;~JC’ Silill)lv fi~lllls ivllicll fit 10 1l1(’ 

nI1I1wrici3l iritcpatiou, thr (:l’lJ tiiw is ,cigriifir anIl) rr(lllml. 

‘1‘11~ calcut;\ting sprwl is :F fast as ;t t\vo-tlilllc~l,.~io11;11 TV ;ri-killr: 

wit.lloilt tliis tr;lrli;l~)rtli;~iioll 

Algoritlm 

Eqliations (4) autl (5) arc intrgratetl with a fmrtll- 

ordm Rungc-Kutta algorithm. A spwd oi the nuniflical int(*- 

gration worll~l I)$ slow if wc used a coiwtallt. inlc~gration Strl) pi%+= 

which Was small in orrlrr to c,l)lairl thr accural? rfsllltq Ollr 
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~~rcgr;if~k 11x5 it frlnction of adjllstillg t.llr vnlinl)lr siixp size 10 thr 

local t rllll~iclioll r’rror. 

It is kliow11 lllat all rxplic-it I~igll orflcr (71 > 2) illlrgrittiorl 

11rrtl10~ls aw 1101 sylrll)lrclic.~l] ‘i’l Irlrrorr, tlir tol~Taitcr or tllc 

t.rrlllcal1011 rrr~,r 111ust Ix sd4xlrd so as Ilot to accumrilnle tllp 

crrL1r to dfcrt t hr rPstIIls. 111 011r cnlculnt.ions, tllc tolerancr of 

the tl-uric-alion rrr<)r was wt to a valrw of 1 x 10~~‘Lti~ hr z arltl 

!,, ;\w1 1 x lo-” for 3;’ i\ll’l y’ 

hlagl)rtic. Fivltls 

‘1’11~~ ir~a,g~~rllc firl(l?: tl,,. 8,, N, 111 l,:qs.(4) anti (5) arex 

cnlrr~ldtcvl I>y 111~ (lilc~r~iliJilc~t~si~rrl;ll stdi~lr iuterlmlalloll ‘I’ll’, 

cwlliiicnls of tile t I’ q ) inc f~iicti~1115 itrr in atlvanct c;llculalctl 

front firI< at s;~III~~I’.,I lvliilf co1111)11twl with ii l.lirce-rliirlc,rl.~ioll~l 

Jlln~llCtl~- CO’IC. 

Accurxy of the: PROVIDENCE 

‘1’11~ RC~-IIIR~-~ of t.his t~rogra~n is rxmllilietl I)y calcrllatiirg 

IIJJICS and cllronlaticities msing R lntfire like I,lMl~ at (‘ERN. 

LIS.AR(p = 4 01n) is an antiprohn ring of which rhrolnn(icities 

wrrr invcsligafcd in terilis of Id11 calculation aI~(l mca.s11rcnwnl 

in dv(ail. ‘1’116, cxtwrilwnl al rrsrilt~ F agrw well wit.ll t IIC cal~-ll- 

lal~~ns ilsirlg (lie at~tpoacll baswl on the non-linear tlilT~rrrl(ial 

cquatioils [T] ‘1‘11~ acctlrncy of (his tlrc’grnnl was ill~lirrrtly rx- 

atniud ly colnparing lhr clilfcrclrccs Iwtwvn valllrs calcillaCc(l 

will1 the wtuations antI wit11 I’RO\~II1ISNCI~ using n I,T;:AIl-IikP 

latlicr, sin-~ lhr ilat;t of tile lirl~l tlistrihtltion ol 1,RAIt was Ilot 

cil,tnirle(i ‘1’110 (IitTprpncw olhinrtl wfrr ns sIllnIl as 0.02 in tllc 

hwizollt;ll planr an<1 0.06 ill Ilie vertical t)lan+= ‘I‘llc (11nrs wrre 

RIPII ill gird ngrcclwn. ‘Tl~ew rcslllls 8lmw tlint thr PRO\‘f- 

I)KN(‘I;: ~~~14 s~I~~III~~c tlil(ll VW AII<I (,lf- IIIOIWII~UII~ t)arti,-lrs 

acc-llralrt\ 

‘1‘11~ tbr<,gr;~~~~ was ;bt!tAiz~l ti> i\ s111~1ll sloragr ril1.c ~llowI1 

ill t,‘iE. 1 ‘l‘hr rrlrrgy nll(i 111~ twii(ling rarlius are S00111rl’ a11~1 

(l.i!),Sr,l, restv<t1vcly ‘1’11~ gl~,lml prr,,r \vrls rst~r~l;lt.rd I)y tracking 

r7 tmrtic-lc 1000 Illrns witli ltiis lallict>. ‘I‘llr reslllt was IIt; 

~/IF (lifro~i*ll~-v lwlwwri 111(, (Iworctic.;~l anal l.llr calrlllalr(l vnlrlcs 

wPrr wi(tlili 6 0 x t11m”7n ‘l‘hry a,c mugh Slll;rll 

Bclltling Fiolcl and Clos~~tl Orbit, 

‘l’llr twnrling n~ag~~rt 01 this ring cojisisls of a tmir 01 

t~annna-st~n~wcl coils \villl a firl~l ill(lcxx ;rll~l all iron cot-r ‘1’111, 

7llagnclic fic>l(l or Ihi rl~agii~l was c-o~~ipi~~c~l 115. a 31) m;tgnr(ic 

fi~l(l anr\lysis COCIP (‘I’OSC’A). ‘1’1 IP cat( lilatcrl lirlfl ~0111l10llcnt 

14, OII l,hc rcfcrcn(c ort,it is showr~ in i~‘i~.Z Figllrc 3 slli)ws Illt’ 

holizonlrll (liSt\lacrlilrnt ol l,tw c.lvs~~l 01 Ilit Iroln ilb(* rvrrrrric c 

orl)il caIc~~lat~~~l wit11 lhr I’I~OVll~I5~‘!(~I~~. ‘I’llm dillrrcrlt? 11i1151 

tip 1 akrr~ illto c ollsi~lvrnli~~il ii1 rlrslgllirlg goocl firlil Ic%gir)lls (iI 

i~~tw~coi~il~~~ lillg ticll<lillg 111ngiwl5. 

‘1’1~ tx~lal rou t IIIIPS of tllis rilig errs cillc11la7(r~l I)y tttr 

I’IIOL’Il)I’,N~‘I~; ;IIITI c tr~iilm~ilcl wi1.h t II r’ rrsl;liltS Iby a linrdr ot)tits 

(CO< It* ‘1’11~ Irrl,rIr~,ll l,lur wrio calcrtla~i~il wit11 1.11~ fast. fourirr 

(1;1t14Tortll,lti(ltl~ Iy I IIC I’I1O\‘ll~I~~N~~l~~. ‘liblr 1 sl~rnvs tl~c IIOI- 

izo111 aI an(l wrl icat 111nrs wil II thr fcillow~~~g various rrlrl liocls: 

(1) IIIairix cal( Illalioll Itsing Ihr isolllagnrlir Ivnding Ccl4 (llor- 

111al calclllation), (2) iriatrix calclllation using lhr lwniliitg firltl 

l.llai was iliviClcil i11l0 ZXI wg113rnls in orclr~r lo rorisi<lrr 11011- 

iscllllagnclii. fi~*l,l, (3) nlllncrical illt.rgraliorl mrttlod (i’ltO\‘l- 

I)I<N(TI:) usiilg ~l~t~~lc arl~l ctuadr~~tdr cxtmnsions <)f /jr, II,, (‘I) 

‘I‘;\l~lr, I: TOIII~~J icoi1 of hlatrm ‘I’llrlw 

~~;$j@g 

‘2 srg111cnts 1 .36 0 4 9 

:I tt,. H, 1.38 1 0 50 

4 /I,, H,, f1, IAS O.,l,l 

,Y t rllc valws I.37 u.,i:i 
-.--- -. 

011ly thr tunw of No4 arv nrarly quaI to nnrs (11’ NIL) 

v:l~icl~ wor~l!l Iw t inr \‘all~rs. I’llwc rrsulls sltow 111at 111~ tfiffvr- 

rncrs of llir Iw(atron l,~nrs /1?lnw11 llle lrslllls nl itlr l’RO\‘- 

II)ENCIS amI thr linear optics C-wlr are attrilllltrtl to igrwlillg 

Ihe R, and i~lclltifillg llle closul <,itlit wilt1 lll(b rr~frrrllrr erllll. 

‘I’llis comparison srlgg~s(s that tile cxislirlg lirwar optics co,lv~ 

are not sllitalile hr si11nlt sloragp lirlgs vi1.h slll)cr(-o~~~lilr(i111: 

hntling n~agn~ts 

Figllrr: 

0.8 0.2 I.753 -- RM 

-. 

1 1 _- 

1: A wlrc~illat.ic~ of Sll ring 

; 
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Fig:llrv 2: Fic~lti tlistl~il~ut,ioll of tj, 

~llollg tllc> rrf(trc~llcv orl,it. 

Bca~rr TrarkillC; 

‘I‘llr clynrlnlic ntwrtllrr(l>.A) of illis ling was cat( I(- 

I;ltr(l Iy IW;IIII tr;lr,kiltg ‘1’11~ (IJnarllic ;\twlI\lri> is rlclillrtt :I$ 

a region wllrw lmrtirlcs can hr st al~l(, wit110111 hit tillg n givc,ii 

v;lrJiti~J~ cl127111twr ‘1’11~ 4 halrrlwr sizrs(C.S) nsr(l al-t *Tll)?~lm in 

tllr tlnrizi~rllal t~lafi~ ;111(1 zt2Omtn ill lllr vrrlii-aI tdnnr 

‘1’11~ rrCtlllrmI goal hcl~l tvgi~lrl is cithlainril Iq c-;~I< liialillg 
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I II,J + ~‘O/~,rvhrrr n is a ham sise calrulxtetl with LIIP SY NCII 

‘l’l1vl1 C’il(‘tl twnctiil g III;I~II~~( is tlivitlrcl Ii110 40 scgn~c~~~ls along 

1 tli’ i-cfr~r~~cr 01 Ilit I.0 consiclt-r Ilc)ilisi)ll:;rarlc(ic tic,lds of sutwr- 

cutlcltl(.litlg twnclirig tlldgrlc~ts. ‘l’hr <X11) wiu calctltatwl wiltl 

111~ I’l~OVlI)I~:N(:I’, ;llltl i?liglll~l~llt erri>l? W’Pl? ilSSIIl1IfYI X fOl- 

lO\VS ( 1) 0 5111111 lllisilligllIlI1~IIt a~lrl O.511i1ad lilt. or ~l~~aclrlll~otv 

III~~~IIP~S, (2) I OIIII~I Iliis;lligrlrrli,f11, 0.5111ra~l (iIt., illlcl O.‘Lnlratt 

r+,t;dii,n (,I twntlirlg Irl;lgrlrls ’ , itll(l (3) I 0 X IO-’ r(,l;\Li\,c ficlrl 

st rrr~glh c’iror l~l.wwr~ two tcrlilirlg 1nagnc~1.s. 

‘t’lw g~xifl tic~lil rc~gi~~ll(G.Iz.tl) ’ at t II? <rlllr~l id- I IIP I)rnil- 
illg in;\glli~l Ibis c-~~li~llldtCil to Iv? ---r,‘?,?i~JI < r < 21.~11rltr~ .lll(l 

- I(i.‘)rlLt:1 < !, c: l(i.‘fJ!~?Jl 
lpigl~rc~ d stIow\ (t1p ptlas? slmcm al 1tIc ccnli’r r~f ltlr 

IWII~IIIIR ~r~ng~~cl, ‘l’tlr initial point of (Iacking is x = 20~ntpt 

~11~1 ij = 21hn:77 whit tl torntrs on aruuncl t.hr tmllllctar,y of 1 hc 

Icclllilml ~~~o~l firllcl iegion. 011 ;rrroiint of ntul(itxil(~ ficlrls, 1tlc 

f01 111 ofrllipw i,Ty coi)rrlirl;flc spwarls rsl~r- ially. Figure 5 slwws 

Iht’ cIyii;llrlic- atvrtIlrf> al. thr crutPr (if the twntling rllagllcl. ‘I’tlc 

(lynalilic ;rlwr(,1ce Icgirlll is witlcr tl~nri t.llr rryuirrcl gmd lirttl 

Irgiorl 

I’IIP npw trac-king propralrl I’lIC)\:II)ICNCI’ tjy Itlr 11~ 

lllrlirrlt illl.qrr7fioll Illctllcnl was tlrwlojltd. 7’11~ rntrlllaling 

sp~wl ~‘a,% significantly iii,provmI ty silllt4-s formulalions. Alad 

t.llc glottal crmr was i~i(irllalcd to tw wit llin the tolrrancr. The 

arc-llrac-y of ttiis I,rograIn was esillilind II? cillc ulating lllnrs rllld 

(-liiolliilli(~ilip5 1lsinp a Ialtice lik9 l,ISAl?. ‘I‘hr rt>sulls showgirl 

t11;11 tllc 1’110\‘1 I~I~CN~ ‘15 c r,rllrl silllitlatc l)mtirlcs acc-llralc’l> 

Ttlis I~rcqqra~~t ww ilj)pliwl to a sIllall storngc ring willi s,I- 

1x-1~ OIICIIIC ling I,C~IICIIII~ ilidgnrti. ‘I‘he tvtalilir, (,ll,P~ r~trillrllr~(l 

nit II tllir prc*g1-,31” ~C-IP sigliilic-nrl(1.y (litrr~rc-lit Irollr (110 vatiic- 

f ;II( ~~td~r~/ wifll il linear ol>lii.s (oilr. ‘1‘1 ,( c I c r,, r (‘!illl’T 1ir1111 ’ I’IT*r c 

ttlv c-ollci<trlali< n <II H, al1il frr)lll ttir targc fliflcIrncP ivtwrclr 

1 tic c-l<)‘;wt curt,li awl I IIF rrfc-rcuc-c> orllit. ‘l’hc lwa~c 1 rat-king II~ 

1 tliq i-mlr* ~llorvft 111;1( ttli5 ring tIas a si~liirir~il rlyrlilillic al)t* 

l.lll(~ 
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7 I he rf-ijuired fiool fdri region ill r-rnordinatc is n-,t ~yrr~rnrtrii. due tc 

th- diffcr~n-P l,c~tnwn thr clmmi orbit and tllr vfrrrnrc orbit 

Icigurc 3: Disl)l;jcc~lllc~1It, of ttlc, vios(Yl orljit. 

front tllv rt*fprrll~c~ orlbit. 
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Fig1lI.v 4: I’tl:lsc! s~~:lrVs ;it, t IIF (‘C’lltPl 

d t,tlc, t)cll(lilig III:I~IV~, 

Figllrr 5: Dynamic aI)crtllrc~ at ttlct 

cv11t.vr of t,lic, Iwllcling mi~guf’t 


